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Motivation

« what is wrong with the old definition of the kelvin
* what is nice about the new definition of the kelvin

Boltzmann constant k
* physical meaning of T and k

* acoustic determination of k
» determinations of k with other methods

Impact

what will change with the new definition

T=273.16 K

— k=1.380649 x 1023 J K
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refreshing basic metrological concepts

let's recall that a distinction should be made between measurement units and measurement standards:
a measurement unit is fixed by its definition. By contrast, a standard is a physical realization of a unit

head length

For example

snout  &ye diameter

| length |

"The meter is the length of the path
travelled by light in vacuum during a time
interval of 1/299 792 458 of a second" is
the current definition of the unit of length ...

o abdominal keel

... while a fish may be used as a standard of length

though probably it would be a poor one

i
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I"standard length }
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fork length ?

total length

according to Michael De Podesta (NPL) @ good definition of a unit should be:

simple (comprehensible)
should be of universal use

not ambiguous

any ambiguity will lead to
variability between different
realizations of the unit

The kilogram is the unit of mass.
It is equal to the mass of the
international prototype of the kilogram.

1kg

enduring

the ideal definition will not require
replacement or modification

for instance because of significant technological

progress it futurely becomes no longer capable to
provide the needed uncertainty

practical (or democratic)

standards should not be too complicated;
they should enable to do copies without
excessive cost or effort
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after the proposal by
Lord Kelvin in 1854
since 1954
until may 2019

+ fairly simple: though it does not tell what 1 K is. Differently from the
other base units in the SI, temperature is an intensive property
+ fairly unambiguous: though it turned out that the isotopic composition of

:
)

The kelvin, unit of thermodynamic temperature, is the fraction

1/273.16 of the thermodynamic temperature of the triple point water

the water needs to be specified

« very practical (& democratic): it is easy to reach 1 mK accuracy with

simple glassware and distilled water

+ fairly enduring (l): differently from the protoype kilogram we do not have
a single artefact growing old; water cells can be re-made anytime
« fairly enduring (I1): we do not currently have technological or scientific

is this definition a good one?

needs for a more accurate definition or more accurate standards
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does anybody know a

(technological/scientific)

recipe that requires mK
uncertainty?

bake at (180 + 0.001)
°C for 1 hour
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definition of the unit and
the recipe for the
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temperature was isolated

218

|
atm

0.006

our old definition of the kelvin seems ok!
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why change the definition of the kelvin?
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International Temperature gg
Scale of 1990 (ITS90) =
100K
T 05 ko T

Triple point of oxygen
54.3584 K
50K

triple point of neon
24.5561 K

Temperature at which the vapor
pressure of equilibrium hydrogen is
about 101.3 kPa: (about 20.3 K)

Temperature at which the vapor
pressure of equilibrium hydrogen is
about 33.3 kPa: (about 17.0 K)

Triple point of equilibrium
hydrogen13.8033 K

10K

Temperature determined
by vapor pressure of helium
3~5K

Platinum resistance thermometer

it is hard to make temperature standards
for different temperatures

273 K+ 273 K # 546 K

temperature is an intensive property
and as such it is not additive,
it does not depend on the system size

or the amount of material in the system

freezing point of copper
1357.77 K

1300K Freezing point of gold

1337.33 K
(1064.18C)

Freezing point of silver
123493 K
(961.787C)

| — 1000 K
FO0C— Freezing point of aluminium
| 660375
= — 300K (660.325°C)
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o | o0k (418.5277T)
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= Freezing point of tin
o 505.078 K

Helium gas thermometer

reezing point of indium
429.7485 K
(156.59857C)

400 K Meltini; point of gallium
02.9146 K

(29.76467C)

Vapor pressure
thermometer
0.65K

e

triple point of water
273.16 K

‘Triple point of mercury
234.3156 K

all temperature standards are based on naturally
occurring ‘fixed-points’ typically, the melting or
freezing points of pure substances

we use these points to calibrate thermometers
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we know this temperature by definition

we use some more fundamental thermometers which we call primary




microscopic (molecules)
temperature [K] k UK energy [J]

Boltzmann constant

mechanical quantities

gas constant
R =kN, [J mol' K]

macroscopic (moles)

N, number of molecules per unit
speed interval (molecules/m/s)
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temperature = energy per degree of freedom




Universal Constants, Standard Models and

Fundamental Metrology how fundamental is k?

