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F   Conservation Laws

In the first section we present the central credo of classical physics on a single page. In the second 
section we look at the changes that STR undertakes on it. Then examples of the principle conser-
vation laws of physics follow: We look at some important processes, through which mass is con-
verted into energy, and fundamentally consider the relativistic impact on the process. Finally we 
discuss the processes through which particles are produced from energy or through which particles 
and antiparticles ‘dematerialize’ into pure energy.

For the transformation of electrical and magnetic fields we refer to the representations of other au-
thors. These transformations were actually the goal of Einstein’s initial work on special relativity 
theory, because they fix the “asymmetries which do not seem to be inherent in the phenomena”.
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F1   The Credo of Physics

The four most important quantities of physics are:

   1.  electric charge, a scalar with symbol q and unit Coulomb
   2.  mass, a scalar with symbol m and unit kilogram
   3.  momentum, a vector with symbol p and unit kg • m/s or N • s
   4.  energy, a scalar with symbol E and unit Joule.

Why these four and no others? The answer to this question is the central credo of classical physics: 
In a closed system the total amount of these four quantities remains constant, no matter what else 
happens! One can neither produce nor destroy electrical charges, one may dissociate or transfer 
them, but the sum of all positive and negative charges always remains constant. Also the total 
mass of the scrap heap after a mass collision is equally large as the sum of the masses of the indi-
vidual cars involved in the collision. But the momentum, will it not be destroyed when I crash to the 
ground? No, not if one includes everything involved in the impact (all of these conservation laws 
apply only to closed systems!). The conservation of total energy is an insight of the second half of 
the 19th century. Energy can be neither produced nor destroyed, but only converted into different 
manifestations.
On a pedestal next to these core quantities stand Newton’s laws of motion:

   1.  The law ‘actio = reactio’: There are no individual forces, but only reciprocal reactions.
   2.  The law of inertia: In the absence of a force, the velocity v remains constant (including the  
        case  v = 0).
   3.  The force law: The change in momentum equals the acting force: F = dp/dt.

The first law (together with the third) is equivalent to the conservation of total momentum. We nev-
ertheless do not want to omit it, because it brings, with its Latin conciseness, a very deep insight. 
The second law is a special case of the third; it only stands still in order to annoy Aristotle a little. 
The third law is however indispensable: It tells us how the future motion of a particle is influenced 
by the forces acting on it.

Thus we must clarify which forces truly exist. The answer is again easily overlooked. There are only 
three forces, which originate from three different vector fields:

   1.  The gravitational or Newton force, which acts on mass:     FN = m·g 
   2.  The Coulomb force, which acts on electrical charge:         FC = q·E
   3.  The Lorentz force, which acts on fast electrical charges:   FL  =  q·(v x B)

Where, however, do the appropriate fields, i.e., the gravitational field g, the electrical field E and the 
magnetic field B come from? Newton had already provided the answer for the gravitational field: It 
not only acts on masses, but it is also produced by the masses. The exact specification gives his 
gravitation law. Electric and magnetic fields are however produced by electrical charges at rest and 
in motion. Here the specification is given by the often mentioned four equations of Maxwell. We can 
only mention and not present in detail these equations, which describe the emergence of the fields.

Thus 5 equations completely describe the origin of the fields, 3 equations describe on what the 
fields act and the direction of this action and a further equation describes the path of the particle. 
Together with the 4 conservation laws we have presented the essence of classical physics – all on 
one page!  

�84



It is an enormous mental achievement to ascribe to such a small kernel of basic tenets the richness 
of the phenomena, which reveals the outside world (its existence is here simply postulated) to an 
observer. What economics of terminology, what thriftiness of axioms! The geometrical details and 
the material composition of a gadget may be extremely complicated – yet everything that takes 
place within it, is completely described by our handful of equations.

