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‣ Sensitivity

‣ Resolution

‣ Accuracy

‣ Precision

‣ etc..

‘Surface plasmon resonance based sensors’, 
O. S. Wolfbeis, and J. Homola, Springer

✓ beyond the diffraction limit
✓ enhanced sensitivity
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Quantum sensing (quantum metrology)

Original idea: Gravitational wave detector

- LIGO

- Virgo

- LISA

- DECIGO

- etc..
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The use of classical laser (coherent state of light)
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✓ beats the shot-noise limit

J. P. Dowling, Contemporary physics, 49, 125 (2008)

The use of quantum state of light

not a constant, which can be measured with infinite
precision, but that it fluctuates about some average
value, and those fluctuations have their origin in the
vacuum fluctuations of the quantised electromagnetic
field. According to quantum mechanics, optical
intensity can never be measured with infinite precision.
Hence, the uncertainty in the red curve of Figure 3
always has some finite value, indicated by the box of
height DM. The intensity displacement M can never be
measured with infinite precision and has a fundamental
uncertainty DM, and therefore the consequent phase j
will always have its related uncertainty Dj, which is
the width of the box. (This immediately implies a
minimum detectable displacement Dx ¼ !lDj, where
!l " l=ð2pÞ.) These fundamental quantum intensity
fluctuations suggest that there is a Heisenberg un-
certainty principal at work, which in our example
implies that the intensity I and the phase j cannot both
simultaneously be measured with infinite precision.
There is indeed such an uncertainty relation, as we
shall see next.

For a quantum analysis of this phenomenon, we
introduce the mean number of photons in the laser
field as the dimensionless quantity n, and note that the
intensity I is then proportional to n for a steady-state
system. If we denote the fluctuation in the phase as Dj
and that in the intensity as Dn, we can then write down
the Heisenberg number-phase uncertainty relation as

DnDj % 1: ð5Þ

Paul Adrien Maurice Dirac first proposed this
uncertainty relationship between photon number and
phase [5]. It is closely related to the better know
energy–time uncertainty principal DEDt % !h, where DE
is the uncertainty in the energy, Dt is the uncertainty in
the time, and !h is Dirac’s constant (Planck’s constant
divided by 2p). Starting with the energy–time principal,
we can give a heuristic derivation of the number-phase
formula. For a standing, monochromatic, electromag-
netic wave we have E ¼ !hno, where o is the frequency.
(Recall, o ¼ k/c where c is the speed of light.) This is
just the energy per photon multiplied by the average
number of photons. Since there is no propagation for a
standing wave we have j ¼ ot as the accumulated
phase at any point. Approximating both of these
expressions with differentials, holding everything
except E and t constant, gives DE ¼ !hDno and Dj ¼ o
Dt. Inserting these two expressions into the energy–
time uncertainty relation yields the number-phase
relation, Equation (5).

For a laser beam, such as used in LIGO, the
quantum light field is well approximated by a coherent
state, denoted jai, where the complex number a ¼ jaj
exp (ij) is proportional to the electric field amplitude E

such that jaj2 ¼ n, the latter of which we recall is the
dimensionless field intensity. (This is the dimensionless
quantum version of the classical relation jEj2 ¼ I ¼
I0n. The full dimensional form is E ¼ E0n

1/2, where
I0 ¼ jE0j2 ¼ !ho/(e 0V), which in SI units, !h is Dirac’s
constant, e0 is the free-space permittivity, and V is the
mode volume for the electromagnetic field [4]. Hence,
I0 is the intensity of a single photon.) The fluctuations
are typically represented in a phasor diagram as shown
in Figure 4. Here the phase is the polar angle j
measured counter-clockwise off the horizontal axis.
The radius from the origin to the centre of the
coherent-state disc is R ¼ jaj2 ¼ n. The diameter of
the disc d is on the order of d ¼ Dn ¼ n1/2. From
simple geometry, we can then approximate d ¼ RDj,
where Dj is the uncertainty or fluctuation in the
angular j direction. Combining all this we arrive at the
fundamental relationships between number (intensity)
and phase uncertainty for a coherent-state laser beam,

DnDj ¼ 1; ð6aÞ
Dn ¼ n1=2; ð6bÞ

Dj
SNL
¼ 1

Dn
¼ 1

n1=2
: ð6cÞ

The first relation, Equation (6a), tells us that we have
equality in Equation (5); that is a coherent state is a

Figure 4. In this phase-space diagram, the major and minor
axes of the ellipses depict fluctuations of various states.
Fluctuations in the radial direction correspond to intensity
and those in the angular direction phase. A classical state is a
point and has no fluctuations. A coherent state, that of a
typical laser, is a disc and has fluctuations equal in intensity
and phase. Also shown is a phase squeezed state, which has
fluctuations decreased in the angular (phase) direction, at the
expense of increase fluctuation in the radial (intensity)
direction. Such a phase-squeezed state can be used to beat
the shot-noise limit.

128 J.P. Dowling
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If the anomaly wavelength is close to the plasmon
resonance of individual nanoparticles, then the collective
plasmonic mode is excited. Excitation of the mode results
in a narrow Fano-type resonance in the transmission
spectrum of the array. The position and shape of the
Fano resonance depend on the shape of the nanoparticles,
distance between them, and refractive index of the sur-
rounding medium. High sensitivity to the local change of
the refractive index, as well as the high-quality (Q) factor
of the nanoparticle array resonance, constitutes the basis
for its sensing applications [37,41].
The nanoparticle array is fabricated using a combined

method of nanosphere lithography with femtosecond laser-
induced transfer, which allows production of large-scale
periodic arrays of spherical nanoparticles [37]. A hexago-
nal array with dimensions of approximately 1 × 1 mm2 is
fabricatedwithaparticlediameter of130nmandahexagonal
lattice period of 1.1 μm [see Figs. 2(a) and 2(b)]. The
fabricated particles are partially embedded (around two-
thirds) into a polydimethylsiloxane (PDMS) substrate, with
a part (around one-third) above the substrate surface (this
is accessible to the local environment). With the sample
covered by a second PDMS layer, the nanoparticles are in a
homogeneous surrounding and the array provides a Fano
resonance centered at 806 nm with a quality factor Q ≈ 27,
whereQ is definedas the ratioof the resonancewavelength to
the resonance width, defined from the fit using the Fano
formula (see details below).

The refractive-index sensitivity is measured by removing
the cover PDMS layer and adding testing glycerin-water
solutions with different concentrations on top of the array.
The sensitivity is calculated as a ratio of the resonance shift
in nm to the change of the refractive index of the testing
solution.

