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Guochun Du 7 , Tufan Erdoğan 6 , René Eisermann 8 , Emile Ferreux 1,5, Dario Imbraguglio 9 ,
Judith Elena Jordan 7, Stephan Krenek 8 , Graham Machin 10,11 , Igor P. Marko 11 , Théo Martel 2 ,
Maria Jose Martin 12 , Richard A. Norte 6, Laurent Pitre 1 , Sara Pourjamal 13, Marco Queisser 14,
Israel Rebolledo-Salgado 15 , Iago Sanchez 12, Daniel Schmid 8 , Cliona Shakespeare 1 , Fernando Sparasci 1 ,
Peter G. Steeneken 6,* , Tatiana Steshchenko 5, Stephen J. Sweeney 11 , Shahin Tabandeh 16, Georg Winzer 17,
Anoma Yamsiri 11, Alethea Vanessa Zamora Gómez 14, Martin Zelan 15 and Lars Zimmermann 17,18

1 Laboratoire Commun de Métrologie LNE-Cnam, 61 rue eu Landy, 93210 Saint Denis, France;
cliona.shakespeare@lne.fr (C.S.)

2 Centre de Nanosciences et de Nanotechnologies, CNRS, Université Paris Saclay, 10 Bd Thomas Gobert,
91120 Palaiseau, France

3 Centre de Nanosciences et Nanotechnologies, Université Paris Cité, 45 Rue des Saints-Pères,
75013 Paris, France

4 Institut Universitaire de France, 75231 Paris, France
5 Laboratoire Kastler Brossel, Sorbonne Université, ENS-Université PSL, Collège de France, CNRS, 4 Place

Jussieu, 75005 Paris, France; tristan.briant@sorbonne-universite.fr (T.B.)
6 Department of Precision and Microsystems Engineering, Delft University of Technology,

2628 CD Delft, The Netherlands
7 Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany
8 Physikalisch-Technische Bundesanstalt (PTB), Abbestraße 2-12, 10587 Berlin, Germany;

rene.eisermann@ptb.de (R.E.); stephan.krenek@ptb.de (S.K.); daniel.schmid@ptb.de (D.S.)
9 Metrologia Applicata e Ingegneria, Istituto Nazionale di Ricerca Metrologica (INRiM), Strada delle Cacce 91,

10135 Torino, Italy
10 National Physical Laboratory, Teddington TW11 0LW, UK; graham.machin@npl.co.uk
11 James Watt School of Engineering, College of Science and Engineering, University of Glasgow,

Glasgow G12 8LT, UK; stephen.j.sweeney@glasgow.ac.uk (S.J.S.); 2838744y@student.gla.ac.uk (A.Y.)
12 Centro Español de Metrologia, Calle del Alfar 2, Tres Cantos, 28760 Madrid, Spain;

mjmartinh@cem.es (M.J.M.)
13 VTT Technical Research Centre of Finland Ltd., P.O. Box 1000, FI-02044, 02150 Espoo, Finland
14 Technologien der Mikroperipherik, Technical University of Berlin, Gustav-Meyer-Allee 25,

13355 Berlin, Germany
15 Measurement Science and Technology, RISE Research Institutes of Sweden, SE-501 15 Borås, Sweden;

israel.rebolledo@ri.se (I.R.-S.)
16 National Metrology Institute VTT MIKES, P.O. Box 1000, FI-02044 VTT, 02150 Espoo, Finland
17 IHP—Leibniz-Institut für Innovative Mikroelektronik, Im Technologiepark 25,

15236 Frankfurt (Oder), Germany
18 Institut für Hochfrequenz-und Halbleiter-Systemtechnologien, Technische Universität Berlin, FG

Silizium-Photonik, Einsteinufer 25, 10587 Berlin, Germany
* Correspondence: olga.kozlova@lne.fr (O.K.); p.g.steeneken@tudelft.nl (P.G.S.)

