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Higher-Order Spatially Squeezed Beam for Enhanced Spatial

Measurements

Zhi Li, Hui Guo, Hongbo Liu, Jiaming Li, Hengxin Sun,* Rongguo Yang, Kui Liu,*

and Jiangrui Gao

A scheme is proposed to realize high-precision spatial measurement of laser
beams beyond quantum limit using a novel quantum state called the mth
order spatially squeezed state, which is the combination of a bright HG,, ,
mode coherent state and squeezed vacuum HG,, ., , mode state. An effective

measurements. Because of certain natural
limits imposed by classical physics, the pre-
cision of a measurement can only achieve
the shot noise limit (SNL) with statistical

scaling of errors of the order 1/ V/N. How-

technique for the generation of a rectangular shape higher-order mode
squeezed light with a maximum mode order of 5 is experimentally
demonstrated using a doubling resonated optical parametric amplifier.
Furthermore, the fourth order tilt- and displacement-squeezed beams are
constructed and used to perform spatial tilt and displacement measurements,
thereby improving the signal-to-noise ratio by 10 and 8.6 dB compared to the
HG, , mode. The results indicate that high-order spatially squeezed states
enhance measurement precision beyond the shot noise limit and are more
prominent in back-action noise reduction. High-precision spatial
measurement has potential practical applications in high-sensitivity atomic

force microscope and super-resolution quantum imaging.

1. Introduction

High-precision spatial measurements of laser beams have found
important applications in various areas, such as super-resolution
imaging in optical microscope systems,!'?] cantilever displace-
ment in atomic-force microscopes,®! biological, *°! and weak
absorption measurements.l%”] However, classical and quan-
tum mechanical noise sources impose limitations on such

Z.Li, H. Guo, H. Liu, J. Li, H. Sun, R. Yang, K. Liu, J. Gao

State Key Laboratory of Quantum Optics and Quantum Optics Devices
Institute of Opto-Electronics

Shanxi University

Taiyuan 030006, China

E-mail: hxsun@sxu.edu.cn; liukui@sxu.edu.cn

Z. Li, H. Guo, H. Liu, ). Li, H. Sun, R. Yang, K. Liu, J. Gao

Collaborative Innovation Center of Extreme Optics

Shanxi University

Taiyuan 030006, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/qute.202200055

© 2022 The Authors. Advanced Quantum Technologies published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/qute.202200055

Adv. Quantum Technol. 2022, 5, 2200055 2200055 (1 of 8)

ever, quantum technologies can offer en-
hanced measurement precision®®! beyond
the SNL that outperforms the ultimate pre-
cision of the “Heisenberg limit” with a scal-
ing of 1/N. A fundamental problem is to
find an effective quantum probe for spatial
measurements with high precision.

Quantum metrology uses a nonclassical
resource squeezed state to enhance the
performance of measurements for various
sensing applications.[>!%12] For instance,
the laser interferometer gravitational-wave
observatory (LIGO) injects nonclassical
squeezed light into a Michelson interferom-
eter, thereby surpassing the SNL because
of laser shot noise.l'>*] Various attributes
of the squeezing state have been studied
and observed to be promising for the corresponding measure-
ments of quantities in quantum enhanced metrology.'>"'’] Apart
from LIGO, the squeezed state can also be applied to spa-
tial measurements.'"®2} Recently, HG, , squeezed modes have
shown to significantly improve the observed nonclassical sensi-
tivity for mode-matching deficiency losses.[?*] Furthermore, this
scheme can be extended to higher-order modes, thereby intro-
ducing higher enhancement factors in quantum metrology.!%2¢!
The thermal noise of high-order mode is smaller than that of
the fundamental mode,!?”?8] which effectively reduces the clas-
sical noise. Therefore, studying the advantages of the high-order
mode and squeezed state to further improve the measurement
precision is crucial.

In this study, an effective technique is developed for the gen-
eration of higher-order mode squeezed light. To our knowledge,
a similar study was being pursued by Joscha Heinze et al.;l*!
however, we used a doubling resonated optical parametric
amplifier (OPA) to produce the high-order mode squeezed state
that can decrease the pump power and enhance the pump’s
spatial mode purity to effectively obtain high-order spatial mode
squeezing. The rectangular-shaped higher-order HG,, ,, (m =1,
2, 3, 4, 5) with HG; , mode squeezing of 4.3+0.15 dB was exper-
imentally generated, which is the highest amount of squeezing
reported for the HG;, mode. Using the experimental results, a
high-order spatially squeezed beam was constructed and used to

