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But first things first. Let's have a look at what Einstein really did say about the relation between mass and energy.

Equivalence or transformation?

For Einstein, 4 mass (more precisely: relativistic mass; the property that determines how difficult it is to change a
body's speed or iis direction of metion) and 4 energy are simply two different names for one and the same

physical quantity Whenever a system has an energy E, it automatically has the relativistic mass m=E/c?;

whenever a system has the mass m, you need to assian it an energy E=mc?. Once the mass is known, o is the
energy, and vice versa. In that context, it makes no sense to talk about the "transformation of mass into energy” -
where there's one, there's the other

The context in which "transformation of mass into energy” does make sense is a bit different. It is infimately
connected with the fact that there are different kinds of energy. Already in ¢4 classical, pre-Einstein physics, the
concept of "energy” comprizes a plethora of sub-definitions for different sorts of energy, sub-definitions like those
for the 4 kinefic energy associated with any moving body, the energy of ¢4 electromagnetic radiation, (4 thermal
energy or the binding energy that needs to be taken into account whenever there is a force holding together two
objects to form a composite object. Yet all these different definitions can be viewed as faceis of a single physical
quantity, energy. The reason is the possibility of transformations between the different energy forms. For instance,
you can increase a body's temperature (and thus its thermal energy) by letting it abserb electromagnetic radiation
energy. In these transformations, the toial sum of all the different kinds of energy - the total energy - is constant
over time. Energy can be transformed from one variety into another, but it can neither vanish nor be created from
nothing.

A new kind of energy

This conservation of energy holds not only in classical physics, but also in 4 special relativity. However, in
relativity, the definitions of the different species of energy are a bit different and, most importantly, there is a
completely new type of energy: even if a particle is neither moving nor part of a bound system, it has an
associated energy, simply because of its mass. This is called the particle’s rest energy, and it is related to the
particle's 4 rest mass as

rest energy = (rest mass) 2

Compared with other types of energy, rest energy is very much concentrated. For example: If you use a television
tube to accelerate an electron to 20,000 kilometers per second, the kinetic energy gained is still only about five
hundred fimes smaller than the electron’s rest energy. Also, this rest energy is about a hundred times larger than
fhe radiation energy of a high-energy 4 X-ray 1 photon. This high concentration is important for processes
where rest energy (or, equivalently, rest mass) is converted to more common forms of energy. For instance, when
a particle and ifs 4 aniipariicle annihilate and vanish in a puff of electromagnetic radiation, comparatively litlle
matter is transformed into rather a lot radiation.

Studying the masses of different types of atomic nuclei, you will find that in ¢4 nuclear fission - the process that
powers an ordinary atomic bomb -, some "nuclear rest energy” or "nuclear rest mass” is transformed into other
forms of energy. For example, the rest mass of a nucleus of uranium-235 is slightly larger than the combined rest
masses of the nuclear fragments into which it splits during nuclear fission. Here's where E=mc? comes into play:
This mass difference corresponds {o the energy set free during nuclear fission. So is if, after all, true that
Einstein's formula explains the power of the nuclear bomb - and that the large conversion factor c2 is responsible
for the immense amounts of energy released?

Binding energies: nuclei vs. molecules

Not at all. Different process, same calculation: For chemical reactions, there are finy mass diffierences as well. To
pick an example: When hydrogen and oxygen explosively combine to make water, the sum of the rest masses of
the initial hydrogen and oxygen atoms is just a little bit less than the sum of the rest masses of the resulting water
molecules. The same is true for the chemical reactions involving spentanecus oxydation - in other words: burning.
The same formula applies: The mass difference, multiplied by c, gives the energy set free during the chemical
reaction. Same formula, same conversion facter - yet chemical reactions are much Iess violent than nuclear
explosions. This clearly shows that the difference between nuclear and chemical reactions must be due fo
somethina other than E=mc?



To see where the difference lies, one must take a closer look. Atomic nuclei aren't elementary and indivisible. They
have compenent parts, namely (4 prefons and 4 neutrons. In order fo understand nuclear fission (or fusion), it is
necessary to examine the bonds between these compenents. First of all, there are the nuclear forces binding
protons and neutrons together. Then, there are further forces, for instance the electric force with which all the
protons repel each other due to the fact they all carry the same electric charge. Associated with all of these forces
are what is called ¢4 binding energies - the energies you need to supply to pry apart an assemblage of protons
and neutrons, or to overcome the electric repulsion between two protons. (More information about these binding
energies and their role in nuclear fission and fusion can be found in the spotiight topic |5 the whele the sum of its
parts?)

Only with the systematics of these forces and binding energies well understood were physicists able to uncover
the laws behind nuclear fission and fusion: The strength of the nuclear bond depends on the number of neutrons
and protons involved. If varies in such a way that binding energy is released both in splitting up a heavy nucleus
into smaller paris and in fusing light nuclei into heavier ones. This, as well as the chain reaction phenomenon,
explains the immense power of nuclear bombs

Einstein's fermula plays second fiddle in that derivatien - it's all about different kinds of energy. Sure, there are
some radioactive decay processes following nuclear fission, and, if so inclined, one can view the decay ofa
neutron decaying into a slightly lighter proton as a transformation of rest energy into other energy forms. But these
additional processes contribute a mere 10 per cent of the total energy set free in nuclear fission. The main
contribution is due to binding energy being converted to other forms of energy - a conseguence net of Einsiein’s
formula, but of the fact that nuclear forces are comparatively strong, and that certain lighter nuclei are much more
strongly bound than certain more massive nuclei

Sill, E=mc? had a supporting role in the story of nuclear fission research. Mot as the mechanism behind nuclear
power, but as a tool: Because energy and mass are equivalent, highly sensitive measurements of the masses of
different atomic nuclei gave the researchers impertant clues about the strength of the nuclear bond. Einstein’s
formula does not tell us why the nuclear binding energies are as large as they are, but it opens up one way
(among several) to measure these binding energies. (Mere about this application of Einstein's formula can be
found in the spotlight topic Is the whole the sum of is paris?)

In fact, Einstein's politics played a more decisive role in the story of the atomic bomb than his physics. Fellowing a
request by the physicist Leo Szilard, Einstein wrote a lefter to president Rossevelt, explaining about the petential
power of nuclear weapons and the possibility of Nazi Germany developing such weapens, and urging the
president to take action. Einstein's letter played its part in seiting inte motion the political process that culminated
in the Manhattan project - the development, construction and testing of the first nuclear bombs. W

E=mc? is & consequence of special relativity. More on that theory can be found in the chapter Special relativity of
Elementary Einstein.

Related £ Spotlights on Relativity can be found in the section Special relativity.
Information about the historical background can be found on the page
12 The MNuclear Age

on "Einstein - Image and Impact’, a website of the American Institute of Physics.
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