
New J. Phys. 22 (2020) 013041 https://doi.org/10.1088/1367-2630/ab6af9

PAPER

Schemes for nondestructive quantum gasmicroscopy of single
atoms in an optical lattice

DaichiOkuno1, Yoshiki Amano1, Katsunari Enomoto2 , Nobuyuki Takei1 andYoshiro Takahashi1

1 Department of Physics, Graduate School of Science, KyotoUniversity, 606-8502, Japan
2 Department of Physics, University of Toyama, 930-8555, Japan

E-mail: okuno.daichi@yagura.scphys.kyoto-u.ac.jp

Keywords: quantumnon-demolitionmeasurement, quantumgasmicroscope, squeezed vacuum

Abstract
Wepropose a quantum gasmicroscope for ultracold atoms that enables nondestructive atom
detection, thus evading higher-band excitation and change of the internal degrees of freedom.We
show that photon absorption of a probe beam cannot be ignored even in dispersive detection to obtain
a signal-to-noise ratio greater than unity because of the shot noise of the probe beamunder a standard
measurement condition. Thefirst schemewe consider for the nondestructive detection, applicable to
an atom that has an electronic ground state without spin degrees of freedom, is to utilize amagic-
wavelength condition of the optical lattice for the transition for probing. The second is based on the
dispersive Faraday effect and squeezed quantumnoise and is applicable to an atomwith spins in the
ground state. In this second scheme, a scanningmicroscope is adopted to exploit the squeezed state
and reduce the effective losses. Application to ultracold ytterbium atoms is discussed.

1. Introduction

Aquantumgasmicroscope for ultracold atoms is a powerful tool to study the dynamics and properties of
quantumgases in one- or two-dimensional optical lattices [1–7]. It directlymonitorsmany lattice sites with
single-site resolution. It is also possible to deterministically prepare nearly arbitrary initial states by performing
single-site control on an atomicMott-insulator state [8]. This versatile technique has promotedmany
fascinating studies [9] such as quantum randomwalks [8, 10], direct observation of antiferromagnetic spin
correlation [11–13], andmeasuring entanglement entropy in a quantummany-body system [14].

In the quantumgasmicroscopy, the number of atoms in each lattice site,more precisely the parity of the
number of atoms, ismeasured by detecting photons spontaneously emitted from the atoms after freezing the
hopping by suddenly increasing the optical lattice potential. Thismeasurement process induces considerable
recoil heating, requiring an elaborate cooling scheme in a deep optical lattice. Evenwith the cooling of the atoms
in an optical lattice site, the imaging fidelity is not perfect [4–6]. In the present work, we only consider
nondestructivemeasurement schemes which do not rely on any cooling procedure.

If one can nondestructivelymeasure the number of atomswith avoidance of the higher-band excitations,
one can study the subsequent quantummany-body dynamics starting from the product state of the fixed
numbers of atoms as a result of the atom-number projectivemeasurement. Herewe use the term

‘nondestructive’ in themeasurement of an observable of interest Â such as a spin or an atomnumber in the

sense that the probability distributionsPa ofmeasurement outcome a of Â are the same before and after the
measurement [15]. An example of interesting quantummany-body dynamics is the quantum critical behavior
of the Bose–Hubbard systems influenced bymeasurement backaction [16] and the creation of a strong
correlationwith feedback control [17]. From a technical viewpoint, realization of the nondestructive limit of
quantumgasmicroscopy relaxes the crucial requirement of incorporating an elaborate cooling scheme for an
extremely deep optical lattice depth.We note that nondestructivemonitoring of quantumdynamics of cold
atoms in a cavity quantum electrodynamics setup using a scanningmicroscope is recently proposed [18, 19].
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Onemay expect that the dispersivemethod using off-resonant probe light such as a Faraday effect can detect
atomswithout photon absorption by taking a sufficiently large detuning.However, it has been discussed that
bothmeasurements using resonant and off-resonant light have the same sensitivity for an optically thin sample
for a given extent of absorption [20–22]. This is because of the existence of the shot noise in the probe light in the
interferometricmeasurement of the dispersivemethod. Thus far, there is no quantitative discussion regarding
the detection limit of a single atomunder the condition of quantum gasmicroscopy inwhich the light can be
efficiently collected by an objective lenswith a high numerical apertureAN.

