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1. Introduction 
The overall development of metrology is in direct 

connection and dependence on the development of 
science and technology. The process is two-sided and, 
in turn, new developments in science of metrology 
have a strong impact on technology development 
and the overall development of our civilization. 
The capabilities for definition and realization the 
base units are based on both the knowledge and the 
accumulated research experience and the capabilities 
of the measurement equipment.

Initially are used basic units of SI whose fixed 
value was convenient for practical realization and 
use.

With the development of technology and 
measurement equipment, the possibilities of 
realization of the units based on the fundamental 
constants are increasing. On this basis, during the last 
years at the General Conferences for Measures and 
Weights (CGPM) it has been decided the definitions 
to be revised on the basis of the relationship with the 
fundamental constants.  

2.  New definitions
The definitions of basic units in the SI system 

have been formulated and approved at the CGPM 
over the last 130 years, as follows:   

• the kilogram definition, effective from 1901 (3rd 
CGPM, 1901), based on the mass of the international 
prototype of the kilogram (1st CGPM, 1889);

• the ampere definition, in force since 1948 (9th 
CGPM), based on the definition, proposed by CIPM 
(1946, Resolution 2);

• the definition of the second effective from 
1967/68 (13th CGPM, Resolution 1);   

• the definition of kelvin in force from 1967/68 
(13th CGPM, Resolution 4);      

• the mole definition in force since 1971 (14th 
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CGPM, Resolution 3);
• the candela definition in force since 1979 (16th 

CGPM, Resolution 3);       
• the meter definition in force since 1983 (17th 

CGPM, Resolution 1).   
The International System of Units, SI, has been 

revised several times since its formal adoption by the 
CGPM in 1960. However, redefining fundamentally 
four base units at one time is unprecedented, 
requiring simultaneous world-wide collaborations in 
diverse fields of metrology. As in the past, care has 
been taken to ensure that there will be no perceptible 
impact on daily life and that measurements made 
with previous definitions of the units remain valid 
within their measurement uncertainties. Few users 
outside national metrology laboratories will notice 
the changes. Reaching the experimental accuracies 
and fulfilling the conditions requested in the CGPM 
resolutions has been a remarkable accomplishment, 
which will ensure that the SI continues to meet the 
needs of even the most demanding users.    

At the 24th General Conference on Weights 
and Measures (CGPM) held in 2011, is decided 
(Resolution 1) that the International Committee of 
Weights and Measures should propose a revision 
of the SI International System. It was decided to 
redefine the basic units using the following seven 
fundamental constants:  

• the unperturbed ground state hyperfine 
transition frequency of the caesium 133 atom ΔνCs 
is 9 192 631 770 Hz,  

• the speed of light in vacuum c is 299 792 458 
m/s,   

• the Planck constant h is 6,626 070 15 × 10−34 J s,
• the elementary charge e is 1,602 176 634 × 

10−19 C, 
• the Boltzmann constant k is 1,380 649 × 10−23 

J/K,
•  the Avogadro constant NA is 6,022 140 76 × 
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1023 mol−1,  
• the luminous efficacy of monochromatic 

radiation of frequency 540 × 1012 Hz, Kcd, is 683 
lm/W, where the hertz, joule, coulomb, lumen, 
and watt, with unit symbols Hz, J, C, lm, and W, 
respectively, are related to the units second, metre, 
kilogram, ampere, kelvin, mole, and candela, with 
unit symbols s, m, kg, A, K, mol, and cd, respectively, 
according to Hz = s–1, J = m2 kg s– 2, C = A s,  
lm = cd m2 m –2 = cd sr, and W = m2 kg s–3.

The proposed revision of the definitions of basic 
units in the SI is to be agreed at the 26th General 
Conference on Weights and Measures (CGPM) in 
November 2018. The draft of the 9th edition of the 
SI system gives the new definitions of the basic units 
as follows:

The second, symbol s, is the SI unit of time. It 
is defined by taking the fixed numerical value of the 
caesium frequency ΔνCs, the unperturbed ground-
state hyperfine transition frequency of the caesium 
133 atom, to be 9 192 631 770 when expressed in 
the unit Hz, which is equal to s–1.