© 2022 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH

85U0|7 SUOWIWOD aA1e8ID 3(qeol(dde aup Aq pausencb afe sejonte O ‘8sn J0 sa|ni Joy AriqiT8uluO /8|1 UO (SUONIPUOD-pUB-SW.SI W00 A 1M ARe.d Ul |uo//SAny) SUORIPUOD pue Sw.e L 8y} 88s *[220z/2T/zT] uo Ariqiiaulluo A8im AiseAlun Xueys Aq S50002202 INb/z00T OT/I0p/W0D A8 | IM Aleiq 1 |euljuo//Sdiy Wwouy pepeoiumod ‘TT ‘2202 ‘P706TTSE


http://www.advquantumtech.com
mailto:hxsun@sxu.edu.cn
mailto:liukui@sxu.edu.cn
https://doi.org/10.1002/qute.202200055
http://creativecommons.org/licenses/by-nc/4.0/

ADVANCED
SCIENCE NEWS

ADVANCED
QUANTUM
TECHNOLOGIES

www.advancedsciencenews.com

demonstrate a displacement and tilt measurement beyond
the SNL. A high-order tilt squeezed beam was experimentally
generated up to the fourth order with 3.5 dB squeezing and a tilt
precision of up to 13.7 prad Hz %, thereby improving the signal-
to-noise ratio (SNR) up to 10 dB compared with HG, ;. A displace-
ment precision of 0.53 pm Hz*° corresponding to the fourth
order displacement squeezed beam with 2 dB squeezing im-
proved the SNR up to 8.6 dB compared with HG, ;. Furthermore,
the precision of displacements of cantilevers in atomic-force mi-
croscopes was simulated using a high-order spatially squeezed
beam that facilitates measurement precision beyond the SNL and
reduces back action noise. This study proposes a method for real-
izing high-precision spatial measurements that have applications
in high-precision sensing, such as high-sensitivity atomic-force
microscopes and super-resolution quantum imaging.

2. Theoretical Description

For a spatial measurement system, the positive frequency part
of the probe beam’s electric field operator can be written as
follows!?!]

£ = 5o X8 )

where, 7 is the reduced Planck’s constant,  is the frequency of
the light field ¢, is the vacuum permittivity, cis the speed of light,
T is the detection time, u,(x) is the transverse beam amplitude
function of the Hermite Gauss modes, and 4, is the correspond-
ing annihilation operator given as &, = (X, +i¥,)/2. &, is usually
expressed in the form of &, = (a,) + 64, where (4,) describes
the coherent amplitude part and 64, is the quantum noise oper-
ator.

The notation m in a bright HG,, , mode of the probe beam cor-
responds to the mth-order Hermite-Gaussian (HG) mode. Fur-
thermore, (,,) = \/N , where N is the number of photons of the
HG,,, mode and (&,) = 0 for the other modes. The probe beam
can be rewritten as follows

x)=1 {\/_u

2£OcT

£ (x)

V43 0,06 o)
n=0

For the case of a small displacement d and tilt 6, Taylor se-
ries is used to expand the displaced and tilted HG,, , field to the
HG,, ., field (here, the part of HG,, _,, field is not taken into
account owing to the mode selection in the balanced homodyne
detection).I®] Therefore, the probe beam can be written as fol-
lows

&t
d&

@ _{VN[u,(x +—w 1 Uy (¥

() = 25 cT

m+1-u,, (%)) + i 60,u,(x)} G)
n=0

The parameters d and 9 of a HG,, beam are projected onto
U,.1(x). The amplitude X, ,, and phase +1 operators of the
U,,,1(x) mode are related to the displaced and tilted HG,, , mode.
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Figure 1. Higher-order spatially squeezed beam.

Therefore, the definitions of HG,, ; mode displacement d, and
tilt §,, operators can be extended as follows

P N— )
2v/NyVm +1

=Y
27V Noyym+1

At m = 0, Equations (4) and (5) correspond to d and 6 for the
HG,, mode.['*]

The fluctuations in the displacement and tilt operators of
6%,/ @VNVm 1)
and 60,, = A-6Y,,,, /(22 New,\/m + 1), where are related to the
ﬂuctuatlon of the amplitude and phase operators of the HG

©)

the HG,, , mode are given by sd, =w, -

m+1,0
mode. When the HG,,, | , mode is a vacuum state (6X,,,; = 1and
6Y,,., = 1), it corresponds to the SNL for the fluctuation of dis-
placement and tilt operators. When the vacuum HG,,,, , mode is
squeezed in amplitude or phase quadrature (6X,,,, = ¢ < 1 or
6Y,,., = €7 < 1), the fluctuation of displacement or tilt operator
is below the SNL. Here, r is the factor associated with squeez-
ing. With an increase in both the squeezing degree and mode or-
der, the fluctuation decreases. If the high-order spatially squeezed
beam is used as the probe beam, the quantum noise should
be squeezed more effectively in the measurement of displace-

ment and tilt beyond the SNL (5d,, = @, - e”/(Z\/FI\/m + 1) and
80, = A-e7"/(2x\ Noy\/m +1)).