In this paper,first we discuss the limitation of quantumgasmicroscopywith a dispersive Faraday effect.We
show that the photon absorption of the probe beam cannot be ignored to obtain a signal-to-noise ratioRSN

greater than unity even under an ideal condition ofAN=1, which is reminiscent of the result for an optically
thin sample [20–22].

To overcome this limitation, we propose two schemes. Thefirst is to utilize themagic-wavelength condition
of the optical lattice for the transition of probing. The tight confinement in a Lamb–Dicke regime provides
optical transitionsmostly between states with the same vibrational quantumnumber in the optical lattice sites,
thus satisfying the ‘nondestructive’ condition. This is only applicable for atoms in the ground state without any
spin degrees of freedom, such as a bosonic isotope of two-electron atoms. The second is a scanning-type
quantumgasmicroscopewith a confocal configurationwith the use of a broadband squeezed vacuum [23–26].
Utilizing the squeezed vacuumand heterodyne detection of scattered light from the atoms during the Faraday
process in quantum gasmicroscopy, we achieve anRSN greater than onewhile suppressing the light absorption
and associated higher-band excitations. A scanningmicroscopewith a confocal configuration is necessary to
avoid effective losses on the squeezed state because of the branching of the spatial distribution of the light and
mode-mismatch between the squeezed light and a local oscillator (LO) in the heterodyne detection.We discuss a
systemof two-electron atoms inmetastable states as a realistic example of the application of the proposed
scheme, enabling spin-sensitive nondestructive observation of a ( )SU Fermi–Hubbardmodel.

2. Limitation of dispersiveQGM

Before going to our proposal schemes for nondestructive imaging, we discuss the limitation of quantumgas
microscopywith a dispersive Faraday interaction. Figure 1(a) shows the schematic setup [27].We assume the
transition =  =J J0 1g e for probing the atoms for simplicity, as shown infigure 1(b).Whenwe set the
frequency of the probe beam at the center of the =  = = J J m0 1, 1g e e transitions in the presence of a bias
magnetic fieldB0 applied along the probe propagation axis, theσ

+ andσ−circular polarization components of

Figure 1. (a) Schematics of Faraday imaging of single atoms in an optical lattice [27]. Off-resonant linearly polarized probe light
induces an elastically scattered coherent lightfieldwith the polarization orthogonal to that of the probe beam in the presence of a bias
magnetic fieldB0. This results in the rotation of the polarization axis, which is detected at the charge-coupled-device (CCD) camera
after a half-wave-plate (HWP) and a polarizing-beam-splitter (PBS). (b)Relevant energy level and transition diagramof Faraday
imaging. The opposite sign of the detunings±δB of theσ

±component of the probe light with respect to the associated
=  = = J J m0 1, 1g e e transitions, respectively, in the presence of themagnetic field results in the rotation of the axis of the

linear polarization.
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the linearly polarized probe beamhave different detunings±δB provided by themagnetic field. This causes
different phase shifts in the two components and therefore induces the rotation of the axis of linear polarization
of the probe beam, termed the Faraday effect. The polarization rotation signal for a single atom can be
understood as an effect of interference between a linearly polarized input probe beam ( )


E rprobe and an elastically

scattered electricfield coherently induced by a single atom. Based on diffraction theory [28] and scattering
theory [29], the scattered lightfield ( )


E rsc is described [27] as
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whereΓ is the natural linewidth of the excited state. E0 is the amplitude of the electric field of the input probe
beam, a h= - A3 2N , where [ ( ) ( )]h º - - -A A1 1 1 4 2N N

2 1 2 2 is the photon collection efficiency of
an objective lens, J1(x) is the Bessel function of thefirst kind, ( )s º -kAN

1 is the diffraction-limited spatial
resolution, k is thewavenumber of the probe light, and ˆe is the polarization unit vector forσ±circularly
polarized light. For large δB/Γ, the scattered light polarization is perpendicular to the initial polarization of the
probe light and has the expected 1/δB dependence.