Mechanics, thermodynamics and electromagnetism thus cover all phenomena which in the 19th 
century were considered belonging to physics. It was clear to only a few physicists around 1900, 
such as Lorentz, Planck and Poincaré that this picture was not as harmonious, complete and self-
contained as most thought at the time. The threat did not come from the ‘atomists’. The fact that 
mass is granular and not continuous did not actually disturb anyone. But there was the problem of 
the movement of the earth through the ether and the thereby expected fluctuations of the speed of 
light (see A3). Max Planck opened a further problem area in 1900: He succeeded in theoretically 
deriving the experimentally well investigated frequency distribution of radiation from a ‘black body’ 
at a given temperature. He had to use however rather adventurous hypotheses concerning the 
‘granularity’ of the radiation energy and also his own unique statistical counting method.  
Then followed x-rays, the radioactive radium of the Curies, the alpha, beta and gamma radiation of 
Rutherford and others - nearly every year completely new areas of research were opened. The 
great building of classical physics was hardly finished and already structural cracks began showing. 
Various renovations and annexes became necessary.

In the next section we will see an overview of the corrections the STR makes to the core of classi-
cal physics, in order to successfully patch one large crack: The incompatibility of Newtonian me-
chanics, the relativity principle of Galileo and Maxwell's equations.

Also the other large crack, which was 
opened by Planck's work on radiation, 
was successfully worked on in 1905 by 
Einstein. As already mentioned in A4 he 
himself called this work “On a Heuristic 
Point of View Concerning the Produc-
t i o n a n d T r a n s f o r m a t i o n o f 
Light” [09-177ff] in a letter to Conrad 
Habicht ‘very revolutionary’. Further 
work that same spring concerned sta-
tistics and provided strong new argu-
ments for the side of the ‘atomists’. 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F2   The Relativistic Corrections

What renovations does the SRT make on the building of classical physics, in order to eliminate the 
internal contradictions between mechanics, the relativity principle and the theory of electromagnet-
ism? It is actually few - yet they are very fundamental:

   1. Time measurements are always relative to a coordinate system and not universal  
   2. Length measurements are always relative to a coordinate system and not universal  
   3. Inertial mass is (likewise) dependent on relative velocity 
   4. Input of energy means also an input of inertial mass

The details to the renovations were precisely developed in the preceding chapters. What however 
are the consequences for the 4 most important quantities of physics and their associated conserva-
tion laws?

   1. The conservation law of electrical charges goes unchanged  
   2. The conservation law of inertial mass merges with that of energy to give a single conservation  
      law, in which each energy quantity corresponds to a given inertial mass and vice-versa  
   3. The conservation law of momentum goes unchanged, whereby the momentum is to be  
      computed as m(v) • v, thus making the mass dependent on relative velocity

What remains of the three Newtonian laws? Interestingly enough all three remain valid, only the 
relativistic specification of the momentum must be accounted for. In particular F = dp/dt remains 
unchanged.

And how is it with the action of forces and the associated force fields? Are there still three? Here, 
the answer is a “yes, but…”. Since the STR confers Maxwell’s theory with an unqualified validity in 
all inertial systems, it is no surprise that Coulomb’s law and Lorentz’s law remain valid. Also there is 
not the slightest change in the production of the corresponding fields. The 'but' refers to the produc-
tion of the gravitational field: The instantaneous action at a distance of masses in Newton's gravita-
tion law contradicts the STR result that c is a fundamental speed limit for mass, energy and infor-
mation transfers. By the way, Newton also found this action at a distance to be somewhat uncanny. 
At the end of his great work he writes:

“Thus far I have explained the phenomena of the heavens and of our sea by the force of grav-
ity, but I have not yet assigned a cause to gravity. Indeed, this force arises from some cause 
that penetrates as far as the centers of the sun and planets … and whose action is extended 
everywhere to immense distances, always decreasing as the squares of the distances. … I 
have not as yet been able to deduce from phenomena the reason for these properties of grav-
ity, and I do not ‘feign’ hypotheses. … And it is enough that gravity really exists and acts ac-
cording to the laws that we have set forth and is sufficient to explain all the motions of the 
heavenly bodies and of our sea.”    [03-943]

Einstein started working in 1906 to integrate gravitation into the STR. He found a point of attack in 
1907 with the equivalence principle. He still needed years of hard work and the assistance of some 
mathematician friends, before he could submit at the end of 1915 the equation, which encompass-
es space, time and gravitation and solves this problem. He later called the equivalence principle 
“the happiest thought of my life”. More concerning this follows in the next section, which coinciden-
tally has the letter G assigned to it. 