V. EXPERIMENTAL SETUP

The quantum spectroscopy setup is shown in Fig. 1(a).
Three bulk BBO crystals (Dayoptics) with thicknesses of
0.3 mm, 0.5 mm, and 0.5 mm are pumped by a continuous-
wave vertically polarized diode laser at 407 nm (Omicron
PhoxX-405-60). The BBOs are cut for type-I collinear
SPDC. One of the BBOs is set for the frequency-degenerate
regime, while two others are detuned from the degenerate
regime by tilting their optical axis [26]. The resulting SPDC
light source has a spectral width of around 250 nm and is
shown in Fig. 3. The pump is eliminated by a UV mirror,
and the SPDC is split by a nonpolarizing beam splitter
(NPBS). In one arm of the NPBS, we inserted a home-built
diffraction grating monochromator (Thorlabs GR-1205)
with resolution 1.5 nm. The light after the monochromator
is detected by an avalanche photodiode (APD, Perkin
Elmer SPCM-AQRH-14FC).
The sample is attached to a glass substrate and mounted

in another arm of the NPBS in the focal plane of two
confocal achromatic lenses with focus length f ¼ 60 mm.
A mechanical translation stage (not shown) is used to
position the sample. The focused light has a diameter of
300 μm on the sample surface. The sample area with the
array is surrounded by PDMS walls and covered by a thin
glass plate forming a cell. The refractive index of the
medium surrounding the array can be changed by adding
different solvents inside the cell. The SPDC light passes
through the broadband red glass filter (RG), and then it is
coupled into the multimode fiber and detected by the APD

(a)

(b)

FIG. 2. Images of the plasmonic nanoparticle array on a PDMS
substrate. (a) Dark-field microscope image at 10 ×magnification.
(b) Scanning electron microscope (SEM) image.

FIG. 3. Spectrum of coincidences of SPDC from three BBO
crystals. The error bars are the standard deviations.

QUANTUM SPECTROSCOPY OF PLASMONIC NANOSTRUCTURES PHYS. REV. X 4, 011049 (2014)
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70 times larger than the signal in the monochromator
[see Fig. 5(f)]. The only effect of the noise is a slight
decrease in the accuracy of the resonance measurements due
to the contribution of noise coincidences. However, the

difference between the resonance minima remains the same
as in the case of low noise. This shows that quantum
spectroscopy has high resistance to noise and can be used
with extremely low-photon fluxes, which are not possible

FIG. 5. Transmission spectrum of the nanoparticle array with different concentrations of glycerin-water solution on top, measured at
different noise conditions. Red circles correspond to 40% glycerin concentration and black squares are assigned to 50% glycerin
concentration. Results in (a), (c), and (e) are obtained by the conventional transmission spectroscopy with different noise levels of
102 photocounts=s, 2 × 104 photocounts=s, and 7 × 104 photocounts=s, respectively. Results in (b), (d), and (f) are obtained by the
quantum spectroscopy with different noise levels: 103 photocounts=s, 2 × 104 photocounts=s, and 7 × 104 photocounts=s, respectively.
The signal in the channel with the monochromator is the same for all the experiments in (a)-(f) and is equal to 103 photocounts=s. The
error bars are the standard deviations.

QUANTUM SPECTROSCOPY OF PLASMONIC NANOSTRUCTURES PHYS. REV. X 4, 011049 (2014)
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D. A. Kalashnikov et. al., PRX, 4, 011049 (2014)

Platform: nanoparticle arrays

Experimental setup

Ref. [29], the number of coincidences between two APDs is
proportional to the spectral function of the sample TðωÞ at
the frequency of the idler photon,

RðωsÞ ∼ Tðωp − ωsÞ: (2)

In contrast to the conventional transmission spectros-
copy, the spectral selection is performed in the channel
without the structure under test. Following the analogy with
imaging experiments, we refer to the method as quantum
(ghost) spectroscopy.
The remarkable feature of the quantum spectroscopy

is its robustness against the environmental noise, which
allows one to conduct measurements at extremely low-
photon fluxes. The noise typically includes background
optical noise and electronic noise of the APDs. Let us
denote the number of SPDC photocounts as Ss;i ¼ ηs;iP,
where P is the number of photon pairs, produced by the

SPDC source, and ηs;i is the quantum efficiency of the
signal and idler channel, respectively. The number of
coincidences is proportional to the probability of joint
detection by the APDs in two channels:

RðωsÞ ¼ ηsηiP: (3)

Assuming that noise photocounts of the two APDs
are uncorrelated, the number of noise coincidences RN is
given by accidental overlap of photocounts within the time
window of the coincidence circuit Δt. It also includes
components due to accidental overlap of SPDC and noise
photocounts:

RN ¼ NsNiΔtþ SsNiΔtþ NsSiΔt; (4)

where Ns and Ni are the number of noise photocounts of
APDs in signal and idler channels, respectively. The total
number of coincidences is given by

RTotal ¼ RðωsÞ þ RN: (5)

Even though Ns, Ni ≫ Ss, Si, the number of noise
coincidences RN is strongly suppressed compared to RðωsÞ
because of a narrow coincidence time windowΔt. Thus, the
spectral response of the structure can be revealed from
RTotal even under excessive noise situations.

III. COMPARISON TO THE CONVENTIONAL
TRANSMISSION SPECTROSCOPY

In conventional transmission spectroscopy, the sample is
placed between the light source and the monochromator;
the transmission spectrum is obtained directly from APD
photocounts [see Fig. 1(b)]. The signal-to-noise ratio
(SNR) for the transmission spectroscopy is given by
SNRT ¼ ηsP=Ns. For the quantum spectroscopy, the
SNR is given by SNRQ ¼ RðωsÞ=RN ¼ ηiηsP=NsNiΔt,
see Eqs. (3) and (4), where it is assumed that
NsNi ≫ SsNi; NsSi. The ratio of the two SNRs is given by

SNRQ=SNRT ¼ ηi=NiΔt: (6)

The advantage in the SNR for the quantum spectroscopy
is provided by the use of high-quantum efficiency, low-
noise APD in the idler channel, and the narrow coincidence
time window Δt.

IV. THE PLASMONIC ARRAY SENSOR

We use an array of metal nanoparticles which has a
narrow Fano-type plasmon resonance, due to diffractive
coupling of localized surface plasmons [34–39]. The array
acts as a metallic grating, and when the wavelength of
incident light gets close to the Rayleigh cutoff wavelength,
the diffracted wave propagates along the surface [40].
This effect is referred to as Wood-Rayleigh’s anomaly.