The metre, symbol m, is the SI unit of length. It 
is defined by taking the fixed numerical value of the 
speed of light in vacuum c to be 299 792 458 when 
expressed in the unit m/s, where the second is defined 

in terms of ΔνCs.
The kilogram, symbol kg, is the SI unit of mass. 

It is defined by taking the fixed numerical value of 
the Planck constant h to be 6,626 070 15 × 10–34  

when expressed in the unit J s, which is equal to  
kg m2 s–1, where the metre and the second are defined 
in terms of c and ΔνCs.

The ampere, symbol A, is the SI unit of electric 
current. It is defined by taking the fixed numerical 
value of the elementary charge e to be 1,602 176 634 
× 10–19 when expressed in the unit C, which is equal 
to A s, where the second is defined in terms of ΔνCs.

The kelvin, symbol K, is the SI unit of 
thermodynamic temperature. It is defined by taking 
the fixed numerical value of the Boltzmann constant  
k to be 1,380 649 × 10– 23 when expressed in the 
unit J K–1, which is equal to kg m2 s–2 K–1, where 
the kilogram, metre and second are defined in terms 
of h, c and ΔνCs.

The mole, symbol mol, is the SI unit of amount 
of substance. One mole contains exactly 6,022 140 76  
× 1023 elementary entities. This number is the fixed 
numerical value of the Avogadro constant, NA, 
when expressed in the unit mol–1 and is called the 
Avogadro number.

The amount of substance, symbol n, of a system  

Fig.1 Scheme of the SI revision roadmap for 2014 ÷ 2019
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is a measure of the number of specified elementary 
entities. An elementary entity may be an atom, a 
molecule, an ion, an electron, any other particle or 
specified group of particles.

The candela, symbol cd, is the SI unit of 
luminous intensity in a given direction. It is defined 
by taking the fixed numerical value of the luminous 
efficacy of monochromatic radiation of frequency 
540 × 1012 Hz, Kcd, to be 683 when expressed in 
the unit lm W–1, which is equal to cd sr W–1, or cd sr 
kg–1 m–2 s3, where the kilogram, metre and second 
are defined in terms of h, c and ΔνCs. 

The new definitions of the basic units relating to 
the revision of the SI system are expected to enter 
into force on 20 May 2019.

3. Practical realization of the basic units
The kilogram, the only SI unit whose definition 

is based so far on an artifact - platinum-iridium 
prototype that is kept in BIPM. It was found that its 
mass has changed by 10-8 kg over the past 100 years. 

 

Fig.2  The kilogram in BIPM

In the new system, the basic unit of kilogram will 
be determined by the value of the Planck constant.

At present, two methods of realization of the 
unit are based on fundamentally different physical 
principles in which the relative uncertainty of the 
measurement is reached, about 2 x 10-8.

In the first method, a device called a watt-balance 
is used. The method measures the power generated 
by electrical current to balance one kilogram of  

mass multiplied by the acceleration of the earth. 
Exact voltage and current are measured to give the 
power expressed in "W". At the National Institute  
of Science and Technology, NI, a few years ago  
a watt-balance scale was set up in a special vacuum 
chamber. The relative uncertainty of 3,6 x 10-8 is 
reached.

 
Fig.3  Setting a watt-balance 

Other similar devices have been developed 
in the UK National Physical Laboratory, Canada, 
Switzerland, France, China, and the BIPM. 

The other method for determining the mass unit is 
developed within the framework of the international 
Avogadro project. The method is based on counting 
the number of atoms in a crystal ball of ultra-pure 
monocrystalline silicon with a diameter of 93,6 mm. 

 

Fig.4  silicon spheres in РТВ
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The result provides the determination of the 
Avogadro constant, which in turn can be used to 
obtain an exact value of the Planck constant using 
well-known values of the other constants.   