Under this condition, we can derive the expression forRSN as follows:
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Here the signal is the difference in the intensities of the two detected fields ( ) ( ( ) ( ))
  

= E r E r E rdetect
1

2 probe sc ,

and the noise is the shot-noise given as follows:
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(see appendix). The integral area is the domain over the detector. The parameter τ represents the temporal width
of the probe pulse. ò0, c, h and l are the permittivity of vacuum, the speed of light, the Planck constant, and the
wavelength of the transition, respectively. For a large d G R,B SN becomes

( )t
h=

G
R s C

2
, 4SN sc,probe

where
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is the quantity representing the level of the spatialmode-matching between the probe beam ( )

E rprobe and the

scattered light ( )

E rsc , and

( ) ( )
( ) ( ) 
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is the saturation parameter with a saturation intensity ( )p l= GI hc 3sat
3 and the probe intensity ∣ ∣= I Ec

0 2 0
20 .

The number of photon absorptionNabs is given for a large δB/Γ as follows:

( )t
=

G
N s

2
. 7abs

From equations (4) and (7), we obtain the important following relation:

( ) ( )h=N R C . 8abs SN
2

sc,probe
2

Themaximumvalues of η and Csc,probe are 1/2 forAN=1 and 1 for ( ) ( )=E r E rprobe sc with a sufficiently large
integration area, respectively. Note that this high level ofmodematching is achieved only for a particular single
site. If we consider the probe beam sufficiently broad compared to the lattice constant, =C 0.85sc,probe for the
optimal integration area can be derived by a simple calculation. From these considerations, we conclude that the
number of photon absorptions of the probe beam is never less than 1 atRSN=1.Under themore realistic
condition ofAN=0.8 (η=0.248) and theGaussian spatialmode of the probe beamwith an optimal waist,
where Csc,probe becomes 0.91, theminimumnumber of photon absorptions is 4.8 atRSN=1.

3. Proposed schemes

Weconsider the two strategies toovercome this fundamental limitation.Thefirst, applicable to anatomthathas an
electronic ground statewithout spindegreesof freedom, is toutilize tight confinementof the atomunder a
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magic-wavelength conditionof theoptical lattice for the transition forprobing (seefigure2). In general, vibrational
quantumnumber canchangewithout anypreferenceduring theprobe transition. Ifwe irradiate theprobe light to the
atomtightly confined in theoptical lattice site in threedimensions formedby themagic-wavelength light of theprobe
transition, theprobephotonabsorption and subsequent spontaneous emissionprocesspredominantlyoccurbetween
thevibrational groundstates in the electronic groundandexcited states (carrier), and the transitionaccompanying the
change inonevibrational quantumnumber (sideband) is suppressedby the squareof theLamb–Dicke factor
z w= WR compared to the transitionbetween the samevibrational quantumnumbers [30].HereÿωR=ÿ

2k2lat/2m
is the recoil energyof the lattice andΩ is the trapping frequency.Here klat is thewavenumberof the lattice laser andm is
the atommass. For simplicity,we consider the casewhere the trapping frequencies are the same for all threedirections,
andΓ and the linewidthof theprobe light nD probe are sufficientlynarrowsuch that theprobe laser is solely resonant to
the carrier transition,which iswell-resolved fromthe sideband transitions: nG D W, probe . Then,we can repeat the
photonabsorption and subsequent spontaneous emissionbetween the vibrational ground states before z´N 3abs

