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1. Introduction

The invention of microscopes opened the door to explore the
microscopic world and brought about groundbreaking revolu-
tion to the development of biology and medicine'"). Since the
first microscope was applied in microbiology!®, various types
of microscopes have been successively developed. For example,
the transmission electron microscope significantly improved the
resolution of the microscope to the nanometer level by replacing
the light with an electron beam. Furthermore, the fluorescence
microscope is widely used to study the distribution and trans-
port of substances within cells, thanks to its high contrast and
intrinsic selectivity'*, Combined with laser scanning confocal
microscopy!”), the fluorescence microscope has become one
of the most commonly used devices in modern biological and
medical experiments. Benefiting from the development of
microscopic technology, significant advances have been made
in the fields of biology and medicine.

There are several parameters that are used to evaluate the per-
formance of the microscope, for instance, the sensitivity and res-
olution. The sensitivity of the microscope is related to the signal-
to-noise ratio (SNR) of the image. To further improve the sen-
sitivity in the case of avoiding damage of the sample with a high
power signal, it is necessary to reduce the noise background,
which is limited by shot noise. As the minimum noise level in
the classical world, the shot noise cannot be reduced with
classical technologies. Thus, it is important to employ quantum
technologies to beat shot noise, which leads to the enhancement
of the SNR and the improvement of the sensitivity.
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Microscopes are indispensable tools in modern biology and medicine. With the development of microscopy, the signal-to-
noise ratio of microscopes is now limited by the shot noise. Recently, quantum-enhanced microscopic imaging provides a
feasible approach for improving the signal-to-noise ratio since it can beat the shot-noise limit by using quantum light. In this
review, we first briefly introduce quantum states applied in quantum-enhanced microscopic imaging, and then we provide
an overview of the principle and progress of quantum-enhanced stimulated Raman scattering microscopy, entangled two-
photon microscopy, and quantum-enhanced differential interference contrast microscopy.
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Quantum technologies have been widely applied in the
fields of quantum information, including quantum communica-
tion[G_w], quantum computation[“_M], and quantum metrol-
ogy!">"?1. Moreover, several quantum imaging technologies
have been developed?>*!. For example, ghost imaging with
entangled photon pairs is capable of imaging an object by cor-
relating the output of a bucket detector, which collects light that
has been transmitted through or reflected from an object, and
the multi-pixel detector whose illumination has not interacted
with that object'**?”). Another fascinating imaging technique
is quantum illumination®®~*, which can detect and image
objects even with high losses and background noise by exploit-
ing quantum states of light. In addition to these quantum imag-
ing techniques, quantum-enhanced microscopic imaging
technologies are also developed to reduce the probe power!**!
and improve the SNR of imaging*>~*!. Compared with conven-
tional microscopy, the enhancement of quantum-enhanced
microscopic imaging comes from the use of quantum light, such
as squeezed light, entangled photon pairs, and NOON state.

In this review, we mainly focus on a brief review of quantum-
enhanced microscopy with different quantum states of light. In
Section 2, we briefly introduce the basic characteristics and
preparation methods of several typical quantum states. Then,
in Sections 3, 4, and 5, respectively, we overview the principle
and progress of stimulated Raman scattering (SRS) microscopy
based on the squeezed state, two-photon absorption (TPA) fluo-
rescence microscopy based on entangled photon pairs, and dif-
ferential interference contrast microscopy (DIM) based on
the NOON state. Lastly, we briefly summarize the review and
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discuss the challenges of quantum-enhanced microscopic imag-
ing in the future.

2. Quantum Light Source Used in Quantum-Enhanced
Microscopic Imaging

2.1. Squeezed light

The minimum noise level that can be reached in the classical
regime is the noise of the vacuum state and/or coherent state,
which corresponds to the shot-noise limit (SNL). For a quantum
state of light, the variances of the amplitude quadrature A>X and
the phase quadrature A2P of it are restricted by Heisenberg’s
uncertainty principle,

AZX N AZj) 2 1) (1)

where X and P are defined by the annihilation & and generation
' operators, with the following expression:

A

X=a+a', P=-ia-a), ©)
respectively.

