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PROPOSALS FOR THE NEW DEFINITION OF THE KELVIN

1. INTRODUCTION

The International Committee for Weights and Measures (CIPM) has had a long-term
aim of defining all of the base units in the terms of fundamental physical constants to
eliminate any artifact on material dependencies. In 2005, in Recommendation 1, the
CIPM approved preparative steps towards new definitions of the kilogram, the ampere,
the Kelvin and the mole in terms of fundamental constants [1, 2].

The unit of temperature, the Kelvin, can be defined in terms of the SI unit of
energy, the joule, by fixing the value of the Boltzmann constant k which is simply
the proportionality constant between temperature T and thermal energy kT [3]. The
new definition would be in line with modern science where nature is characterized by
statistical thermodynamics, which implies the equivalence of energy and temperature
as expressed by the Maxwell-Boltzmann equation. The Boltzmann constant k is not
connected with the other fundamental constants, there are no alternatives to the linking
of the Kelvin aside from the exact value of the constant k.

In practice, no universal instrument for measuring energy exists while energy ap-
pears in different forms, e.g. temperature. Currently, several experiments are underway
to determine k using primary thermometers of different types [3, 4].

From the point of view of practical thermometry it is necessary to determine what
uncertainty in the measured value of k is needed to apply it as the temperature unit. It
would be of the order in the present realization of the triple point of water: = 1.8×10−7.
At present its uncertainty is about one order of magnitude higher.

2. CURRENT DEFINITION OF THE TEMPERATURE UNIT

The current definition of the unit of the fundamental physical value - thermo-
dynamic temperature - was adopted by the 10th General Conference on Weights and
Measures (CGPM) in 1954, based on the proposal of Lord Kelvin from 1854. The
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proposal was that the unit of thermodynamic temperature should be defined in terms
of the interval between the absolute zero and one fixed point. The single point chosen
was the triple point of water which was assigned the temperature of exactly 273.16 K.

For temperatures other than the triple point of water, direct measurements of ther-
modynamic temperature require a primary thermometry based on a well-understood
physical system in which temperature may be derived from measurements of other
quantities. In practice, the primary thermometry systems determining thermodynamic
temperature directly are few in number and they are difficult in use, time consuming,
expensive and much less reproducible than many practical thermometers. As an alter-
native, the practical temperature scales provide an internationally accepted recipe for
realizing temperature in a practical way. The first international temperature scale was
adopted in 1927 (ITS-27). The present scale – the International Temperature Scale of
1990 (ITS-90) [5] defined the practical temperature from 0.65 K up to thousands K.

Three main principles characterizing all the international practical scales are:
• thermodynamic temperature is the fundamental temperature to which all tempera-

ture measurements should be related
• because of difficulties in precise thermodynamic temperature measurements it is

necessary to have for international use a practical scale that agrees with the ther-
modynamic temperature as closely as present knowledge permits

• the practical scale should be well-defined and easy to realize to allow for world
wide uniformity of temperature measurements [6].
The scales have based on sets of fixed points, the defined temperatures of equili-

brium states of certain specified substances and methods for interpolating between these
points. The majority of present-day temperature measurements is not thermodynamic
temperature but T90, as defined by the ITS-90.

The units of practical and thermodynamic temperatures defined by the ITS-90
are identical and equal to 1/273,16 of the thermodynamic temperature of the triple
point of water. Thus, the Kelvin is linked to a material property – water. In practice,
as the EUROMET comparisons have shown [7], the water triple point temperatures
realized in different water reference cells differ within 50 µK, what corresponds to an
uncertainty ±1.8 × 10−7. The value could be even smaller (±1 × 10−7) if a correction
for isotopic effects was introduced. Looking for a new way of defining the temperature
unit it is necessary to take into account what uncertainty could be achieved.

