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University established in 1794
Staff: 2,500; Students: 70,000
Store the metric standard since 1848

Cnam LNE

Providing calibration services since 1901 

Staff: 1,500

Note that Bureau International des Poidset Mesuresis a 
metrology international organism but not link to Cnamor LNE

LNE- Cnam
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Thermometry

We never measure the temperature directly; we measure an effect that 
depends on the temperature. 

During this talk, I will present measurements on pressure, capacitance, 
resistance, magnetic susceptibility, acoustic resonance, microwave 
resonance, phase transition of pure substances, superconductor 
transition,noiseand liquid dilation.



from https://www.museogalileo.it//en

The first scale made by Torricelli, Ferdinand II de Medici and Galileo in 1650

The very first thermometer



freezing point of water!!!

Used to seal

thermometer

Å A thermometer repeatable 

after 370 years!!!

ÅMore than 300 thermometers 

were produced.

Å Exchangeable thermometer.

ÅUse of freezing point of water 

as temperature reference in 

1650 !!!!

Alcohol 80 %

Spacement for the 

graduation 1,8 mm

Internal diameter from 

1,1 to 1,2 mm.
Camuffo D. and Bertolin C. ñThe earliest temperature 

observations in the world: the Medici Network (1654ï

1670)ò Climatic Change (2012)

In 1650 -50 years before Fahrenheit and 100 years before Celsius

The very first thermometer



Å The relationship between what we measure and the temperature must be established by the laws of physics.

Å The thermometer should be able to be used across a very wide range of temperatures.

Å It should be precise and stable over time. 

Å It should be robust, easy to use, affordable and with very high resolution.

Å It should be able to be used in environments inaccessible to humans: chemical, magnetic, nuclear, vacuum, etc

A good thermometer

This thermometer donót exist 



The Low temperature at LNE- Cnam

k
AGT and SPRIGT

TvpHe4-TvpHe3

T90-T2000 T2000



Outline

ÅInternational System of Units
ÅBoltzmann constant determination
ÅThermometrybelow 1K
ÅPLTS2000
ÅSDR1000
ÅMFFT
ÅResitancemeasurement

ÅITS90
Å0.65K-5K vapor pressure of He3 and He4
ÅPrimary thermometer, SPRIGT and AGT 
Å24.5K-273K Fix point and CSPRT25
ÅRdFe

ÅConclusion andthe searchof metrologicalsensor



In the past different country = different units

This harmed commerce and the spread of idea

Over time many systems of units were used:

Sumerian Nippur cubit 4500 years old

Egypt cubit  3500 years old

China (chi) 3000 years old

France Lieue de Paris 1700

English  British Imperial Unit 1825 

France mètre and the metric system 1790

Why an InternationalSystem of Units ?

https://en.wiktionary.org/wiki/%E5%B0%BA


Extrait du cahier de doléances de Nîmes (1789). Arch. dép. du Gard : C 1196. 

France 1789: register of grievances



Divide by 10 000 000 any ¼ of meridian of Earth 

and you have 1 metre

1 m

1 m

1 m

A cube of 1 m Ĭ1 m Ĭ1 m filled with water is 1000 kg

1 m

With a metre long pendulum you get 2 second

Decimal unit 

Can be realized anytime, anywhere 

The historical metric system (1793)



7 years for two surveyors to measure 1000 km along a 

meridian and get 1 metre

1 m

1 m

1 m

Depending of the temperature of the water and its quality

0.997 m
Gravity is not constant on Earth. To get 2 s the 

pendulum length is actually 99.7 cm

Concept not easy to realize, not precise enough

Artefact is more stable and easy to use

The historical metric system (1793)



Credit: NIST Credit: NIST

Kelvin
Triple -point of water cell

Meter
Platinum -iridium meter bar

Kilogram
Platinum -iridium kilogram

Artefacts are convenient to use and standardize  but not stable for long term

Credit: NIST

Length Thermodynamic TemperatureMass

Units defined by artefacts before 2019



Å 1799 metric system adopted by law of the french republic

Å 1800-1810 Napoleon impose the metric system in all Europe except UK

Å 1860 Maxwell and Lord Kelvin add electric units and make it coherent (CGS)

Å 1870 Metre convention (17 countries) only for m and kg

Å 1971 The  Système International (SI) with 7 base units

Å2019 the new SI é

BUT all those units were linked to artefacts, and 
Å the artefacts are not stable over a long time period (100 years)
Å the artefacts reduce the possibility of innovation

The historical metric system (1793)