�86



We still want to turn to the new conservation law, which replaces the separate conservation laws for 
mass and energy. It can be formulated alternatively as the conservation law for the entire inertial 
mass in a closed system, whereby all amounts of energy ∆Ei with their contribution ∆Ei /c2  to the 
total mass must be taken into account. Or alternatively seen as a conservation law for total energy, 
whereby all masses mi with their contribution mi ·c2 to the total energy are accounted for. Usually 
this second representation is preferred. I would like to illustrate the two equivalent possibilities with 
an example:

We imagine an uncharged capacitor with rest mass m0. What is its contribution to total mass, if it is 
first charged and then accelerated? During charging the energy  ∆E = 0.5·C·U2  is supplied to it, and 
therefore its rest mass increases by the amount ∆E/c2 . This increased mass must still be divided 
by the root term, when the capacitor is accelerated. This contributes (mo + ∆E/c2 )/√  to the total 
mass.  
The contribution to the total energy is computed as follows: There is the rest energy mo·c2, and then 
the energy ∆E = 0.5·C·U2, supplied by charging of the capacitor at rest, and finally the kinetic ener-
gy due to the acceleration. However the acceleration is performed on the already somewhat heav-
ier charged capacitor and therefore we must use  (mo + ∆E/c2)·c2·( 1/√ - 1 ) for the kinetic energy. In 
total we have  mo·c2 + ∆E + (mo + ∆E/c2 )·c2·( 1/√ - 1 ) = (mo + ∆E/c2)·c2 / √ , which corresponds 
exactly to the total mass multiplied by the factor c2 !

It is rather arbitrary, but not wrong, if one still calls this comprehensive conservation law the ‘con-
servation law of total energy’. The designation ‘conservation law of total mass’ would be just as 
correct. The two balances differ only by a factor c2 on each side of the equals sign: 

∑ Etot,i (before)  =  ∑ Etot,j (after)                 or               ∑ mv,i (before)  =  ∑ mv,j (after)

So much for physics from the eagle perspective. The following sections give examples to these 
remaining three conservation laws. They also show that the world cannot be understood without 
STR.

 
Caricature by Sidney Harris 
©ScienceCartoonsPlus.com 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F3   Examples of Mass-Energy Conservation

The Fusion of Hydrogen into Helium

If a cloud of hydrogen gas is sufficiently hot and dense, then there will no longer be H2 molecules, 
nor even H atoms, but only a plasma of free protons and electrons. In this plasma direct collisions 
of protons occur very frequently. At lower temperatures they can be slowed to zero by the coulomb 
repulsion (there is always a coordinate system, in which the total momentum of two particles is 
zero…) and then propelled back to where they came from. If the collision is not completely direct, 
then they whiz past each other on hyperbolic orbits. If the temperature is however sufficiently high, 
then they impact in a direct collision in such a manner that the short ranged strong force between 
the two nuclear particles begins to act and unites them as a deuterium nucleus consisting of a pro-
ton and a neutron. This reaction emits a positron e+ and a neutrino ν. The neutrino is needed only 
to satisfy further conservation laws (here the lepton number) of particle physics. The positron will 
soon encounter an electron e-, whereby the two particles 'annihilate' each other, i.e. dematerialize 
into two energy quanta (aka photons) (see F5).

Two deuterium nuclei could then fuse directly into a He nucleus, consisting of two protons and two 
neutrons. More frequently however a further proton will merge with the deuterium into a He-3 nu-
cleus and two such He-3 nuclei will fuse to a normal He-4 nucleus while emitting two protons. Yet 
other fusions are possible – but in the long run it is always the case that from 4 protons and 2 elec-
trons a He-4 nucleus is created while emitting two neutrinos.

Nun kennt man die Ruhemassen all dieser Teilchen mit hoher Präzision (Stichwort Massenspektro-
graph). Wir stellen eine Massenbilanz auf:

before 4 protons 4·1.007,825 u  
2 electrons 2·0.000,056 u
total 4.03,420 u

after 1 He-4 nucleus 4.002,603 u  
2 neutrinos 2·0.000,000 u
total 4.002,603 u

‘missing’ mass 0.029,817 u  

The fusion of only one He nucleus from protons frees an amount of energy corresponding to 
0.029,817 atomic mass units. If we fuse a whole mol of helium, then we can multiply this amount by 
Avogadro's number and obtain about 2.6 • 1012 J. With this fusion 0,029,817 / 4.032,420 ≈ 0.74% of 
the original mass ‘disappears’.