3. THE VALUE OF THE BOLTZMANN CONSTANT K

The Boltzmann constant k, which is the conversion factor between the thermal and
mechanical energies of practice described by the Maxwell-Boltzmann equation :

E = k × T, (1)
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is for the Kelvin the corresponding fundamental constant. To use the constant k for the
redefinition of the temperature unit, k must be known with similar uncertainty as the
triple point of water. At present its uncertainty is still about one order of magnitude
higher. In 2002 CODATA recommended the value of k = 1.3806505 × 10−23 J K−1

with the uncertainty 1.8 × 10−6.
On January 21, 2005, a workshop on new methods for determining the Boltzmann

constant k was held at Physikalish-Technische Bundesanstalt (PTB) in Berlin [8]. The
methods for determining k were based on primary thermometry and the thermal equ-
ation of state for an ideal gas. Three modern kinds of gas thermometry, constant volume
gas thermometry CVGT, acoustic gas thermometry AGT and dielectric-constant gas
thermometry DCGT are used for determining k. They are based on different simple
relations between the properties of an ideal gas and the thermodynamic temperature T .

CVGT is based on the following equation of state:

pVm = NAkT, (2)

where p is pressure, Vm – the molar volume of gas, NA – Avogadro constant.
The principle describing acoustic gas thermometry is the relation:

c = (γ0RT /M)1/2, (3)

where c is the speed of sound, γ0 = cp / cv is the ratio of specific heat capacities at
constant pressure and constant volume, R = kNA – the molar gas constant, M – the
molar mass.

The basic idea of DCGT is to replace the density in the state equation of gas by
the dielectric constant ε. For an ideal gas, this yields the simple relation between the
pressure p and ε :

p = kT (ε − ε0)/α0, (4)

ε0 is the dielectric constant and α0 is the static electric dipole polarization of the atom.
Other ways of determining k include radiation thermometry TRT based on the

Stefan-Boltzmann law and measuring the total radiation without spectral selection
using a cryogenic radiometer. It is also possible to use refractive index gas thermometry
RIGT, thermometry using quasi-spherical cavity resonators QSCR or Doppler-broade-
ning thermometry DBT.

Uncertainty in determining the Boltzmann constant k by applying different methods
of primary thermometry is given in Table 1. The table gives a summary overview of the
currently-available primary thermometry and recent information on new developments
[4, 8].

Data presented in the table show that within a few years there exists the possibility
of achieving a reliable uncertainty of the value of k of the order of one part in 10−6.
The two methods of primary thermometry promising the most significant reduction
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Table 1. Uncertainty in determining the Boltzmann constant k by applying different methods of primary
thermometry.

Method Present state, ppm 2010 possibility, ppm

AGT 2 1

DCGT 15 2

TRT 32 5

QSCR 40 10

RIGT 300 30
DBT 200 10

of the uncertainty of k are DCGT and AGT. If the experiments to measure R or
k currently underway will achieve consistent results it could be expected that the
Boltzmann constant k could be used for the redefinition of the Kelvin.

4. PROPOSALS FOR THE NEW DEFINITION OF THE KELVIN

One of the first proposals of the new definition of the Kelvin was given in [3]: The
Kelvin is the change of thermodynamic temperature that results in a change of thermal
energy kT by 1.38065XX × 10−23 joule.
The XX will be replaced with the appropriate digits of the Boltzmann constant when
the new definition is established. The intention of the redefinition is to move away from
any material substance. The definition is to be realized by different types of primary
thermometers. However, the symbols k and T are undefined in that definition.

Other proposals for the new definition of the Kelvin which are taken into account
are [4]:
The Kelvin is the change of thermodynamic temperature T that results in a change
of thermal energy kT by exactly 1, 38065XX × 10−23 joule, where k is the Boltzmann
constant
and the following definition which relates a definition of the Kelvin to a gas:
The Kelvin is the thermodynamic temperature at which the mean translational kinetic
energy of atoms in an ideal gas at equilibrium is exactly (3/2) × 1, 38065XX × 10−23

joule.
This definition, by replacing “thermal energy ” with “mean translational kinetic

energy” leads to the need of explanation of many details and, therefore, becomes more
complicated than it could be expected.
Next definition:
The Kelvin is the thermodynamic temperature at which particles have an average energy
of exactly (1/2) × 1.38065XX × 10−23 joule per accessible degree of freedom
needs to define “particle” further – it cannot apply to all particles, e.g. photons.

These definitions show that it is difficult to produce a satisfactory explicit-unit
definition. It seems that the most universal definition for the Kelvin, which is sufficiently
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wide to accommodate future developments and does not favor any special primary
thermometer for realizing the Kelvin, is that given by Mills et al. [9] and recommended
by the task group TG-SI of CCT:
• The Kelvin, unit of thermodynamic temperature, is such that the Boltzmann

constant is exactly 1,380 65XX x 10−23 joule per Kelvin.