Abstract

Current temperature sensors require regular recalibration to maintain reliable temperature
measurement. Photonic/quantum-based approaches have the potential to radically change
the practice of thermometry through provision of in situ traceability, potentially through
practical primary thermometry, without the need for sensor recalibration. This article
gives an overview of the European Partnership in Metrology (EPM) project: Photonic and
quantum sensors for practical integrated primary thermometry (PhoQuS-T), which aims
to develop sensors based on photonic ring resonators and optomechanical resonators for
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robust, small-scale, integrated, and wide-range temperature measurement. The different
phases of the project will be presented. The development of the integrated optical practical
primary thermometer operating from 4 K to 500 K will be reached by a combination of
different sensing techniques: with the optomechanical sensor, quantum thermometry below
10 K will provide a quantum reference for the optical noise thermometry (operating in
the range 4 K to 300 K), whilst using the high-resolution photonic (ring resonator) sensor
the temperature range to be extended from 80 K to 500 K. The important issues of robust
fibre-to-chip coupling will be addressed, and application case studies of the developed
sensors in ion-trap monitoring and quantum-based pressure standards will be discussed.

Keywords: photonic and quantum sensors; optical metrology; temperature measurements;
traceability and calibration in metrology

1. Introduction
Temperature is the most frequently and widely used measurement quantity and it

influences almost every physical, chemical, and biological process. Current temperature
sensors (thermocouples, electrical resistors), which are used in industries and for scientific
applications, require regular recalibration to maintain reliable temperature measurement [1,2].

The redefinition of kelvin in May 2019 has stimulated new and disruptive approaches
to delivering temperature traceability, namely practical primary thermometry at the point
of measurement. Such approaches better meet user needs by providing lifetime on-demand,
reliable, and traceable temperatures. Among the most innovative ways to provide such
traceability are the photonic/quantum-based approaches investigated in this project. Whilst
in their infancy, these approaches have the potential to radically change the practice of ther-
mometry through provision of in situ traceability without the need for sensor recalibration.
Besides the purely “metrological” need for a practical primary wide-range thermometer for
the realisation and dissemination of thermodynamic temperature according to the mise-en-
pratique for the definition of the kelvin (MeP-K-19D) [3], multiple users would benefit from
such an approach. These range from the quantum technologies community to cryogenics,
photonic/semiconductor, aerospace, transportation, and energy (hydrogen) sectors.

The PhoQuS-T [4] project will advance the work begun in the previous PhotOQuanT
project [5,6] by developing small-scale, optically based primary thermometry approaches
operating from a few K up to 500 K. Such sensors are adapted to applications where
usual temperature sensors are unsuitable: by providing a self-calibrated optomechanical
resonator as well as photonic resonator-based thermometers that could provide a robust,
small-scale (sub-µm scale) and wide temperature range which are immune to electrical
noise and easy to integrate.

The overall aim of the project is to develop integrated, optical, and practical primary
thermometry from 4 K to 500 K to enable in situ traceability in practical applications.
This will be obtained through a combination of different technical approaches. With the
optomechanical sensors (1D (nanobeam) or 2D (membrane)), optical noise thermometry
will be developed from 4 K to 300 K whilst quantum thermometry (The term quantum
thermometry designates that the quantum approaches are used in order to measure the
thermodynamic temperature. The term quantum thermometry should not be misread as
quantum temperature or the temperature of the quantum objects. In this project, for the
temperatures below 10K, we focused on the quantum correlation technique, which is briefly
described in Section 2.3) will be realised below 10 K in order to provide a quantum (absolute)
reference for optical noise thermometry (Objective 1). The operating temperature range
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will be extended from 80 K to 500 K through integration with high-resolution photonic
sensors based on passive and novel active photonic integrated circuits of micro- and nano-
ring resonators. These photonic chip-based sensors will be designed, manufactured, and
characterised (Objective 2). For further practical applications, the integrated packaging for
optomechanical and photonic sensors needs to be developed, as well as robust fibre-to-chip
coupling for the temperature range from 4 K to 500 K by investigating different technologies
for direct fibre coupling (laser welding, glueing, mechanical support) (Objective 3). Finally,
the developed sensors will be metrologically evaluated by establishing the corresponding
uncertainty budgets for optomechanical and photonic sensors in their respective operating
ranges, and their application in ion-trap monitoring and quantum-based pressure standard
will be demonstrated (Objective 4).

