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Abstract

The definitions of some units of the Systeme International are likely to be
revised as early as 2011 by basing them on fixed values of fundamental
constants of nature, provided experimental realizations are demonstrated

with sufficiently small uncertainties. As regards the kilogram, experiments
aiming at linking it to the Planck constant and the atomic mass constant are
under way in several laboratories. The other units likely to be redefined are
the ampere, the kelvin and the mole. We discuss the advantages and
disadvantages of different alternatives for revised definitions of the kilogram
and the mole. From physical considerations, metrological consequences and
ease of understanding, a definition of the kilogram based on the mass of a
particle, such as an atom or the electron, is favoured. One of the proposed
definitions fixes the value of the Planck constant through the Compton
frequency of a material, though unphysical, particle. Finally, a redefinition

of the mole, the counting unit of the amount-of-substance, is proposed
which fixes the Avogadro constant as a dimensionless number.

1. Introduction

Among the seven base units of the Systeme International
(SI), the definition of the kilogram is the only one that is
still based on an artefact, the international prototype of the
kilogram kept at the Bureau International des Poids et Mesures
(BIPM) in Seévres near Paris. The other units are defined
by the values of specified quantities and the definitions of
those that do not depend on the kilogram can be realized as
primary measurement standards (see definition in [1]) at any
place and at any time. In the definition of the metre, such a
quantity value is the speed of light in vacuum, c(, a fundamental
constant of physics. Another constant is the magnetic constant
(permeability of vacuum) o, fixed in the definition of the

6 Author to whom any correspondence should be addressed.

ampere, which, together with the electric constant (permittivity
of vacuum), &g = 1/ (,uocé), ensures the equality of the ST units
of mechanical and electromagnetic force, energy and power.
The quantity values fixed in the definitions of the remaining
base units are atomic or material constants considered as being
sufficiently invariant for all practical applications. With the
increased requirements for smaller measurement uncertainties
and better stability of the measurement units, efforts are made
to also link the other base units of the SI to numerical values of
fundamental constants of nature. About 30 years ago, two
experiments aimed at linking the mass of the prototype of
the kilogram to such a constant were begun. One is known
as the watt balance experiment, the other as the Avogadro
project. Other experiments followed, including those known
as the voltage balance, the magnetic levitation and the ion
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accumulation experiments [2-4]. The need for redefining
the kilogram has been confirmed by the results of the third
verification of the national copies of the kilogram against the
international prototype in the period 1988-1992 [5,6]. These
results, together with those of the second verification (1946—
1953), have shown that the mass values of the six official
copies of the international prototype, the working prototypes
of the BIPM and the national prototypes had increased, on
average by about 50 ug in about 100 years relative to the
international prototype. Taking into account that all these
artefacts, including the international prototype, are made of
the same material, manufactured in the same way and kept
with great care over time, it is nevertheless probable that the
mass of the international prototype has decreased, perhaps by
as much as 50 ug. Furthermore, all these prototypes may have
changed by an additional unknown amount, for which only an
upper limit can be estimated [7].

Among the experiments aiming atredefining the kilogram,
the smallest relative uncertainty, i.e. 5.2 x 108, was obtained
for the Planck constant in the NIST watt balance work in
2005 [8]. The Avogadro constant Ny was redetermined with
a relative uncertainty of 3.1 x 1077 in 2005 [9-11]. However,
when the measurement results for 2 and N are compared using
a relationship involving additional, well-known fundamental
constants, it turns out that their experimental values, converted
to the same quantity, have a relative difference of 109,
a value that is statistically incompatible with their quoted
uncertainties.

The first NPL watt balance achieved a relative uncertainty
of 2 x 1077 on the Planck constant 4 in 1990 [12]. The
Federal Office of Metrology (METAS) started to set up a
watt balance in 1997, the Laboratoire Nationale d’Essais
(LNE) in 2000 and the BIPM in 2002. The voltage balance
experiments achieved relative uncertainties of about 3 x
1077 [13, 14], but this work was terminated because smaller
uncertainties could not be expected with reasonable effort.
The magnetic levitation experiment of the National Metrology
Institute of Japan (NMIJ/AIST) has also been discontinued
after achieving a relative reproducibility of 1076 [15]. The
All Russia D I Mendeleyev Scientific and Research Institute
for Metrology (VNIIM) and the Centre for Metrology and
Accreditation (MIKES) have plans for a new magnetic
levitation experiment [16]. The ion accumulation experiment
of the Physikalisch-Technische Bundesanstalt (PTB) started
in 1990. Even though the principle of ion accumulation has
been demonstrated [4] and even though it might conceptually
be considered as the ‘obvious’ experiment for the realization
of a new kilogram definition as the mass of a number of
atoms, it seems unlikely that it will reach the required relative
uncertainty within the time frame anticipated (see below).

The redefinition of the units: kilogram, mole, ampere
and kelvin was on the agenda of the meetings of
the European Collaboration in Measurement Standards
(EUROMET) technical committee for mass, of several
consultative committees of the Comité International des Poids
et Mesures (CIPM) and of the CIPM itself in 2005. In
particular, a proposal was discussed [17] for redefining these
units in 2007, when the next Conférence Générale des Poids
et Mesures (CGPM) will meet. Statements by several national
metrology institutes (NMIs) on this proposal have been sent
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to the relevant committees. The unanimous opinion was that a
redefinition of the kilogram in 2007 is untimely, because of the
above-mentioned discrepancy between the Na value derived
from £ of the watt balance and the N, value of the Si Avogadro
work. The CIPM now envisages that redefinitions will be
proposed to the 2011 CGPM, provided the measurement results
of the ongoing projects are ‘indeed acceptable’ [18]. It must
be mentioned that the Comité consultatif pour la masse et
les grandeurs apparantées (CCM) formulated conditions under
which the kilogram may be redefined and that one of them is
that a relative uncertainty of 2 x 10~ is demonstrated for the
future realizations of the definition at the 1 kg level [19].

The following criteria for revised definitions of SI units
seem to be widely accepted:

— continuity between the realizations of the old and the new
definition,

— realization of the unit with a smaller (or at least the same)
measurement uncertainty as before,

— better stability of the quantity concerned,

— consistency and coherence with the other SI base units,

— possibility of realization anywhere and at any time, at least
in principle,

— based on commonly accepted laws in physics,

— conceptually clear and easy to understand.

We outline the metrological requirements for revised
definitions of some SI units, based on the physical background
of such definitions and on considerations about the general
comprehensibility of such definitions. A recent publication
proposes a redefinition of the kilogram by fixing the numerical
value of the Planck constant and a redefinition of the mole
by fixing the numerical value of the Avogadro constant [20].
Another option for the kilogram that fixes the Compton
frequency of the kilogram is also discussed in [20]. Here, we
present further options for revised definitions of the kilogram
and the mole, and we discuss their various advantages and
disadvantages provided future experimental results achieve
sufficiently small uncertainties. A definition of the kilogram
that is based on the mass of a particle, such as an atom or an
electron, is favoured. An option that fixes the value of the
Planck constant and relates it to the mass of a material particle
is also presented for consideration. Finally, a revised definition
of the mole, based on the Avogadro constant being redefined
as a number, is proposed.