2009

G. Cohen-Tannoudji'

'Laboratoire de Recherche sur les Sciences de la Matiére (LARSIM) CEA-Saclay, F91191 Gif sur Yvette Cedex

Abstract - Taking into account four universal constants, namely the Planck's constant h, the velocity of light c,
the constant of gravitation G and the Boltzmann's constant k leads to structuring theoretical physics in terms of
three theories each taking into account a pair of constants: the quantum theory of fields (h and c), the general
theory of relativity (c and G) and quantum statistics (h and k). These three theories are not yet unified but,
together, they underlie the standard models that allow a satisfactory phenomenological description of all
experimental or observational data in particle physics and in cosmology and they provide, through the modern
interpretation of quantum physics, fundamental metrology with a reliable theoretical basis

[..] According to the current interpretive consensus [3], the Boltzmann’s constant k is just a conversion factor
relating temperature and energy: at thermal equilibrium, temperature is proportional to the average kinetic
energy of molecules, and the proportionality factor is k. Since temperature is not considered as a fundamental
physical quantity, k is not considered as a fundamental universal constant, it is a conversion factor allowing us to
express temperatures in energy units. The interpretation of the universal constants that we are going to propose
is at odds with this interpretive consensus, in particular about the status of the Boltzmann’s constant. Actually
it turns out that the history of the discovery and the interpretation of this constant made to appear several
interpretations that do not reduce to the one of it being a conversion factor [..]

entropy S is proportional to the logarithm of the number W of complexions (microscopic configurations),
and k (which has thus the dimensional content of entropy) is the proportionality factor S =k InW
= n

in the framework of information theory, developed in the middle of the 20th century, the Boltzmann’s constant got
yet another interpretation, the one of the minimal cost, expressed in entropy of a single bit of information.

If information is considered as a fundamental physical quantity, the Boltzmann’s constant thus translates a
fundamental limitation principle.



are there alternative Institute for Theoretical Physics University of Amsterdam: The Netherlands

metrological choices to define

temperature and its unit? Temperature as a Basic Physical Quantity

1965

By

J. pE Boer
( Received May 26, 1965)

1) The temperature could be reduced to an energy
e.g. by defining the "temperature" of the triple point of water to be equal to 273.16 joules. The result would
be that now the entropy becomes a pure number.

2) Temperature could be reduced to a pure number e.g. by defining T;p,, = 273.16.
Entropy then has the dimension of an energy and is expressed in joules.

3) The molar gas constant R could be defined to be a pure numbere.g. R=1

The "temperature" (T,) would then be reduced to a molar energy with the unit J mol-'.

This is a proposal which is entirely different from the proposals (1) and (2) because it means essentially that we would
drop the thermodynamic definition of temperature and replace it by a kinetic definition.

In the proposals (1) and (2) the experimental methods of determining the temperature of the system remain the same.
There remains one basic thermodynamic reference state, the triple point of water, and precision measurements of the
ratio of a particular temperature relative to this triple point temperature allow for a high precision which is often better
than 1 part in 105 - 108

However in proposal (3) the thermodynamic reference temperature, the triple point, is dropped completely and the

determination of the temperature T, would require the absolute measurement of the product p Vm for a mole of an ideal
gas, because the ideal gas law would read:

pV. =T=plp

Such a change in the definition of temperature would therefore harm very much the precision of temperature

determinations. Accurate absolute measurements of p Vm are only possible with an accuracy of approximately 1
in 104 and the accuracy of temperature measurements would be reduced to oniy a few hundredth of a degree at room
temperature.



Relative uncertainty or reproducibility, ppm

the (slow) hystorical improvement of thermodynamic temperature determination
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why change the definition of the kelvin?