The Wigner function of the vacuum state, the coherent state,
the amplitude squeezed state, and the phase squeezed state are
shown in Figs. 1(a)-1(d), respectively[39]. The variances of the
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quadratures of the vacuum state and coherent state are
A2X = A?P = 1, which corresponds to the SNL. It is obvious that
the noise of one quadrature of squeezed light can be lower than
the SNL at the expense of increased noise variance in the con-
jugated quadrature, which makes it possible to improve the SNR
in microscopic imaging.

Usually, the squeezed state can be prepared by the progress of
parametric down-conversion based on second-order nonlinear
optical effects. For femtosecond or picosecond pulses, strong
nonlinear effects appear when it passes through a nonlinear
crystal just one time, as its extremely high peak power!*”, A
pulsed squeezed light with a squeezing level of —5.0 dB has been
experimentally prepared*’]. For continuous waves, nonlinear
interactions can be enhanced through the use of a resonant cav-
ity, as shown in Fig. 1(e)*?. The continuous-wave single-mode
squeezed light with a squeezing level of up to —15 dB has been
experimentally demonstrated**. In addition to the parametric
down-conversion in a nonlinear crystal, the four-wave mixing
process in the atomic assemble is the other method for preparing
squeezed light, as shown in Fig. 1(g)!**. By using two tuned
strong pumps v; and v,, the squeezed vacuum and the quadra-
ture-squeezed bright beam can be prepared with the presence
and absence of weak probe v, respectively. In addition, other
methods for generating squeezed states have also been devel-
oped, including photonic crystal fibers'**! and integrated optical
quantum chips'***”), which enhance the scalability of the quan-
tum light source.
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Fig. 1. Characteristics and preparation methods of the squeezed states and the entangled states. (a)-(d) Wigner functions of (a) the vacuum state, (b) the
coherent state, (c) the quadrature amplitude squeezed vacuum state, and (d) the quadrature phase squeezed vacuum state. Insets show the edge distribution

of Wigner function®®.

erate optical parametric amplifier
ensemble!®].

[42]

e) Parametric down-conversion based on degenerate optical parametric amplifier. (f) Parametric down-conversion based on non-degen-
. (g), (h) Single-mode and two-mode squeezed state generated from the four-wave mixing process in the atomic
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2.2. Entangled state ), is injected into a nonlinear crystal, it has a certain probability
to be converted into two photons at low frequencies w; and w;,
which satisfy the following relationship of energy conservation
and momentum conservation:

The entangled state is an important quantum resource.
According to the quantum variables involved, there are two
kinds of entangled states: the continuous-variable and the dis-
crete-variable entangled states. For a two-mode continuous- - - o

variable entangled state, the noises of the correlated amplitude wp = + o, ky =k + ki, (6)
(phase) quadratures and anticorrelated phase (amplitude) quad- ..

ratures are all below the corresponding SNL, which are  where w,, w,, w; and ky, k,, k; are angular frequencies and wave

expressed by vectors of the pump light, signal, and idler photons, respectively.
2% _ % 2% B
A2(X, — X,) < SNL, A2(P, + P,) < SNL, 3 23 NOON state
or The NOON state, as a kind of maximally multiphoton entangled
state, can be used to enhance the sensitivity of the phase mea-
A%(X, + X,) < SNL, A%(P, —P,) < SNL. (4)  surement from the standard quantum limit 1/+/N to the

Heisenberg limit 1/N!"®). The expression of the NOON state
In the case of infinite squeezing, these correlated variances in is given by

Egs. (3) and (4) trend to zero. Thus, the continuous-variable

entangled state can be used to increase the SNR by applying INOON) _ b

the correlated noise to beat the SNL. The two-mode continu- e}

ous-variable entangled state can be prepared by a non-degener-

ate optical parametric amplifier [Fig. 1(f)]"*? or by a four-wave =~ Where A, B are two orthogonal modes, such as horizontal and

mixing process in an atomic ensemble [Fig. 1(h)] (441 Moreover, vertical polarizations. The two-photon NOON state can be pre-

it can also be prepared by coupling two single-mode squeezed ~ pared by the Hong-Ou-Mandel effect!***.

