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The quantum statistical fluctuations of the electromagnetic field establish a limit, known as the
shot-noise limit, on the sensitivity of optical measurements performed with classical technologies.
However, quantum technologies are not constrained by this shot-noise limit. In this regard, the
possibility of using every photon produced by quantum sources of light to estimate small physical
parameters, beyond the shot-noise limit, constitutes one of the main goals of quantum optics. Here
we experimentally demonstrate a scalable protocol for quantum-enhanced optical phase estimation
across a broad range of phases, with neither pre- nor post-selected measurements. This is achieved
through the efficient design of a source of spontaneous parametric down-conversion in combina-
tion with photon-number-resolving detection. The robustness of two-mode squeezed vacuum states
against loss allows us to outperform schemes based on N00N states, in which the loss of a single pho-
ton is enough to remove all phase information from a quantum state. In contrast to other schemes
that rely on N00N states or conditional measurements, the sensitivity of our technique could be
improved through the generation and detection of high-order photon pairs. This unique feature
of our protocol makes it scalable. Our work is important for quantum technologies that rely on
multiphoton interference such as quantum imaging, boson sampling and quantum networks.

The quantum theory of electromagnetic radiation pre-
dicts statistical fluctuations for diverse sources of light
[1–4]. Indeed, the underlying amplitude and phase fluc-
tuations of photons establish a quantum limit for the
uncertainty of optical measurements made using classi-
cal states of light [5]. These fundamental properties of
light have enabled scientists to identify the shot-noise
limit (SNL) as the classical limit for precision measure-
ments [6–8]. Remarkably, states of light characterized by
nonclassical statistical properties can, in principle, sur-
pass the SNL [5, 9–16]. This possibility has triggered
an enormous interest in the experimental demonstration
of quantum-enhanced measurements [17–20]. Unfortu-
nately, efficient and scalable schemes for quantum metrol-
ogy have remained elusive due to stringent technical re-
quirements. Nevertheless, the possibility of estimating
small physical parameters with greater sensitivity has
important implications for diverse quantum technologies
ranging from quantum communication to quantum infor-
mation processing [21–26].

Over the past three decades, there has been a strong
impetus to employ quantum multiphoton states, as well
as diverse measurement schemes, to demonstrate estima-
tion of phase shifts with sensitivities that surpass the
SNL [27, 28]. Hitherto, N00N states, an example of

∗ maganaloaiza@lsu.edu

multiphoton path-entangled states, have been extensively
used to demonstrate super-resolution in quantum metrol-
ogy [28–35]. Despite the relevance that these quan-
tum states of light have for quantum metrology, their
generation is extremely difficult, particularly when the
N00N state involves more than two photons [28]. These
challenges have motivated the exploration of conditional
schemes that rely on pre- or post-selective measurements
[32–40]. In experiments with “pre-selection”, researchers
have increased the resolution of phase measurements by
conditioning experiments on the observation of specific
photon detections that herald the presence of a desired
quantum state before the state interacts with the sample
to be measured [32, 33, 37]. Conversely, implementations
of optical phase estimation based on “post-selection”
have been demonstrated by conditioning the outcomes of
experiments on specific detection events after the probe
state has passed through the sample [34–36, 38–41]. Un-
fortunately, both protocols discard photons that repre-
sent valuable resources for interrogation of phase ele-
ments, and in practice pre- and post-selected schemes
often succeed with low probability. Thus far, all demon-
strations of quantum metrology for phase estimation have
relied on either pre- or post-selected measurements or
have lacked photon-number resolution [27, 28, 32–41].
Nevertheless, theoretical studies suggest that counting
of resources only when pre- or post-selection is success-
ful may lead to enhanced sensitivities beyond the SNL
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FIG. 1. Experimental setup used to demonstrate multiphoton quantum-enhanced phase estimation. (a) We generate two-
mode squeezed vacuum (TMSV) states through a type-II parametric down-conversion process. This is achieved by pumping
a periodically poled potassium titanyl phosphate (ppKTP) crystal with a femtosecond Ti:Sapphire laser at 775 nm, cavity
dumped with a repetition rate of 76 MHz, which is then pulse-picked at a repetition rate of 229.166 kHz. We use collimation
and collection lenses in combination with a 20 µm pinhole (PH) to filter the spatial profile of the pump beam. The down-
converted photons are spectrally filtered by an antireflection-coated piece of silicon (SF) and then injected into a common-path
Mach-Zehnder interferometer. Here, two paths of the Mach-Zehnder are replaced with two polarization modes H and V, so that
the common-path interferometer implements the same transformation as the traditional Mach-Zehnder interferometer that is
shown in the inset. The emerging photons are then coupled into single mode fibers (SMFs) which direct the photons to two
transition edge sensors (TESs) with photon number resolution. (b) Quantum detector tomography of our two TESs, we show
the reconstructed diagonal positive-operator valued measures (POVMs) for up to 6 photons. L: Lens; M: Mirror; HWP: Half
Wave Plate; C: Collimating Lens; BS: Beam Splitter.