This fusion process occurs as we said only under extreme conditions (hydrogen bombs must there-
fore be ignited with an ‘ordinary’ uranium bomb…). No material container could include such a 
plasma. Research reactors are currently being built however, in which this process can be run in a 
controlled environment. Fusion would have the tremendous advantage over nuclear fission that it 
does not produce long-lived radioactive substances.

By the way the fusion reaction we described also illustrates the conservation of electrical charge! 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The Squandering of Energy by Our Sun

The sun has been radiating tremendous amounts of energy for millions of years. Still around 1900 
one did not have the slightest idea where it got its energy. One could figure out that a sun made 
from pure coal (considered apart from the oxygen needed to burn) would burn out after a few 1000 
years. Today one would naturally do the calculation with oil…

The total energy output of the sun can be computed quite simply: In the alps one measures an en-
ergy flow of approximately 1380 W/m2, the so-called ‘solar constant’. If one assumes that the sun 
delivers its radiation symmetrically in all directions of a sphere, then one can multiply this value by 
the surface area, whose radius is the average radius of the Earth's orbit. In this way one obtains the 
3.85 • 1026 W, with which to label the light bulb ‘sun’.

This energy is essentially produced (as with all ‘main sequence stars’) by the fusion of hydrogen 
into helium. 3.85 • 1026 Js per second are radiated away. We obtain the appropriate mass loss, if 
we divide this number by c2: Per second the sun loses about 4.28 • 109 kg of matter - that is 4.28 
million tons! In one year that amounts to 1.35 • 1017 kg, and in 10 billion years 1.35 • 1027 kg. Con-
sidering this value in relationship to the total mass of the sun: 1.35 • 1027 / 1.99 • 1030 ≈ 0.000,678, 
we see that in 10 billion years the sun loses less than 1 part per thousand of its entire mass!

SOHO - Picture of the sun on September 14th, 1999 during an enormous eruption,  
 which shows up intensively as UV light of ionized helium at 304 angstroms 
http://soho.esac.esa.int/gallery/images/superprom.html (© ESA and NASA) 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Even though the sun radiates less than 1 part per thousand of its mass in 10 billion years, it never-
theless reaches the end of its time as a main sequence star, because in its center, where the ex-
treme conditions necessary for fusion prevail, the concentration of hydrogen decreases strongly 
compared to that of helium. As every second 4.28 • 109 kg of matter are radiated away, then that is 
the 0.74 % of the hydrogen mass which does not appear any more in the helium. Therefore every 
second 5.78 •1011 kg hydrogen must be converted into helium. Thus the respective changes in hy-
drogen and helium concentrations can be computed yielding a model of the sun, which gives the 
pressure, temperature and chemical composition depending on the distance from the sun’s center 
and the age of the sun. In a state of equilibrium the pressure produced by the radiation at each 
distance r from the center must offset the gravitational pressure of the outside layer.

Today we assume that the sun and the planet system formed approximately 5 billion years ago 
from the ‘waste’ of an earlier star generation (otherwise there would be no heavy elements such as 
carbon, oxygen, iron and uranium on earth). The sun will continue radiating quite stably and with 
the same intensity for about 5 billion years. Then another phase will begin…

Today astrophysics can model in great detail the birth, life and death of different types of stars. Here 
I hoped only to give you a little taste. 