2

reachesone, and therefore the criterion for ‘nondestructive’ relaxes as ( )z<N 1 3abs
2 .Wenote this schemedoesnot

require coolingprocedureduring the imaging, suchasRaman sidebandcooling.While thefidelities of the atom
detectionwith somecoolingmethods couldbenowevenhigher than those in thefirst demonstrations [4–6], in our
work,however,we specifically discussmore stringentprobing condition inwhich thevibrational stateof an atom in
each lattice siteminimally changes.Regarding ytterbium (Yb) atoms, the realizationofLamb–Dicke confinementwith
ζ=0.11 in the ‘magic-like’ lattice for the 1S0−

3P1 transition is alreadydemonstratedusing the532 nmlaser lightwith
anappropriatepolarization choice [31].

However, in general cases of atomswith spins in the ground state, the situation is not so simple. It is true that,
in amagic-wavelength lattice, we can think of a scheme of spin-preserving probing such as a closed, cyclic
transitionwith appropriate polarization of probe light, or spin-non-preserving probing of one particular spin-
component, say spin-up, and later performing optical pumping to the original spin-up state with shelving
another spin-component, say spin-down, to states irrelevant for probing, and finally returning the atom to their
original spin-down state. However, here we think of amuch simpler schemewhere no additional processes that
influence the performance of the nondestructive detection are required other than probing. If the detection
without photon absorption is possible, it is ideal for realizing nondestructive detection. For this purpose, we
propose the second scheme of a scanning-type quantum gasmicroscope in the confocal configurationwith the
use of a broadband squeezed vacuum. An imaging systemwe consider is shown infigure 3. Squeezed light has
been used to reduce the shot noise [23]. It has been considered to be incorporated into a gravitational wave
detector to beat the standard quantum limit [32]. It has also been shown to be an important resource of

Figure 2.Vibrational level structure of an atom tightly confined in an optical lattice with amagic-wavelength condition
(Ωe=Ωg=Ω) for the transition for probing. During the absorption process, the probe laser beamwhose linewidth ismuch narrower
than the trap frequencyΩ is tuned to thewell-resolved resonance of the ∣ ∣ñ  ñg e, 0 , 0 transition. During the spontaneous emission
process, the transition predominantly occurs between the vibrational ground states in the electronic ground ∣ ñg , 0 and excited ∣ ñe, 0
states, and the transition accompanying the change in one vibrational quantumnumber ∣ ∣ñ  ñe g, 0 , 1 is suppressed by the square of
the Lamb–Dicke factor ζ compared to the transition ∣ ∣ñ  ñe g, 0 , 0 .
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spectroscopy [26], biologicalmeasurement [33], magnetometry [24, 25], and continuous-variable quantum
information processing [34]. Note that a squeezed vacuum is fragile to branching. Array detectors such asCCD
cameras are not compatible with squeezed light because imagingwith array detectors involves light branching to
each detector segment. Therefore,measurement should be completed for each site with a single balanced
detectionmode scanning one-by-one as shown infigure 3.Mode-matching and scanningwith the single site
addressing level can be accomplished by a digitalmicromirror device and a galvanomirror system, for example.

The target lattice site is selectively illuminated by an off-resonant weak probe laser beamwith an angular
frequencyωL and vertical linear polarization through an objective lens 2 (OBJ2) and a polarizing beam splitter
(PBS). The probe light induces an electric fieldwhose angular frequencyωL is the same as that of the probe light
[35], and its polarization is horizontal.

This elastically scattered coherent electricfield is detected at the photo-detectors (PD1 andPD2)using the
heterodynemethodwith the LO lightwith an angular frequencyωL+δwith δwithin the squeezed bandwidth. A
squeezed vacuum light beamhaving spectral components around the same angular frequency as the LO is focused
to the same lattice site through an objective lens 1 (OBJ1). TheωL andωL+2δ components of the squeezed
vacuumreduce the shot noise in thedetection around the frequency δ at the spectrumanalyzer. Because thenoise
reduction requires exactly the samedetuning andpolarization as that of the signal light, the squeezed vacuum light
cannot be separated from the scattered light and therefore a confocal configuration is inevitable. These three light
beams are split by a half beam splitter (HBS) and then fall on twophotodiodesPD1 andPD2 followed by signal
subtraction via a differential amplifier.