Laser 407 nm
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(a)

(b)

FIG. 1. (a) Quantum spectroscopy setup. Diode laser at 407 nm
is used as a pump for a set of three BBO crystals cut for type-I
SPDC; the UV mirror (UVM) reflects the pump beam and
transmits the SPDC signal; a nonpolarizing beam splitter (NPBS)
splits the SPDC signal into two arms; in one arm, there is a
monochromator, which consists of a mirror (M), a diffraction
grating (GR), a pinhole, and an APD. In another arm, there is a
sample, which represents an array of gold nanoparticles as-
sembled into a cell. The SPDC signal is focused onto the sample
by achromatic lenses (L), filtered by a red glass filter (RG), and
detected by the APD. Counts of the two APDs are sent to a
coincidence circuit; the source of the noise is provided by the
external APD, illuminated by the lamp (not shown), whose signal
is mixed electronically with the signal of the APD in the signal
channel. (b) Transmission spectroscopy setup. A halogen lamp is
used as a source of the broadband light; the light after a singlemode
fiber (SMF) is collimated by a coupler, focused by lenses onto the
sample, filtered by the monochromator, and detected by the APD.
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plasmon polaritons supported on metal films that evanescently
couple to optical fields through intermediary prisms. These
devices detect a change in the concentration of an agent of
interest by registering a shift in the plasmonic response to the
local index of refraction at the film’s surface. When incident
light reflects from the back face of the prism, it excites a surface
plasmon polariton at a critical angle so that the light that exits
the prism serves as an intensity-modulated signal. The angle at
which light couples to the plasmon polariton is determined by
the reflection of an electromagnetic field at a metal−dielectric
interface (with the prism as layer 1, the metal film as layer 2,
and the sample to be sensed as layer 3) given by14

= +
+

r
r r

r r
e

1 e

ik d

ik d
12 23

2

12 23
2

z

z

2

2 (1)

with metal thickness d and reflection coefficient between the ith
and jth layer rij given by

=
−
+r

Z Z
Z Zij

i j

i j (2)

Here, Zi = εi/kzi for p-polarized light and kzi = k0(εi − ε1)
sin2(θinc)

1/2 is the normal component of the wave vector in the
metal layer that essentially contains angle of incidence
information. s-Polarized light cannot excite a surface plasmon
polariton in this geometry, but p-polarized light will be
absorbed by surface plasmon polaritons at a critical angle that
is strongly dependent on ε3. Because the index of refraction is
proportional to the concentration of particles of interest in
many solutions,24,25 the inferred shift in index can be used to
determine a change in concentration of the analyte of interest.
The precision with which an angular shift can be determined

is limited by the total noise of the sensing platform, but state-
of-the-art SPR sensors are now at their classical limits where the
SNL dominates the noise,12 provided that the readout field
does not feed noise into the index of refraction itself via
nonlinear interactions or photothermal damage. This noise
directly affects the sensitivity of the SPR sensor, since
resonance shifts that are smaller than the noise cannot be
resolved, meaning that the shot noise imposes a lower limit to
the concentration of a specific analyte that a particular sensor
can detect.
Figure 1b schematically illustrates this concept. In the upper

plot, the line thickness represents the uncertainty in a
measurement of the optical intensity for a shot noise limited
SPR sensor. For very small shifts in the resonance, the lines are
difficult to distinguish from one another. Either a higher
confidence level (larger index shift) or longer integration time
is necessary to discern them. When the noise floor is reduced
via squeezing, changes in the reflected signal are easier to
discern for the same confidence level or integration time.

Figure 1. (a) SPR sensor consisting of a prism, metal coating on the
back side, a readout light field, and a detector that reads angular shift.
(b) Schematic showing intensity and noise of a reflective SPR sensor
as a function of angle.

Figure 2. Experimental configuration for sub-SNL plasmonic sensing. A nonlinear optical process (four-wave mixing) in Rb vapor governed by a
double-Λ scheme (inset) in the presence of a strong pump (P, purple) is used to produce probe (Pr, red) and conjugate (C, orange) beams for the
SPR sensor. The conjugate field is used as the reference for subtracting classical and quantum noise, while the probe is used for optical readout. The
detector takes the difference between the probe and conjugate intensities and displays the result on a spectrum analyzer. PBS: polarizing beam
splitter; SA: spectrum analyzer; ND: variable neutral density filter; AOM: acousto-optic modulator.

ACS Photonics Letter
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FIG. 2. (Color online) (a) Noise power of the single-channel
coherent light source, (b) the noise power of the double-channel
coherent light source, and (c) the noise power of the squeezed light
source. The simulated noise power is shown by solid lines calculated
from the complex reflection coefficient shown in Eq. (1) and the
relative intensity noise shown in Eq. (4). The black, blue (dark gray),
and red (light gray) lines correspond to a refractive index of 1.3,
1.301, and 1.305. In all cases, the uncertainty in the experimental
data was ±0.1 dB statistical and systematic combined error.

absorption and the sensitivity of the surface plasmon itself to
changes in local dielectric function:

S = δY

δnef

δnef

δn
, (5)

where Y is the amplitude of the optical signal, nef is the
effective plasmon index, and n is the index of the neighboring
dielectric near the metal film [17]. The second factor in Eq. (5)
is dependent on the materials properties of the sensor, while
the first factor is dependent on the optical readout. Despite a
significant breadth of improvements to SPR sensors in recent
years, the first factor of Eq. (5) has been fundamentally limited
by the photon shot noise. An optical readout method which
increases the depth of the modulation on the optical signal
would therefore proportionately increase the sensitivity of the
SPR sensor.

III. RESULTS AND DISCUSSION

Figure 2(a) illustrates the noise power in the SPR sensor
response for the single-channel coherent light source with
optical power equal to that of the probe field. The measured
noise consists of the sum of shot noise and −84.5 dBm

of electronic noise. This signal provides an analog to the
current state of the art in classical plasmonic sensing. The
modeled data incorporated in Fig. 2(a) are the calculated
noise floor "N2

pr using Eq. (1) to determine the transmitted
probe intensity. Because the conjugate field functions as a
reference for the probe in the quantum sensor and because a
reference field is often used to take advantage of common
mode rejection in classical shot-noise-limited sensors, a
differential classical measurement was also performed. A
coherent state with power equal to the combined power
of the probe and conjugate fields was split equally on a
50:50 beam splitter with one channel used to transduce the
SPR sensor while the other channel served as a reference
field. Figure 2(b) illustrates the results of this measure-
ment, while the modeled noise power corresponds to the
shot noise for the total transmitted optical power calculated
from Eq. (1).

The average depth of the SPR absorption in Fig. 2(b) is
2.3 dB, while the average SPR absorption depth in Fig. 2(a)
is 6.4 dB. Since the electronic noise is much weaker than the
optical power of the reference channel, the reference channel
simply reduces the total modulation strength, as slightly less
than half of the combined optical power in Fig. 2(b) is absorbed
by the SPR sensor. Note, however, that this would not be the
case if the probe field was not shot noise limited, as is true in
the vast majority of sensor configurations with optical readout.
In that case, excess noise in the probe field would contribute
to the signal’s dynamic range.

On the other hand, Fig. 2(c) illustrates the noise power
for the squeezed light source. As with the classical sensor in
Fig. 2(b), the probe field transduces the SPR signal, while the
conjugate is used as a reference on the balanced photodetector.
Due to the quantum correlations between the probe beam
and the conjugate beam, the noise floor off resonance is
reduced by 4 dB, equivalent to the amount of squeezing
present after the SPR sensor, while uncorrelated quantum noise
between the two channels resulting from the attenuation of the
probe field by the SPR sensor results in an increase in noise
near the SPR resonance. Note that the average magnitude
of the SPR absorption in Fig. 2(c) is 8.8 dB, or 2.4 dB
better than was possible with a classical state. As described
by Eq. (5), an experimental improvement of 2.4 dB in the
optical modulation depth corresponds directly to a 2.4-dB
improvement in sensitivity. Note that the modeled noise from
Eq. (4) plotted in the figure, which represents the noise of a pure
squeezed state, suggests that 2 dB of excess noise resulting
from unwanted processes in the vapor cell is present in the
experimental data off resonance. A pure state would show
an even greater improvement of 4.4 dB in absorption depth
compared with the classical case. Another viewpoint would
be to compare the squeezed state to a classical readout field
that is not shot noise limited. In this case, the super-Poissonian
noise in the field would serve as an effective modulation. For a
modulation commensurate with the amount of antisqueezing
present in the two-mode squeezed state, the classical resonance
signal would be smaller than the quantum signal by an amount
commensurate with the squeezing.