Units redefined by universal constants 

The 7 commandements

Consequence in temperature: the triple point of water loses 

its central role in temperature measurements

ü Time the caesium hyperfine frequency, ȹɜCs=9 192 631 770 Hz

ü Length the speed of light in vacuum, c=299 792 458 m/s

ü Mass: the Planck constant, h=6.626 070 15× 10-34 Js

ü Electric Current: the elementary charge, e=1.602 176 634× 10-19 C

ü Thermodynamic Temperature: the Boltzmann constant, k=1.380 649× 10-23 J/K

ü Amount of Substance: the Avogadro constant, NA=6.022 140 76× 1023 mol-1

ü Luminous Intensity: the luminous efficacy of a defined visible radiation,

Kcd= 683 lm/W

The new SI opens the way to new possibilities



LNE 2017 Helium

k=1.380 648 37(81) Ĭ10-23J/K

relative uncertainty 

u(k) / k = 0.60x10-6

k=1.380649ω10-23 JωK-1

Depuis 2019

Peter J Mohr et al. Metrologia 55 (2018) 125;
Laurent Pitre et al. Metrologia 54 (2017) 856

Boltzmann constant determination



A Team

L.Pitre, F. Sparasci, L.Risegari, C.DǳƛŀƴǾŀǊŎΩƘ, C.Martin, M. E.Himbert, M. Plimmer, A.Allard, B.Marty, P.G.Albo, B.Gao, M. R. Moldoverand J. B.Mehl
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Schmidt et al.
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The situation in 2008
Uncertaintyis 7 times lowercomparedto the otherresults

Boltzmann constant determination

if k=1,  body temperature= 4.2822209384000000000224 *10-21K

If the numerical value of k is correct, no experiment should detect any change due to the redefinition of the unit



Uexp (ms-1)

Pressure (MPa)

Gas helium
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For real gas: ( )...)(12 ++= pT
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kT
U apgA bg

specific heats ratio

atomic mass

acoustic virial coefficient

Boltzmann constant

Principle of the experiment

Acoustic Determination of the Boltzmann Constant
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Simultaneous acoustic (u) and microwave (c) resonances in a cavity

Gas flow minimizes the effects of impurities

Non-quite spherical simplify the microwave measurements

Acoustic resonances measurement

Ý Boltzmann constant but linked to a volume

Microwave resonances measurement

Ý Volume measurement

Principle of the experiment

Flow 
Tube in

Flow 
Tube out

kHzGHz

k determination with speed of sound measurement



Relationship between the Boltzmann constant 

and acoustic/microwave measurements
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Ultra clean gas handling systems

With a piston gage as pressure measurement

Adiabatic Cryostat

(weak link to the thermal bath) 

20 Instruments 
used at the 

state of the art

Pressure
control

He

gas

Long-stem
thermometer

column

Embedded
triple point

of water cell
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k determination with speed of sound measurement



Microscopic propriety Macroscopic propriety

Ab initio calculation of fluid properties for precision metrology

Giovanni Garberoglio, Christof Gaiser, Roberto M Gavioso, Allan H Harvey, Robert Hellmann, BogumiğJeziorski, Karsten Meier, Michael R 

Moldover, Laurent Pitre, Krzysztof Szalewicz, Robin Underwood J. Phys. Chem. Ref. Data 52, 031502 (2023)

ab initio calculation for the thermo- physical propriety  of Helium gas

Conductivity of helium-4 gas

viscosity of helium-4 gas

Simulation of many collisions with the helium 

interaction potential.



Inner shape: the 
differencebetweenr, R 
and H is0.025 mm:

H= 90.000 mm
R= 89.975 mm
r = 89.950 mm
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ÅThe use of a slightly deformed spherical geometry, a triaxial ellipsoid, removes the degeneracy of

resonator modes
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It is exactly what the theory predicted !!!!

Electromagnetic measurements in 
very good agreement with the 

theoretical model

A Non- Quite Spherical Cavity



Uncertainty of the Boltzmann constant determination in function of the time

Uncertainty of the Boltzmann constant determination

LNE-Cnam

After 2017, the Boltzmann 
constant will no longer be 
measured because its value 
has been established by 
definition.



Search on Google: 'YouTube LNE unité'
Find 7 talks about the 7 units (in French, one hour each, with hardly any equations)

If you want more information about the changes to the SI 
(International System of Units)



Temperaturemeasurementat low temperatures

The cryocooler revolution

4 K No need for liquid helium
Time is not more a problem
But also no more thermometry check at 4.2K



PhD studentClément Tauzin

Thermometry below 1K at LNE- Cnam

Åconstructed a reference scale, PLTS-2000. 

Åcalibrated this against a stable instrument, the 

SRD1000

Åcompared our PLTS2000 to a primary 

thermometer, the MFFT

Åcompared our scale to three resistively 

calibrated thermometers from three different 
companies.



We measure P we deduceT2000

The equation is valid from 0.9 mKto 1 K, covering more than three decades.