The derivation of theRSN in our scheme is discussed in detail in appendix, wherewe assume no squeezed
vacuum loss.However, the finite loss caused by real optical components aswell as the imperfect spatialmode-
matching between the LO and the squeezed vacuumdegrade the effective squeezing level.Moreover, the
imperfect spatial overlap between the LO fieldwith aGaussian spatial profile and the scattered lightfieldwhose
spatial distribution is given as J1(r/σ)/(r/σ) also affects theRSN in a similarmanner as that of the probe and
scattered lightfield in the Faraday signal (equation (5)). Consideration of the effect of loss and the spatialmode
matching [36] leads to the following expression:

( )
( )t

h=
G

- - x-
R s

C

TC2 1 1 e
, 9SN

sc,LO

2
sv,LO
2

Figure 3. Scanning-type quantumgasmicroscope in the confocal configurationwith the use of a broadband squeezed vacuum. An
off-resonant vertically polarized probe laser beam is irradiated to a single atom through an objective lensOBJ2, inducing the
horizontally polarized coherent elastic scattered lightfield. This lightfield is detected via the heterodynemeasurement scheme
consisting of the local oscillator beamLO, half-beam splitterHBS, two photo-detectors PD1 and PD2, and spectrum analyzer. At the
same time, the horizontally polarized squeezed vacuum is focused to the single atom through an objective lensOBJ1 and is fed into the
input of theHBS.With the aid of the squeezed vacuum, the signal for the atom is detectedwith enhanced sensitivity at a radio-
frequency component of δ/(2π) below the shot noise level. PBS represents a polarizing-beam splitter. The angular frequency and the
polarization of each lightfield are shown.
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where

· ∣ ∣ ∣ ∣ ( )
 

ò ò ò=C E E A E A E Ad d d 10sv,LO
det

sv LO sv
2

LO
2

is the level of the spatialmode-matching between the squeezed vacuumand LO, x is the effective squeezing
parameter, andT is the transmittance of the squeezed vacuum in the detection setup.Note that in the expression
of C E,sc,LO probe in equation (5) is replacedwithELO. In the following calculationwe again assume aGaussian
mode for the squeezed vacuum. The optimization of the LO light spatialmode results in the following expression
of the optimizedRSN
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This indicates that themode-matching dependence of theRSN isfinally characterized by

· ∣ ∣ ∣ ∣ ( )
 

ò ò ò=C E E A E A E Ad d d , 12sc,sv sv sc sv
2

sc
2

which represents the level of the spatial overlap between the squeezed vacuumand scattered lightfield. Note that
the optimal spatialmode of the local oscillator changes as the squeezing level changes, as shown infigure 4(a). By
taking themaximumvalue of 0.9 for Csc,sv and setting the ( ) =R 1SN opt in equation (11), we obtain the number
of photon absorption eventsNabs tomaintain theRSN equal to 1 as a function of the squeezing level. Figure 4(b)
shows the results with the realistic condition ofAN=0.8 andT=0.95. The calculated squeezing level required
to achieve nondestructive detection indicated by the shaded area in thefigure (Nabs<1) is 7.7 dB, which
corresponds to average photon number of 1.0.

Figure 4. (a)Optimal values of Csc,LO and Csv,LO in themaximization of theRSN via adjusting the LO field spatialmode. The optimal
spatialmode of the local oscillator changes as the squeezing level changes. (b)Number of photon absorption eventsNabs tomaintain
theRSN equal to 1 plotted as a function of squeezing level. Conditions ofAN=0.8,T=0.95, and the optimal local oscillator light
spatialmode are assumed.
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4. Feasibility