2. Who is affected by definitions of units and why?

Scientists and engineers need accurate metrological references
for their measurement results. They wish to have measurement
units with a high degree of invariance and universality. Also,
very small uncertainties in the values of the fundamental
constants are required in various fields of research. An ideal
situation would ensue if these units were based on fundamental
constants having numerical values fixed by definition. An
example is the metre which is based on a fixed value, ¢y, of the
speed of light in vacuum. Other useful constants are the charge
of the electron, the mass of an atom such as '2C and the Planck
constant. Measurements are made everywhere in society and
play an important role in our daily life, in science, technology
and engineering, in trade and commerce, in transport, medicine
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and travel. The definitions and the stability of the common
measurement units are therefore of paramount public interest.

Mass measurement is among the most important and
widespread of all areas of metrology. It is widely used in
the important fields of trade, food technology and chemistry.
The unit of mass underpins other SI base units such as the
ampere, the mole and the candela and also provides the basis for
many derived units such as force, torque, pressure, density and
flow. Today, mass comparisons can be performed in national
metrology institutes with relative uncertainties down to 10~1°
at the 1kg level. Verification and calibration of weighing
instruments require mass standards with small uncertainties
because customers need weighing instruments that will weigh
over several decades. Class I weighing instruments, for
example, must be verified with weights of a relative expanded
uncertainty of 5 x 1077, Metrological traceability requires
a calibration chain from commercial weights over, at least,
four links up to the international prototype of the kilogram.
In practice, the uncertainty increases at each link by a
factor of, at least, 3 from the prototype down to commercial
weights. National metrology institutes of states with an
important industrial capacity need mass standards with a
relative uncertainty of about 2 parts in 103, a value that has
been confirmed in a recommendation of the CCM at its 2005
meeting.

Chemistry, biotechnology, medicine and environmental
monitoring are fields where the amount-of-substance is
measured and expressed in the unit mole. The uncertainty of
such measurement results depends on measurements of other
quantities such as mass, electric current, pressure or just on
counting entities as in mass spectroscopy [21,22]. The concept
of the quantity of amount-of-substance and the unit mole is
often subject to various misunderstandings. A clarification of
these concepts by a new definition of the mole is therefore
useful at a time when other SI units are redefined.

The mass of elementary particles is of interest for high-
energy physics. Examples of this interest are questions such
as: ‘Are neutrinos massive particles?” or ‘What is the mass
value of the Higgs boson?” and ‘What are the mass origin
and scale of the three generations of fundamental particles?’.
A recent review paper expressed this interest by stating: ‘“The
burning problems of today’s particle physics are: mass, flavour,
and unification” [23], Okun writes: ‘Mass is one of the most
fundamental concepts of physics’ [24] and Wilczek (Nobel
Prize 2004) asks ‘What is the origin of mass?’ [25]. Mass
plays a key role also in astronomy and cosmology. The search
for dark matter and dark energy is a high priority, because,
with the present cosmological models, the knowledge of the
universe is at odds [26].

In nuclear and sub-nuclear processes, mass and energy are
converted one into the other. Therefore, particle masses (but
also photon frequencies) are expressed in terms of the non-SI
unit electron volt, eV. The conversion from atomic mass units to
electron volts, i.e. to an absolute mass scale, requires the factor
{muc(z) /e}, expressed in the uniteV u~!, where my, is the atomic
mass constant, e is the elementary charge, the braces indicate
that only the numerical value of the enclosed expression must
be considered and u is the (unified) atomic mass unit. The
uncertainties of the mass values of the electron, the proton
and the neutron, expressed in atomic mass units, are given in
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CODATA 2002 [27]; atomic masses are known to within a
relative uncertainty of 10~!! (*He and '°0) [28]. However, the
uncertainty of the conversion factor (which is widely used, for
example, in the tables of relative atomic masses of nuclides
and of their mass excesses [28], as well as in the tables of
molar masses [29]) is much larger and leads to corresponding
larger uncertainties of the absolute masses; absolute mass
excesses are known only to within a relative uncertainty of
about 108 [28]. Another conversion, that of photon energies
into frequency units, requires the /1 /e conversion factor. This
factor presently has a moderately large uncertainty due to the
discrepancy between the Avogadro measurements and the watt
balance measurements. This factor will have either a very
small uncertainty if m, and e are fixed or no uncertainty if &
and e are fixed.

3. Mass and fundamental constants of nature

3.1. The mass concept in classical and modern physics

In classical mechanics, mass, an empirical parameter to be
determined experimentally, measures the bodies’ inertia (i.e.
their resistance to change in the rest or motion state) and
gravitational charge. It was Newton’s achievement to associate
inertia and gravitation with the amount of matter, characterized
by density and volume. More precisely, in the framework of an
atomic theory of matter, mass is proportional to the amount-of-
substance—as expressed by M = Nam,, where M and m, are
the molar mass and the atomic mass of a particle, respectively.
But what is mass in the case of an elementary, structureless
and point-like particle?

For a composite particle (for instance, a nucleus or atom),
when Newton’s law is derived from the low-velocity limit of
special relativity, the proportionality factor between force and
accelerationis Eqy/ c(z), where E| is the particle’s internal energy.
Therefore, special relativity entails the well-known relation

Eo = moc) (1

between (rest) mass m( and (internal) energy. The cg
invariability suggests that mass is a nickname of the E, /6(2)
ratio and indicates that mass and energy are different names
of the same quantity, an obvious statement when a system
of units where ¢y = 1 is adopted. Similarly to classical
mechanics, the question ‘What is the internal energy of point-
like and structureless particles like electrons?’ is unanswered.
Therefore, for elementary particles, the creation energy and,
therefore, mass must be determined experimentally.

General relativity extends this idea and also identifies the
gravitational charge with energy. It establishes a link between
the energy distribution and the space-time metric. Newton’s
mass emerges when considering the low-field and low-velocity
limits of Einstein’s gravitation. In this limit, a point-like body
appears to be a space—time singularity and its mass is given by

mo = rge*/(26), @

where A is the Schwarzschild radius and G is the gravitational
constant. Extended bodies emerge similarly, but now the
relevant concepts are density and space—time curvature.

A consequence of relativity is that, in the general case,
M = Nam, is no longer correct, mass depending on how
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particles are packed. The unification of mass and energy
is evident in nuclear and sub-nuclear processes, when the
exchanged energy is comparable to E,. Material particles
can be converted into energy, for example in electron—positron
annihilation, and, conversely, energy (electromagnetic or
kinetic) can be converted into particles. However, at low
velocities mass and energy are separately conserved and split
into different concepts. From this viewpoint, in Newtonian
physics, the inertial and gravitational properties of a body are
measured by a single independent quantity which is called mass
and is additive and invariable; therefore, strictly speaking, mass
is a classical quantity.