Radioactive Decay and the Splitting of Heavy Atomic Nuclei

The two protons and the two neutrons in helium are held together by the strong force. This binding 
energy corresponds to the energy that is released during fusion. It is now possible to determine the 
middle binding energy per nuclear particle for all atoms, or even better, for all isotopes giving the 
following diagram:

The energy gain is particularly large by the fusion of protons to helium. In addition, one can win 
energy, if one splits heavy nuclei. In nuclei that are heavier than iron (Fe-57), the nuclear particles 
are again on the average less strongly bounded together. Thus energy is released, if one splits one 
heavy nucleus into two moderately heavy nuclei. 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In particular the uranium isotope U-235 needs only to be bombarded with neutrons of suitable kinet-
ic energy, in order to elicit its decay into Kr-89 and Ba-144, for example. In the process three other 
fast neutrons are produced, making for a suitable nuclear chain reaction:

If we know the rest masses of the nuclei involved, we can once again do a balance sheet as we did 
with the fusion of hydrogen to helium. The two fission products are however extremely unstable (by 
far too many neutrons in the nucleus) and therefore their rest masses are not specified in the ta-
bles. Thus we make another calculation (which in the long run likewise depends on the precise 
measurements of the rest masses): In Uranium-235 the middle binding energy per nucleus is about 
7.6 MeV, with Krypton-89 this amounts to the appropriate value of 8.6 MeV and with the 
Barium-144 it is about 8.4 MeV (see table above). The result is that the splitting of a single U-235 
nucleus releases an energy of

89·8.6 MeV + 144·8.4 MeV - 235·7.6 MeV  ≈  198 MeV
Since both products practically immediately decay further (beta decay), there are some additional 
MeV set free, with which one comes to a total energy of 210 MeV for splitting one U-235 nucleus. 
Let’s extrapolate for a mol of Uranium-235: The complete splitting of 235 grams of U-235 releases 
the energy of 6.02 • 1023 • 210 MeV  ≈  2.0 • 1013 Joules  ≈  20 TJ. The corresponding ‘mass loss’ is 
20 TJ / c2 ≈ 0.225 gram or somewhat less than one part per thousand.

Excellent information about the fundamentals of fission technology and the different reactor types in 
use is offered in the publication [23], which was published by the German nuclear power station 
operators and also from which the three illustrations in this section were taken. Only the section 
“Disposal of Highly Radioactive Wastes” is - given the present state of the project work – rather 
tersely handled …

Energy is also released during radioactive 
decay: The helium nucleus spontaneously 
released during α-decay of a radium atom 
contains a lot of kinetic energy. This topic is 
also excellently covered by [23]. I would like 
to thank the Vattenfall Europe AG and the 
Informationskreis KernEnergie in Berlin for 
permission to reproduce the three illustra-
tions shown in this section. 

�91



F4   Relativistic Collisions

1.  Inelastic Frontal Collision of Two Like Particles, One at Rest 

A particle of rest mass m0 collides with v = 12 / 13 • c with a particle at rest of the same type and 
thereby merges into a new particle of rest mass M0, which after its creation has a velocity u. The 
conservation of momentum and the conservation of energy-mass must be met: 

mv·v  +  mo·0   =   Mu·u       and       mv·c2  +  mo·c2   =   Mu·c2        
thus mv·v  =  Mu·u   and   mo + mv  =  Mu    together with   mv  = mo / √  =  mo / (5/13)  =  2.6 · mo

hence u =  v·(mv / Mu )  =  v·(mv / (mo + mv))  =  v·( 1 / (√ + 1) )  =  12/13·c·(1/(5/13 + 1))  =  2/3·c
and Mo  =  Mu · √(1 - (2/3)2)  ≈  ( mo + mv )·0.745  ≈   mo· 3.6 · 0.745  ≈  2.68 · mo 

2.  Inelastic Frontal Collision of Two Like Particles, Moving in Opposite Directions

Two particles of rest mass m0 collide head on with v = ± c • 12 / 13 and merge to form a new parti-
cle of rest mass M0. We again write the two conservation laws: 

mv·v  +  mv·(-v)   =   Mu·u      and       mv·c2  +  mv·c2   =   Mu·c2        
thus 0 =  Mu·u     and     2 · mv  =  Mu     together with    mv  = mo / √  =  mo / (5/13)   =  2.6 · mo

hence u = 0    and     Mu  =  Mo  =  2 · mv  =  2 · 2.6 · mo  =  5.2 · mo

The numerical difference of the two is not very impressive. This is only because we have in our 
example not ‘approached c’. For v -> c, however, the expression v • (1 / (√ + 1)) for u approaches 
more and more v, which means that the particle produced will also have a speed very close to c, 
and therefore Mv will be much larger than M0! Today's particle accelerators deliver speeds that are 
only a few m/s or even cm/s smaller than c! Thus the first method above requires a lot more energy 
to produce a heavier (possibly hypothetical) particle of a given rest mass, because a larger portion 
of the input energy is spent on the unavoidable kinetic energy of the particle produced. Only the 
second method can use the complete input energy to produce the new particle (see problems 4 
and 5 in F7).