states on a beam splitter!®, As shown in Fig. 2(b), by coupling two degenerate photons
The two-photon entangled pair is a typical discrete-variable ~ generated through the SPDC process on a beam splitter, the out-

entangled state. For example, the polarization entangled photon ~ Put state forms a two-photon NOON state due to the phenome-

(IN,0) 45 + |0,N) 4 5) (7)

pairs |®) can be expressed as non of two-photon interference!®?!. The three-photon NOON
state can also be prepared by coupling a coherent state with
|®) = |H),|V), + 2| V), |H),, (5) degenerate SPDC photon pairs on a beam splitter, as shown

in Fig. 2(c)®®!. This state is obtained after the first beam splitter
where H and V represent horizontal and vertical polarization  and then confirmed after the second beam splitter by measuring
direction, respectively, and ¢ is the relative phase. The two-pho-  the three-photon coincidence with single photon detectors.
ton entangled pair can be prepared by spontaneous parametric =~ With the similar setup of Fig. 2(c) and by manipulating the
down-conversion (SPDC) progress in a Type-II crystal. As  amplitude of the coherent state, it is possible to arbitrarily obtain
shown in Fig. 2(a)"*’), when a pump light with high frequency =~ NOON states with multiphotons'®***,
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Fig. 2. (a) Preparation of entangled photon pairs™*. (b) Preparation of the two-photon NOON state!™.. (c) Preparation of the multi-photon NOON state'®
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3. Quantum-Enhanced Stimulated Raman Scattering
Microscopy

3.1. Stimulated Raman scattering microscopy

Since stimulated Raman scattering (SRS) microscopy was pro-
posed by Xie et al. in 2008, it has been broadly applied in
fields of pathological detection, biological metabolism, drug
transportation, and so on®”~®Y. Unlike fluorescence imaging,
which normally uses fluorophores to specifically label substan-
ces'®?!) SRS reflects the distribution of substances or chemical
bonds by detecting the vibrational or rotation modes of the mol-
ecules. This specific imaging technique eliminates the necessity
for introducing external labels to the sample, thereby preventing
potential damage to it. Furthermore, the SRS microscopy tech-
nology also made it easy to observe some crucial substances,
such as small molecules and lipids within cells, which are diffi-
cult or unable to be fluorescently labeled ),

As the basis of SRS microscopy, SRS is a nonlinear stimulated
process that occurs when two laser beams, namely the pump
beam (with frequency w,) and the Stokes beam (with frequency
;), focus on the sample simultaneously'®”. When the reso-
nance condition Qp =, —w, is satisfied, the stimulated
Raman loss (SRL) takes place in the pump beam and the stimu-
lated Raman gain (SRG) occurs in the Stokes beam, where Qp
represents the vibrational frequency of the measured chemical
bond. The intensities of the SRL (AI,) and the SRG (AI) signals
satisty the following relationships:

Al, & =N X 6gaman X I X I,

Al &« N X Opaman X I, X I, (8)

where N is the concentration of the measured chemical bonds,
ORaman 1 the Raman scattering cross section, and I; represents
the intensity of the pump and Stokes beam, respectively. It is
obvious that the SRS signal (AI, or Al) is proportional to
the sample concentration, which is beneficial for obtaining
the distribution of the chemical bonds to be measured directly.

Although the signal intensity of the SRS has been improved
for a few orders of magnitude compared to spontaneous
Raman scattering, it is still quite weak compared to the intensity
of the incident beam. To extract such weak signals, the phase-
sensitive detection approach is often employed, as shown in
Fig. 3!, In Fig. 3(a), one pump beam ®, and one Stokes beam
w; are all injected into the microscope and interact with the sam-
ple. To avoid the 1/f noise at low frequency and realize the shot-
noise limited detection [Fig. 3(b)], the Stokes beam «w; is applied
with high-frequency intensity modulation by using an electro-
optical modulator (EOM) or acousto-optical modulator (AOM).
As shown in Fig. 3(c), when the SRS process happens in the sam-
ple, the modulated signal will transfer from Stokes beam w; to
pump beam ), and then the pump beam w,, carries the SRS sig-
nal. Similarly, if we modulate the pump beam ), the modulated
signal transfers to Stokes beam w;. After passing through a filter
plate, the generated SRL or SRG signal is received by a photo-
detector. Followed by the processes of mixing and filtering,
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Fig. 3. (a) Setup of the SRS microscope. (b) High-frequency modulation to

suppress low-frequency noise. (¢) SRL signal in the pump beam!®.

