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New system of units SI

What it is all about? What is the system of units
and why it requires revision?



The measurements have been known and strongly demanded from the
earliest days of human history: in religion, in farming, in trade.

In order to make measurements and compare their results one needs to
define the standard of measurement.

Standards of measurements

Anubis weighing the 
souls of the dead.

Land surveying (1400 B.C.)
Men weighing 
merchandise (560 BC)

Feather of Maʽat

Measuring rod

Gela

Weight from Gela 



Obsolete length measures

In ancient and medieval Europe, there were
no common standard length measures: each
region could have its own.

Wiener Tuchelle: 77.6 cm

The yard was introduced by King Edgar the Peaceful and
defined as the distance from the tip of His Majesty's nose to
the tip of the finger stretched out towards the hand. But
kings change... And the yard, respectively, also changed.

The unification of the standards was required!

yard



Universal length measure

“…The idea of referring all
measurements to a unit of length
taken from Nature was seized
upon by mathematicians as soon
as the existence of such a unit
and the possibility of determining
it became known…”

Terry Quinn’s translation of the original French text of the report made to the 
Académie Royale des Sciences  “on the choice of a unit of measurement”

Jean-Charles de Borda Nicolas de Condorcet

The French revolution has led to the idea
of a universal measure of length – meter
as one forty-millionth part of the Paris
meridian .



Parisian meridian: Length measurement

In 1792-1797, Delambre and Mechain
measured the arc of the Parisian meridian
length of 9° 40' from Dunkirk to
Barcelona, laying a chain of 115 triangles
across all of France and part of Spain.



Standard meter

There is no need to measure the
meridian length every time we
need to determine what a meter
is. You can create a standard for a
meter.

On December 10, 1799, the introduction
of a new metric system was announced.
That year, the first ever standard meter
was created. Thousand copies of the
new unit of measurement were made
and sent to the entire country, and then
to the world.



From meter to kilogram 

We can now define a kilogram as the mass of
one cubic decimeter of distilled water at the
temperature of melting ice.

Please note: we determine kilogram based on
the meter!

Again, it is not very convenient to
measure the mass of one liter of water
each time.

The "main" standard is made of
platinum-iridium alloy and is stored in
the International Bureau of Weights and
Measures.



For all times, for all people

In 1875 in Paris was signed an international
treaty "Metric Convention", which serves to
ensure the unity of metrological standards in
different countries.



For all times, for all people



Time measurements

So far, we haven't touched the time units. It is
clear that we need some kind of cyclic process
to measure time. Since ancient times, people
observed such processes: the alternation of
night and day, seasons...

In the Age of Discovery, more and more
precise mechanical watches have been
developed. But the period of oscillation
of the pendulum depends on the
geographical latitude. And, much more
seriously, it is impossible to create
several the same mechanisms.



Day, year and... second

Over many centuries of astronomical
observations, very accurate data on the
movement of the Sun have been
accumulated. It seemed natural to
define a second as a certain proportion
of the year.

For example, in 1960, the second was
defined as

„the fraction ​1⁄31,556,925.9747 of the tropical year for 
1900 January 0 at 12 hours ephemeris time “

Why is that such a strange definition? What does 1900 have to do with this?
The reason is that the Earth's speed of rotation is not constant, but changes
over time.



International System of Units

The extension of the metric system is the international system of units (SI),
which we all know since our school physics classes.

Is that all? Is this the end of our history? Not at all!



Problems with artifacts

Old standards are physical objects (artifacts) whose properties can change
over time.

For example, the Parisian (main) standard of the kilogram has "become
lighter" in a hundred years.



Problems with scalability of measurements

Yet another problem with
artifacts as standards: how to
measure very small/very large
(comparing to an artifact)
quantities?

https://magazin.lufthansa.com

How can we measure the
weight of Boeing 747?

…. or weight of ant?
www.iol.co.za

OK, we have the killogram artifact: 



New system of units

From the artifacts

To physical phenomena

Over the last hundred years, the system of SI units has been modified step
by step. In May 2019, this modification was completed. What is its main
meaning of this modification?



Measures based on natural phenomena

John Wilkins (1614-1672)

John Wilkins offered to choose for the unit
length the pendulum with a half-period of
oscillations equal to 1 s.

Just at that time, Christian Huygens perfected
the pendulum clock.

The idea didn't work: the
oscillation period depends on the
geographical latitude.

But the ides was right!



Simple model: Mathematical pendulum

𝑇 = 2𝜋 𝑙/𝑔

The oscillation period of the mathematical pendulum:

But! In addition to the formula linking 𝑇 and 𝑙, we need to know the value
of the physical constant 𝑔 - acceleration of gravity.

Very important moment. The introduction of a system of units based on 
natural phenomena requires us to know:

The laws of physics 
(formulas)

The physical constants that 
enter these formulas

If we could accurately measure the
oscillation time, we determine the length
unit through the length of the pendulum 𝑙.