Relativistic quantum mechanics establishes a link between
the frequency and energy of photons, in the case of the
electromagnetic field, or of point-like and structureless
particles, in the case of matter fields. As soon as the relativistic
invariance is imposed, this link extends to their mass. For
example, the non-relativistic limit of a Klein—Gordon field
whose quanta are particles with rest mass my is

Y(x,t) = p(x,t)explmivet), 3)

where ¢(x, t) is the Schrodinger wavefunction, x and ¢ the
space and time coordinates and the Compton frequency

ve = Eo/h =mocg/h )

is proportional to the particle’s creation energy. According
to (2) and (4), gravitation and relativistic quantum mechanics
set two independent links between mass and space or time; if,
by setting a system of units, we fix the speed of light and we
enforce both, as in the case of the Planck units, then not only
the mass unit, but also the space and time ones will follow.

Baryons, atoms and molecules are composite particles;
they have a spectrum of internal energies and, consequently,
a spectrum of mass values. In contrast, because leptons, in
particular the electron, have no structure, their rest masses
are uniquely defined. As regards macroscopic bodies, when
mass is calculated from the number of atoms or molecules, the
binding energy has to be considered. Therefore, if in a new
definition of the kilogram a reference is made to the mass of
a particle or of an atom, then the specifications such as ‘free’,
‘in its ground state’ and ‘at rest’ could be necessary in order
to remove the ambiguities.

3.2. Fundamental constants in nature

Fundamental constants are key, universal and invariable
properties of classes of physical systems, for example,
the electron’s charge and mass. Some are concept
synthesizers [30] which unify seemingly separate fields of
physics, for example, the speed of light in a vacuum in £ =
mc? (mass and energy equivalence) and the Planck, Boltzmann
and Avogadro constants in £ = hv (wave-matter duality),
E = kgT (equivalence between temperature 7" and energy,
with kg the Boltzmann constant) and M = Nam, (atomic
structure of matter). They show that we are giving different
names to quantities that are basically the same, but measured
with different instruments. When the concept unification is
deeply embedded in the common sense of reality, a rescaling
occurs and the relevant fundamental constant declines to a

4

mere conversion factor between measurement units; from this
viewpoint, c(z) is the scaling factor between mass and energy,
h between frequency and energy, kg between temperature
and energy and N between atomic and macroscopic masses.
Whereas h and e are related to the atomic world, N (the
number of entities, atoms or molecules in a given amount of
a solid, liquid or gas) establishes the link between the micro-
and macro-physics [21,31].

3.3. A fundamental constant for a new definition of the
kilogram

In the discussions about a new definition of the kilogram, the
question of whether the mass of an atom or an elementary
particle is more fundamental than the Planck constant has been
raised [32,33]. Since there is a spectrum of particles, each one
having a different mass and none more fundamental than the
others, giving a fixed value to the Planck constant is surely
less arbitrary than giving a fixed value to the mass of an atom.
Accordingly, it has been proposed [32—34] to base the kilogram
definition on the Compton frequency using the relation (4), and
the watt balance was suggested as its primary mise en pratique.

However, some difficulties must be considered. In the
first place, (4) holds in the framework of the relativistic
quantum-mechanical description of point-like and structure-
less particles, but a kilogram is the mass of a macroscopic
body. How the classical world emerges from the quantum-
mechanical one is far from being clarified and phenomena
entailing a direct relation such as (4) between h and a
macroscopic mass do not exist. Besides, the Compton
frequency of a 1kg body, about 10 Hz, is higher than the
Planck frequency, about 10¥ Hz; a remedy is to base the
kilogram definition on an ensemble of photons each having
an accessible frequency and whose total energy sums up to a
value that corresponds to a mass of 1kg.

Second, the measurement equation (4) implies both the
relations £ = hv and £ = mc%, which have not yet been
directly tested with the same 2 x 107% relative accuracy
required in order to enforce a new kilogram definition.
While the ratio mcg /(hc/L) has been tested to within
4.4 x 1077 relative uncertainty [35], the first equation will
require a significantly improved repetition of Millikan’s 1916
verification of Einstein’s model of the photoelectric effect [36].

In the third place, both relativistic quantum mechanics
and Einstein’s gravitation set links between mass and time.
Since we do not yet have a satisfactory quantum theory of
gravitation, the mass and time unifications implied by these
two theories lead to different mass concepts. Although a
realization of the mass unit via equation (3) is still beyond
any technical possibilities—the present relative accuracy of
G measurements is limited to about 107*, from a conceptual
viewpoint, a kilogram definition based on the Planck constant
is necessarily biased towards quantum mechanics.

Fourth, a satisfactory realization of the kilogram via the
measurement equation (4) should access directly the Compton
frequency, but the watt balance [12] establishes only an
indirect link. It virtually compares mechanical and electrical
powers by combining measurements in two different operation
modes (gravitational and moving-coil) of the balance. In
the gravitational mode, the force on a mass m in a uniform
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gravitational field g is balanced by the electromechanical force
on a coil with current / in a magnetic field with a vertical
magnetic flux gradient d$/9dx; in the moving-coil mode, a
voltage U is induced by the coil moving with a velocity v in
the same magnetic field. By combining the relevant equations
of the two modes the value of the magnetic flux gradient
is eliminated, and by arithmetical operations a mechanical
power can be equated with an electrical power. I and U are
measured in terms of the representations of the volt and the
ohm based on macroscopic quantum effects [37]—a procedure
that introduces % by means of the photon-assisted Josephson
effect and the quantum Hall effect of integer order. The final
measurement equation is

4UI = hvyv, = 4mgv, 5)

where vy, and v, are, respectively, the microwave frequencies
irradiating a Josephson junction in the moving and
gravitational operating modes of the balance (even though
the exact relations of Josephson voltage and quantized Hall
resistance to i1/ (2e) and h/e?, respectively, have been verified
experimentally with high reproducibility and accuracy, their
theoretical validity is still in question [38, 39]).  This
measurement equation resembles (4), but the measurement
process does not actually involve a Compton frequency.

Finally, mass is a classical concept and, whereas a
definition based on the mass of an atom is quite obvious, a
definition relating it to the Planck constant will depart from
classical physics. From a classical viewpoint, 4 and vc are
not quantities of the same kind as mass; therefore, they are not
obvious references for mass measurements. If the value of £ is
fixed, according to the measurement equation (4), mass will be
a quantity derived from time. Consequently, any change in the
second definition or in its realization will affect, conceptually,
the kilogram realization as well.

The kilogram is basically a unit for mass measurements
in a classical framework and at a macroscopic scale; its link
with the fundamental constants is given by Na. Though
my (1/12 of the '2C mass) is the reference for the atomic
and molar mass scales, it may be a point of discussion as
to whether the mass of the electron is a better basis for the
kilogram definition [33,40]. Both are sufficiently universal
and invariable for the intended use, and the extent to which of
these masses is more fundamental is a less important question.
In principle, once the kilogram is defined on an atomic mass
basis, the Planck constant and equation (4) will be the base for a
new definition of the second. A fixed N, value is advantageous
for the definition of the mole, because the number of entities
in 1 mol will be fixed as well.