However, the ultimate sensitivity for the quantum measure-
ment is not described by the noise plot but by the measured
squeezing [which is itself a normalization of the output noise

053812-3

FAN, LAWRIE, AND POOSER PHYSICAL REVIEW A 92, 053812 (2015)

FIG. 1. (Color online) (a) Schematic of the 4WM experiment
with the SPR sensing system and the field operators. PBS: polarizing
beam splitter. (b) Energy levels of Rb for the D1 line at 795 nm,
showing that the hot Rb vapor absorbs two pump photons and
a correlated probe and conjugate photon pair is reemitted. (c)
Broadband squeezing spectrum showing 4.5 dB of squeezing at an
analyzer frequency of 2 MHz.

different weights (after one experiences large losses, for
instance), then the uncorrelated excess noise on the other field
will dominate the signal [31,32].

Figure 1(a) shows the experimental setup used for the
quantum Kretschmann configuration SPR sensor. A two-mode
squeezed state was generated by 4WM in a 25.4-mm-long
85Rb vapor cell with a 260-mW pump beam and a 77-µW
probe beam. The stem of the vapor cell was maintained at
70.3 ◦C. The pump and probe were fiber coupled to improve
the mode quality entering the cell. The 1-mm pump waist and
the 0.4-mm probe waist were overlapped at the center of the
cell at an angle of 7 mrad. The pump frequency derived from
a Ti:sapphire cw laser was locked at ∼795 nm, approximately
800 MHz to the red of the atomic absorption resonance, and
the probe frequency was offset from the pump frequency by
3.042 GHz, approximately equal to the hyperfine ground-state
splitting, using a double-passed acousto-optic modulator.

The 4WM process is enabled by the double λ system
shown in Fig. 1(c). The hot Rb vapor absorbs two pump
photons, resulting in a coherence between the two hyperfine
ground states. In order to satisfy conservation of energy and
momentum, probe and conjugate photon pairs are reemitted
simultaneously from the vapor at opposite angles with respect
to the pump, which builds quantum correlations between the
two channels that can be observed in the form of squeezing
in differential measurements. A noise level up to 5 dB below
the SNL was observed at an analyzer frequency of 2 MHz in
the absence of the SPR sensor. Figure 1(b) shows a typical
broadband spectrum with 4.5 dB of quantum noise reduction.
The SNL was acquired by measuring the noise of a coherent
light source whose power was equal to the sum of the probe
power and conjugate powers.

Our SPR sensor based on the Kretschmann configuration
used a Borosilicate Crown 7 glass right-angle prism and a
43.5-nm-thick gold film deposited on the long face. Index-

matching oils with refractive indices of 1.3 ± 0.0002, 1.301 ±
0.0002, and 1.305 ± 0.0002 were used to characterize the SPR
sensor under conditions consistent with flow-cell operation.
This resolution was sufficient for this demonstration, but the
approach described here could equally well be implemented
with any flow-cell geometry. The probe beam was used as the
optical transducer as the prism was rotated over an angle of
roughly 3◦ while the conjugate field was sent directly to the
balanced photodetector with 94% quantum efficiency.

The classical complex reflection coefficient from the prism-
gold film-dielectric multilayer is

r = r12 + r23e
2ikz2d

1 + r12r23e2ikz2d
, (1)

where rij is the reflection coefficient between the ith layer and
the j th layer, kz2 is the normal component of the wave vector
in the metal layer, and d is the thickness of the metal film. For
p-polarized light, Eq. (1) describes surface plasmon polariton
absorption as a function of the incident k vector.

Since the reflectivity of the multilayer depends on the
magnitude of kz2, by scanning the angle of incidence an angular
reflection spectrum showing an absorption resonance due to
the surface plasmon polariton is obtained. When the refractive
index of the dielectric changes, so does r23, and therefore the
angular spectrum changes. This change is a signal showing
that the dielectric has changed in the refractive index.

Treating the readout field quantum mechanically, the total
sensor can be described as a parametric amplifier with gain G
followed by an effective beam splitter with total transmission
η on the probe and conjugate beams before considering the
SPR sensor, which can be treated as an effective beam splitter
with transmission γ = |r|2 for the probe beam. The final probe
and conjugate field operators are given by

aprout
=

!
Gηγ apr in

+
!

(G − 1)ηγ a†
cin

+
!

(1 − η)γ avd1 +
!

(1 − γ )avd3, (2)

acout =
!

Gηacin +
!

(G − 1)ηa†
pin

+
!

1 − ηavd2. (3)

Operators avd1 and avd2 correspond to the input vacuum
fields associated with the first beam-splitter port. Operator
avd3 corresponds to the input vacuum field associated with the
second beam-splitter port. The schematic is shown in Fig. 1(a).
The relative intensity noise is given by

$N2
− = $(a†

prout
aprout

− a†
cout

acout )
2. (4)

For a shot-noise-limited optical state, noise is linearly pro-
portional to optical power. It is therefore possible to perform
a direct analog of a typical dc SPR measurement described by
Eq. (1) by observing the rf noise on a spectrum analyzer.
Doing so can eliminate technical noise sources for SPR
sensing at low frequencies (such as laser-amplitude noise or
vibration noise) with both classical and quantum optical states
and therefore can improve the sensor’s resolution. Because
of excess laser noise near 1.0 MHz [shown in Fig. 1(c)],
the coherent and quantum sensors described here were char-
acterized at 2.0 MHz.