the signal is demodulated through a lock-in amplifier and sent
to a personal computer for further processing.
The SNR and sensitivity 6N in the SRS microscopy are given

KNO-RamanI I _ (st) (9)
KGRamanIp VI ’

where K is a constant relative to the system, and (X?) represents
the quadrature fluctuations of the measured signal®.
According to Eq. (9), the SNR and sensitivity are still limited
by the shot noise. Although the SNR and sensitivity can be
enhanced by increasing the intensity of either the pump or
Stokes beam, excessive intensity will cause damage to biological
samples. Therefore, in this situation, the performance of the SRS
microscope can be further improved only by reducing the
noise of the probe light below the shot noise with the help of
quantum light.

3.2. Quantum-enhanced stimulated Raman scattering
microscopy

Compared with the coherent state, the noise of the squeezed
state can be lower than the SNL. Thus, it has a potential advan-
tage in improving the SNR of SRS microscopy. In quantum-
enhanced SRS microscopy, it is essential to prepare a bright
amplitude squeezed state. As shown in Fig. 4(a), by using an
asymmetric (99:1) beam splitter to couple the squeezed light
and coherent light, a 1.3 mW bright amplitude squeezed light
with —3.6 dB squeezing has been prepared by Andrade et al.'*).
Another effective method used to prepare bright squeezed light
is using a seeded optical parametric amplifier (OPA) directly
[Fig. 4(b)]. For example, Casacio et al. prepared 3 mW pulsed
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Fig. 4. Preparation of the bright squeezed light. (a) The CW bright squeezed

light is prepared by coupling a squeezed vacuum state with a coherent state

on a beam splitter““. (b) The pulsed bright squeezed light is prepared by
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bright squeezed light with —0.8 dB squeezing by using this
method*®),

In quantum-enhanced SRS microscopy, the center wave-
length of the squeezed light is normally fixed to reduce device
complexity and enhance system stability. To realize the
broad-spectrum detection of the sample, the wavelength of
the other beam is tunable. By adjusting the frequency difference
of the two beams to an appropriate value, the distribution of the
corresponding chemical bonds can be observed. Figure 5(a)
shows the SNR of polydimethylsiloxane (PDMS) at a Raman
shift of 2904.76 cm™' using coherent (left side) and squeezed
(right side) probe beams, respectively”™. The higher SNR
observed by using squeezed light demonstrates the superiority

PDMS

(b)

Raman signal (dB)

Fig. 5. (a) SNR of the polydimethylsiloxane (PDMS) at 2904.76 cm™' Raman shift
measured with coherent (left side) and squeezed (right side) light, respec-
tively®™. (b) A live yeast cell in an agueous buffer at 2850 cm™' Raman
shift imaged with coherent (left side) and squeezed (right side) light,
respectively’®®.
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of quantum light. Figure 5(b) shows the images of a live yeast
cell in an aqueous buffer at a 2850cm™' Raman shift using
coherent (left side) and squeezed (right side) probe beams,
respectively*®. With the help of squeezed light, a 35% SNR
improvement is achieved, which enables the observation of
biological structures. This absolute quantum enhancement
effectively overcomes the photodamage to live cells in SRS
microscopy.

Although the quantum-enhanced SRS microscope has
achieved sub-shot-noise sensitivity>®), its sensitivity has not
exceeded the state-of-the-art classical SRS microscopes due to its
lower power of probe (squeezed) light"®”). According to Eq. (9),
the optimal SNR can be obtained when the ratio between the
modulated pump light and the unmodulated probe light is
2:1°° For typical biological samples, their damage threshold
is around several tens of milliwatts, so 3 mW of squeezed light
cannot achieve the optimal SNR. To overcome this difficulty,
Ozeki et al. proposed a quantum-enhanced balanced detection
(QBD) scheme!®®, which enables the detection of squeezed light
with high power.