In the next sections, we give an overview of the different approaches that will be
explored in the project. The current state-of-the-art and the planned progress beyond it for
each of these four technical objectives will be presented. The expected results as well as the
project impact will be discussed.

2. Methods
In the past decades, new types of temperature sensors have emerged [7]: noise

thermometry [8], Doppler broadening thermometry [9,10], phosphor thermometry [11],
Nitrogen-Vacancy diamond thermometry [12], fibre-optics thermometry [13,14], on-chip
photonic [15] and optomechanical techniques [16,17], etc. Based on different physical
principles, they have a potential to overcome the drawbacks of “conventional” temperature
sensors and could offer fit-for-purpose and cost-effective measurement solutions. Among
these emerging technologies, on-chip photonic and optomechanical sensors have an advan-
tage to be easily integrated on a chipset, which makes them suitable for practical in situ
applications.

In this project, we will explore different on-chip photonic and optomechanical tech-
niques to move towards optically based, practical primary thermometry. The principles of
these techniques are described in this section. These different techniques can be classified
as absolute, relative, or interpolation techniques according to the definitions as formulated
in “Mise en pratique for the definition of the kelvin in the SI” [3]:

− Absolute primary thermometry allows the measurement of thermodynamic tempera-
ture directly in terms of the definition of the base unit kelvin, i.e., the defined numerical
value of the Boltzmann constant k. No reference is made to any temperature fixed
point (n = 0, n = number of points) and all other parameters specified in the equation
of state are measured or otherwise determined.

− Relative primary thermometry allows the measurement of thermodynamic tempera-
ture indirectly using a specified equation of state, with one or more key parameter
values determined from temperature fixed points (n > 0), for which values of the ther-
modynamic temperature T and their uncertainties are known a priori from previous
absolute or relative primary thermometry.

The interpolation technique allows for an interpolation of the temperature between
the calibration points with a defined interpolation equation.

In this project, the combination of these different absolute, relative, and interpola-
tion techniques will establish wide-temperature operation and a self-calibrated sensing
approach as shown in Figure 1.
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Figure 1. Combination of different thermometry techniques over the temperature scale.

2.1. Photonic Thermometry

Photonic thermometry is based on the measurement of the displacement of the optical
resonance with temperature due to the thermo-optic effect. In this project, this technique
will be implemented by the measurement of the wavelength shift in the optical resonances
in the on-chip structures: photonic crystal structures or ring resonators.

The displacement of the resonance wavelength λ with temperature is governed by the
thermo-optic effect (neff(T, λ)) and by thermal expansion (Leff(T)):

λ = neff(T, λ) · Leff(T), (1)

Note that the thermo-optic effect is predominant, as the thermo-optic coefficient
of the materials used in this project is a factor of ten larger than the thermal expansion
coefficient effect.

Photonic-based thermometry is an interpolation technique, which allows for interpola-
tion between several calibration points. For such interpolation, at least a polynomial of the
second degree is needed [18], which means that at least 3 calibration points are required. In
practice, the polynomial fits of higher degrees (3rd [19], 4th [20]) are used.

2.2. Optomechanical Noise Thermometry

Optomechanical noise thermometry is based on the optical detection of the mechanical
motion of a resonator. Such thermomechanical noise is the noise caused by the Brownian
thermal motion of particles at a given temperature T, associated with an average kinetic
energy Ek per degree of freedom equal to

Ek = k · T/2, (2)