4. New definitions of measurement units by fixing
the numerical values of fundamental constants

If the definition of a unit fixes the numerical value of a
fundamental constant of nature, or of a combination of
several constants, this fixed value is exact until a significant
breakthrough imposes a substantial revision of the way nature
is conceived. Because physical laws establish relations
between the fundamental constants, the way the measurement
units are defined will also affect the uncertainties of constants
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that are not specifically referred to in the unit definitions;
moreover, uncertainties may become smaller. However,
before new definitions are enforced, careful verifications are
necessary to check whether the system of units is consistent
with the laws of physics. In the following, some options
for new definitions of the kilogram will be discussed, see
also [17, 20, 32-34, 38-51]. The appendix gives an overview
of definitions together with the relative uncertainties of some
fundamental constants which might ensue if enforced.

4.1. The kilogram

The measurement of the Avogadro constant, N, is the
objective of an international project which relies on the use
of a pure near-perfect single crystal of 28Si [3]. The relation
between N and the unit kilogram, as well as possible
redefinitions and realizations of the kilogram, are presented
in the following.

According to the definition of the mole, the molar mass
of 2Cis M(*2C) = 12 gmol~!, exactly. For any substance S,
the molar mass is

M(S) = Nam(S), (6)

where
m(S) = A (S)my @)

is the mass of the S atom in kg, A;(S) is the relative atomic
mass and m, = m(12C)/12—the atomic mass constant—is the
mass of a '2C atom divided by 12. From (6) and (7) we may
write

myNa = 10~ kg mol ™! (8)

or
1kg = 10°{Na}m,. )

The Si crystal experiment aims at setting up directly the
ratio between a macroscopic and an atomic volume [31,52] or,
equivalently, between a macroscopic and an atomic mass. The
relevant measurement equation is

_ VMsi/m) _ Mg

Ny = , (10
vo/ns;

msi

where Ms; is the mean molar mass of the three Si isotopes in
the Si crystal, mg; the mean mass of the three Si isotopes, vy
the volume of the unit cell in the Si crystal, ng; the number
of Si atoms in this cell, m and V the mass and the volume of
the crystal, yielding its density p = m/V [21]. A correction
for the binding energy of the Si atoms in the crystal (4.6eV)
or its equivalent mass is neglected in (10) because the relative
change in N (1.8 x 107'%) is smaller by about three orders
of magnitude than its present relative uncertainty. Ms; is
evaluated from the mean relative atomic mass of Si; this
requires the measurement of three isotope abundances, i.e.
three amount-of-isotope fractions. Because the sum of the
abundances equals 1 exactly, the three abundances are obtained
from the measurement of two ratios of amount-of-substance
fractions [21]. The calibration of these ratio measurements
requires ‘synthesizing’ a known amount ratio prepared via
mass ratios [53].

The Si crystal experiment would allow a redefinition of
the kilogram on the basis of a fixed value of N, whereby the
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atomic mass constant would be fixed as well. Accordingly, the
kilogram would then be related to the mass of the '>C atom as

lkg = Na} m('2Q).

= 11
0.012 an

Once the kilogram is related to a fixed value of N and
my, any experiment that derives a weighable mass from an
atomic mass may realize the unit kilogram, for example, the
ion beam experiment [4]. The relative atomic mass, A,, which
must be known for such experiments, can be measured today
by using Penning traps with relative uncertainties down to
10711 [28,54].

A kilogram definition which bypasses the problem of the
direct application of (4) to a macroscopic body is

_{Na} R

Tkg = ~oaly 2
T 0012% 2

12)
Accordingly, 1kg is the mass of {N4/0.012} particles whose
creation energy equals the energy of a photon having the
frequency vx. With some abuse of terminology, this frequency
is the Compton frequency of the quoted particles; strictly
speaking, the Compton frequency concept applies only to field
quanta, i.e. point-like and structureless particles. In (12), the
particle number { N, /0.012} is set in such a way that the mass
of the particle, m(X) = hvx /c2, is, to within the present
combined uncertainty, that of the '2C atom. Instead of the
12C atom, in (12) one could address the electron. In such a
case,
{Na} h

= a2 13
1034,(e) ¥ (13

lkg

It is worth noting that, while avoiding associating a
Compton frequency directly with a 1kg body as proposed
in [17, 20], definitions (12) and (13) sum up the mass of
particles instead of (somewhat problematically) adding photon
frequencies. They link the kilogram to the mass of a particle
(though unphysical) and it is this atom-scale mass that is given
in terms of Compton frequency. Finally, such definitions
seem more easily deliverable to a general audience than that
proposed in [17,20]. In (12) and (13) the particle-number
choice is suggested by the need to identify the quoted hvx /c?
mass, for practical purposes, with the mass of a real particle.

With reference to (12) and (13), if the second were to be
defined by the frequency of a photon whose energy is equal
to the m(X) creation energy, we could set m('>C) = m(X) or
me = m(X) exactly. However, since the second is not defined
in such a way, m(X) can be slightly different from m ('2C), the
12C (or the electron) mass must be measured and an uncertainty
must be associated with it.

If m('>C) is used in the realization of the kilogram, for
example, in the silicon crystal or the ion accumulation work,
an uncertainty must be attributed to this mass.

The definition (11) fixes the mass of the '>C atom and,
consequently, No—the number of atoms in 12 g of '2C, but it
does not require any correction to (6). In contrast, if in addition
to (12) we also fix N4, for instance in a new definition of the
mole, the ‘molar mass factor’

vizc

l+k = s
VX

(14)

where vioe = m(2C)c?/ h, must be introduced. It will appear
in

M(S) = (10> kgmol 1) (1 + k) AL(S) (15)

and in

(1073 kgmol (1 +K)i. (16)
Na

At the time of the redefinition, the molar mass factor will
be set exactly to one—but its uncertainty, being that of vic,
will not be zero. Since

m(*C) A (?C)
Y =Vy ,
m(Y) Ar(Y)
where Y is any particle or atom, and since no smaller

uncertainty than that of

Vig =V (17)

(18)

is available, the particle Y can be the electron. The relative
uncertainty, 1.5 x 1072, of v, and 1 + « is dominated by that
of the square of the fine structure constant o> [27,55].

The kilogram realization requires a link with the
macroscopic scale; one is an object whose number of atoms
is counted with the necessary accuracy, another, since (13)
implies a fixed A value, is the watt balance experiment. As
regards the first approach, the Avogadro project aims to count
the atoms in a Si crystal-sphere. Deriving from (13), (14) and
(16) that N

Ue
T 2Ae) (19
the relevant measurement equation is
nSiV Ar(81) hve
m =

v Aie)

(20)

The uncertainty of this kilogram realization will combine
both the counting and v, uncertainties. A realization via ion
accumulation is similarly based on the mass of an atom and its
uncertainty will similarly depend on that of v,.