Figure 6(a) shows the schematic of SRS microscopy with the
QBD scheme, where the SRL signal is measured. Different from
classical SRS microscopes, in this case, pump pulses and
squeezed vacuum pulses are coupled on a beam splitter. One
of the output beams is directly detected by a photodetector,
while the other beam is detected by another photodetector after
the SRS process. By doing so, the quantum-enhanced SRS
microscopy is operated in a high-power regime (> 30 mW), at
the expense of 3 dB sensitivity drawback due to balanced detec-
tion"”!, Figure 6(b) shows the classical balanced-detection SRS
and quantum-enhanced SRS images of ds-DMSO and dg-PS at
a 2118 cm™! Raman shift"®”). As pointed out by the red arrows,
the fine structure buried in the shot noise can be found in the
quantum-enhanced SRS images.
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Fig. 6. (a) Schematic of the SRS microscopy with QBD'®. (b) Classical and
quantum balanced-detection SRS images at Raman shift 2118 cm™". Scale
bar: 10 pm®®”.
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4. Entangled Two-Photon Microscopy atomic systems'’>”), molecules, and biological samples'”*”*),
In addition to the entangled TPA fluorescence microscopy,
entangled photon pairs have also been applied in the optical
absorption microscopel’®”®], where the SNR and precision of
the transmittance estimation are improved.

With the help of excitation light sources such as xenon lamps or
lasers, fluorescence microscopy can capture images utilizing the
fluorescence emitted from the sample!*®?. In comparison to
techniques of single-photon absorption fluorescence, two-pho-
ton absorption (TPA) fluorescence microscopy employs longer-
wavelength light as the excitation source. This not only enhances . .
imaginggdepti but also reduces interference from th}; sample’s S. Quantum__Enhanced Differential Interference
spontaneous fluorescence!””). Moreover, due to the nonlinear ~ CoOntrast Microscopy

nature of two-photon absorption, its signal intensity is quadrati-
cally correlated with the excitation light intensity, allowing for
the suppression of fluorescence away from the focal plane and
thereby improving the spatial resolution of the imaging!®®!.

To obtain clear images, light with high power is commonly
employed to excite the sample, which can lead to photobleaching
or damage to the sample. To overcome this issue, the scheme of
replacing classical light sources with entangled photon pairs was
proposed!®®!. Figure 7(a) shows the experimental setup of the
entangled TPA microscope, where the entangled photon pairs
are produced by the SPDC with a BBO crystal®. With a low

excitation intensity of 3.6 X 107 photons/s of entangled two- using a condenser lens, the two beams are focused onto the sam-
photon pairs, which is a million times lower than the excitation ple around 0.2 pm apart. Due to variations in thickness and
level for the classical two-photon fluorescence image (1.5 X 10" o tive index of the sample, the two beams experience differ-
photon/s), images of breast cancer cells are captured, as shown ¢ phase shifts. After passing through the sample, the second
in Fig. 7(b). This method enhances the two-photon absorption  jeng, the Nomarski prism, and another polarizer, the interfer-
rate from a quadratic process to a linear one!”” and effectively  ¢pce signals of the two beams are collected by an intensity detec-
reduces the required intensity of the excitation light. By using (o When there is no phase shift difference between the two
the entangled two-photon pair, a 10-order-of-magnitude reduc-  peams, the output signal remains constant. Otherwise, the inten-
tion in excitation light power has been achieved in non-biologi- sity of the interference signal varies based on the sample struc-
cal organic chemistry'”"), and a 6-order-of-magnitude reduction ture. This enables DIM to present images resembling 3D relief,

i i (34] Sy o o .
has been obtained in breast cancer cells™. Moreover, the  \hich indicates the distribution of the phase gradients of the
entangled two-photon pair has also been extended to other sample.

The differential interference contrast microscopy (DIM) can
transform the phase information into intensity information in
the process of imaging!”>*°!. Compared to classical phase con-
trast microscopy[81’82], it presents significant improvements in
various aspects, such as resolution, contrast, and the thickness
of samples that can be imaged'®*!. Thus, it can be widely applied
in living tissues or cells.