One kilogram single crystal silicon spheres are 
the most rounded objects in the world. If it had the 
size of the globe, then the greatest deviation from 
the average sea level of the world ocean would be 
only 2,4 m. The size and diameter of the spheres are 
measured and controlled by optical interferometers. 
The precise lattice structure between the atoms (≈192 
pm) in their crystal structure is measured with a 
scanning combined X-ray and optical interferometer.   

 

Fig. 5 X-ray and 3D analysis of silicon spheres in PTB

The purity of the material, better than 99,99%  
28Si in the crystal, is determined by the European 
Union reference institute in Gil.

The topography of the spheres is determined 
using Fizeau interferometer as well as the volume and 
mass of spheres with the lowest possible uncertainty 
– 0,1 nm for the radius of the spheres (46,8 mm) and 
5 μg uncertainty in the determination of the mass of 
spheres (1 kg).

  Fig.6 3D analysis of the silicon spheres

The spheres were also measured with an 
ellipsometer in PTB and an X-ray interferometer at 
INRIM (Italian Institute of Metrology) to accurately 
determine the spatial layout and lattice space between 
the atoms in the crystal structure (≈192 pm).  

Both methods are comparable as uncertainties. 
They have their advantages and disadvantages. Both 
directions of study will be continued.

Kelvin is the basic unit for thermodynamic 
temperature in the SI international system. At present, 
it is defined as 1/273,16 part of the thermodynamic 
temperature of the triple point of the water. 

This temperature depends critically on the ratio 
of hydrogen and oxygen isotopes in water (along 
with a number of other factors). Therefore, in 2005, 
the definition is supplemented by a clarification 
concerning the percentage ratio of the isotope 
composition of hydrogen and oxygen.

This water composition, known as Mean Ocean 
Water, free of salt or other dissolved substances or 
impurities, is not easy to be reproduced in laboratory 
conditions.

In the new definition, the kelvin unit will be 
determined on the basis of the Boltzmann constant  k.

The exact expression of kelvin by the constants  
k, h and ΔVCs is:

 

The effect of this definition is that one kelvin is 
equal to the change of thermodynamic temperature 
that results in a change of thermal energy kT by 1,380 
649 × 10−23 J.

 
Fig.7 The acoustic camera is attached structure diagram

Second - the base unit of time in the International 
System is defined on its realization with the cesium 
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atomic clock.
The relative accuracy of the cesium clock is   

10-14, resulting in a deviation of 10-9 seconds per 
day or 1 second every 3 million years. With modern 
cesium clocks, the measurement uncertainty reaches 
10-15 - 10-16. Even more precise are the so-called 
optical atomic clocks, in which the uncertainty is 
10-17 - 10-18.

 

Fig.8 Cesium atomic clock

At the beginning of the 21st century, in the frame 
of several projects were created even more precise 
and stable optical clocks based on neutral atoms with 
a precision of 1 second for 5 billion years.  

The device is called a strontium lattice clock.

 
Fig. 9 Strontium Laser Clock

Its action is based on the natural vibrations of 
the atoms. A blue laser beam cools several thousand 
strontium atoms in a laser trap. The red laser beam 
further cools the atoms. An infrared laser beam holds 
the atoms in a trap.

Through the laser rays, the strontium atoms go to 
different energy levels and emit photons of precisely 
defined frequency.

 

Fig.10 Optic scheme of strontium clock.

A comb generator separates the exact strontium  
clock frequency by frequency beating.

Meter - The basic unit of length in the 
International System will be defined based on the 
realization of a comb generator. 

The unit of length, meter, can be practically 
realized by means of the wavelength in vacuum λ of 
a flat electromagnetic wave with frequency f. This 
wavelength is obtained from the frequency f and the 
equation λ = c0 / f where the velocity of the light in 
vacuum is:

c0 = 299 792 458 m s-1.