Instead of relying on (18), the Compton frequency of the
atomic mass constant, v, can be directly measured by nuclear
spectroscopy [56]. The measurement is based on the fact that,
in a neutron capture reaction,

2

the daughter isotope Z is slightly lighter than the ensemble
formed by the mother isotope and the neutron n, the capture-
state Z*. This mass difference is equal to the binding energy,
which can be measured by determining the frequencies of
the y-ray cascade in the decay scheme of the capture-state.
Though the decay frequency vz« is different from vy, this
last frequency can be obtained, similarly to (17), by scaling the
former according to the difference between the relative atomic
masses of the capture and ground states. Without pretension of
completeness and rigour, the relevant measurement equation
can be written as

Y+n—>Z*—>Z+Zy,

muc2 Vz+ 7

h AY) +An) — AZ)

(22)

Vy =

Equivalent, low energy, v, measurements are those of the
my / h ratio, such as the measurements of recoil frequency [57]
or of the de Broglie wavelength of a thermal neutron [49].
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4.2. Ampere or volt

The elementary charge e and the Planck constant / are essential
in the volt and ohm realizations via the Josephson voltage and
the quantum Hall resistance. Since 1990, conventionally fixed
values

N 2e
Ky_g0 ~ " (23)
and
Ry _gp & - 24
e

have been given to the Josephson and the von Klitzing
constants [37]. The conventional values were chosen to be the
closest possible approximations to the SI values of e/h and
h/e?, based on the experimental evidence then available. The
experimental representations of these references have much
smaller uncertainties than the realization of the ampere, but
they are not expressed in SI units. If both 22 and e were fixed in
new definitions, the Josephson voltage and the quantum Hall
resistance should be exact realizations of the relevant SI units,
but py will become a quantity to be measured. Because the
electrical units are not independent of each other, only one
of them can become a base unit. This might be the ampere
realized, for example, by electron counting.

If the definition of the kilogram does not fix s, an
alternative could be to substitute the volt definition (based on
a fixed value of e/ h and thus K7j) for the ampere definition. In
this case, (o becomes a quantity to be measured and Rx has
a small uncertainty. This option (see also appendix A) would
satisfy the needs of the majority of electrical measurements.

4.3. The mole

It is useful to reconsider the concept *amount of substance’,
as well as the definition of the unit mole. From a didactical
point of view, students have great problems in understanding
the real purpose of the mole [58]. In addition, it is often
hard for scientists to understand the role of the unit mole
among the other units of measurement. During the discussions
in the Comité consultatif des unités (CCU) and the CIPM
in 1969 and 1970, i.e. before the formal definition of the
mole in 1971, several arguments against its definition as a
base unit were put forward [59-61]. The main reasons for
a definition were requests from the International Organization
for Standardization/Technical Committee 12 (ISO/TC12) and
other international organizations, but also a longstanding
tradition in chemistry, as well as a lack of clarity in relating
chemical measurement results to SI units.  Remaining
problems with the mole have been discussed recently, for
example, in the Comité consultatif pour la quantité de matiére:
métrologie en chimie (CCQM) [62, 63].

A case occurring in chemical practice is that of weighing a
specified substance and dividing its mass (expressed in gram)
by its molar mass to obtain its amount-of-substance (expressed
in mol). There is no mystery or conceptual difficulty with
such measurements, performed in a measurement method
called gravimetry. Only mass values in terms of the
gram and molar mass in terms of gram per mole are
necessary. Molar mass values for all elements have carefully
evaluated uncertainties and provided a link between mass
and amount-of-substance [64]. But, in general, chemists
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only need to know the number ratio of a number of
molecules of a substance A and a number of molecules of
a substance B. The ratio between two amounts-of-substance,
and ultimately the amount-of-substance, can be measured by
means of various measurement methods such as gravimetry,
mass spectrometry, electrolytic measurements, spectrometric
methods [21] or methods involving pressure and temperature
measurements [65].

With {N,} being a fixed number, chemists would know
that a mole of a substance is a defined number { N } of specified
entities. Note that N, is put in braces, because, in the present
mole definition, it is a quantity with dimension mol~'. There
have always been good reasons to use it as a number and it has
been known for a long time as the ‘Avogadro number’. With
the mole being the unit of the quantity amount-of-substance,
chemists could simply keep the name mole for this number
(just a defined number of entities such as atoms or ions or
molecules). If the kilogram is defined as in section 4.1, one
mol of '2C has a mass of 0.012kg or of (1 +«) x 0.012kg.
The amount-of-substance, n, is the number ratio between the
number of entities in a sample and the number of entities in one
mole {N}. According to the terminology of [66], amount-of-
substance is regarded as a dimensionless quantity, or a quantity
of dimension one, with the unit one, 1. Even though [66]
explains a dimensionless quantity within the frame of derived
ST units, the amount-of-substance is in fact a real base quantity,
as is used in chemistry, and the mole is a SI base unit.

Using N henceforth as the ‘Avogadro number’ (with the
unit one), its relation to the atomic mass constant, m,, would
be written in the form

1kg = 10°Nam,. (25)
In addition to other advantages of the proposed new concept of
the mole, the above equation makes the relation between the
kilogram, the Avogadro number and the atomic mass constant
clearer and simpler.

The molar mass M of a substance, usually given in terms
of g/mol, is a quantity used for measuring the amount-of-
substance by gravimetry only. But in mass spectrometry,
electrolytic measurements, spectrometric measurement or
other measurement methods, molar mass is not a reference
quantity (see also [65]). In the case of the substance '2C, if N
has the unit one, we may write

m(1mol 2C) = M(**C) = A,(**C)Namy = 12Namy.
(26)

Ny can still be written as

M)

ON @n

A
where N, is the scaling factor linking the mass of one mol
of a substance S on the macroscopic level to the mass of its
constituent atomic particle with mass m(S), e.g. one molecule
of substance S.

The Si Avogadro experiment, indeed, consists of
measurements of number ratios between quantities [21]:

Ms; 1%
Na=oS 7
m  (vo/nsi)

(28)
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with
30 -
M(S)R; s
= 3 P @)
2 3 Rips
28
and the measured ratios R;pns = fi/fs, where f; is the

abundance of the ‘Si isotope (there are three: 23Si, 2Si and
08i) with 3° f; = 1.

We would still continue to say: ‘The amount (of substance)
of 12C is n mol’, because one ‘mol’ is a defined number of
specified entities and ‘n’ is a multiple of this number.

The metrological traceability of amount-of-substance
measurement results to the S is a more philosophical question.
If the result of such a measurement is the ratio of two quantities,
these must have the same unit, whatever it may be. For
example, if the measured mass of a substance is converted
to obtain its amount-of-substance by means of its molar mass,
traceability means that the measured mass value and the mass
value of one mole must each be traceable to the same unit of
mass, the kilogram. On the other hand, the ratio of counted ions
in a mass spectrometer, originating from two substances, gives
the number ratio between their amounts-of-substance whereby
proof of traceability to any SI unit is unnecessary.

The new definition of the mole would be far clearer and
more transparent in chemistry. It would also bring greater
clarity to the whole system of SI units.

5. Proposals for the formulations of new definitions

As already mentioned, it is foreseen that the kilogram, the
ampere, the kelvin and possibly the mole will be redefined at
the same time. Electrical measurements are made by the use
of the Josephson effect and the quantum Hall effect, which
are based on conventionally fixed values of 2e/h and h/e?,
respectively. Therefore, fixing of both the Planck constant
and electron’s charge values in the kilogram and ampere
definitions, as proposed in [20], has the advantage of fixing as
well the Josephson voltage and Hall resistance values. In the
following subsections, alternative redefinitions of the kilogram
are discussed together with their implications for electrical
metrology.