For optomechanical resonators, it results in mechanical excitations that generate micro-
scopic fluctuations within the resonator itself, which are directly related to its temperature.
The variance of these mechanical displacements ⟨x2⟩ can be calculated as an integral of
power spectral density noise of the resonators’ thermal fluctuations around the mechanical
resonance. These are proportional to the resonators’ thermodynamic temperature [21]:

x2 = (k · T)/(ω2·meff

)
, (3)

where meff is the effective mass of the resonator and ω is the frequency of the mechanical
resonance. In contrast to the absolute value of the resonance frequency, an absolute value of
the effective mass of the resonator is difficult to obtain. This means that the optomechanical
noise thermometry is a relative primary technique but having linear dependence needs
only one calibration point. This calibration point can be obtained through linkage to the
quantum correlation technique.
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2.3. Quantum Correlation Thermometry

Quantum correlation thermometry is an absolute primary technique, which can be
used as a reference for other techniques, allowing for in situ traceability at the point of
measurement. First demonstrated by T. Purdy et al. [17], this technique uses the optical
quantum force fluctuations (optical quantum backaction due to the radiation pressure) as
a standard reference scale for measuring thermal force fluctuations. Except for very low
temperatures (below 1 K), quantum backaction is difficult to observe as the optical quantum
intensity fluctuations are orders of magnitude smaller than the thermal fluctuations. The
cross-correlation technique demonstrated in [17] allows for retrieval of the optically driven
motion (quantum correlations) from the thermally driven motion (thermal correlations).
These quantum correlations (which are determined by fundamental constants) are used to
scale the thermal motion, allowing for absolute temperature measurements.

3. Progress Beyond the State-of-the-Art
The current state-of-the-art-for practical temperature measurement is through resis-

tance thermometers, thermocouples, and non-contact (infra-red) thermometers. None of
these approaches are primary and require calibration to establish traceability to the kelvin
and require regular recalibration to ensure that traceability is maintained.

By a combination of different techniques described in the previous section, this project
aims to provide the means to affect a paradigm shift in thermometry by developing
optically based, practical (i.e., deployable), primary thermometry approaches that can
deliver traceability to the kelvin at the point of measurement.

Within this ambitious objective, significant advancements will be made, building on
the achievements of the PhotOQuanT project, where the state-of-the-art optomechanical
and photonic resonators were fabricated, demonstrating optomechanical noise thermome-
try (at cryogenic temperatures) and photonic thermometry (around room temperature) [6].
In the PhoQuS-T project, the state-of-the-art will be advanced through using integrated
photonic technologies that will combine different techniques onto a single device for the
first practical quantum primary thermometer from cryogenics to 500 K. Quantum ther-
mometry will provide a quantum reference for the optical noise thermometry operating in
4–300 K range, while sub-mK resolution and wide operational range to 500 K are provided
through photonic thermometry. In this project, for the first time, such a practical primary
temperature sensor will be developed, validated, and its quantum applications demon-
strated. To achieve this objective, the project will need to advance (Figure 2) significantly
beyond the current state-of-the-art.

Figure 2. Technical workpackages structure of the PhoQuS-T project.
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3.1. Workpackage 1: Development of Optical Noise Thermometry from 4 K to 300 K and Quantum
Thermometry Below 10 K
3.1.1. State-of-the-Art for Optomechanical Thermometry

The first demonstration of primary quantum thermometry using optomechanical
quantum correlation up to room temperature was demonstrated by T. Purdy et al. [17]. The
technique uses a laser probe whose phase noise furnishes a quantum standard used to scale
the Brownian motion of an optomechanical resonator. The difficulty of this measurement
is that the quantum phase noise is very low compared to its thermal counterpart. Thus,
the statistical uncertainty attached to the optical measurements becomes dominant in the
uncertainty budget. Two complementary strategies may be implemented for reducing this
statistical component (since quantum-based thermometry is most accurate near cryogenic
temperatures where the thermal energy equals the quantum zero point energy: (1) increas-
ing the frequency f of the mechanical resonance to keep the oscillator as close as possible
to the ground level (quantum zero point energy); (2) enhancing the signal-to-noise ratio
through the use of ultra-high Q factor (~107) mechanical resonators at the cost of longer
integration times.

