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Energy V: Wave, Electromagnetic and Nuclear energy 
 
1. Wave motion 
 
All the forms of energy we have discussed so far, kinetic, elastic potential, 
gravitational potential, electrostatic potential, heat and chemical energy, 
have been associated with matter. They have been properties of material 
objects (kinetic energy) or of the spatial relationships between material 
objects (potential energies). Strictly speaking, they are all properties of the 
spatial relationships since, with kinetic energy what counts is the velocity 
relative to a reference frame which is defined by aggregates of material 
objects. And how could it be otherwise since energy is defined as the 
capacity to do work and what else can bring a force to bear on a material 
object to do work but another material object? So, at least, a mid 19th century 
physicist might have thought. 
 
But there is still one form of matter related energy that we have not 
discussed and which would, in the last half of the 19th century, be discovered 
to have a manifestation that is very resistant to interpretation in material 
terms. The form is the energy of waves and wave motion and the recalcitrant 
manifestation is electromagnetic waves. We begin with a discussion of 
patently material waves.  
 
a. waves on a string 
 
If one end of a long string under tension is moved back and forth, 
perpendicular to the length of the string, the disturbance will be seen to 
propagate down the length of the string (to the extent that obstructions do 
not interfere) (Fig. 1). The appearance of such a propagation along a more or 
less fixed direction is paradigmatic of what we call wave motion. The speed, 
v, of the propagating wave is determined by the tension, τ, in the string and 
its mass density, µ; the higher the tension the higher the speed and the 
higher the mass density, the lower the speed. In particular, 
 
                                                   v  =  [τ / µ]1/2.                                        (1.1a) 
 
We note that the ratio, τ /µ, has the physical dimensions of a squared speed, 
 
                         [ τ / µ] = (F)/(M/L) = (ML/T2)/(M/L) = (L/T)2.             (1.1b) 
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When the displacements of the matter are perpendicular to the direction of 
motion of the disturbance, or wave (as in the case of the string), we say that 
the wave is a transverse wave. 
 
 
                                                               
                                                              amplitude 
 
                                 Δx                                                          propagation 
                                                                                                velocity with 
                                                                                          speed  v = (τ/µ)1/2 

 
Δt later 
                                                                        Δx 
                     (Δx/Δt) = (τ/µ)1/2 

 
 
2Δt later 
 
Fig. 1: Transverse wave pulse traveling along taut string with tension, τ, and 
mass density, µ. 
 
 
An interesting consequence of the dependence of the propagation speed, v, 
on the tension is that if a long string or rope is hanging vertically so that the 
tension in the rope at any elevation varies with the weight of the rope below 
that elevation, the speed of a wave on the rope will be higher the higher the 
elevation. If no weight is suspended from the end of the rope, then any 
quadrupling of the elevation above the free end of the rope will double the 
wave propagation speed.  
 
If the disturbance is repeated regularly (Fig. 2), then the propagating wave is 
a periodic wave. The frequency, f, of the wave is determined by how 
rapidly each piece of the string oscillates back and forth, 
 
                      f  =  no. of complete oscillations per second ,                   (1.2a)                 
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and then the wavelength, λ, the distance along the string between 
consecutive, similar oscillation peaks, depends on how fast the wave speed 
pulls the end oscillations along the string. In particular, 
 
                                                       f λ  =  v.                                             (1.2b) 
 
                                     λ 
 
 
                                                                                                    amplitude 
 
 
                      λ                                                      v                                                    
 
                  v = f λ                     (1/f) = time required to travel the                     
                                                            wavelength, λ. 
 
Fig. 2: Periodic wave traveling down a taut string with wavelength, λ, and 
frequency, f.  
 
 
For waves with amplitudes that are small compared to the wavelength an 
analysis of the forces involved shows that the acceleration of a piece of 
string is very nearly perpendicular to the length of the string and is 
proportional to the curvature of the string at that piece (Fig. 3). Because the 
curvature is very nearly proportional to the difference in the slope of the 
string just ahead and behind the piece, we have a situation in which the  
accelerating resultant force on any small piece of the string is due to the 
slightly different directions of the tension in the string just ahead and behind 
the piece. For a sinusoidal wave of definite frequency (Fig. 4) each tiny 
piece of string executes the same kind of oscillations as a mass on the end of 
a spring which we discussed in Energy I & II. That kind of oscillatory 
motion is called simple harmonic motion or SHM. Now that means that the 
resultant force on each tiny piece of string must vary with time in the same 
way as the force generated by a stressed, oscillating spring. This, in turn 
would lead us to expect a potential energy associated with the force just like 
the oscillating spring potential energy, which is maximized when the piece 
of string is at its extremes of displacement and minimized (zero) when the 
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               Short string segment                                                          τ2 

 
 
 τ1                                                                                                                    
                                            Tension forces displaying different slopes 
 
Resultant accelerating force  (very nearly perpendicular to relaxed string)                              
 
                                                                                   

                                        τ1              τ1 + τ2                                                  
                                                          
                                            τ2   
 
Fig. 3: Resultant accelerating force on short string segment due to curvature 
of the segment under tension. 
 
 
           y 
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         0                                                                                           x 
 
 
  
 − ymax 

 
                                       λ 
                                               (k / unit length)  = 4π2 τ / λ2 
 
Fig. 4: Sinusoidal wave (amplitude greatly exaggerated) of wavelength, λ, 
with string particles executing SHM as if attached to an oscillating spring 
with effective spring constant per unit length = 4π2 τ / λ2. 
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piece of string is moving through its equilibrium position with maximum 
kinetic energy.  
 