5.1. Kilogram and volt

(kg-N,) ‘The kilogram is (6.022 1415 x 10%3/0.012) times
the rest mass of the '>C atom in the ground state.’

(kg-N.) ‘The kilogram is 1.097 769 24 x 10% times the rest
mass of the electron.’

(V-Kj) ‘The volt is equal to the difference between two
electrical potentials within which the energy of a pair
of electrons equals that of a photon whose frequency
is 4.83597879 x 10'*Hz.

Definition (kg-Nja), see also [17], fixes the values of
Na and m, and enables realizations, for instance, via the
Avogadro and the ion accumulation experiments. A watt
balance realization is also possible, but it requires the value
of h as input data. This value can be calculated, for instance,
from the molar Planck constant N &, which is known to within
1.5 x 107? relative uncertainty [27,55]. An important feature
of (kg-Ny) is that it refers to a single unbound atom. As a
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consequence of binding energy, which is about 7.4eV, a 1 kg
12C crystal with the same number of atoms as specified in (kg-
Ny) is about 7 x 1071 kg lighter than 1kg.

Since

me = Ar(e)m, = (107 kg morl)A,(e)i, (30)
Na

the definition (kg-N.) fixes the A;(e)/Na value; Ny and m,
will then have the same 4.4 x 1070 relative uncertainty as
A;(e) [27,67]. Therefore, a realization based on the Si crystal
experiment will comprise this negligibly small additional
uncertainty.

Definition (V-Kj), a modified version of that proposed
in [48], could replace the present ampere definition, giving a

fixed value to
2e
Ky = o (3D

Consequently, the 1o value is no longer fixed, but must
be measured. Definition (V-Kj) allows a volt realization based
on the Josephson effect whereas the ohm realization based
on the quantum Hall effect will have a relative uncertainty of
1.5 x 107° [27,55]. Itis independent of the N or & choice as
the basis for the kilogram definition and it also improves the
conversion of y - and x-ray energies from eV units into Hz units.

5.2. Kilogram and ampere

(kg-Nc,h) ‘The kilogram is (6.0221415 x 10%/0.012)
times the rest mass of a particle whose cre-
ation energy equals that of a photon whose
frequency is [(0.012/6.0221415 x 10%) x
2997924582 /(6.626 0693 x 1073*)]Hz.

(kg-Ng,h) ‘The kilogram is [6.0221415 x 103/
(5.4857990945 x 1077)] times the rest mass of
a particle whose creation energy is that of a
photon whose frequency is [(5.4857990945 x
1077/6.0221415 x 10%) x 299792458%/
(6.6260693 x 1073)] Hz.’

(A-e) ‘The ampere is the electric current in the direction of
the flow of 6.241 509 48 x 10'8 elementary charges
per second.’

Definitions (kg-N¢,h) and (kg-Ng,h) consist of two state-
ments; their combination defines the kilogram. Basically,
they fix the Planck constant value; their rationale, as already
explained in section 4.1, is to make reference to a material
(though unphysical) particle instead of to a photon collection.
A new kilogram definition cannot fix / and the number of '2C
atoms in 1 kg, because the second would then be redefined. The
present mole definition fixes the molar mass of the '>C atom
to exactly 12 g and Ny must be measured using the kilogram.
If a new mole definition (see below) leaves the relation to the
kilogram and fixes the numerical value of N,, the same as in
(kg-Nc,h) and (kg-Ng,h), then the 12C molar mass is no longer
exactly 12 g; however, it is sufficiently close to this value for all
practical purposes. Both definitions then imply the introduc-
tion of a molar mass factor, whose present relative uncertainty
is 1.5 x 1072 [27,55]. For all practical purposes, in (kg-N¢,h)
the quoted particle is the '>C atom, whereas in (kg-N.,h) it is
the electron. A similar definition is possible, which addresses
a particle whose mass equals the atomic mass constant.
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Definition (A-e), see also [20], is very clear and it fixes
the elementary charge e by the inverse of the given number.
Because the kilogram fixes the value of /4 the values of Kj and
Ry have fixed values as well, and volt and ohm will become
SI units based on fixed numerical values of 2e¢/h and h/e?,
respectively.

5.3. The mole

(mol-N,) ‘The mole is the unit of amount-of-substance. It
is equal to 6.022 1415 x 10?3 specified identical
entities. The entities may be atoms, ions, molecules
or other particles.’

Compared with the present definition of the mole, (mol-
Na) makes clear that the unit mol is another name for an
Avogadro number of entities. Hence, the Avogadro number
is re-symbolized as Ny instead of {Na}. (mol-N,) leaves off
any relation to mass and the kilogram [21,31]. As already
mentioned, the chemist does not count numbers such as Na
but is interested in the ratios of numbers of different entities.
This can be done by amount-of-substance spectrometry or
by electrolytic measurements without requiring a value for
the mass of one mole or for the exact value of Ny. In
gravimetry, the relative atomic mass or the molar mass of
the substance must be known. Continuity with the present
mole definition requires that the kilogram is the mass of
N/0.012 12C atoms. Therefore, if the kilogram is redefined as
the mass of N, /0.012!2C atoms, the number given in definition
(mol-N,) must be exactly 0.012 times the '>C number in the
definition (kg-Na). Also, the definition (kg-Nc,h) displays
explicitly this continuity, provided the quoted frequency is as
close as possible to the Compton frequency of '2C and the
number given in (mol-Ny) is exactly 0.012 times the scale
factor given in (kg-Ny,h). Therefore, it is clear that the molar
mass of '2C is sufficiently close to 0.012kg for all practical
applications. Such information is not explicitly displayed in
the Mills et al definitions [20].

6. Mise en pratique (realization of a unit)

The first mise en pratique was established for the realization
of the metre, redefined in 1983. The particular formulation
of the metre definition was chosen, because at a first glance it
is readily understandable. The experimental realization with
an uncertainty required in metrology could only be achieved
by measuring the time light takes to travel over astronomical
distances but not if measured under laboratory conditions. In
practice, the relation ¢ = Av, where A is the wavelength and v
the frequency of light, was used for measuring the wavelength
of a laser beam of visible light by using its corresponding fre-
quency up-scaled from the frequency of an atomic clock that
realizes the second. This procedure is a possible realization of
the metre definition. Instead of measuring the time light takes
to travel one metre, the time it takes to travel one wavelength
is measured, which is 1/v = A/c. By the use of interferom-
eters the laser wavelength is up-scaled to end gauges and line
gauges. The use of several laser wavelengths are the proce-
dures described in the mise en pratique for the metre, for exam-
ple, using the measurement of the wavelength of a specified
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radiation of the krypton lamp. The wavelength of the kryp-
ton lamp radiation is a realization of the metre provided its
combined uncertainty contains the measurement uncertainty
of a measurement according to the definition, for example a
measurement of a laser wavelength as described above.