From 10 K to 300 K, thermomechanical optical noise thermometry with optomechanical
devices can provide lower uncertainty compared to quantum correlation thermometry.
The principle of optomechanical noise thermometry has some similarities to Johnson noise
thermometry (JNT); but here, the Brownian motion of a mechanical oscillator is probed
through an optical phase measurement. This leads to significant advantages over JNT, such
as faster measurement times and frequency-based measurement. As the measurement is
optically based, it is immune to electrical noise.

3.1.2. Progress Beyond the State-of-the-Art for Optomechanical Thermometry

In workpackage 1, significant progress beyond the state-of-the-art will be through
the development of the optomechanical thermometry (target uncertainty 0.1 K), with an
intrinsic quantum reference below 10 K for a high-performance optomechanical noise
thermometry in a wide range from cryogenic (4 K) up to room temperature (300 K) and
even above (450 K).

This will be achieved through the following: (a) design and fabrication of new 1D/2D
geometry, high-mechanical-frequency, high-Q factor, optomechanical resonators to reduce
the main systematic effect (self-heating) by at least a factor of 10; (b) the read-out protocol
for primary quantum thermometry will be established; (c) novel multi-physics measure-
ment on the 2D optomechanical membrane (exploring the optical and mechanical degrees
of freedom) will be implemented for a temperature measurement with overlapping range
(photonic thermometry from 50 K to room temperature, optomechanical noise thermom-
etry from cryogenic to room temperature); (d) an array of optomechanical sensors will
be implemented to reduce the corresponding uncertainty when measuring over a wide
temperature range.

In addition, and innovatively, this project plans to combine photonic ring resonators
with resonant membranes. This will be achieved by positioning a ring resonator on
top of a membrane for simultaneous measurement [22]. Two read-out techniques will
use the following: (a) photonic read-out, based on the position of the optical resonance
corresponding to a dip in the transmission; (b) noise in the amplitude approach, which
is caused by the effect of thermomechanical motion on the diameter and stress of the
ring waveguide. By employing both techniques in the same device, a bridge between
objectives 1 and 2 will be established, allowing for the first time a direct comparison
of the two approaches. This also brings a significant advance, as it allows direct
comparison of the two approaches as well as benefits from the complementarity and
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synergy between the approaches, with thermomechanical thermometry having the
advantage of offering easy single-point calibration by providing an intrinsic linear
relation between the noise power and temperature, while photonic thermometry offers
higher resolution.

3.2. Workpackage 2: Advanced Photonic Thermometry from 80 K to 500 K
3.2.1. State-of-the-Art of On-Chip Photonic Thermometry

Photonic thermometry offers high sensitivity (70 pm/K) and sub-mK resolution [6,15].
Within the PhotOQuanT project [6], state-of-the-art, silicon-based photonic resonators were
micro-fabricated with Q factors up to 105 and tested in the 270–350 K range. These first
results were encouraging. featuring high-contrast notch resonances, high temperature sen-
sitivity, and a noise equivalent temperature resolution of about 10 mK at room temperature.
Furthermore, the material study in the PhotOQuanT project showed the potential of SiN for
photonic thermometers. Note that in both cases, one potential drawback in the deployment
of such sensors is that the laser and detector are both outside of the chip-based resonator;
this issue is being addressed in this project.

Besides the PhotOQuanT project results, work on photonic thermometry with ring res-
onators was reported by other groups. After the pioneering work by Klimov et al. [15] in 2018,
a recent practical ring resonator thermometer with an uncertainty of 10 mK was demonstrated
with Si ring resonators by S. Dedyulin et al. [19] in 2023 and a 3-mK-resolution ring resonator
thermometer was demonstrated by J. Wang et al. [23] in 2022.

3.2.2. Progress Beyond the State-of-the-Art for Photonics Thermometry

This project will go beyond the state-of-the-art, firstly, by exploring enhanced read-
out techniques and by improving the device design to extend the operation range
(80 K–500 K) exploring Si and SiN, and secondly, by developing a non-Si-based, novel active
thermometry approach (combining laser source and photonic sensor) as a step towards a
fully integrated device (see Section 3.2.3).