[42–44].

In 2017, Slussarenko and co-workers demonstrated the
first N00N-state based quantum metrology protocol that
did not rely on post-selection [27]. That protocol re-
lied on the generation of a high-fidelity N00N state with
N=2 photons. Sharing similarities with other schemes
that rely on N00N states, the loss of a single photon
in this protocol removes all phase information encoded
in the N00N state [39]. This vulnerability results in
higher uncertainties when using N00N states than when
using two-mode squeezed vacuum (TMSV) state for the
estimation of optical phase shifts [39, 45, 46]. In ad-
dition, higher-order photon generation in spontaneous
parametric down-conversion (SPDC) induces errors in
protocols that rely on specific photon events to gener-
ate perfect N00N states [27]. Despite the importance
of conditional measurements for quantum technologies
[47], the possibility of using every photon produced by
quantum sources to perform quantum parameter estima-
tion constitutes one of the main goals of quantum op-
tics. Consequently, the first demonstration of scalable
multiphoton quantum metrology using photon counting
detectors with neither pre- nor post-selected measure-
ments represents an important progression in the field
of quantum photonics. Here, we demonstrate a scal-
able scheme that utilizes all the detected photons from

a two-mode squeezed vacuum state to perform uncondi-
tional quantum-enhanced phase estimation with an over-
all system efficiency of 80%. We define a scalable opti-
cal phase measurement protocol to be one whose Fisher
information per photon (that interacts with the sam-
ple being measured) exceeds the standard quantum limit
and increases with the mean photon number. This tech-
nique relies on an efficient source of SPDC and transition
edge sensors that enable the implementation of photon-
number-resolving detection. We demonstrate multipho-
ton quantum enhancement in the estimation of 62% of
the complete range of optical phases, without conditional
measurements.

Our experimental setup is depicted in Fig. 1(a). We
use a Ti:Sapphire laser that is spatially filtered by a 20
µm pinhole and then focused to pump a type-II periodi-
cally poled potassium titanyl phosphate (ppKTP) crystal
with a length of 2 mm and a poling period of 46.1 µm.
We produce TMSV state with orthogonal polarization
H and V at 1550 nm through a process of spontaneous
parametric down-conversion. Ideally, the TMSV state
is described by |z〉 =

√
1− |z|2

∑∞
n=0 z

n|n〉s|n〉i, where
n denotes the number of photons in the signal (s) and
idler (i) modes, and z represents the squeezing parame-
ter. The parameter z depends on the nonlinear proper-
ties of the crystal, as well as the pump mode and pump
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FIG. 2. Scalability of multiphoton quantum metrology quantified through theoretically calculated Fisher information. In (a)
and (b) we plot the dependence of Fisher information for different conditions of loss for a quantum metrology protocol relying
on photon-number-resolving (PNR) and click detection. The Fisher information is normalized with respect to the mean photon
number interacting with the sample being measured. In this case, we have selected phase angles that lead to the best phase
estimation using PNR (red) and click (blue) detection. In black we also show the normalized quantum Fisher information
(QFI), which is the maximum Fisher information achievable with any detection scheme. In (c) we show our estimation of the
ratio of the classical Fisher information for our multiphoton quantum metrology protocol with respect to protocols based on
click detection, maximized over phases. Additionally, the inset in (c) shows the percentage of phases that can be estimated
with sub-SNL uncertainty for both protocols. Here, we assumed that the TES detectors can resolve up to 10-photon events
under the loss conditions of our experiment.