But, in fact, for the oscillating pieces of string, the energy is not distributed 
this way! The reason is that each tiny piece of string is being pulled from 
both ends in nearly, but not quite (because of the curvature of the string), 
opposite directions  and it stretches a bit to accommodate the displacement 
perpendicular to the original direction of the relaxed string. This stretching 
under tension requires work to be done and gives the string a capacity to do 
work upon relaxing which is the potential energy of the string (Fig. 5). 
 
 
                                                                                               τ  
                                                                        
                                                 Δs 
                                                                                   Δy 
           − τ  
                                                          Δx 
 
                                                  Δs2 = Δx2 + Δy2 
 
                                     Estring (Δx) = τ (Δs − Δx) = π Δx   
 
Fig. 5: Potential energy in short string segment due to stretching (from Δx to 
Δs) under tension, τ, and leading to potential energy density,                          
π = (τ/2)(δy/δx)t

2 (see text below).             
 
 
 For small wave displacements one can ignore any increase in the tension 
due to the stretching and so the work is done against a constant force which 
makes the potential energy just the product of the tension and the change in 
length of the stretched piece of string, i.e., 
 
                      Estring(Δx) = τ [Δs − Δx] = τ [(Δx2 + Δy2)1/2 − Δx] 
 
                      = τ [(1 + (Δy/Δx)2)1/2 − 1] Δx  ~  (τ/2) (Δy/Δx)2Δx ,            (1.3) 
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where we have used Pythagoras’ theorem and an approximation for the 
square root when the slope of the piece of string is small, 
 
                                                   (Δy/Δx)2 << 1.                                         (1.4) 
 
So, at any moment, t, the potential energy is distributed with a linear density 
along the string given by, 
 
                                                π = (τ/2)(Δy/Δx)t

2,                                     (1.5)         
 
i.e., it’s proportional to the square of the slope of the string. 
 
This only holds for very short intervals, Δx, along the string and all of the 
relationships we will be discussing for awhile hold only for very small 
changes in the quantities concerned. To emphasize this we will replace the 
change symbol, Δ, with its lower case, δ. Thus, 
 
                                                π = (τ/2)(δy/δx)t

2.                                     (1.6a) 
  
The kinetic energy, as always, is proportional to the square of the velocity, 
(δy/δt)x, of motion of the piece of string and its mass and so it is distributed 
over the string with a density given by, at any position x along the string, 
 
                                               χ = (µ/2)(δy/δt)x

2.                                     (1.6b) 
 
The total energy density is (Fig. 6), 
 
                           ε = χ + π = [(µ/2)(δy/δt)x

2 + (τ/2)(δy/δx)t
2] .                (1.6c) 

 
The conceptual problem with this result is that the negative changes over 
time of π will not give the correct amount of work per unit length of string to 
produce the occurring changes over time of χ! In fact, for disturbances on 
the string of any shape (but always small) that are all traveling in the same 
direction, it turns out that, 
 
                                            (δy/δt)x = + v (δy/δx)t,                                   (1.7) 
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so χ and π rise and fall together. In fact they’re always equal and the total 
energy density is far from constant either over time at any one place or over 
distance along the string at any time, 
 
                                 (δε/δt)x ≠ 0        and        (δε/δx)t ≠ 0 .                      (1.8)  
 
What, then, makes up the discrepancy between the work density done by the 
potential energy density, π, and the work density that needs to be done to 
 
 
       
          
                                                                              v = (τ/µ)1/2 

      
 
 
         0                                                                               x 
 
 
  
  
 
              y                          ,        (δy/δt)x =  – v (δy/δx)t  
 
                    π  or  χ  or  ε/2   
 
Fig. 6: Graphs of the displacement, y, the velocity, (δy/δt)x, the potential 
energy density, π = (τ/2)(δy/δx)t

2, the kinetic energy density,  
χ  = (µ/2)(δy/δt)x

2, and (up to a factor of 2) the total energy density,  
ε = χ + π, all moving to the right with speed, v =  (τ/µ)1/2, for the case of a 
sinusoidal wave on a string. 
 
 
change the kinetic energy density, χ.? The answer lies in noting that these 
energy densities are moving along the string with the disturbances whose 
properties they represent. Consequently, at any one place on the string at 
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any one time there is also an energy flux that comes in from one side and 
goes out from the other. If the flux changes with position along the string 
then, at any particular place and time, more energy may be coming in than 
going out or vice versa. These changes account for the time dependence of 
the total energy density, ε, at any place and they provide the additional 
forces required for the changes in χ via the work-energy theorem. 
 