Max Planck (1858-1947)

“…On the other hand, it should be of interest to remark that with the
help of the two constants a and b, we have the possibility of
establishing units for length, mass, time, and temperature which—
independent of special bodies and substances—necessarily maintain
their validity for all time and for all cultures, even extra‐terrestrial and
nonhuman…”

Units based on natural phenomena

Physics theory          Physics constants          Units of measurements 



Quantum physics and relativity

Two theories define the modern physics: quantum theory and relativity.

Which constants of Nature were “originated” from these two theories?
And which role do they play in metrology?

Quantum theory Theory of relativity

Going deeper and deeper into
the microscopic world. Going faster and faster.
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Quantum physics and Planck constant

𝐵 𝜆, 𝑇 =
2ℎ𝑐2

𝜆5
1

𝑒
ℎ𝑐

𝜆𝑘𝐵𝑇 − 1

Planck's law Photoelectric 
effect

𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝐸𝑏

Idea of light quanta
ℎ as fitting parameter

Atomic 
spectra

Atomic transition 
energies are quantized 

𝐸𝑎 − 𝐸𝑏 = ℎ ∆𝜈𝑎𝑏

∆𝐸 = ℎ ∆𝜈

Concept of quantization of atomic levels and, hence, transition energies
(frequencies) allowed modern definition of the second:

∆𝜈𝐶𝑠 = 9 192 631 770 1/s



Cesium atomic clocks
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9192631770 cycles of microwave radiation
absorbed or emitted during the hyperfine
transition in cesium-133 atom undisturbed
by external fields:

The relative standard uncertainty of the Cs
clocks is about 10-16.

∆𝜈𝐶𝑠 = 9192631770 Hz

First cesium clock built in 1953 at the NPL by Louis Essen and Jack Parry.



Theory of relativity and speed of light

In 1905, in two of his Annus Mirabilis papers,
Einstein has postulated the invariance of
speed of light 𝑐 on observer’s system and
derived mass-energy equivalence: 𝐸 = 𝑚𝑐2

The concept of speed 𝑐 of light as fundamental constant, that defines the
upper limit, allows definition of the meter:

The meter is the length of the path travelled by light in
vacuum during a time interval of 1/299792458 of a second

https://openstax.org/details/books/university-physics-volume-3



Implementation of the meter: Interference

We remember Young’s double slit
experiment, which demonstrates the
interference of light.

What determines the alternation of
light and dark stripes on the screen?

Travelled path difference:

∆𝑙 = 𝑑 sin 𝜃

leads to the relative phase
difference:

𝛿𝜑 =
2𝜋

𝜆
Δ𝑙 =

2𝜋

𝑐
𝜈 Δ𝑙

https://www.gost.ru



What is with kilogram?

Two main physics theories of 20th century, quantum
theory and relativity, “gave birth” to the concepts of
quantization of frequency Δ𝜈 and of the upper limit of
speed 𝑐…

…and allowed to define the second and the meter.

What is with kilogram? Do we need one more theory?



What is with kilogram?

Quantum theory Theory of relativity

𝐸 = 𝑚𝑐2𝐸 = ℎ ∆𝜈 +        

We can realize kilogram by connecting (relativistic)
energy of a particle or object to a frequency!

𝑚 =
Δ𝜈 ℎ

𝑐2

Note that Planck constant ℎ comes into play!



Redefinition of the kilogram

Before we go further, let us note:

• The definition fixes exact value of the Planck constatnt.

• The definition relies on definitions of the meter and second.

• The definition does not suggest the realization of the unit!  



From atoms to kilogram: Avogadro project

Electron mass from 
atomic spectroscopy

ℎ𝑐𝑅∞ =
1

2
𝑚𝑒 𝛼𝑍 2

Rydberg constant can
be measured with a
precision of 10−12

Atom mass from 
electron mass

𝑓𝑐 =
1

2𝜋

𝑞

𝑚
𝐵

Measuring of cyclotron
frequencies in Penning
trap (for 𝑒− and ions)

Mass of object 
from atom mass

𝑀 = 𝑚𝑒

𝑀𝑆𝑖

𝑚𝑒

8𝑉

𝑎3

Number of Si atoms in 
sphere with volume V

Avogadro project

Idea is simple: mass of a body = number of atoms x mass of atom 



Kibble balance: Very basic ideas

By running the Kibble balance in weighing and
velocity modes we can find the relation
between (virtual) electrical power and a
mechanical power:

The voltage and current are measured by using
two macroscopic quantum phenomena, the
Josephson effect and the quantum Hall effect.

𝐼𝑈 = 𝑚𝑔𝑣

𝑚 =
1

𝑔𝑣

𝑛1𝑓1 𝑛2𝑓2
𝑟′

ℎ

4

Quantities related to the measurement
of the voltage and current



For all times and all cultures ?
With revised SI we made one more step
towards the Planck’s vision of units, based
on fundamental constants, that "will
certainly retain their relevance for all
times and for all cultures”.

But… the way is not over! We have many
open questions.

• Are defining constants of SI fundamental?
• Are defining/fundamental constants constant?
• Do we understand well related constants?
• Do we go beyond Cesium standard?