The sensitivity S of an SPR sensor can be described as
the product of the sensitivity of the optical readout to SPR
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analyzer associated with two data points in the scan (indicating
approximately 4.5 dB of squeezing on the shoulder and 2.5 dB
of squeezing at the inflection point). The peak heights in Figure
4b and c correspond to the magnitude of amplitude modulation
on the probe field, and its maximum is located at the
modulation frequency (1.5 MHz). Thus, reading the peak
height is an effective signal demodulation, which is proportional
to the intensity reaching the detector, while the sidebands
correspond exactly to the noise floor associated with each
measurement. The variance is proportional to the average of
these noise sidebands; a lower noise sideband for a given peak
height indicates a larger signal-to-noise ratio. The red lines in
the insets of Figure 4 correspond to the measured SNL at each
data point for the same optical power. A modulation peak with
noise sidebands given by the red shot noise trace has a lower
SNR than the peak associated with the squeezed (black) noise
sidebands, and this is the case for every data point in the curves.
A large amount of squeezing is observed near the inflection

points, meaning that one can choose to operate this SPR sensor
at a single angle,13 where a large quantum effect is observed,
and monitor the transmission as a function of time as the
analyte concentration is varied, and at all points a higher SNR
would be achieved than is possible with the classical version of
this sensor. The index shift measured here (0.001) is the
smallest observed to date using quantum states of light to
interact with SPR sensors, but more importantly, the quantum
fields themselves are bright beams, consisting of on the order of
∼1 mW in general before absorption by the plasmonic sensor.
The index shift here resulted in a very large angular shift in the
plasmonic resonance, meaning that the sensor is likely capable
of measuring several orders of magnitude smaller shifts, but the
resolution of available calibrated oils prevented us from
studying smaller shifts. Nonetheless, Figures 3 and 4 make it
clear that when operating an optimal, shot-noise-limited
classical sensor, twin beams automatically improve the SNR
by the amount of quantum noise reduction present. In the
optimum classical SPR sensor based on transmitted intensity,
the lowest detectable shift reaches 10−7 refractive index units
(RIU).12 Our experimental results provide ∼2.5 dB improve-

ment in the noise floor for such a measurement. This
corresponds to a potential improvement in the smallest
resolvable shift by 50%. For optimum, state of the art squeezed
light sources with >10 dB of quantum noise reduction26 and for
minimal losses inside the sensor on par with the ∼92%
demonstrated here, SNRs could be increased dramatically,
leading to a potential reduction in the lower limit of detection
by an order of magnitude.
It is interesting to compare a sensor that uses quantum noise

reduction to one that operates at the SNL, but with increased
optical power to obtain the same improvement in SNR. First,
we note that the quantum light source used here can operate at
powers ranging from vacuum to >10 mW total while
maintaining quantum noise reduction.10 Theoretically, the
amount of quantum noise reduction does not depend on the
incident optical power. Thus, one can envision operating a
quantum noise reduction source with the same optical power
that a classical sensor is capable of providing. It is clear that
quantum noise reduction becomes important in power-
constrained environments, such as when the medium under
study is sensitive to high intensities and may become damaged.
At the same low power levels, the SNL is larger in proportion
to the signal, resulting in lower SNR than in higher power
configurations. On the other hand, one may not increase optical
power beyond the point of thermal modulation27 of the
plasmon or the damage threshold of photosensitive ligands,28,29

at which point the SPR device will cease to function as a linear
index of refraction sensor. At powers just below those
thresholds, the noise floor can be improved upon only by
utilizing squeezed light. The SNR may also be improved by
increasing the response of the plasmon to a local index change,
for example, by introducing nanostructured surfaces or novel
plasmonic materials.30 For any possible configuration, the
application of squeezed light as demonstrated here can be used
to reduce the noise floor and further improve the SNR,
demonstrating that the optimal measurement therefore always
uses quantum noise reduction.
We also note that interferometric measurements are more

sensitive than intensity-based measurements, and an intensity-

Figure 4. (a) Quantum noise reduction as a function of angle of incidence and index of refraction (green: n = 1.305; blue: n = 1.301; red: n = 1.300).
(b and c) Raw data for two points along the curve. The red line indicates the shot noise level, while the peak is associated with the transmitted probe
power. The sidebands that indicate the noise floor associated with each data point fall below the SNL; squeezing is equal to the difference between
the black and red sidebands. Squeezing decreases as transmission decreases, but virtually all data points are squeezed. A maximum of 4.6 dB below
the SNL is observed in the peak shoulders. A minimum of 0.3 dB is observed in the n = 1.300 and n = 1.301 data sets, while the n = 1.305 data set
minimum is at the SNL.
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plasmon polaritons supported on metal films that evanescently
couple to optical fields through intermediary prisms. These
devices detect a change in the concentration of an agent of
interest by registering a shift in the plasmonic response to the
local index of refraction at the film’s surface. When incident
light reflects from the back face of the prism, it excites a surface
plasmon polariton at a critical angle so that the light that exits
the prism serves as an intensity-modulated signal. The angle at
which light couples to the plasmon polariton is determined by
the reflection of an electromagnetic field at a metal−dielectric
interface (with the prism as layer 1, the metal film as layer 2,
and the sample to be sensed as layer 3) given by14

= +
+

r
r r

r r
e

1 e

ik d

ik d
12 23

2

12 23
2

z

z

2

2 (1)

with metal thickness d and reflection coefficient between the ith
and jth layer rij given by

=
−
+r

Z Z
Z Zij

i j

i j (2)

Here, Zi = εi/kzi for p-polarized light and kzi = k0(εi − ε1)
sin2(θinc)

1/2 is the normal component of the wave vector in the
metal layer that essentially contains angle of incidence
information. s-Polarized light cannot excite a surface plasmon
polariton in this geometry, but p-polarized light will be
absorbed by surface plasmon polaritons at a critical angle that
is strongly dependent on ε3. Because the index of refraction is
proportional to the concentration of particles of interest in
many solutions,24,25 the inferred shift in index can be used to
determine a change in concentration of the analyte of interest.
The precision with which an angular shift can be determined

is limited by the total noise of the sensing platform, but state-
of-the-art SPR sensors are now at their classical limits where the
SNL dominates the noise,12 provided that the readout field
does not feed noise into the index of refraction itself via
nonlinear interactions or photothermal damage. This noise
directly affects the sensitivity of the SPR sensor, since
resonance shifts that are smaller than the noise cannot be
resolved, meaning that the shot noise imposes a lower limit to
the concentration of a specific analyte that a particular sensor
can detect.
Figure 1b schematically illustrates this concept. In the upper

plot, the line thickness represents the uncertainty in a
measurement of the optical intensity for a shot noise limited
SPR sensor. For very small shifts in the resonance, the lines are
difficult to distinguish from one another. Either a higher
confidence level (larger index shift) or longer integration time
is necessary to discern them. When the noise floor is reduced
via squeezing, changes in the reflected signal are easier to
discern for the same confidence level or integration time.

Figure 1. (a) SPR sensor consisting of a prism, metal coating on the
back side, a readout light field, and a detector that reads angular shift.
(b) Schematic showing intensity and noise of a reflective SPR sensor
as a function of angle.