 
Fig. 11 HeNe lasers with iodine cell

In the realization of the unit meter in practice 
are used iodine-stabilized helium-neon lasers with 
wavelength λ = 632,99121258 nm. For calculations, 
consideration should be given to the environment 
in which laser radiation spreads. For the air, the 
necessary corrections should be made because the 
refractive index in the air is different from in the 
vacuum.

Ampere - the electric current unit. Work on 
redefining the basis of the electrical charge. For the 
moment, the greatest chances in the race to redefine 
the ampere has a “one-electron pump” that creates 
a stream of single electrons. Adjustable pumps use 
traditional semiconductors and have the advantage of 
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speed while the hybrid option uses superconductivity 
and has the advantage that many electrons can be 
run in parallel.   

The challenges are related to the need to make 
a sufficiently robust and practically comfortable 
structure of a huge number of parallel-run pumps 
to obtain a good enough current value. By using 
the unique graphene properties, a Single-Electron 
Pump (SEP) has been developed to provide a high 
electron flow rate (frequency) required to create a 
new reference for electrical current based on the 
magnitude of the electrical charge.   

The development is shared by scientists from 
NPL and Cambridge. There is a long way to go, but an 
important step forward on the way to using graphene 
to redefine amps has been made.   

Experiments with several single-pump pumps are 
also being conducted in the PTB. Single electrons are 
moved by a system consisting of three active pumps 
(P) and two detectors (D). The current generated in 
this way can be determined more precisely than in 
the case of just one pump.  

The future power standards can be based on 
counting of single electrons. Femtometers are very 
sensitive and react to the flow of a group of electrons 
or even one electron in the conducting circuit and can 
be used to determine the current. 

 
Fig. 12 Schematic diagram of single-pump pumps

Fig.13 Phemtoampermeter

Currently, the most accurate realization of amps 
is based on indirect measurement - voltage and 
resistance, which is realized by Josephson effect and 
the quantum Hall effect.  

QU CANDELA PROJECT

 
Fig.14 Diagram of the main elements of the Quantum Candela project
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Candela - Realization of the unit based on a new 
definition is related to the determination of the energy 
of a number of photons. 

The purpose of the Qu candela project is to 
develop new single photon sources, photon counters, 
correlated photon systems, stabilized laser sources, 
and predictable quantum-efficient PQED detectors.  

The study of the emission time of single photons 
is conducting using single-photon sources. A gold 
atom in a diamond crystal can be used as a single-
photon source.  

The detection of the emitted photons is performed 
with QED, PQED single-port receivers and multi-
channel counters. At present there is a production of 
such predictive quantum efficiency detectors which 
measure the optical power with very low relative 
uncertainty (0,008%) in the spectral range of 400-
800 nm at room temperature. Two special silicon 
detectors, located at a certain angle to each other, are 
used to realize multi reflection and full absorption of 
the photon flux.

 
Fig.15 Optical scheme of a PQED detector

Mol - symbol mol, is the SI unit of amount of 
substance.

The previous definition of the mole fixed the 
value of the molar mass of carbon 12, M(12C), to 
be exactly 0,012 kg/mol.

In the proposed new definition, the mole is 
associated with the Avogadro NA constant. One mole 
contains exactly 6,022 140 76 × 1023 elementary 
entity. This number is the fixed numerical value of 
the Avogadro constant, NA, when expressed in the 
unit mol-1 and is called the Avogadro number.

For the practical realization of the unit will be 
used the experience and the research results achieved 
in the frame of Avogadro project related to the 
realization of kilogram.

4. Conclusion
The proposed new definitions for the first time 

associate basic units with specific fundamental 
constants. In turn, these constants are more accurately 
defined every year.

Forthcoming is the publication of fundamental 
constants to CODATA with the most accurate values 
obtained for them.

On the basis of major projects such as Avogadro, 
Quant Candela and others, the practical realization of 
the basic units is becoming more and more refined.

The proposed revision of the definitions of the 
basic unit in the SI will make another major step to 
improve this system to meet the challenges in the 
modern times.
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