5. STATUS OF ITS-90 IN FUTURE

If one of the definitions is adopted and the Boltzmann constant k value is taken
to be exact and used to define the Kelvin, there will be a number of consequences
for temperature measurements. Presently, the water triple point temperature used for
the temperature definition equals 273.16 K exactly, but instead of the exact value a
standard uncertainty of the water triple point temperature will be given. The smallest
uncertainty in k, obtained so far in experiments at the NIST with acoustic thermometry
is 1.7×10−6 which is equivalent to an uncertainty of temperature measurement of 0.46
mK at the triple point of water. The uncertainty will propagate to thermodynamic
temperature measurements because they are defined as ratios with respect to the triple
point of water. In practice, the definition will only affect measurements made close to
273 K because the uncertainties of the thermodynamic temperatures well away from
this value are much larger than 0.46 mK. Table 2 presents chosen defining fixed points
of the ITS-90 with different type of uncertainties.

Table 2. Defining fixed points of the ITS-90 with uncertainty u (T90) of the best practical realization in
terms of ITS-90, uncertainty u(T ) of the thermodynamic temperature and uncertainty u(Tk f ixed ) in the
thermodynamic temperature of the phase transitions assuming a new definition for the Kelvin with a

fixed value for the Boltzamnn constant k.
Fixed point T90, K u(T90), mK u(T ), mK u(Tk f ixed ), mK

Cu 1357.77 15 60 60.1

Al 933.473 0.3 25 25.1

Zn 692.677 0.1 13 13.1

Sn 505.078 0.1 5 5.10

In 429.7485 0.1 3 3.11

Ga 302.9146 0.05 1 1.15

H2O 273.16 0.02 0 0.46

Hg 234.3156 0.05 1.5 1.55

Ar 83.8058 0.1 1.5 1.50

O2 54.3584 0.1 1 1.00

Ne 24.5561 0.2 0.5 0.50
H2 13.8033 0.1 0.5 0.50
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All values in the table are quoted as standard uncertainty. The values u(T90) and
u(T ) are taken from the Supplementary Information for the ITS-90 [10].

The CIPM proposal is to make the international scale as “mise en practique” of the
Kelvin [11]. In the aim investigations on improvement of the ITS-90 realization and mo-
re accurate determination of fixed points temperature value have been carried out in the
word intensely. In a frame of the FW 5 European Project – No G6RD-CT-1999-00114
Improvement of European traceability in temperature measurements below 0◦C using
permanently-sealed transportable multicell standards – MULTICELLS [12, 13] iso-
topic and other influences on the realization of the triple point of hydrogen were
determined [14] and a proposal of amendment of the ITS-90 definition concerning
the point temperature was sent to the CCT [15]. An isotopic composition influence
on the temperature of the water triple point [16] and cryogenics fixed points [17, 18]
is determined at the present. As well the temperature value of other fixed points of
the ITS – primary and secondary – are verificated to improve an accuracy of their
realization [19, 20].

In the activities of national metrological institutes (NMI’s) the Institute of Low
Temperature and Structure Research of the Polish Academy of Sciences in Wroclaw,
where the Polish national temperature standard for the temperature range between
13.8033 K and 273.16 K [21] was established on the force of the President of the
Central Office of Measures1 decision in 2001, participates too.

6. CONCLUSIONS

Today, the Kelvin is defined in terms of temperature of the triple point of water
and the Boltzmann constant k is a measured quantity. The CIPM proposal is to define
a numerical value for k, from which it follows that all temperatures must be measu-
red. If in 2010 the required experimental data are available and the uncertainty of k
determination is sufficiently small, the new definition of the Kelvin could be adopted
in 2011. The ITS-90 will be the mise en practique of the definition of the Kelvin.

The CIPM publishes guidelines for temperature measurement to help users make
accurate and reliable temperature measurements. It comprises recognized approxima-
tions to the thermodynamic temperature currently including ITS-90. In future, the
mise en practique will be expanded to describe recognized primary thermometers or
realizing the scale together with there uncertainties.
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