Mises en pratique are also foreseen for new definitions of
the kilogram, the ampere, the kelvin and possibly the mole [18].
This means, whatever the formulation of the definitions, all
relevant experimental techniques for realizing the unit will
have to be described. A mise en pratique of any new definition
of the kilogram is expected to take into account not only
the watt balance experiment and the Avogadro experiment,
but also the international prototype of the kilogram, all with
quoted measurement uncertainties at the time of publication.
As measurement uncertainties in the experiments improve, the
mise en pratique will be revised as was the case with that of
the metre in 1992, 1997 and 2001. The definition itself will
remain unchanged.

As with the metre definition, at least one of the cited
realization procedures must realize the kilogram according
to the definition being based on accepted laws of physics
and achieving an uncertainty that meets the requirements for
practical measurement results. Other realizations must be
linked to such a realization. If, for example, the kilogram
is defined by a fixed value of N5 or &, the Avogadro
experiment and the watt balance experiment are equivalent
realizations of the definition of the kilogram, because the
value for Nah as derived from other fundamental constants
is used for converting N into 2 or vice versa with a
corresponding negligible additional uncertainty contribution.
The international prototype of the kilogram is not a realization
according to such a definition of the kilogram. It has
therefore to be linked to one of the above-described realizations
comprising their uncertainties.

When the kilogram has been redefined, the current work
in NMIs on the experimental realization of the kilogram has
to be continued [18] and possibly the mise en pratique to
be revised when measurement results have improved. For
practical applications and long-term maintenance, the present
experimental designs and procedures should be simplified,
especially in the case of the Si Avogadro work.

Considering that the mise en pratique will comprise
all the relevant realizations, a particular definition of a SI
unit may be chosen for other reasons than the smallest
measurement uncertainty in the results of any particular
experiment discussed previously, as long as adequate fitness for
the intended use of the unit is achieved. Good reasons may be
its clarity and the transparency of its practical realization [51].
Another reason could be the degree of invariance of the
reference to which the unit is related.

7. Discussion

7.1. Scientific and metrological implications
Nature as viewed by modern science is characterized by

(1) statistical thermodynamics, which implies the equality of
energy and temperature as expressed by the Maxwell—
Boltzmann equation E = kg7,
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(2) relativistic invariance, which implies the equality of
energy and mass as summarized by the Einstein equation
E = mcg,

(3) quantum mechanics, which implies the equality of energy
and frequency as summarized by the Planck equation
E = hv.

Interactions are described by coupling constants which can be
used to allow an independent unit to be set for the interaction
charge. In the case of the electromagnetic one, this freedom,
together with the charge quantization, can be exemplified by
the equation E = e @, which gives the energy of an electron in
an electrical potential &.

Since energy is conserved—it is converted from one form
to another, but the energy of a closed system does not change—
in order to get a sufficient knowledge of the world, it is suffi-
cient to perform energy measurements. In practice, however,
we have no simple and universal instrument for measuring the
energy. However, it appears in different forms, as described by
the previous equations, related to different measurable quanti-
ties: frequency, mass, temperature, voltage and so on; funda-
mental constants such as ¢y, &, kg and e convert the values of
these measurable quantities into energy units.

In the case of mass, weighing by comparing an unknown
mass with a reference one is still the most accurate
measurement method. However, the international prototype
of the kilogram is no longer considered the best reference, nor
is it a suitable one. Comparing mass values in Penning traps is
the most accurate measurement method for atoms. Although
a better choice might be the mass of an elementary particle
such as the electron, the mass of the '2C atom is sufficiently
invariant for use as a metrological reference. Therefore, the
problem of mass measurements is to find an invariant common
reference for the mass measurements at both the atomic and
macroscopic scales.

Time and frequency measurements are based on the energy
difference between two hyperfine levels of the '33Cs ground
state; this reference is applicable to both the atomic and
macroscopic measurements and can be reproduced with a very
small uncertainty. Temperature measurements are based on
the triple point of water Trpw, which is not as fundamental and
invariant as the Boltzmann constant. Electrical measurements
use the Josephson voltage and the quantum Hall resistance as
conventional references.

Going back to the question of what is the best reference
to serve in the definition of a unit, we should consider
that each quantity requires a measurement principle ensuring
that it is compared with a reference of its same kind: mass
measurements require a mass reference, time measurements
a time reference, current (charge over time) measurements
a charge reference, temperature measurements a temperature
reference, and so on. For the ST units envisaged for redefinition,
straightforward references are an atomic mass for the kilogram
and the electron charge for the coulomb. In contrast to mass,
time or charge, which are ‘extensive’ quantities, temperature
is an ‘intensive’ quantity that cannot be evaluated by additive
procedures from a reference. Temperature references for
the kelvin are nevertheless required; these could be the
dielectric constant gas thermometer (DCGT) or acoustic gas
thermometer (AGT). Consequently, the constants fixed in their
definitions should be the mass of an atom or of the electron
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for the kilogram, the elementary charge for the coulomb and
kg for the kelvin. The atomic mass unit would replace the
prototype of the kilogram as a direct reference and experiments
such as the Avogadro one would establish the ratio between
mass values on the atomic and the macroscopic levels. For the
ampere, the flow of a given number of elementary charges
per second would replace its present definition, where a
combination of Josephson and quantum Hall effects is a
possible realization. Energy equations would be the basis for

the kelvin [68]:
Qo

ksT = p 32)

g—¢o
where k is the Boltzmann constant, p the gas pressure, g the
static electric dipole polarizability and ¢ the dielectric constant
of the ideal gas, in the case of the DCGT, or

; (33)

where M is the molar mass of the gas, u( the zero frequency,
zero pressure limit of the speed of sound and yy = c,/cy
the zero pressure limit of the ratio between heat capacities at
constant pressure, c,,, and at constant volume, cy, in the case
of the AGT.

If the kilogram is defined by fixing the Planck constant
and by addressing a photon collection, we would not have any
evident mass reference; speaking of mass in terms of frequency
would be difficult to understand. Furthermore, even though the
watt balance is a possible realization of this definition, it does
not realize a direct link between macroscopic and microscopic
masses. In fact, the measurement equation (5) relies on many
quantities, none of them being a mass. The formulation of a
new definition would be much more clear and understandable
if it relates the kilogram to a reference mass [51] or, at least, if
it recalls a well-known relation between quantities measurable
in practice. A definition relating the kilogram to an atomic
particle and also fixing / could be a compromise, although, in
order to avoid fixing the second as well, that particle cannot
be a real one. Practical considerations suggest a wording of
this definition such that, for all practical purposes, the quoted
particle is the 'C atom or the electron. This definition can
be realized by experiments that perform a measurement of
h (such as the watt balance) or that count the number of
atoms in a macroscopic object (such as the Avogadro and ion
accumulation experiments). In these second realizations, the
mass ratio between the counted atom and the particle quoted
in the kilogram definition must also be measured.