Therefore, the new state is defined as the combination of
a bright HG,,; mode coherent state and a squeezed vacuum
HG,,,,, mode state for the mth order spatially squeezed beam
(SSB). For instance, a fourth order SSB is constructed by mixing
the squeezed vacuum HGs, mode state with the bright HG,,
mode coherent state using a 99/1 beam splitter, as shown in
Figure 1. Here, the vacuum HG;, mode is squeezed in ampli-
tude quadrature (6X; < 1), called the fourth order displacement
squeezed beam (DSB). In contrast, the vacuum HGs, mode is
squeezed in the phase quadrature (§¥; < 1), which is the fourth
order tilt squeezed beam (TSB).

3. Experimental Setup and Results

3.1. The Experimental Setup Used for the Generation of a
Higher-Order Spatially Squeezed Beam

To construct a high-order spatially squeezed state, a high-quality
high-order mode squeezed state must be primarily generated
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Figure 2. Schematic of the experimental setup. Optical parametric amplifier (OPA), second harmonic generation (SHG), dichroic beam splitter (DBS),
mode convert cavity (MC), polarizing beam splitter (PBS), beam splitter (BS), spatial light modulator (SLM), half-wave plate (HWP), piezoelectric
element for controlling phases (PZT), balance homodyne detection (BHD), spectrum analyzer (SA).

using the following two methods: i) transforming the funda-
mental mode squeezed state into the high-order mode squeezed
state using a mode conversion system,?32] which is limited
by system losses; ii) directly generating the high-order mode
squeezed state using an OPA operating at a high-order mode.
To generate the perfect high-order mode squeezed state, an ef-
fective technique was developed to experimentally demonstrate
a high-quality first to fifth order squeezed state.

In general, the OPA operated at fundamental modes for the
pump and down conversion beams. Pumping at the fundamental
mode made it possible to obtain a squeezed state for the first few
order space modes, for instance,HG,, and HG,. In the funda-
mental pump, the fundamental down conversion mode oscillated
more easily compared to the high-order mode. When the OPA
oscillated at the fundamental mode, the pump power in the cav-
ity was locked at the fundamental mode threshold power whose
value was much smaller than that for the high-order mode. It
was difficult to obtain a well-squeezed state because the OPA op-
erated above the threshold,33-3¢] as previously demonstrated for
the generation of HG, , mode.*”]

To generate a high-quality first to fifth order squeezed state,
obtaining a spatially matched pump mode was crucial to im-
prove the nonlinear conversion efficiency. Theoretical analy-
sis indicated that the HG,,, squeezed states corresponding to
the optimal spatially matched superposition modes are HG,,,
....HGy,,_,4, HG,, (.3*%] The optimal superposition and sig-
nal modes cannot resonate simultaneously in the degenerate
DOPA cavity. Therefore, the optimal single spatially matched
pump mode HG,, , is experimentally demonstrated to generate
the HG,, , squeezed state.

For the signal mode HG,, , the threshold of the optimal single
pump mode HG,, , increased with the mode order m using the
same OPA cavity. For instance, assuming that the signal mode
resonant in the OPA was a HG,, mode, the threshold for the
pump mode HG,, was 200 mW. For a HG;, signal mode, the
threshold for the pump mode HG,, increased to ~800 mW. As
the mode order increased, the Watts of magnitude optimal pump
mode HG,,, , were required to operate in the OPA for a single

Adv. Quantum Technol. 2022, 5, 2200055 2200055 (3 of 8)

resonant cavity. It was difficult to experimentally produce a high-
power high-order pump mode HG,,, ,. Therefore, a doubling res-
onant OPA cavity with a buildup factor of ~70 for the pump light
was designed, which can lower the threshold of the high-order
mode. In addition to the optimal single pump mode, the external
cavity pump field included other spatial modes mismatched with
the signal mode; thereby reducing the coupling efficiency of the
pump mode and introducing other losses into the OPA cavity.
In the experiment, a doubling resonant OPA cavity was used to
generate the HG,, , squeezed state, which was more prominent
in the purity of the spatial mode of pump compared to the single
resonance OPA cavity.