In workpackage 2, we will go beyond state-of-the-art through enhancing the pho-
tonic sensor functionality by achieving a high optical Q factor of up to 107 in a broad
operating temperature range of 80 K–500 K, leveraging the low propagation losses
(~0.1 dB/cm) in Si waveguides on thick silicon on insulator (SOI). The approach of inte-
grating the Si ring resonator on a thick SOI platform not only increases the sensitivity of
the method but also the resonance Q factor; it also importantly accommodates relaxed
fabrication tolerances. The platform’s attributes include strong light confinement within
thick Si waveguides and ring resonators, with a combination of ultra-low propagation
losses, minimal polarisation dependency, and ultra-broadband operation wavelength
(1.2–4 µm).

The design of the micro resonators will also be developed beyond the state-of-the-art.
With standard ring resonators, the resonance peaks are repeated at a wavelength distance
corresponding to a temperature change of less than 150 K (e.g., Free Spectral Range = 10 nm,
dλ/dT = 75 pm/K). Advanced resonator designs with a unique spectrum over a wide temper-
ature range will be developed.

This project will also advance the state-of-the-art by working with not only with the
established Si technology, but also SiN photonic integrated circuits—a technology selected
for its ability to directly integrate with optomechanical sensors.

3.2.3. Active Photonic Thermometry (State-of-the-Art and Progress Beyond)

A step change in the state-of-the-art will explore a new active approach to ring res-
onator thermometry, which, whilst at a lower technical maturity level, offers a potentially
disruptive advantage in the field of photonic thermometry. The passive photonic integrated
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chip (PIC) devices themselves can be highly miniaturised, but the external tuneable laser
source, optical fibre connections, and spectrometer system add significantly to the scale
and complexity of the system. More cost-effective approaches are preferable for practical
implementation [24]. In contrast to Si, III–V-based semiconductors (e.g., InP PICs operating
at 1300–1600 nm) allow for active photonic structures (i.e., including the activator laser
source) to be directly fabricated on the same chip as the ring resonators. The use of III–V
alloys also offers the potential to tailor the temperature sensitivities and operating tempera-
ture ranges, since key parameters, such as the band gap and Debye temperature, can be
varied through alloying. The potential for active photonic thermometry has been explored
theoretically by the University of Glasgow and NPL [25]. This new approach will be
explored experimentally for the first time within the project with the aim of demonstrating
the first ever active photonic thermometer acting as a testbed for future fully integrated
chip-based devices.

3.3. Workpackage 3: Robust Fibre-to-Chip Coupling Packaging Solutions over 4–500 K
Temperature Range
3.3.1. State-of-the-Art for Robust Fibre-to-Chip Coupling

For practical applications, low-loss, robust fibre-to-chip coupling is crucial for effective
and accurate operation of photonic (Si-based) and optomechanical sensors. This objective
focuses on an integrated packaging solution that serves both photonic and optomechanical
sensors and enables reliable operation in the 4 K–500 K temperature range. The current
conventional coupling methods are widely used in telecom/data communications, but
their applicability is limited for this application due to the thermal strains, which result
from the use of heterogeneous materials whose thermal expansion is mismatched. In the
PhotOQuanT project, only free-space-coupled devices with an active alignment requirement
were developed, which drastically limited their practical application.

3.3.2. Progress Beyond the State-of-the-Art for Robust Fibre-to-Chip Coupling

This project will go beyond the state-of-the-art by developing new approaches to
mitigating thermal expansion mismatch between fibre, chip, and adhesive material over a
wide temperature range while catering to the distinct requirements of optomechanical and
photonic sensors. Three distinct packaging techniques will be developed.