7.2. Implications for society

Measurement units have been established for practical use
in technology, trade and science. In all these applications
measurement standards of the same kind are required with
which the unknown quantities are compared. These standards
are by themselves metrologically traceable to a realization of
the definition of the unit. A careful user of a measurement
standard or of a measuring instrument would want to know the
traceability chain of his results, the laboratory that realizes the
unit involved and, ultimately, the definition of that unit.
Moreover, knowledge of the definitions of those units
which are important in everyday life, such as the kilogram,
metre and second, is part of the general education of
students and they are expected to be known by everyone
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to a considerable extent [63]. The definition of the metre
is a good example of a formulation which is both correct
and simple, even though the understanding of its practical
realization requires a much higher education than that supplied
by primary and secondary schools. Nobody has any problem
in the understanding of the present definition of the kilogram.
A future definition will require some additional knowledge
of modern science. = The kilogram as the mass of a
number of atomic or elementary particles will certainly be
understandable, but not as the mass that is given just by the
numerical value of the Planck constant. A definition based on
an atomic particle whose mass is, in turn, fixed in terms of its
Compton frequency could be understood, but it requires some
basic knowledge of modern physics, namely that elementary
particles can be created provided conservation laws (energy,
momentum, charge, etc) are satisfied and a sufficient amount
of energy is available, for instance when a photon, with an
energy of at least 2 x mc(z), interacts with an atomic nucleus,
allowing the production of two particles of mass m, e.g. an
electron and a positron.

7.3. The best time for new definitions

It is probable that the international prototype of the kilogram
is unstable in time. But so far no evidence for such a change
or for the value of a change has been noticed in practical
measurements [69], e.g. through complaints about offsets
in recalibrations of standards or through the observation of
systematic drifts in replicate measurements of fundamental
constants. From this point of view, the redefinition of the
kilogram is not really urgent. Measurements of electrical
quantities are not subject to drifts because they are linked
to ratios of fundamental constants, such as the conventional
values of Kj_gp and Rg_g9. Also, the desire to redefine the
ampere or other electrical units to integrate the Josephson volt
or the quantum Hall resistance into the SI is justified but not
urgent. The deviations of the conventional values of these
constants from their SI values since 1990 are almost certainly
based on measurement errors and are probably not subject to
systematic drifts in time.

The time for redefining the SI units will come when the
experimental results of the realizations related to redefinitions
are ‘indeed acceptable’ [18], in the case of the kilogram, when
the Avogadro and watt balance projects deliver compatible
results with relative measurement uncertainties of 2 x 1078
or less.

8. Conclusion

In any future redefinition of the ST unitkilogram, there are good
reasons for fixing a number as the ratio between the kilogram
and the mass of an atomic particle, such as the mass of a carbon-
12 atom or of the electron. Compared with other proposals
such as fixing a numerical value of the Planck constant or of
the frequency being equivalent to a kilogram, a link to a mass
on the atomic level is more obvious and intrinsic to the unit of
mass. Moreover, such an atomic definition would establish a
fixed link between atomic masses and SI units, which would
enable one to introduce a fixed value for the Avogadro constant
in a new mole definition and would be understandable, at
least in principle, by the general public. Other options for the
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definition of the kilogram, such as fixing the Planck constant,
trace it back to an atomic mass. These can preserve the concept
of mass ratios and have clear advantages for electrical units,
but involve a higher level of understanding of basic physics
to appreciate the nature of the elementary mass particle. It is
proposed that the Avogadro constant be converted to a number,
the ‘Avogadro number’, and that the mole be linked to this
number. The unit of the amount-of-substance would be this
particular number of specified, identical entities. This would
not only bring greater clarity and simplicity to the SI, but would
also lead to a better understanding of the mole by the physics
and chemistry communities, as well as by the general public.
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Appendix 1. Options for new definitions and their
impact on fundamental constants

Table A1 shows the relative uncertainties of some fundamental
constants as a result of values fixed in new definitions, based
on the CODATA 2002 values [27] except the value of the fine
structure constant «, which is taken from [55]. The sixth col-
umn shows the data according to the proposal of [20] together
with the new proposal of this paper. Table A2 shows the
underlying formulae for the calculation of these uncertainties.

Table Al. Relative uncertainties given in 10~% of some constants
for different options of fixed values. The corresponding CODATA
2002 [27] uncertainties are also given for comparison. Ny is the
Avogadro constant, / the Planck constant, e the elementary charge,
m, the atomic mass constant (=m('>C)/12), m. the electron mass,
m, the proton mass, F' the Faraday constant, Rk the von Klitzing
constant, K the Josephson constant, g the Bohr magneton, y, the
proton gyromagnetic ratio, {n,c2/e} the conversion factor between
particle mass in unit of u and energy in unit of eV, 1 + « the molar
mass factor (see [20] and if vy = v,, see section 4.1) and ( the
magnetic constant (permeability of vacuum).

Na Na h h, Na
CODATA ande and h/e ande and e
Constant 2002 fixed fixed fixed fixed
Na 17 0 0 0.15 0
h/e 8.5 0.15 0 0 0
h 17 0.15 0.15 0 0
Nah 0.67 0.15 0.15 0.15 0
e 8.5 0 0.15 0 0
My 17 0 0 0.15 0.15
me 18 0.044 0.044 0.15 0.14
mp 17 0.013 0.013 0.15 0.15
F 8.6 0 0.15 0.15 0
Rx 0.33 0.15 0.15 0 0
K; 8.5 0.15 0 0 0
B 8.6 0.15 0.21 0.14 0.14
Y 8.6 1.0 1.0 1.0 1.0
{muc3/e} 8.6 0 0.15 0.15 0.15
1+« — — — — 0.15
o 0 0.16 0.08 0.07 0.07
Defining kg, kg, kg, kg,
ampere, volt, ampere ampere,
mole mole mole
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Table A2. Formulae on which the uncertainties of table A1l are based, data in brackets from CODATA 2002 [27] and [55] and the others
calculated from data of the same column. M, = 1073 kgmol~'.

CODATA Nj and e Nxand h/e h and e h, Ny and e
Constant 2002 fixed fixed fixed fixed
c[Ai (@) IMy[a]?
N N, N, _ N,
A A A 2[Rl A
2 h h 2
hje — - - —
K J e e K ]
n c[A (@) IMy[a]? c[A (@) IM,[a]? i n
Z[ROQ]NA 2[Roc]]vA
A (e)Mya?
Nah % Nah Nah Nah Nah
h
e e e e
(h/e)
M, M, M, A +x)My
my — — —_—
Na Ny Na Na
2h[Rx]
me [Ar(@)]my [Ac(@)]my [Ar(@)]my >
cla]
mp
my, [A:(p)]my [A:(p)]my [A:(p)]my | e
F eNy eNy eNa eNy
h (h/e)* h h
RK v - -
e? h e? 2
2e 2 2e 2e
K_] - - -
h (h/e) h h
eh eh elallc] eh
He drm, drm, 87 [Ru] drm,
y ol P B P wlil wli]
P me | B me | (B me | UB me | U
) mey my[c]? my[c]? mylc]? my[c]?
mycy/e (*) — — — —
e/ Ai(e) e e e e
2[RINph
[ella]P[Ar(e)]M,,
2h[a] 16NA[Ro] 2h[a] 2h[e]
471077 — = [A()][c]* M,
o ois B K [Ac(e)][c]"M,[a] [l [l
Defining kg, ampere, mole kg, volt, mole kg, ampere kg, ampere, mole
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