The OPA cavity consisted of two plano-concave mirrors with
a radius of curvature of 30 mm (M1 and M2 in Figure 2a) and a
1 X 2 X 10 mm? periodically poled potassium titanyl phosphate
(PPKTP) crystal in the center. The cavity was nearly concentric
with a length of 62.3 mm and had a waist of 43 pm in the infrared
and 30 pm in the green for HG,. Cavity mirror M1 was T =
10% at 1080 nm and T = 5% at 540 nm, and cavity mirror M2
was highly reflective (R > 99.95%) at both 1080 and 540 nm. The
PPKTP crystal temperature can be fine-tuned to achieve phase-
matching and a doubly resonant pump-signal mode.

Figure 2a shows the experimental setup used for the genera-
tion of a high-order mode squeezed state. Continuous-wave light
beam at 1080 nm from a fiber laser was split into two. One of
the beams remained in the HG, mode and was upconverted to
540 nm using cavity-enhanced second harmonic generation. Fur-
thermore, two cylindrical lenses were used to shape the HG,
mode into an elliptical spot that was converted into the HG,,,,
mode using a spatial light modulator. The elliptical spot could
improve the conversion efficiency of the HG,,, ; mode. The spa-
tial distribution of the HG,,, ; mode was more comparable with
the elliptical spot than the HG,, mode.’®! The HG,,, , mode
was used for the pump mode to operate an OPA for generat-
ing the HG,, ; squeezed light, which was separated from the
HG,,,, pump mode using a dichroic beam splitter. The other
beam passed through the mode converter MC1 that converted
the HG,, mode into a standard HG,, , mode (m = 0,1,2,3,4,5). A
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Figure 3. Experimental results for high-order Hermite—Gaussian squeezed light. Trace (i) (black line): SNL. Trace (ii) (red line) corresponds to quantum
noise levels of the generated mode squeezed state with scanning of the local beam phase. The measurement parameters for the spectrum analyzer are
RBW, 300 kHz; VBW, 470 Hz; and analysis frequency, 3 MHz.
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fraction of the HG,, , mode was used as the seed beam. The rel-
ative phase between the pump field and injected seed beam was
locked in a state of deamplification using PZT2 for generating an
amplitude quadrature squeezed light. The remaining part of the
HG,, , mode was used as a local oscillator for balanced homodyne
detection (BHD).

Figure 3 shows the generated squeezing. The high-order mode
squeezed light from HG; to HG , was directly generated using
the doubling resonated OPA cavity. The corresponding power of
the pump mode for HG, o, HG, ;, HG, o, HG(, HGg, HG, is
~40, 50, 60, 80, 50, and 60 mW, respectively. As shown in Fig-
ure 3a, the HG,, mode squeezing level is —6.4+0.13 dB, lim-
ited by the cavity losses and measurement efficiency. The squeez-
ing from HG, ; to HG; at 3 MHz (Figure 3b—f) is —5.5+0.18,
—5.0+0.13, —4.8+0.12, —4.1+0.12, and —4.3+0.15 dB, respec-
tively. The squeezing level for the HG, , (m = 1, 2, 3, 4, 5) mode
decreases compared to the HG;, mode because the damage
threshold for the spatial light modulator limits the pump power
of the HG,,,, mode. For instance, as shown in Figure 3e, the
squeezing level of the HG, ; mode is —4.1+0.12 dB that was lim-
ited by the pump power of the HG,, mode (just 50 mW). The
threshold of the HG,, signal mode is #60 mW and that of the
HG;, signal mode for theoretical calculation is 244 mW; how-
ever, the former might be less than 60 mW because the optimal
phase-matching condition could not be achieved by tuning the
temperature of PPKTP crystals. In future studies, the crystal tem-
perature and cavity length can be simultaneously fine-tuned to
achieve the optimal doubly resonant phase-matching condition
that may reduce the current pump threshold.

As the mode order increases, the squeezing level is degraded
by inefficiencies in the measurement process. The transmission
efficiency is 0.98+0.01, and the quantum efficiency of the de-
tector is 0.97+0.01. The interference visibility of the squeezed
light HGs,, HG,,, HG;,, HG,,, HG,,, HG, is 0.96+0.02,
0.97+0.02, 0.97+0.02, 0.98+0.01, 0.98+0.01 and 0.99+0.005, re-
spectively. The visibility is inversely proportional to the mode or-
der because the high-order mode has a complex distribution that
is more sensitive compared to the fundamental mode HG,j ,.*")
The interference visibility greater than 95% implies that the mode
purity of generated squeezing state is almost ideal.