The feasibility of the proposed scheme is discussed by considering an example of ultracold two-electron atoms in
ametastable state.While the transition from the ground states of alkali atoms or two-electron atomsmostly lies
in the visible region, a higher level of squeezing has been realized in the near-infrared region [37]. Notably, the
transitions from themetastable states of two-electron atoms have optical transitions in the near-infrared region;
for example, a Yb atomhas an electric-dipole allowed transition between the 3P0 and

3D1 states with a
correspondingwavelength of l = 1389 nm. The transitions associatedwith the 3P0 state can be used for
probing a ( )SU symmetric FermiHubbardmodel realized in themetastable 3P0 state for fermionic isotopes of
Yb atoms. A glass-cell systemwith an effective numerical apertureAN of 0.7 of two objective lenses on both sides
similar to our scheme is commercially available. Assuming 15 dB of squeezing and 95% transmittance of the
optical system (T=0.95)withAN=0.8 and =C 0.9sc,sv , we expect the relation

( )= ´N R0.39 , 13abs SN
2

which implies nondestructive detection of a single atom in a single site. As a typical experimental condition, we
consider a probe beamwith a pulse width of t m= 10 s, intensity of / = ´I I 1.0 100 sat

3, and detuning of
δB/Γ=100.With these parameters, the number of absorbed photons can be estimated to be =N 0.39abs from
equation (7) and the signal-to-noise ratioRSN=1.0 from equation (11), consistent with equation (13), thus
realizing nondestructive imaging for a single atom in a single site. Themeasurement time of τ=10 μs is
sufficiently short to perform repetitivemeasurements formany sites in a scanningmanner in a relatively shallow
lattice. In fact, for example, whenwe consider 15 atoms in an optical lattice with a depth of 10 ÿωR, where the
tunneling time τhop=ÿ/J is 8 ms for the lattice constant of 532 nmwith J being the hopping energy, we can
performN=15measurements in 15τ=0.15ms, duringwhich the number of hopping to adjacent sites for all
15 atoms t= ´N 15 0.15mshop hop is 0.28. Note that the excitation of the atoms caused by the 15 dB squeezed
vacuum is negligible because of theweak intensity comparable to Isat and the squeezed bandwidth is assumed to
be sufficiently broad to cover the heterodyne frequency of ( )d p =2 1 MHz.

The above-mentioned feasibility of the scheme using a squeezed vacuum is still limitedwhenwe consider the
usefulness on themany-body level such as 15 atoms.However, by combining the two proposed approaches in
this work, we can provide the route to a high-fidelity nondestructivemeasurement on themany-body level.
Namely, we consider the scheme inwhichwe perform a probingwith a squeezed vacuum, described in the
second part of the section 3, for atomswithout internal-degrees of freedom in the ground state trapped in an
optical lattice with amagic-wavelength condition for the probe transition, as described in the first part of the
section 3. Then the nondestructive condition is relaxed by z´4 2 where the additional contribution ζ2 comes
from the excitationwith a blue sideband in the present off-resonant-excitation scheme, different from the
resonant-excitation scheme considered in the section 3. Since the condition of ζ=0.11 is already realized [31],
we can improve the performance up toRSN=25with a probability of changing the vibrational state of p=0.39
for a single atom. In otherwords, with the condition ofRSN=1, pwill be 1.6×10−2, and therefore the change
of the vibrational state is negligible. On themany-body level of 15 atoms, thismeans that less than one photon is
scattered for detecting 15 atoms nondestructively about the vibrational state.

5. Conclusion

In conclusion, we have proposed a quantumgasmicroscope capable of nondestructive detection of a single atom
enabling a number of fascinating research inquiries.We derive the general relation between theRSN and photon
absorption of a probe beam for dispersive Faraday quantum gasmicroscopy and show that the detection of the
atomwith theRSN greater than unity should be accompanied by the absorption of the probe beambymore than
one photon. For an atom that has an electronic ground state without spin degrees of freedom,wefind that the
magic-wavelength condition of the optical lattice for the transition for probing enables detection of an atom
with avoidance of excitations to higher-band.We also consider amore general scheme to detect an atomwith an
absorption of less than one photon based on a squeezed vacuum in a scanningmicroscope configuration. An
application to ultracold two-electron atoms is also discussed. The combined scheme of the proposed two
approaches enables a nondestructivemeasurement on themany-body level of about 15 atoms.
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Appendix. Derivation of the signal-to-noise ratio in theHeterodyne detection