Provisional Low Temperature Scale 2000 or PLTS2000 or T2000

Base on the thermophysicalmeltingcurveof Helium-3



Why Provisional in PLTS2000 ?

From New evaluation of T -T2000 from 0.02K to 1K by independent thermodynamic methods J. Engertet al. https://doi.org/10.1007/s10765-016-2123-4

Below 7 mK, 
T2000 is the 
average of the 
scales from 
PTB and the 
University of 
Florida. It is 
why the world 
provisional in 
PLTS2000



Capacitance strain gauge

ὅ
‭ὃ

ὰ
ὰ

Ὠὅ

ὅ

Ὠὰ

ὰ

8 Digits instrument



VL=VS+1,314cm3/mol
VL>VS

Understand the Melting Curve oh Helium- 3?

From ñTHE 3HE MELTING CURVE AND MELTING PRESSURE
THERMOMETRY » E. DWIGHT ADAMS,chapiter 4; Progress in Low Temperature Physics

ClausiusïClapeyron equation



NO plug

Every stage at 1.1K
Normal use of a DR

He3 solidplug

MCT isolate and can be 
use as a thermometer

MCT can be calibrate with a secondary pressure sensor as Digitquartz

How to isolate the Melting Curve Thermometer?

Small capillary
Less than 0,5mm id



Calibration of the capacitance strain gauge
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1999

2000

2021
2022

Hysterisysof the same capacitance strain gauge over time

2019
2020

The bolt and the 
indium joint play a 
critical role in the 
mechanical behavior 
of the capacitance 
strain gauge.

model PTB



Passage through the melting pressure minimum in step of 

1 mK with rising and falling temperature
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Very precise realization of the melting pressure minimum

Pmin=2931130Pa



Because PLTS2000 give the pressure of the minimum
We can use the minimum to estimate the hydrostatic correction

Stability of the melting pressure minimum

Pmin=2931130Pa



Pmin=2.931 130 MPa

Temperature of the melting pressure minimum

Tmin=315.24
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Comparison of Two Melting Curve Thermometers



Uncertainty of PLTS2000 at LNE

The complete 
uncertainty budget 
2024 is not finished, but 
it is expected to be  
better than, the one 
from 2002.



Low temperature thermometry compared to PLTS2000

SRD1000

CMN

CBT
RdFe



Regulation at 870 mK

30µK

Low temperature thermometry regulation



Low temperature thermometry regulation

… ὦ
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Ὕ

Curie weisslaw

@13,8mK CMN



SRD1000 from HDL



Use of sigmoid function models on the transitions (conducted in collaboration with Rod White (NZ)).

SRD1000 from HDL

Two sigmoid functions can 
accurately fit even a more 
complex transition.

The data points represent the average of at 
least 15 minutes with very stable regulation, 
where half the points are taken during a rise in 
temperature and the other half during a 
decrease... showing no hysteresis.



SRD1000 from HDL over 22 years

The SRD1000 from HDL is 
very stable; however, the 
shape of some transitions 
changes over the years.
Uncertainty budget will 
ŎƻƳŜΧ



Without microwavefilter With a filter

SRD1000 from HDL



TMFFT from Magnicon

fft



TMFFT from Magnicon



TMFFT from Magnicon



TMFFT T2000 at LNE

120 temperature 

measurements

Preliminary results



TMFFT T2000 at LNE- Cnam

0.5%

Preliminary 

results:

The uncertainty 

budget is not 

finished.

Soon, Clément 

Tauzin will defend 

his PhD.



TMFFT T2000 at LNE

ÅExcellent linearity of PLTS-2000 as a function of temperature from 8 mK to 800 

mK, even with a 12-parameter polynomial for PLTS-2000!

Å Primary relative temperature measurements at 2.1768 K and 315.24 mK are 
equivalent.

ÅOver three months of noise integration

Å120 temperature measurements 

ÅWork in progress (uncertainty budget not yet complete), but results are very 
promising.
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Resistance vs Temperature

RuO2

RuO2 sans filtres

RuO2

RuO2

QDevil
low 
pass 
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Impedance 
bridge

Resistive Thermometer and T2000 at LNE- Cnam

Same bridge
Same position
Same excitation
Same sensor



Temperature measurement performed at 
LNE-Cnam on the 4 K plate @ 10 Hz Frequency analysis But if we use only instruments and settings provided by 

Bluefors, we cannot observe any thermal oscillations
because the sampling rate is too low

Resistive Thermometer and sampling

Temperature measurements were conducted by LNE-
Cnamon the 4 K plate of a DR from BlueForthusing a 10 
Hz digital multimeter to measure a Cernox
thermometer through a 4-wire resistance measurement 
method. sinusoidal temperature oscillations
are well visible