Figure 2. Experimental configuration for sub-SNL plasmonic sensing. A nonlinear optical process (four-wave mixing) in Rb vapor governed by a
double-Λ scheme (inset) in the presence of a strong pump (P, purple) is used to produce probe (Pr, red) and conjugate (C, orange) beams for the
SPR sensor. The conjugate field is used as the reference for subtracting classical and quantum noise, while the probe is used for optical readout. The
detector takes the difference between the probe and conjugate intensities and displays the result on a spectrum analyzer. PBS: polarizing beam
splitter; SA: spectrum analyzer; ND: variable neutral density filter; AOM: acousto-optic modulator.
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Quantum noise reduction provides a higher SNR than is
possible with a classical sensor, enabling the detection of
smaller resonance shifts and thereby the inference of smaller
concentrations of trace biochemical compounds.
Figure 2 shows a differential detection setup in which a

reference beam (orange) is used to cancel the noise in the
readout beam (red). The readout beam interacts with the
plasmonic medium, while the reference beam is attenuated in
order to cancel out the excess noise associated with both beams
(the attenuation can be implemented optically or electroni-
cally). For beams sharing classical correlations, the measure-
ment technique is shot noise limited provided that the common
mode noise in each beam does not exceed the rejection ratio of
the detector.13,14,16 However, by replacing the classical
reference field with a mode that is quantum correlated with
the readout field as shown in Figure 2, signals with noise levels
below the SNL can be observed.
A highly accessible technique to generate these quantum-

correlated fields is shown in Figure 2. A pump−probe
experiment is conducted in a 85Rb vapor cell at the D1 line,
∼795 nm (inset of Figure 219,20). The pump field (P) excites
atoms from both hyperfine ground states. Despite being off-
resonance, a large pump power of approximately 300 mW
ensures that the pump’s Rabi frequency is large enough to
induce coherence between the hyperfine sublevels. A probe
photon (Pr) closer to resonance stimulates emission of a
photon from the coherently excited population preferentially
into one of the ground-state sublevels, which requires that a
second photon (called the conjugate, C) also be emitted in
order to satisfy momentum and energy conservation while the
coherence is preserved. The entire process, called four-wave
mixing, is governed by a third-order nonlinear susceptibility,
but the large intensity of the pump field combined with its
undepleted amplitude ensures that the system behaves with
characteristics similar to second-order parametric amplifiers.
Since the number of probe photons emitted requires an equal
number of conjugate photons to be emitted, the two fields
share quantum intensity correlations, and a measurement of the
intensity difference reveals reduced intensity-difference noise
fluctuations compared to the SNL.19,20 This “two-mode
squeezed state” or “twin beam” state has reduced noise in
exactly the variable of detection associated with the shot noise
limited Kretschmann geometry, that is, the intensity difference
between the reference and readout beams. The noise floor is
derived in the Supporting Information and is given in shot
noise units by

ηΔ = − −
−−N G

G
1 2 ( 1)

2 1
2

(3)

where N− is the photon number difference, η is the total
transmission of both beams to a photodetector, including the
detector’s quantum efficiency, and G is the nonlinear gain in the
four-wave mixing interaction. Notably, the noise is less than
one shot noise unit for η > 0 and G > 1. Thus, using this twin
beam configuration in lieu of a traditional reference subtraction
on a balanced detector will yield a signal-to-noise ratio
increased by 2η(G − 1)/(2G − 1) over the shot-noise-limited
measurement.19,20

We experimentally implemented such a Kretschmann sensor
with differential detection and quantum correlated beams using
the process outlined above in order to directly detect shifts in
the local index of refraction of calibrated index matching oils
tuned to emulate flow cell operation. The probe field from the

four-wave mixing process was used as the readout beam in the
SPR sensor, while the conjugate field was sent on to the
balanced detector in order to cancel the quantum noise present
in the probe field.
An acousto-optic modulator was used to place a modulation

on the probe field so that both the signal and the intensity
difference noise floor could be observed directly on a spectrum
analyzer simultaneously, as shown in Figure 4b and c. The

amplitude of the modulation provided a direct measure of the
reflected signal amplitude, and the noise floor surrounding the
modulation is equivalent to the variance of a signal recorded at
dc in conventional SPR spectroscopy, albeit with quantum
noise reduction reducing the noise floor below the SNL.
Applying a modulation and then demodulating (via either a
spectrum analyzer or lock-in amplifier) has the added benefit of
removing technical noise at dc that often exceeds the common
mode rejection of balanced detectors under typical exper-
imental conditions. The probe angle of incidence at the gold
film was scanned by rotating a servo-controlled stage below the
prism, while a mirror was counter-rotated at the opposite angle
in order to ensure maximum transmission to the detector. The
variable neutral density (ND) filter in the conjugate beam was
rotated for each data point in order to ensure maximum noise
cancellation.
At a specific angle for a given index of refraction, n, the

reflectivity reaches a minimum. A shift in the position of this
minimum can be used to infer the index of refraction, but the
inflection point provides the greatest sensitivity to changes in
index.13 Figure 3 shows the reflectivity as a function of angle for
n = 1.300, 1.301, and 1.305, where the angle relative to the
plasmon resonance for n = 1.3 is measured. Each data point in
Figure 3 corresponds to the height of the modulation peak as
viewed on the spectrum analyzer. Under attenuation a classical
signal decreases more quickly than quantum noise, and the
SNR of each peak in Figure 3 decreases closer to resonance.
The amount of quantum noise reduction for each point along
the angle scan is shown in Figure 4. It is clear from the figure
that every point on each index scan shows quantum noise
reduction. Figure 4b and c show the raw data on a spectrum

Figure 3. (a) Plasmonic resonance as a function of relative angle of
incidence (0° corresponds to on-resonance for n = 1.3) and index of
refraction (green: n = 1.305; blue: n = 1.301; red: n = 1.300). The
numerical curve fits are intended as a guide to the eye.
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FIG. 2. (Color online) (a) Noise power of the single-channel
coherent light source, (b) the noise power of the double-channel
coherent light source, and (c) the noise power of the squeezed light
source. The simulated noise power is shown by solid lines calculated
from the complex reflection coefficient shown in Eq. (1) and the
relative intensity noise shown in Eq. (4). The black, blue (dark gray),
and red (light gray) lines correspond to a refractive index of 1.3,
1.301, and 1.305. In all cases, the uncertainty in the experimental
data was ±0.1 dB statistical and systematic combined error.

absorption and the sensitivity of the surface plasmon itself to
changes in local dielectric function:

S = δY

δnef

δnef

δn
, (5)

where Y is the amplitude of the optical signal, nef is the
effective plasmon index, and n is the index of the neighboring
dielectric near the metal film [17]. The second factor in Eq. (5)
is dependent on the materials properties of the sensor, while
the first factor is dependent on the optical readout. Despite a
significant breadth of improvements to SPR sensors in recent
years, the first factor of Eq. (5) has been fundamentally limited
by the photon shot noise. An optical readout method which
increases the depth of the modulation on the optical signal
would therefore proportionately increase the sensitivity of the
SPR sensor.

III. RESULTS AND DISCUSSION

Figure 2(a) illustrates the noise power in the SPR sensor
response for the single-channel coherent light source with
optical power equal to that of the probe field. The measured
noise consists of the sum of shot noise and −84.5 dBm

of electronic noise. This signal provides an analog to the
current state of the art in classical plasmonic sensing. The
modeled data incorporated in Fig. 2(a) are the calculated
noise floor "N2

pr using Eq. (1) to determine the transmitted
probe intensity. Because the conjugate field functions as a
reference for the probe in the quantum sensor and because a
reference field is often used to take advantage of common
mode rejection in classical shot-noise-limited sensors, a
differential classical measurement was also performed. A
coherent state with power equal to the combined power
of the probe and conjugate fields was split equally on a
50:50 beam splitter with one channel used to transduce the
SPR sensor while the other channel served as a reference
field. Figure 2(b) illustrates the results of this measure-
ment, while the modeled noise power corresponds to the
shot noise for the total transmitted optical power calculated
from Eq. (1).