An incidence of an electromagnetic field

E on a photo diodewith a detection efficiency η0 yields a photocurrent

given by

⎜ ⎟⎛
⎝

⎞
⎠∣ ∣ ( )


òh
l

=
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I e
c

E A
2

d
hc

, A.10
det

0 2

where thefield intensity is integrated over the areaA of the detector. The number of corresponding
photoelectrons emitted during the exposure time τ isNe=Iτ/e. If each detection event obeys Poisson statistics,
thefluctuation of the photoelectrons áD ñNe

2 is equal to itsmean value á ñNe . This results in the current shot noise
within the frequency interval ν and ν+Δ ν described by ( ) ¯n ná ñ = Di eI2N

2 , where Ī is the average current. The
detection bandwidthΔν is related to the exposure time τ such that 2Δν=1/τ.

In the heterodyne detection (figure A1), two following electric fields from theHBS aremeasured at the photo
diodes (PD1 and PD2):
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Each photo diode generates photocurrent I1 and I2 similar to equation (A.1) aswell as photoelectrons. These two
currents are subtracted, and the balanced current gives the signal

⎜ ⎟⎛
⎝

⎞
⎠( · · ) ( )
   

òh
l

- = +d d* - * +
I I e

c
E E E E A

2
e e d

hc
. A.4t t

1 2 0
det

0
sig LO

i
sig LO

i

Wemeasure the δ angular frequency component, such that the signal current is obtained as follows:

⎜ ⎟⎛
⎝

⎞
⎠ · ( )
 

òh
l

=
*

I e
c

E E A
2

d
hc

, A.5S 0
det

0
sig LO

and the number of corresponding photoelectrons isNS=ISτ/e. If the LO intensity is sufficiently strong, i.e.
∣ ∣ ∣ ∣





E ELO
2

sig
2, its shot noise is dominant and given by the following:

⎜ ⎟⎛
⎝

⎞
⎠⟨ ( )⟩ ∣ ∣ ( )òn h

l
n n= D º F D


e

c
E Ai 2

2
d

hc
, A.6S

2
0

2

det

0
LO

2
0

where ĒLO is the average amplitude of the LOfield and w pn d= 2L is assumed. The corresponding
fluctuation of the photoelectrons emitted is táD ñ = FN e2S

2
0

2. The square root of this quantity corresponds to
the noise in equation (3) by assuming a perfect detector (η0=1) and using the relation 2Δ ν=1/τ.
Accordingly, the ratio áD ñN NS S

2 yields a signal-to-noise ratioRSN in equation (2) in which the subscripts ‘sig’
and ‘LO’ are replaced by ‘sc’ and ‘probe,’ respectively.

A squeezed vacuum state of light is used to reduce the detection noise and fed into the signal port. The
squeezed vacuumcan be generated by a subthreshold degenerate optical parametric oscillator (OPO) [37]. The
output spectrum for the squeezed quadrature variance is given by the following [38]

Figure A1. Simple schematic illustration of the heterodyne configuration.
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( )
( ) ( )

( )n
pn g

= -
+ +

S
P P

P P

4

2 1
, A.7

th

2
th

2

where P is the pumppower for theOPOwith the oscillation threshold Pth and γ is theOPO-cavity linewidth. The
measured currentfluctuation is calculated as follows:

( ) [ ( )] ( )n h n ná ñ = F + Di S1 , A.8M
2

0 tot

where ηtot is the total detection efficiency. Accordingly, we can define the effective squeezing parameter ξ(ν) for
the sideband frequency component and also the corresponding signal-to-noise ratio, which are addressed in the
discussion in themain text.
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