power. The filtered signal and idler photons pass through
a rotated KTP crystal that compensates for temporal dif-
ferences between signal and idler photons. Our protocol
for phase estimation uses a common-path Mach-Zehnder
interferometer (MZI). Here, the two paths of a conven-
tional MZI are replaced with two polarization modes H
and V. The phase φ that we estimate in our experiment
is controlled by a half-wave plate (HWP). Finally, signal
and idler photons interfere at a polarizing beam-splitter
(PBS). The transmitted and reflected photons are then
collected by single-mode fibers, and detected by super-
conducting transition edge sensors (TESs) with photon-
number resolution.

In order to illustrate the fundamental differences be-
tween our scalable protocol for multiphoton quantum
metrology and previous schemes based on click detection,
we introduce operators that describe the measurements
performed by a TES and a superconducting nanowire sin-
gle photon detector (SNSPD). The latter is used to im-
plement click detection. First, we define the ideal TESs’
positive-operator valued measure (POVM) correspond-
ing to the detection of n photons as Πn = |n〉〈n|. Sim-
ilarly, we describe the ideal click detection operator as-
sociated to a SNSPD as Π0 = |0〉〈0| and Πc = I − Π0.
Here, Π0 represents a vacuum detection, and Πc repre-
sents a click detection. As shown below, our TES-based
protocol is more sensitive than the SNSPD-based proto-
col and scales to larger photon numbers [27, 40, 41]. This
particular feature makes our protocol scalable.

We demonstrate this feature by analyzing the Fisher
information obtained through the implementation of
photon-number-resolving and click detection. For this
purpose, we maximized the Fisher information over phase
angles that lead to the best phase sensitivity using both

detection schemes, while keeping mean photon number,
losses and the photon-number resolution of our TESs
fixed. Here, we have assumed that our TESs can re-
solve up to 10-photons. However, it is worth mentioning
that TESs can efficiently resolve up to 100 photons at
1550 nm with high fidelities [48, 49]. In Figs. 2 (a) and
(b), we plot the quantum Fisher information (black line)
as well as the classical Fisher information for photon-
number-resolving (red) and click (blue) detection. In this
case, Fisher information is normalized with respect to the
mean photon number interacting with the sampling be-
ing measured. This metric enables one to quantify the
Fisher information gained per photon, as well as the per-
formance of the protocols with respect to the SNL. These
plots show that the Fisher information obtained through
photon-number-resolving detection is always higher than
click detection. Interestingly, in the lossless region, the
performance of our metrology protocol approaches the
quantum Fisher information. This characteristic feature
differentiates our multiphoton quantum metrology pro-
tocol from previous schemes [27, 40].

Moreover, in Fig. 2 (c), we report an estimation of the
ratio of the maximum classical Fisher information of our
experiment max (FTES) with respect to max (FSNSPD).
The results in Fig. 2 (c) indicate that our protocol
outperforms metrology schemes based on click detection
[27, 40]. This advantage scales with the mean photon
number of the interrogating photons. Additionally, the
inset plot shows the percentage of phases that can be es-
timated with sub-SNL performance for click and photon-
number-resolved detection. Fig. 2 demonstrates the su-
perior robustness of our protocol against losses with re-
spect to those relying on click detection schemes. Natu-
rally, losses and the limited resolution of the TES dimin-
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(a) (b) (c)

FIG. 3. Experimental measurement of multiphoton interference events in our protocol for quantum metrology. The detection
events produced by multiphoton interference are shown in (a) and (b). We use “Cmn” to label the detection of m photons
in TES1 and n photons in TES2. In (a), the C20 data overlaps C02. In (b) we expand the vertical axis to show the higher
photon-number detection events, which are not clearly visible at the bottom of (a). Furthermore, in (c) we show how the data
of (a) and (b) would have appeared if we used click detectors. Here “Cxy” shows events with at least 1 photon detected in both
modes, “C0x” shows events with no photons detected in signal mode and at least one detected in idler mode, and “Cx0” shows
events with at least one photon detected in signal mode and no photons detected in idler mode. We use a theoretical model
together with our photon-number-resolving measurements to obtain the traces in (c). The data points (dots) in (a) and (b)
are generated from averaging nine repeated experimental trials, and each line represents the fit to the nine experimental trial.
Each realization of the experiment took approximately 2 hours to gather. All shaded areas correspond to the 95% confidence
bounds for the fitted number of events.

ishes the sensitivity of quantum protocols for multipho-
ton metrology. Nevertheless, the latter limitation can be
alleviated by multiplexing multiple detectors [50].