This is the reason that modern facilities like to be equipped with double storage rings, in which the 
particles (or particles and anti-particles) race around in opposite directions at speeds close to c, 
before being brought to frontal collisions inside huge detectors. Such a facility in the vicinity of 
Hamburg (DESY ~ German Electron Synchrotron) for electrons and positrons has already been 
active for many years. See the relevant section in the book [11] by Sexl! CERN near Geneva is at 
the moment (2006) expanding its large plant expressly to handle much heavier protons (LHC 
~Large Hadron Collider).

Both the DESY (www.desy.de) and CERN (www.cern.ch) provide informative websites. It was, inci-
dentally, at CERN that Tim Berners Lee developed the Internet in its present form in order to facili-
tate teams whose members live and work in various corners of the world.
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View of the 28 km circular tunnel which lies 100 m below the earth’s surface. In the spring of 2005, 
superconducting magnets were installed to hold the protons in their circular path through the two 
storage rings 
http://doc.cern.ch//archive/electronic/cern/others/PHO/photo-ac/0504028_06.jpg   (© CERN)

ATLAS, one of the four enormous detectors that record the results of the direct collision of the pro-
tons. It gathers in a very short time an amount of data equivalent to the entire European telecom-
munications network.
http://doc.cern.ch//archive/electronic/cern/others/PHO/photo-ex/0611040_02.jpg   (© CERN) 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F5    Creation and Annihilation of Particles

The picture below shows the emergence of an electron-positron pair from a photon of high energy, 
a so-called γ-quant. The photon does not leave a trail in the bubble chamber, because it has no 
charge. The electron and the positron, through use of a magnetic field perpendicular to the plane of 
the image, are diverted by the Lorentz force in opposite directions because of their different electric 
charge. The photon must have entered the picture from the left. We see all three conservation laws 
in action at once:

The momentum (and hence also the total energy, kinetic energy and velocity) of the electron and 
the positron can be determined from the radii at the beginning of the spiral motion, since the 
strength of the applied magnetic field is known. It is

mv·v2/r = e·v·B   thus   p = e·r·B    and further      Etot2  =  Eo2  +  p2 ·c2 
Problem 7 in Section F7 refers to this situation.

Pions, muons and other particles are continuously generated by the millions through impact of high 
energy cosmic radiation with the atoms of the Earth's atmosphere. Anti-protons are now manufac-
tured in large numbers at CERN and also at CERN scientists have generated anti-hydrogen atoms 
from anti-protons and positrons.

When a positron meets an electron the two particles ‘decay’ into two photons. The conservation of 
momentum requires that at least two photons be produced: the total momentum of a single photon 
cannot be zero in any coordinate system, while the total momentum of two particles in their center-
of-mass (barycentric) system is always zero! For the same reason, a photon cannot generate an 
electron-positron pair without another particle being involved. The event always takes place in the 
immediate vicinity of an atomic nucleus.

Surf-Tip:
http://teachers.web.cern.ch/teachers/archiv/HST2005/bubble_chambers/BCwebsite/index.htm 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F6    How to Continue?

If we just want to show the main results of the STR, then the next chapter should continue as fol-
lows:

• A preliminary section, in which we work out how to transform forces and accelerations. We 
have provided all of the prerequisites.

• A second section, in which we examine what happens to the Lorentz force, which acts on 
moving electrons, when represented in the system of the moving electrons itself. 

• Then we should in general derive how electric and magnetic fields transform in the STR.

These three points are essential. Only then can we achieve the goal of Einstein - to explain the 
“asymmetries which do not seem to be inherent in the phenomena”. Perhaps in time an expanded 
edition of this book will appear – but for the moment, I would simply like to reference the following 
works of other authors:

• Michael Fowler, in his Internet accessible script [24], gives a basic introduction to the 
frame dependence of the electromagnetic field. [24] is in general a very nice elementary 
presentation of the STR and the only other one that I found which also quantitatively 
presents de-synchronization as a basis phenomenon! 