The first technique is to use fast curable epoxies as adhesive materials and benefits
from low thermal expansion mismatch glue for fibre-to-chip coupling with minimum
thermal strain in contact with sensors. The second technique is based on adhesive-free laser
welding for coupling fused silica fibres to SiO2 coated chips. Laser welding is particularly
suited for enabling direct fibre coupling to grating couplers. Eliminating the glue in the
optical coupling interfaces potentially increases the durability of such optical sensors for
thermometry. In the third technique, a glass slide will be integrated on top of the chip to
provide a mechanical support for the optical fibres, thereby reducing any drift and strain
over the entire operation temperature range.

The evolution of these packaging solutions will be closely coordinated with workpack-
ages 1 and 2, which encompass the fabrication aspects of photonic and optomechanical
sensor chips. These solutions are applicable to both single-fibre and fibre array-to-chip
couplings. These complementary techniques will allow us to address multiple systems, si-
multaneously opening new avenues for packaging of nano-devices and robust interrogation
of the thermometers.
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3.4. Workpackage 4: Metrological Validation and Applications
3.4.1. State-of-the-Art for Metrological Validation

Photonic thermometry and optomechanical thermometry are both recent emerging
technologies. Up until now, the paper by T. Purdy et al. [17] is the only publication on
thermometry using the quantum correlation technique to calibrate thermal noise versus
quantum noise in an optomechanical resonator. That paper demonstrated a proof of
principle with a standard deviation about 6 K for 1 min integration time at 40 K (about 15%).
The participants involved in the PhotOQuanT project demonstrated noise thermometry
using optomechanical resonators, but time constraints meant that we were unable to
demonstrate the quantum correlation thermometry technique. In addition, the first results
of the PhotOQuanT project on optomechanical noise thermometry has issues related to
systematic optical polarisation effects in optical fibres but also by the strong self-heating
caused by the large photon number imposed by the optical detectivity of the experimental
set-up. In the same project, photonic thermometry was demonstrated at around room
temperature with a standard deviation about 10 mK [6]. Recently, uncertainties of 10 mK
have been demonstrated by S. Dedyulin et al. [19].

3.4.2. Progress Beyond the State-of-the-Art for Metrological Validation

The progress anticipated in this project (2D optomechanical resonator with self-
heating reduced by at least a factor of 10, advanced photonic resonators enabling a broad
temperature range from 80 K to 500 K) should allow the consortium to significantly
progress the state-of-the-art with these emerging technologies. Within this project,
the metrological validation will be performed, establishing traceability to the current
temperature scale in use (the International Temperature Scale of 1990 (ITS-90) [26])
over their full temperature range together with an additional evaluation of their re-
spective uncertainty budgets. The uncertainty targets are as follows: optomechanical
sensor 10% (<10 K) and 0.1 K (4 K–300 K), photonic sensor 25 mK from 80 K to 500 K
as well as 5 mK from 283 K to 363 K, and an active photonic sensor 250 mK (80 K
to 500 K). In addition, the first in situ calibration of photonic sensors with quantum
optomechanical thermometry will be demonstrated via optomechanical noise thermom-
etry in the 80 K–300 K range. Finally, a demonstration of the potential impact of the
developed sensors will be undertaken by demonstration applications in ion-trap mon-
itoring, the quantum pascal, and as evaluation as future standard thermometers (see
description below).

3.4.3. Quantum Application Demonstrations

For quantum sensors based on atom spectroscopy and, in particular, for frequency
measurements, the black body radiation shift is still a major contribution to the uncertainty
budget [27,28]. This shift is induced by the thermal radiation of the environment and
depends on the static differential polarisability of the ion. For a precise estimate of this
shift, the temperature of the surrounding, particularly the ion-trap chips, has to be precisely
known, typically at the kelvin level. A Paul ion-trap traps a single ion or multiple ions
with radiofrequency fields and static electric fields. The ions can be stored in a trap and
precisely controlled and manipulated using laser or microwave radiation. Such ion-traps
are now being produced with chip-integrated photonics [29–31]. Ion-traps are used in
quantum metrology, quantum sensing, quantum simulation, and quantum computing. For
micrometre-scale ion-traps, fabricated on a monolithic chip with an integrated photonic
layer, chip-integrated temperature sensors on the same scale are desirable. For some
quantum metrology applications, the temperature of the ion-trap chip at room temperature
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needs to be monitored in situ. The same holds for future quantum-sensing applications in
field use.