In order to characterize the performance of our exper-
imental setup, we use calibrated SNSPDs. These detec-
tors are used to measure the Hong-Ou-Mandel visibil-
ity of V = 99.36(5)% for our common-path interferome-
ter. Note that for the HOM measurement, we rotate the
HWP by 45 degrees at zero delay. We also determine the
overall detection efficiencies (source to SNSPD) of the
system. This in turn allows us to estimate the overall
source-to-fiber efficiencies for each of the arms. In our
experiment, we implement photon-number-resolving de-
tection with TESs that were characterized through quan-
tum detector tomography [51]. We estimate the efficien-
cies of our TESs from the tomography data shown in
Fig. 1(b). The details of the tomography method can
be found in the Supplemental Material. Furthermore, we
estimate the overall system detection efficiencies (source
to TES) for each of the outputs of our experiment. All
the efficiencies are listed in Table I.

TABLE I. Experimental efficiencies of our setup.

Efficiency Arm1 Arm2
SNSPD 95.9(5)% 92.3(5)%

Overall (SNSPD) 83.42(7)% 79.11(7)%
Source to Fiber 87.0(9)% 85.7(9)%

TES 92.6(1.0)% 95.1(1.0)%
Overall (TES) 80.5(1.2)% 81.5(1.2)%

As shown in Fig. 3(a) and (b), the TESs enable us
to probe all the possible multiphoton interference events,
up to 4 photons. The black dotted line in Fig. 3(a)

shows that the total number of detected photons does
not depend on the phase. We omit the vacuum events
and single-photon events in the plot, which are nearly
constant for varying phase angles and therefore do not
contribute significantly to the ability to detect changes
in this parameter (See Supplemental Material). This
means that these events do not contribute to the sensi-
tivity of our phase estimation measurements. Moreover,
in Fig. 3(b) we plot the traces produced by three- and
four-particle interference. The photon-number resolution
of our protocol enables the identification of the complex
multiparticle interactions that take place in our experi-
ment. Every photon count conveys relevant information
regarding the phase that we aim to estimate. This in-
formation is not available in quantum metrology proto-
cols that rely on click detectors, which can distinguish
zero from one or more photons but otherwise lack pho-
ton number resolution. Furthermore, our scheme enables
the estimation of a broad range of phases with sensi-
tivities that surpass the SNL. To compare our results to
those that would be obtained without photon number re-
solving detectors, we reconstruct interference structures
obtained with click detectors in Fig. 3(c).

To quantify the performance of our metrology de-
vice, we use the classical Fisher information F =∑
i

(
∂ ln pi
∂φ

)2
pi, where the probability pi includes all

possible detection results for an experimental trial, i.e.
i ∈ {00, 01, 10, 11, ...}, so F quantifies the information
gained in each trial. Each pi is estimated using the data
given in Fig. 3. Probabilities that do not vary with φ,
such as the probability p00 of a vacuum event, contribute
zero for the corresponding term in the sum defining F .
As shown in Fig. 4, we have calculated the classical
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FIG. 4. Experimental Fisher information obtained by us-
ing the photon events shown in Fig. 3. The blue (red) line
represents the Fisher information of our setup with (with-
out) photon-number-resolving detection. The purple dashed
line represents the SNL of our experiment. This limit is es-
tablished by fitting our experimental data to the theoretical
model of our experiment. Here, the SNL is calculated by
estimating the number of photons generated through the pro-
cess of spontaneous parametric down-conversion. The faint
shaded areas correspond to the 95% confidence bounds. The
95% confidence bounds for the Fisher information is calcu-
lated based on a bootstrapping method using the data shown
in Fig. 3. We use the uncertainty of the fitted parameters in
the theoretical model of our experiment to calculate the 95%
confidence bound for the SNL.