• Roman Sexl and Herbert K. Schmidt present in chapter 16 of [25] a derivation of the trans-
formation of the electromagnetic quantities without the use of higher mathematics. They 
employ four component vectors in their calculations. This elegant mathematical represen-
tation of the STR is introduced in an easily comprehensible fashion.

• Jürgen Freund's book [26] presents in Part IV an introduction to computing with four com-
ponent vectors. Using this he then derives the transformation of the electric and magnetic 
field in the STR in a way similar to Sexl et al. [25].

• Anyone with an elementary knowledge in matrix calculations may enjoy a visit to the sec-
tion “Maxwell” of “www.relativity.li” !

Some other topics we have treated could also be investigated in more detail:

• Transformation and the addition of arbitrary speeds. We have only considered velocities 
parallel and perpendicular to v. One could also derive the general formula for aberration.

• General Doppler formula. We have investigated only frequency changes in motion in the 
radial direction (the ‘longitudinal’ Doppler effect)

• Transformation of the quantities of thermodynamics. Some hints to this are given in prob-
lem 11 of E6.

 

Several additions and suggestions will be presented in chapter K. But for now I would like to main-
tain our momentum and leap into an introduction of the general theory of relativity. I will continue to 
make use of Epstein's presentation in [15], as well as the beautiful, but long out of print book [27] by 
Horst Melcher, published in 1968 in the former GDR, and which therefore perhaps has not experi-
enced in the ‘West’ the renown it deserves. 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F7   Problems and Suggestions

1. Think about how the following energy units must be converted into one another: 
a) J       b) MeV      c) u       d) kg

2. A common oxygen atom (ie O-16) weighs 15.994915 u, a hydrogen atom (H-1) weighs 
1.0078252 u. Calculate the average binding energy of a proton or neutron in the oxygen 
nucleus and compare your result with the diagram in F3.

3. A particle of rest mass m collides inelastically with kinetic energy 4 • m • c2 with a resting  
particle of the same rest mass. Show mathematically that the particles can merge into a 
single particle and calculate its rest mass.

4. In a direct collision of an electron with a positron psi particles can be created if the electron 
and the positron have been accelerated to the point where their masses increase to 3700 
times their rest mass. 
a) Determine the required kinetic energy of the electrons in MeV 
b) Determine the rest mass of the resulting psi particle  
c) How heavy would the scrap heap be, if two small cars of rest mass 500 kg collide head  
    on with the same speed as the electron and the positron?

5. (challenging follow-up to problem 4)   What energy in MeV must a positron have in order 
that its collision with a resting electron produces a psi particle? Do not consider the veloci-
ty, but rather the energy and momentum and use equation (2) in E5 ! Compare this result 
with the effort required using a double storage ring as in 4!

6. Show that you do not obtain the relativistic expression for kinetic energy, if you simply 
substitute the dynamic mass mv for the variable m in the formula 0.5 • m • v2.

7. This problem refers to the illustration in F5. The magnetic field perpendicular to the plane 
of the image has a strength of 0.214 Tesla, and the radii of the two trails at the beginning 
of their spiral are measured with r1 = 8.31 cm and r2 = 5.17 cm respectively 
a) Calculate for both the electron and the positron the total energy and hence their mass  
     immediately after their emergence  
b) Determine the kinetic energies and velocities the two particles have after their formation  
c) Determine the minimum energy of the γ-quant that is produced and using Planck’s  
    formula  E = h • f also its minimum frequency 
d) For photons E = p • c. Show that only part of the momentum of the quant is given to  
    the two resulting particles and thus another particle must also be at play in this  
    production

8. An x-ray quantum with an energy of 100 keV collides with an electron at rest and is ab-
sorbed by it. What speed does the electron take on?  
a)  Solve using the conservation of momentum 
b) What would the electron velocity be, if the total energy of the photon were converted  
    into kinetic energy of the electron?  
c) What percentage of the incidental energy is not converted into kinetic energy of the ?  
    What happens to this part?
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