The average depth of the SPR absorption in Fig. 2(b) is
2.3 dB, while the average SPR absorption depth in Fig. 2(a)
is 6.4 dB. Since the electronic noise is much weaker than the
optical power of the reference channel, the reference channel
simply reduces the total modulation strength, as slightly less
than half of the combined optical power in Fig. 2(b) is absorbed
by the SPR sensor. Note, however, that this would not be the
case if the probe field was not shot noise limited, as is true in
the vast majority of sensor configurations with optical readout.
In that case, excess noise in the probe field would contribute
to the signal’s dynamic range.

On the other hand, Fig. 2(c) illustrates the noise power
for the squeezed light source. As with the classical sensor in
Fig. 2(b), the probe field transduces the SPR signal, while the
conjugate is used as a reference on the balanced photodetector.
Due to the quantum correlations between the probe beam
and the conjugate beam, the noise floor off resonance is
reduced by 4 dB, equivalent to the amount of squeezing
present after the SPR sensor, while uncorrelated quantum noise
between the two channels resulting from the attenuation of the
probe field by the SPR sensor results in an increase in noise
near the SPR resonance. Note that the average magnitude
of the SPR absorption in Fig. 2(c) is 8.8 dB, or 2.4 dB
better than was possible with a classical state. As described
by Eq. (5), an experimental improvement of 2.4 dB in the
optical modulation depth corresponds directly to a 2.4-dB
improvement in sensitivity. Note that the modeled noise from
Eq. (4) plotted in the figure, which represents the noise of a pure
squeezed state, suggests that 2 dB of excess noise resulting
from unwanted processes in the vapor cell is present in the
experimental data off resonance. A pure state would show
an even greater improvement of 4.4 dB in absorption depth
compared with the classical case. Another viewpoint would
be to compare the squeezed state to a classical readout field
that is not shot noise limited. In this case, the super-Poissonian
noise in the field would serve as an effective modulation. For a
modulation commensurate with the amount of antisqueezing
present in the two-mode squeezed state, the classical resonance
signal would be smaller than the quantum signal by an amount
commensurate with the squeezing.

However, the ultimate sensitivity for the quantum measure-
ment is not described by the noise plot but by the measured
squeezing [which is itself a normalization of the output noise
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FIG. 1. (Color online) (a) Schematic of the 4WM experiment
with the SPR sensing system and the field operators. PBS: polarizing
beam splitter. (b) Energy levels of Rb for the D1 line at 795 nm,
showing that the hot Rb vapor absorbs two pump photons and
a correlated probe and conjugate photon pair is reemitted. (c)
Broadband squeezing spectrum showing 4.5 dB of squeezing at an
analyzer frequency of 2 MHz.

different weights (after one experiences large losses, for
instance), then the uncorrelated excess noise on the other field
will dominate the signal [31,32].

Figure 1(a) shows the experimental setup used for the
quantum Kretschmann configuration SPR sensor. A two-mode
squeezed state was generated by 4WM in a 25.4-mm-long
85Rb vapor cell with a 260-mW pump beam and a 77-µW
probe beam. The stem of the vapor cell was maintained at
70.3 ◦C. The pump and probe were fiber coupled to improve
the mode quality entering the cell. The 1-mm pump waist and
the 0.4-mm probe waist were overlapped at the center of the
cell at an angle of 7 mrad. The pump frequency derived from
a Ti:sapphire cw laser was locked at ∼795 nm, approximately
800 MHz to the red of the atomic absorption resonance, and
the probe frequency was offset from the pump frequency by
3.042 GHz, approximately equal to the hyperfine ground-state
splitting, using a double-passed acousto-optic modulator.

The 4WM process is enabled by the double λ system
shown in Fig. 1(c). The hot Rb vapor absorbs two pump
photons, resulting in a coherence between the two hyperfine
ground states. In order to satisfy conservation of energy and
momentum, probe and conjugate photon pairs are reemitted
simultaneously from the vapor at opposite angles with respect
to the pump, which builds quantum correlations between the
two channels that can be observed in the form of squeezing
in differential measurements. A noise level up to 5 dB below
the SNL was observed at an analyzer frequency of 2 MHz in
the absence of the SPR sensor. Figure 1(b) shows a typical
broadband spectrum with 4.5 dB of quantum noise reduction.
The SNL was acquired by measuring the noise of a coherent
light source whose power was equal to the sum of the probe
power and conjugate powers.

Our SPR sensor based on the Kretschmann configuration
used a Borosilicate Crown 7 glass right-angle prism and a
43.5-nm-thick gold film deposited on the long face. Index-

matching oils with refractive indices of 1.3 ± 0.0002, 1.301 ±
0.0002, and 1.305 ± 0.0002 were used to characterize the SPR
sensor under conditions consistent with flow-cell operation.
This resolution was sufficient for this demonstration, but the
approach described here could equally well be implemented
with any flow-cell geometry. The probe beam was used as the
optical transducer as the prism was rotated over an angle of
roughly 3◦ while the conjugate field was sent directly to the
balanced photodetector with 94% quantum efficiency.

The classical complex reflection coefficient from the prism-
gold film-dielectric multilayer is

r = r12 + r23e
2ikz2d

1 + r12r23e2ikz2d
, (1)

where rij is the reflection coefficient between the ith layer and
the j th layer, kz2 is the normal component of the wave vector
in the metal layer, and d is the thickness of the metal film. For
p-polarized light, Eq. (1) describes surface plasmon polariton
absorption as a function of the incident k vector.

Since the reflectivity of the multilayer depends on the
magnitude of kz2, by scanning the angle of incidence an angular
reflection spectrum showing an absorption resonance due to
the surface plasmon polariton is obtained. When the refractive
index of the dielectric changes, so does r23, and therefore the
angular spectrum changes. This change is a signal showing
that the dielectric has changed in the refractive index.

Treating the readout field quantum mechanically, the total
sensor can be described as a parametric amplifier with gain G
followed by an effective beam splitter with total transmission
η on the probe and conjugate beams before considering the
SPR sensor, which can be treated as an effective beam splitter
with transmission γ = |r|2 for the probe beam. The final probe
and conjugate field operators are given by

aprout
=

!
Gηγ apr in

+
!

(G − 1)ηγ a†
cin

+
!

(1 − η)γ avd1 +
!

(1 − γ )avd3, (2)

acout =
!

Gηacin +
!

(G − 1)ηa†
pin

+
!