Fisher information FTES and FSNSPD. We also calcu-
late the SNL given by FSNL = n̄, the average number of
photons generated per experimental trial, derived from
our experimental results. The average photon number
n̄ = 3.631(14)× 10−3, is estimated by fitting our experi-
mental data to the theoretical model of our setup. Such
an approach takes all losses into account, including the
mode mismatch at the generation of entangled photons,
fiber-coupling loss as well as the loss of our TESs. The
details of the calculation can be found in the Supplemen-
tal Material. The blue line represents the Fisher infor-
mation estimated for a detection scheme with photon-
number resolution. As a comparison, we plot the Fisher
information using the click detector data presented in
Fig. 3 (c), which shows lower Fisher information at
all angles. These results confirm the fundamental dif-
ference between the implementation of the operator Πn

and Πc as discussed in Ref. [31]. It is also worth noticing
that tha click detector measurement barely reaches the
SNL represented by the purple dashed line, whereas the
measurement with TESs surpasses the SNL for an im-
pressively broad range of 62% of the phase angles. It is
worth highlighting the robustness of our protocol against

losses. Remarkably, our scheme for quantum metrology
allows for phase estimation with sensitivities that sur-
pass the SNL, even in dissipative environments with up
to 28% loss, meaning that in our specific experimental
realization, inserting a sample with up to about 11% loss
would still have surpassed the SNL at a phase angle of
φ = π/4. This prediction is obtained based on our the-
oretical model outlined in the Supplementary Material.
These results demonstrate the superior performance of
our metrology scheme utilizing photon-number-resolved
detection. In contrast to other schemes that rely on N00N
states or conditional measurements, the sensitivity of our
technique is improved through the generation and detec-
tion of high-order photon pairs. This unique feature of
our protocol makes it scalable.

Over the past three decades, scientists and engineers
have developed technology and explored novel quantum
states of light, as well as quantum measurement schemes,
with the aim to demonstrate scalable and unconditional
quantum protocols. For the first time, we demonstrated
the possibility of using photon-number resolution detec-
tors with quantum sources of light to perform scalable
estimation of optical phase shifts with sensitivities that
surpass the SNL over a wide range. The broad-peaked
Fisher information in our metrology experiment enables
one to exceed the shot-noise limit for almost 62% of the
phase space even in the presence of losses. This fea-
ture of our technique is important for quantum-enhanced
phase measurement applications such as quantum imag-
ing [52, 53]. Our multiphoton quantum metrology proto-
col increases Fisher information per photon compared to
the click detection protocol. This possibility has shown
important implications for measuring and analyzing sen-
sitive properties of delicate samples [54, 55]. Further-
more, our technique is relevant for other quantum tech-
nologies that rely on nonclassical multiphoton interfer-
ence, such as boson sampling and quantum networks
[22, 56–58].
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with different amplitudes αm. A coherent state with amplitude αm has probability Cm,k = |αm|2k exp
(
− |αm|2

)
/k!

to contain k photons. Here the Hilbert space needs to be truncated at some finite photon number, and for our purpose

we choose to truncate at k = 9. By constructing the POVM set matrix Π as Πk,n = θ
(n)
k , we can write the measured

statistics matrix R as a matrix equation R = CΠ. Therefore, the matrix element Rm,n represents the probability
to observe n photons when a coherent state with amplitude αm is given. Finally, since we have a calibrated set
of coherent probe states encoded in C and the estimates of measurement probabilities in R, we can use maximum
likelihood to estimate Π, which encodes the POVMs for the TESs. The corresponding results are plotted in Fig. 1
(b) in the main text.

Resource counting

BS BS

FBS

FBS

FBS

FBS

s

i

a

b

c

d

FIG. 5. The theoretical model of our experimental setup when considering loss. We model the loss of the state preparation
and the loss of the setup as well as fiber coupling, using several fictitious beam splitters (FBSs). In addition, we model the loss
of the detector using the detector tomography data as shown in Fig. 1(b) in the main text, rather than the estimated detector
efficiency.