Another relevant quantum application is the realisation of the SI unit of pressure
spearheaded by the so-called Fabry–Pérot refractometers in which the refractivity of a
known gas can be measured with unprecedented accuracy [32]. It is suggested that in
the future, such standards could be miniaturised, providing faster and calibration-free
pressure measurements for industries at a fraction of the present cost. However, it is
critical for such realisations that the temperature of the gas can be measured accurately.
While primary photonic thermometers might not yet necessarily increase the absolute
accuracy of the temperature measurement, they can potentially be operated with the same
laser systems and equipment. Thus, this project will investigate the potential of cost and
complexity reduction in the Fabry–Pérot refractometers. At the same time, the Fabry–Pérot
refractometers will provide a mature testbed for novel photonic thermometers.

Both applications [33,34] described above are addressed in this project.

4. Discussion: Expected Project Results and Impact
The redefinition of the SI with regard to the kelvin opens up new possibilities for realis-

ing and disseminating thermodynamic temperature, especially through the development of
long-term practical primary thermometry approaches. Some of the most innovative ways
to provide such traceability are based on photonic/optomechanical technologies, i.e., those
described in this paper. Delivering temperature traceability based on photonic/quantum-
based practical primary thermometry at the point of measurement has the potential to
radically change the practice of thermometry through provision of in situ traceability
without the need for sensor recalibration.

This project is a step towards this ambitious goal as the photonic/optomechanical
temperature sensors can offer micrometre spatial resolution, large temperature range
(from few K up to room temperature), and can additionally be self-calibrated with noise
thermometry and even provide a path towards primary temperature standards using
quantum measurements.

4.1. Expected Project Results

This research project focuses on the development of integrated optically based practical
primary thermometry from 4 K to 500 K. As per the expected results, we aim to develop
new facilities and demonstrate the following:

− New device fabrication capabilities for photonic ring resonators, active photonic
devices, and optomechanical resonators important for embedded sensor technologies.

− New sensor packaging capabilities via laser welding, glueing, or mechanical supports
aiding implementation.

− Special calibration facilities traceable to ITS-90 for photonic and optomechanical
sensors from 80 K to 500 K and 4 K to 300 K, respectively, to facilitate implementation.

− Demonstration of the self-calibration of photonic techniques with a quantum reference.
− Demonstration of the application of the developed photonic sensor for quantum

applications (ion-trap, pressure standard).

4.2. Expected Project Impacts

The lack of practical primary thermometers constitutes a barrier for the dissemination
of the redefined kelvin by the MeP-K-19D-recommended approaches, e.g., for addressing
industry issues. As a result, the practical primary thermometers developed here are
expected to have high impact in industry. A practical primary thermometer available at
the point of use introduces a paradigm change in the traceability scheme to the kelvin:
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calibration against standards held by a national metrology standard may no longer be
required. A simple stable in situ temperature reference is sufficient to estimate the statistical
component of the uncertainty of the primary thermometer. This significantly reduces the
complexity of the traceability process as well as its cost. Industry will be more efficient
and productive as thermometers will no longer require calibration, meaning that optimum
energy is used, minimising emissions and waste.

As an example, this project will have an impact on integrated circuit temperature-
sensing issues, as well as on other related temperature measurement needs, e.g., those
requiring reliable in situ long time scale measurements such as space, aircraft, submarine, or
naval, where sensor retrieval (and hence recalibration) is not feasible. Also, the wide-range
primary sensor developed in this project, covering the cryogenic temperature range, is of
particular interest for rapidly growing sectors such as Hydrogen (liquid H2 storage) and
Quantum Technologies, where temperature-controlled cryostats are crucial. The use of the
new sensors developed in this project will enable accurate, zero-drift, temperature sensing
in the extended operating range (4 K to 500 K), with the capability to be embedded into a
chipset or other integrated technologies.
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