Figure 8(a) shows the experimental setup of DIM®), A polar-
izer transforms the input light into pure linearly polarized light.
After passing through a Nomarski prism, the light splits into two
spatially separated beams with perpendicular polarizations. By

Although DIM exhibits clear advantages in observing
unstained samples, its imaging quality is still limited by the

Scamning microscope

e \ SNR when dealing with samples requiring low light conditions,
Cre | | L such as photosensitive biological samples'®*), quantum gases'®),
T and atomic ensembles®®. In such scenarios, the use of non-

9 classical light sources can help to improve the imaging quality.

....... R v ramoson Figure 8(b) shows the experimental setup of the entanglement-

laser 800nm

enhanced DIM. By replacing the classical probe light with the
NOON state, the SNR of the DIM is improved 1.35 times com-
KR 1 LT B Clrsgion gt awchation, B30em, pared to the classical case, in the measurement of a glass plate
carved with a Q-shaped relief®®!. The signals are mixed at a
polarization beam splitter and then detected by a pair of single
photon detectors. Figures 8(c) and 8(d) show the patterns of the
sample observed using a single-photon source and two-photon
NOON state, respectively, where the more distinct image is
obtained in Fig. 8(d). Additionally, Figs. 8(e) and 8(f) show
the further analysis of the images in the red region of Figs. 8(c)
and 8(d), respectively, which reveals an improvement of the SNR
from 1.58 £ 0.11 to 2.13 £ 0.12 when employing entangled pho-
ton sources.
Fig.7. (a) Experimental setup of the entangled TPA microscope®. (b) Images In addition to DIM, the NOON state is also applied in super-
of breast cancer cells excited with the entangled two-photon (left] and the sensitive polarization microscopy[87], where supersensitivity
classical light (right), respectively. beyond the standard quantum limit is realized. By applying
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Fig. 8. Classical and gquantum-enhanced DIMB®) (a) lllustration of the

classical DIM. (b) lllustration of the quantum-enhanced DIM. The red and blue
lines represent different polarized light. (c) Image of the sample using a
classical light. (d) Image of the sample using the two-photon entangled state.
(e), [f) One-dimensional fine scan data for the area outlined in the red regions
in (c) and (d) for the same photon number of 920.

entangled NOON states with N = 2 and N = 3 in the images of a
sample of single quartz crystal, the improved phase images with
sensitivity close to the Heisenberg limit are presented for a bire-
fringent object. Furthermore, by increasing the photon number
N of NOON state, the performance of microscopes will be fur-
ther enhanced.

6. Conclusion

In this review, we briefly introduced squeezed light, entangled
states, NOON state, and three types of quantum-enhanced
microscopes based on different quantum states of light.
Although the imaging mechanism of each microscope is differ-
ent, they all show superior performance compared with conven-
tional ones, which presents the advantages of quantum
technologies. Quantum-enhanced SRS microscopy and DIM
microscopy improve the SNR of imaging, and quantum-
enhanced TPA microscopy reduces the required excitation
power in imaging.

In quantum-enhanced SRS microscopy, the squeezed light is
detected by an intensity photodetector or balanced homodyne
detector after passing through a series of optical elements,
including the object, sample, and condenser. The loss of these

Chinese Optics Letters Vol. 22, No. 6 | June 2024

optical elements leads to the decrease of the squeezing level of
the squeezed light. Therefore, to maintain the squeezed noise
of the squeezed light, it is essential to reduce the loss introduced
by the employed optical elements and photodetector. In the
entangled two-photon microscopy, it is essential to improve
the input entangled photon flux, which may be useful to shorten
the image collection time. In the quantum-enhanced DIM, the
key challenge is to prepare NOON states with high photon
numbers.

Recently, more quantum-enhanced microscopy techniques
have also been developed, such as optical absorption micros-
copy[76’78], supersensitive polarization microscopy[87], and
stimulated radiation microscopy'®®. With the development of
quantum technology, these quantum-enhanced microscopic
imaging techniques may become more and more practical
and be applied in the fields of biology, medicine, and materials.
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