Tpw = 273.16 K exactly

because it defines just one very
special temperature

273.16 K

which obligates to compare any other temperature with T+,
no matter how different (low or high) it is

400

also, because of the current definition of the kelvin, 300

no temperature measurement can ever be made with 200
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methods used to determine the Boltzmann constant or equivalently the thermodynamic temperature T,
i.e. primary thermometers

Doppler broadening

acoustic gas thermometry (DBT)
thermometry (AGT) p I °
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<V>>=4kTRAv

all these methods measure a physical property which is proportional to thermal energy kT

to determine k, somewhere in the apparatus must be inserted a thermometer to tell at what T the experiment
is performed, i.e. to make it traceable to the current definition of the kelvin

preferably, but not necessarily, the experiment is realized at 273.16 K where practical thermometry has the
smallest possible uncertainty



acoustic gas thermometry (AGT)

equftﬁ)ar: g?ztate mean kinetic energy
1 3
2 _
p=pRT/M MV =S KT

p = pressure p = mass density

2 =
V2 = root-mean-square speed
M = molar mass ms q P

m = molecular mass

2 T) = 5]? thermodynamic definition
Uy ( ) - of speed of sound
8,0 g (Laplace equation 1816)

Q

J— 2 rms
uOZ(T):EyovrmszyogzyOﬁ 7/0_5/3 MO 2

gas

note that

* u,y? does not depend on pressure making sound a very special thermometer
+ the speed of sound and the mean speed of the atoms (or molecules) are of the same order of magnitude



Gas-filled spherical resonators: Theory and experiment

Michael R. Moldover
Thermophysics Division, National Bureau of Standards, Gaithersburg, Maryland 20899
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Measurement of the Universal Gas Constant R Using a Spherical Acoustic Resonator

M. R. Moldover, J. P. M. Trusler,® and T. J. Edwards ®
Thermophysics Division, National Bureau of Standards, Gaithersburg, Maryland 20899

J. B. Mehl
1 9 8 8 Physics Department, University of Delaware, Newark, Delaware 19716

and

R. S. Davis

Length and Mass Division, National Bureau of Standards, Gaithersburg, Maryland 20899
(Received 6 November 1987)

k=R/N, =(1.380 651 3 + 0.000 002 5)x10™ Jmol* K" (1.8 ppm)

radius determination by weighing the
resonator filled with mercury




5.10°8 >(%j > 2.10°

700 kPa > p > 50kPa
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PHYSICAL REVIEW A VOLUME 34, NUMBER 4 OCTOBER 1986

Measurement of the ratio of the speed of sound to the speed of light

James B. Mehl
Physics Department, University of Delaware, Newark, Delaware 19716

1986

Michael R. Moldover

Thermophysics Division, National Bureau of Standards, Gaithersburg, Maryland 20899
(Received 2 June 1986)
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3-liter copper spherical
resonator
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gas thermometry - determinations of the Boltzmann constant k
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we think that our determination of k is reliable for future thermometry

(whatever its methods and techniques will be)

because we determined k with several different physical methods:
* by the average speed of the atoms (AGT and DBT);

» by the electrical properties of a gas (DCGT and RIGT);
» by the fluctuations of charge distribution in solids (JNT)

and all of them were found consistent
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consequences and implications of the new kelvin definition

primary thermometry

Trpw = 273.16 K loses its special status;  to measure the temperature of an object, its
thermal energy is no longer compared to the thermal energy of the TPW.
Instead, via the new definition of the kelvin the thermal energy of the object is compared to

the (new) Sl Joule, i.e. to the product Av /

If an experiment for the determination of k (a primary thermometer) will some time in the
future be significantly improved, than both the value and the uncertainty of Tpy (like that of
any other T or fixed point) may change. The new definition of the kelvin does not imply any
"systematic” limitation on the minimum uncertainty which may futurely be achieved

practical thermometry (dissemination)

International Temperature Scales, will remain in use until primary methods will become
just as practical. If and when this will happen, then ITS90 will be abandoned and calibration
of thermometers will take place directly on the thermodynamic temperature scale

particularly ITSg, remains in use, nearly unvaried; it is still based on the same fixed points;

New SI

in the new Sl the unit of temperature
is no longer isolated ..

though the mole now is..
.. hobody's perfect

calibration of thermometers, temperature traceability and dissemination remain practically unchanged

Why redefine
the kelvin if
nothing
practically
changes?

Renovating foundations is
an important task ..

.. even if after renovation
there is not much to show
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