The quantum enhancement of our metrology setup is justified by comparing the classical Fisher information of
the measurement outcome with the shot-noise limit (SNL). In terms of the Fisher information, the SNL is given
by FSNL = n̄. To estimate FSNL, we need to accurately count the number of photons generated by the ppKTP
crystal. Our common-path Mach-Zehnder interferometer can be represented schematically as a regular Mach-Zehnder
interferometer as in Fig. 5. The ppKTP crystal generates a two-mode squeezed vacuum state

|ψ〉1 =
√

1− |z|2
∞∑
n=0

zn|n〉s|n〉i, (1)

with σ̂1 = |ψ〉1〈ψ|. Under realistic conditions, our model has to consider the imperfect state generation, lossy optical
elements as well as the non-unity probability of free space to fiber coupling. We model these losses by adding fictitious
beam splitters into the optical paths. Using the notation of X̂ ◦Ŷ ≡ X̂Ŷ X̂†, the generated two-mode squeezed vacuum
state σ̂1 would evolve under

σ̂2 = Trab

[
ÛBS
as (ηp) ◦ ÛBS

bi (ηp) ◦
(
σ̂1 ⊗ ϑ̂a ⊗ ϑ̂b

)]
, (2)

σ̂3 = ÛBS
si (1/2) ◦

(
P̂s(θ)⊗ P̂s(0)

)
◦ ÛBS

si (1/2) ◦ σ̂2, (3)

σ̂4 = Trcd

[
ÛBS
cs (ηd) ◦ ÛBS

di (ηd) ◦
(
σ̂1 ⊗ ϑ̂c ⊗ ϑ̂d

)]
. (4)

Here ϑ is a vacuum mode, ÛBS
as is the beam splitter unitary operator between mode a and mode s and P̂s(θ) is the

phase shift operator on mode s. And finally, the probability of detecting j and k photons in modes s and i is then
given by

p(j, k) =
∑
m,n

Tr
[
σ̂4π

s
m(j)πin(k)

]
, (5)

where πsm and πin are the POVM elements of the TESs. To estimate the average number of photons generated at
the ppKTP crystal, we numerically evaluate and fit our experimental data to these equations above. Therefore, we
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can determine the average number of photons generated at the ppKTP crystal, using n̄ = 2 |z|2 /(1− |z|2). Note that
due to loss during and after photon generation, n̄ is an overestimate of the number of photons that enter the HWP
that determines φ, so if that number was the relevant metrological resource, FSNL would be an overestimate of the
shot-noise limit. However, since our setup is a common-path interferometer, and the spectral filter (SF) and the KTP
crystal are low loss, we assume that the number of photons that pass through the HWP is close to n̄.

It is worth highlighting the robustness of our protocol against losses. Our scheme for quantum metrology allows for
phase estimation with sensitivities that surpass the shot-noise limit, even in dissipative environments characterized by
28% loss. This prediction is obtained based on our theoretical model, by increasing losses represented by the fictitious
beam splitters in each optical path.

Single-photon events

Fig. 6 shows experimental multiphoton interference, which includes single-photon events. As discussed in the main
text of our manuscript, due to the slightly imbalanced efficiencies of our setup, the probabilities of these single-photon
events slightly vary with respect to the angle of the phase shifter. These events contribute to the Fisher information
four orders of magnitude less than other terms. However, as shown in Fig. 6, the frequency of single-photon events C01
and C10 is larger than that of multiphoton events. These single-photon events are produced by two processes; photons
generated by SPDC in our experiment and black-body radiation. The energy of black-body photons is similar to that
of our SPDC photons. Consequently, due to the broad wavelength sensitivity and the limited energy resolution of our
TESs [59], the TES signal induced by black-body photons may overlap with the signal produced by SPDC photons,
leading to a ‘false’ single-photon event. This undesirable effect is negligible for two-photon coincidence events C11.
Indeed, a two-photon event produced by black-body radiation is unlikely. Thus, the contamination of black-body
photons dominates single-photon events C10 and C01. This is due to the high efficiency of our setup and the low pair
generation probability of our SPDC source. Furthermore, we note that the magnitude of the contamination differs
with respect to the detectors. We emphasize that shot-noise limit analysis presented in the body of the manuscript
does not include contributions from black-body photons, since these black-body photons do not interact with the
varying phase in the setup.
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FIG. 6. Experimental measurement of multiphoton interference events in our protocol.
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