1 − ηavd2. (3)

Operators avd1 and avd2 correspond to the input vacuum
fields associated with the first beam-splitter port. Operator
avd3 corresponds to the input vacuum field associated with the
second beam-splitter port. The schematic is shown in Fig. 1(a).
The relative intensity noise is given by

$N2
− = $(a†

prout
aprout

− a†
cout

acout )
2. (4)

For a shot-noise-limited optical state, noise is linearly pro-
portional to optical power. It is therefore possible to perform
a direct analog of a typical dc SPR measurement described by
Eq. (1) by observing the rf noise on a spectrum analyzer.
Doing so can eliminate technical noise sources for SPR
sensing at low frequencies (such as laser-amplitude noise or
vibration noise) with both classical and quantum optical states
and therefore can improve the sensor’s resolution. Because
of excess laser noise near 1.0 MHz [shown in Fig. 1(c)],
the coherent and quantum sensors described here were char-
acterized at 2.0 MHz.

The sensitivity S of an SPR sensor can be described as
the product of the sensitivity of the optical readout to SPR
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Plasmonic sensing  
: how sensitively the transducer can induce the 
change in optical phase when an environment 
is altered.

Quantum sensing  
: how sensitively the source and measurement 
can identify the change of optical phase when 
it occurs.

C. Lee et. al., ACS Photonics, 3, 992 (2016)
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Plasmonic sensing  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change in optical phase when an environment 
is altered.
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: how sensitively the source and measurement 
can identify the change of optical phase when 
it occurs.
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Plasmonic sensing  
: how sensitively the transducer can induce the 
change in optical phase when an environment 
is altered.

Quantum sensing  
: how sensitively the source and measurement 
can identify the change of optical phase when 
it occurs.

C. Lee et. al., ACS Photonics, 3, 992 (2016)
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optimal

NOON NOON

optimal

x0

x1

x2

x3

x4

dielectric (C)

(1) (2) (3) (1) (2) (3)

Quantum example (Heisenberg limited)

General N-photon state

| ini =
NX

n=0

cn|n,N � ni

U. Dorner, et al., PRL, 102, 040403 (2009)

Minimum resolution via Cramer-Rao bound

C. Lee et. al., ACS Photonics, 3, 992 (2016)

| ini = (|N0i12 + |0Ni12) /
p
2
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Lossy sensing
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General N-photon state

Quantum example (Heisenberg limited)

| ini =
NX

n=0

cn|n,N � ni

U. Dorner, et al., PRL, 102, 040403 (2009)

Minimum resolution via Cramer-Rao bound

optimal

NOON

dielectric (C)

|c0|2
|c1|2

|c2|2

|c3|2

|c4|2

C. Lee et. al., ACS Photonics, 3, 992 (2016)

| ini = (|N0i12 + |0Ni12) /
p
2
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Single-mode intensity-sensitive ATR sensing
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d

Kretschmann 
ATR setup

mode a

x

z

✓in

mode a(incident) (re
flec

ted
)

prism
metal
sample

✏1
✏2
✏3

nanalyte = 1.267

nanalyte = 1.269
Intensity-sensitive ATR sensing

For a given incident angle

�Signal

Signal = |rspp|2N
�Signal =

q
|rspp|2N

The average photon number of initial 
probe beam, as an example, 

�nanalyte

Parameter estimationaround 
inflection points

�nanalyte =
�Signal��� @Signal
@nanalyte

���
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Two-mode intensity-sensitive ATR sensing
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d

Kretschmann 
ATR setup

Preparation Measurement

Sensing
mode a

mode b

mode a

x

z

✓in

mode a(incident) (re
flec

ted
)

prism
metal
sample

✏1
✏2
✏3

Two-mode SPR sensing with 
differential intensity measurement

Example states: twin modes
  * Classical state

  * Two-mode squeezed vacuum state (SPDC)

  * Twin photons 

|TMSVi = 1

cosh(r)

1X

n=0

(�1)

nein� tanhn(r)|n, ni

Na = Nb

�Na = �Nb

|nai|nbi

|↵i|↵i

Measurement: intensity difference

  * two-mode correlation can be used. 
  * the excess noise can be eliminated. 

M̂ = b̂†b̂� â†â
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Two-mode intensity-sensitive ATR sensing
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Average input power
No channel losses at both modes
Refractive index of sample

Na = Nb = 1

⌘a = ⌘b = 1

nanalyte = 1.267

Coherent stateTMSV state

Twin-photon state

Good

Bad

inflection 
region

Example states: twin modes
  * Classical state

  * Two-mode squeezed vacuum state (SPDC)

  * Twin photons 

|TMSVi = 1

cosh(r)

1X

n=0

(�1)

nein� tanhn(r)|n, ni

Na = Nb

�Na = �Nb

|nai|nbi

|↵i|↵i

Measurement: intensity difference

  * two-mode correlation can be used. 
  * the excess noise can be eliminated. 

M̂ = b̂†b̂� â†â

Same signal to 
the single mode
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QM =

⌦
�N2

a

↵

hNai
� 1

� =

⌦
�(Na �Nb)2

↵

hNai+ hNbi
Coherent stateTMSV state

Twin-photon state

Good

Bad

Two-mode intensity-sensitive ATR sensing
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Mandel Q-factor

Degree of correlation

RSNR =
SNR

SNRc
=

s
1 + |rspp|2

(1� |rspp|2)2QM + 2�|rspp|2 + (1� |rspp|2)

R

Coherent 
state 0 1

TMSV state >0 0

Twin-photon 
state -1 0

QM �

s
1 + |rspp|2

(1� |rspp|2)2QM + (1� |rspp|2)
s

1 + |rspp|2
(1� |rspp|2)|rspp|2

1
|rspp|2 ⌧ 1

|rspp|2 ⇡ 1

inflection 
region

Same signal to 
the single mode
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Two-mode intensity-sensitive ATR sensing
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Increasing 
input power

Two-mode squeezed state (SPDC)

|TMSVi = 1

cosh(r)

1X

n=0

(�1)

nein� tanhn(r)|n, ni

N=2

N=10 N=100

Independent of 
input power

Increasing loss Increasing loss

Effect of increasing the input photon number

Effect of increasing the channel losses

Twin photons 
|nai|nbi
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Estimation of the refractive index
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for a given incident angle ✓in = 60 Na = Nb = 1

⌘a = ⌘b = 1

Noise-reduction by 
quantum sensing

Enhanced sensitivity by 
plasmonic sensing

R�n =
�n

�nc

Coherent state TMSV state

Twin-photon state

Good
Bad

Same signal to 
the single mode

�nanalyte =
�Signal��� @Signal
@nanalyte

���

�Signal

�nanalyte
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Intensity-sensitive prism sensing

Conclusion
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Phase-sensitive nanowire sensing
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Kretschmann 
ATR setup

Preparation Measurement

Sensing
mode a

mode b

mode a

x

z

✓in

mode a(incident) (re
flec

ted
)

prism
metal
sample

✏1
✏2
✏3

C. Lee et. al., ACS Photonics, 3, 992 (2016) (in preparation)
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/measurement

Quantum  
Plasmonic  
Sensing

C. Lee et. al., ACS Photonics, 3, 992 (2016)
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