As shown in Figure 2b, the HG,,,, ; squeezed light was cou-
pled with the bright coherent light in the HG, ;, mode on a
99:1 beam splitter to construct the mth order spatially squeezed
beam. The infrared light passed through the mode converter
MC2, which converted the HG,, mode into the standard HG,, ,
mode as a bright coherent beam. The relative phase between
the HG,,,,, squeezed light and HG,, , coherent light is locked
to 0 or z/2 to generate the mth order displacement or tilt
squeezed beam.

Figure 4 shows the relative power spectrum with the tilt fluc-
tuation for different probe beams, such as the HG, (Trace (i),
HG,, (Trace (ii)) and the fourth order TSB (Trace (iii)). Com-
pared with the HG, , mode, the tilt fluctuation of the HG, ; mode
is reduced by 6.5+0.13 dB and that of the HG,,, mode is in-
versely proportional to the mode order m. Compared with the
HG,, mode, the HG;, squeezed light reduces the tilt fluctua-
tion of fourth order TSB by 3.5+0.15 dB, which is lower than
the SNL noise for HG,, at 10+0.12 dB implying that the tilt
noise is “squeezed.” In Figure 4, a distinct peak centered at a
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Figure 4. The spatial fluctuation noise fori) HGg o, ii) HG, o, and iii) fourth
order tilt squeezed beam as the probe beam. The spectrum analyzer set-
tings were as follows: RBW, 300 kHz; VBW, 470 Hz.

frequency of 3 MHz corresponding to the mean of the tilt is ob-
served. The fourth order TSB is slightly lower than the squeezing
of the HG; , mode because of the losses at the beam splitter and
mode matching. The squeezing levels from the fundamental to
third order TSB at 3 MHz are 3.2+0.13, 3.8+0.18, 3.2+0.13 and
3.3+0.12 dB, respectively.

3.2. Higher-Order Spatially Squeezed Beam for Enhanced Spatial
Measurements

The mth order spatially squeezed beam, that is, the probe beam,
is passed through a wedged crystal that simulates a slight tilt
signal, as shown in Figure 5b. This signal can be transformed
into a slight displacement by applying Fourier transformation us-
ing a lens.[*) The modulated probe beam and 1 mW local beam
HG,,,1, are coupled using a 50/50 beam splitter and detected
using BHD. The difference photocurrent of BHD was analyzed
using an electrical spectrum analyzer to demodulate the displace-
ment or tilt signals.

The square root of signal-to-noise ratios of various probe
beams corresponding to the amplitude of the tilt signal are

shown in Figure 6a at 3 MHz. The 1/SNR of the fourth order
TSB (Trace (iii)) increased faster than that of HG, (Trace (i)).

At \/SNR=1, minimum precisions of 43.5 prad Hz %, 29.5
prad Hz™*° and 13.7 prad Hz™*° were obtained for the HG,
coherent probe beam, fundamental mode TSB, and fourth order
TSB, respectively. Thus, improvement by a factor of 3.2 was
achieved over the shot noise limited between the HG, coherent
and fourth order TSBs, and the corresponding SNR increased by
10 dB. As the probe beam was in the fourth order TSB, the mea-
surement noise level was below the shot noise limit of 3.5+0.15
dB. The probe beam power was 25 pW, and the beam waist size
of HG, is 350 pm. The displacement measurement is shown
in Figure 6b. The minimum precision for the displacement
obtained with the HG,, coherent beam was 1.44 pm Hz %,
corresponding to the fundamental mode and fourth order DSBs
with values of 1.02 and 0.53 pm Hz %, respectively. An improve-
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HG o, i) fundamental mode DSB, and iii) fourth order DSB.

ment by a factor of 2.7 was achieved over the shot noise limited
between the HG, coherent beam and the fourth order DSB,
and the corresponding SNR increased by 8.6 dB. The noise level
of the fourth order DSB was reduced to 2+0.1 dB. The probe
beam power was 60 pW, and the beam waist size of HG, was
50 pm. The minimum precision was degraded by inefficiency in
the measurement process. Here, the total detection efficiency for
the HG,, coherent probe beam, fundamental mode, and fourth
order TSB is 0.93+0.02, 0.90+0.02, and 0.83+0.02, respectively.
The measurement efficiency of the photodiode was 0.97+0.01,
the spatial overlap efficiency between the signal beam and local
beam was 0.98+0.01, and the spatial overlap efficiency between
the signal beam and squeezed beam for HG, , and HG;, was
0.98+0.01 and 0.96+0.02, respectively. The transmission effi-
ciency was 0.97+0.02. The measurement parameters for the
spectrum analyzer were RBW, 300 kHz and VBW, 470 Hz.