These and many other questions are related to 
our understanding of fundamental physics 



“Future of time”: Going beyond Cesium

The second, as defined based on the Cs standard, is
the key base unit of the new SI.

The relative standard uncertainty of the Cs clocks is
about 10-16. Can the accuracy of atomic clocks be
further improved and why do we need it?

External fields lead to the shift of the
energy levels and, hence, of frequencies.

We need atomic systems that are less
“coupled” to external fields.

∆𝐸 ≅ −
1

2
𝛼0 ℰ

2 +… 

We need narrow transitions in
optical domain (higher frequency
= higher accuracy!)

Yb+



Inducing atomic-clock transitions by twisted light

S. A.-L. Schulz, A. A. Peshkov, R. A. Müller, R. Lange, N. Huntemann, Chr. Tamm, E. Peik, and A. Surzhykov, Phys. Rev. A 102, 012812 (2020)
R. Lange, E. Peik, A. Surzhykov, A. A. Peshkov et al, in preparation (2021)

The electric octupole (E3) transition in Yb+ has
attracted much attention as a candidate for a
novel frequency standard, and the use of the
twisted light may supress the AC-Stark shift of
its frequency.



Thorium-229 nuclear clocks

5/2+
3/2+, 𝐸 ≈ 8 eV

5/2+, 𝐸 ≈ 29 keV

7/2+, 𝐸 ≈ 42 keV

En
er

gy

Since 1990’s the 229Th isotope attracts
considerable attention as a promising
candidate for the development of nuclear
clocks.

But… still many open questions about
energy of isomeric state and its excitation
by laser or atomic processes.

But why do we need more accurate clocks?



Are constants of Nature constant?

From the viewpoint of Standard
Model the answer is clear:

Constants are not constant!

Particle masses and coupling
constants are determined by
the properties of physical
vacuum which are changing
with the time evolution of
Universe.

In early hot Universe masses of
leptons and coupling constants are
the same.

Physically correct question would be: how 
strong is present variation of constants?



One more time about constants

There are two kinds of constants of
Nature:

• dimensionless (coupling constants)
• dimensionful (for example 𝑐, ℏ, 𝐺)

For new SI the latter constants are of
importance. However, discussion of
variation of dimensionful constants
has usually no meaning.

“Asking whether c has varied over cosmic history ... is like asking 
whether the number of liters to the gallon has varied” Michael Duff

We focus on variation of the fine-structure constant 𝛼 and on 
the electron to proton mass ratio 𝑚𝑒/𝑚𝑝.

But why these variations are important?



Variation of fine-structure constant

J. K. Webb et al., Phys. Rev. Lett. 107, 191101 (2011)

Based on the data on quasars obtained
by the Very Large Telescope a dipole-like
structure in the variation of the fine-
structure constant across the observable
universe was reported in 2010.

The approaches, made in this
work, are under discussion.

We need other methods to
search for the variation of
constants!



𝜈𝑖𝑘 = 𝑅∞ 𝑐
1

𝑛𝑖
2 −

1

𝑛𝑘
2

We can consider transitions between:

• Fine-structure levels:

• Hyperfine-structure levels:

𝜈𝑖𝑘 = 𝑅∞ 𝑐 𝐹𝑓𝑠(𝛼, 𝑟𝑝, 𝑍 … )

𝜈𝑖𝑘 = 𝑅∞ 𝑐 𝛼2
𝑚𝑒

𝑚𝑝
𝑔 𝐹ℎ𝑓𝑠(𝛼, 𝑟𝑝, 𝑍 … )

We know that even hydrogen atom is
more complicated as described in simple
Bohr formula:

Variation of constants: Atomic spectroscopy



Variation of constants: Atomic spectroscopy

Recent experiment with Yb+ atomic clocks have
improved the limit on the time variation of 𝛼
and 𝜇 = 𝑚𝑒/𝑚𝑝:

1

𝛼

𝑑𝛼

𝑑𝑡
= 1.0(1.1) × 10−18/yr

R. Lange et al., Phys. Rev. Lett. 126, 011102 (2021)

𝜈1
𝜈2

𝜈1
′

𝜈2
′

variation of 𝛼

Different atomic levels can
be shifted in different ways
under the variation of the
fine structure constant (as
well as other constants).

𝛼 𝛼+𝛿𝛼

w
w

w
.p

tb
.d

e

1

𝜇

𝑑𝜇

𝑑𝑡
= −8(36) × 10−18/yr



Constraints on temporal variations of a and 𝜇 = 𝑚𝑒/𝑚𝑝

from comparisons of atomic transition frequencies. 

N. Huntemann et al., 
Phys. Rev. Lett. 113, 210802 (2014)

Constraints on temporal variations of constants



Fine tuning of fundamental constants

Only a very narrow range of
fundamental constants are consistent
with Universe that contains life.

There are many examples of how
even a minor change of one (of few)
constants would make life impossible. h
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https://www.thenewatlantis.com/

We and our World can exist in extremely
small parameter range!

What does it mean actually?



Thank you very much!