The minimum precision of the tilt signal corresponded to the
mode order for coherent and spatially squeezed beams that dis-
played a quantum noise reduction of 3.0+0.1 dB, as shown in
Figure 7. The minimum precision improved with increasing
mode order for the coherent and squeezed states, which corre-
sponded to the theoretical prediction.

Adv. Quantum Technol. 2022, 5, 2200055 2200055 (6 of 8)

The high-order spatially squeezed beam will be an accessible
and stable probe beam for the application of optical sensors. The
cantilever displacement in an atomic-force microscope was the-
oretically simulated in ref. [3]; the microcantilever showed a fun-
damental resonance at 13 kHz, a force constant of 0.2 Nm™
and a quality factor of 124. The displacement noise versus op-
tical power of the different probe beams, HG,, corresponding
to the SNL (Trace (i)), 3.5 dB fundamental mode SSB (Trace
(ii)), 3.5 dB fourth order SSB (Trace (iii)), and 3.5 dB tenth or-
der SSB (Trace (iv)), are shown in Figure 8 at a wavelength of
1080 nm. The minimum precision of the HG,,, fundamental
mode SSB, fourth order SSB and tenth order SSB was d, =
0.76 fm Hz™*%, dp = 0.63 fm Hz™**, d. = 0.44 fm Hz™**, d, =
0.38 fm Hz %, respectively, at a probe beam power of 5 mW.
The results indicated that high-order spatially squeezed states en-
hanced measurement precision beyond the shot noise limit and
were more prominent in back-action noise reduction.

4, Conclusion

In this study, a new quantum state called the high-order spatially
squeezed state was proposed, which has lower spatial fluctua-
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Figure 7. The minimum precision for the tilt obtained using a HG, (0-
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coherent beam (square dot), and the corresponding- order tilt squeezed
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Figure 8. The theoretical calculations the displacement noise for a gold-
coated microcantilever. The curves show the displacement noise versus
optical power of the probe beam, the probe beam including i) HG,, ii)
3.5 dB fundamental mode SSB, iii) 3.5 dB fourth order SSB, iv) 3.5 dB tenth
order SSB.

tion. A high-precision measurement of the displacement and
tilt using the high-order spatially squeezed state was experi-
mentally demonstrated, which resulted in a larger enhancement
over the HG,, mode and precision beyond the SNL. The spa-
tial measurement method has potential practical applications
in super-resolution imaging in optical microscope systems,
displacements of cantilevers in atomic-force microscopes, bi-
ological measurements, and weak absorption measurements.
The cantilever displacement in an atomic-force microscope was
theoretically simulated, and the high-order spatially squeezed
beam was demonstrated to enhance measurement precision
beyond the SNL and observed to be more prominent in back
action noise reduction.

The experimental condition considered in this study was that
the photon number N of the probe beam is much larger than the
mode order m(N > m), thereby resulting in a precision beyond
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the SNL. Whether the measurement precision may attain or sur-
pass the Heisenberg limit at N = m is an open research problem.

A recent study has shown that super-resolution imaging can be
achieved based on spatial mode sorting or heterodyne detection
using an HG local oscillator mode with a classical illumination
beam.*!] Combining super-resolution schemes and high-order
spatial squeezing, super-resolution imaging beyond the quan-
tum limit can be explored.

An effective technique for the generation of higher-order
squeezed light was developed. Using the setup employed in this
study, the rectangular shape higher-order HG,, , mode (m =1, 2,
3, 4, 5) and HG;, mode squeezing at 4.3+0.15 dB were gener-
ated, which correspond to the highest amount of squeezing re-
ported thus far in the HG;, mode. The squeezing was limited
by the pump power and intracavity loss of the setup. Using ad-
vanced techniques, it may be possible to obtain squeezing greater
than 10 dB, which will be promising for vastly improving the sen-
sitivity of spatial measurements. The proposed technique can be
expanded to other types of spatial modes to realize extremely spe-
cific tasks, such as HG,, ,, and LG,, ,, mode squeezing for an ad-
vanced LIGO.[242]
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