The energy flux turns out to be given by, 
 
                                            φ = τ (δy/δt)x (δy/δx)t ,                                   (1.9) 
 
and the so-called local energy conservation is expressed by the equation, 
 
                                               (δε/δt)x = (δφ/δx)t ,                                    (1.10) 
 
i.e., the rate of change with time of the energy density is equal to the rate of 
change with position of the energy flux. 
 
With this example we encounter energy displaying a form of autonomy from 
matter with which it has always previously been intimately coupled. The 
matter of the string is moving back and forth in one direction, not really 
going anywhere to speak of. The energy, while based in the motion of the 
matter, is moving along the string, perpendicular to the matter oscillations, 
and may cover large distances. 
 
b. sound waves 
 
Sound waves through air or water or glass or wood or steel, etc., are similar 
in some essential respects to the waves on a string. In particular the speed of 
the waves is determined by a ratio of a quantity that measures the resistance 
of the medium to distortion, in this case to change of volume, and the mass 
density of the medium. The first quantity is the bulk modulus, B, defined, 
itself, as the negative ratio of the change in pressure to the fractional change 
in volume produced by that pressure change, i.e., 
 
                                              B = − δP/(δV/V).                                     (1.11a) 
 
We note, again, that the ratio, B/ρ, has the physical dimensions of a squared 
speed, 
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                 [ B / ρ] = (F/L2)/(M/L3) = (M/LT2)/(M/L3) = (L/T)2.           (1.11b) 
 
The bulk modulus being much larger for liquids and solids than for gases, 
the speed of sound is much higher in the latter than the former. 
 
A major difference between waves on a string and sound waves is that in the 
case of sound waves the material particles that oscillate as the wave passes 
move back and forth parallel to the direction of wave propagation. That is 
why there is fractional volume change as the wave passes, alternate 
compressions and expansions of the material, and that is why the bulk 
modulus is the important parameter. Waves in which the underlying 
oscillations are parallel to the wave propagation direction are called 
longitudinal waves (Fig. 7).  
 
 
                                expanded        compressed 
              compressing       expanding 
          ρ            
     ρmax              

      
 
 
        ρ0                                                                               x 
 
 
  
             ρmin 

                                                    v 
                                        
Fig. 7: Sinusoidal sound wave propagating to the right through a continuous 
medium. The consecutive vertical dashed lines contain equal amounts of 
matter between them. The dotted curve indicates the progressive variation in 
mass density. 
 
 
As with the waves on a string, the analysis of the energy distribution and 
flow in sound waves yields very similar results. Indeed, so long as the 
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intensity of the waves are small (How small is small?) the equations 
describing string waves and sound waves are almost identical providing 
transverse displacement is replaced by pressure or density variation or 
longitudinal displacement. 
 
In the 17th century Newton already understood the dependence of 
propagation speed, v, on the bulk modulus but assumed that sound waves 
passed with no change in temperature. We now understand that, to a better 
approximation, they pass adiabatically, i.e., with no heat exchange between 
adjacent regions in the wave. This changes the numerical result for v. 
 
c. water waves 
 
Water waves, the kind we see on the surface of water, are either driven by 
surface tension, σ [F/L], or gravity. The surface tension waves are of very 
small amplitude and wavelength, with both being measured in millimeters, 
and are initiated by breezes. Gravity waves have larger amplitudes and 
wavelengths (the latter ranging from inches to hundreds of miles) and can be 
initiated by either winds or seismic disturbances. Similar to the previous 
wave motion cases discussed, the surface tension waves have speeds 
proportional to the square root of the ratio of the surface tension to the 
matter density. But a dependence on wavelength also appears. 
 
                                                v = (2π σ / ρ λ )1/2.                                     (1.12) 
 
Gravity waves, however, have speeds independent of the mass density of 
water because gravity induces forces proportional to the inertial mass 
density.  For wavelengths, λ, much smaller or much larger than the water 
depth, h, the speed of gravity waves is essentially given by the square root of 
the acceleration of gravity times the smaller of those quantities, 
 
                                         v = (g h)1/2 .  for    h << λ                              (1.13a) 
 
and                                v = (g λ / 2π)1/2   for     h >> λ .                            (1.13b) 
 
This accounts for the growth of breakers as waves come in to shore ( a piling 
up effect due to the waves slowing down as the depth decreases) and the 
extreme high speed of deep water Tsunami’s with wavelengths of many 
miles or more. For example, in the deep ocean with a depth, say, of  20,000 
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ft, a tsunami wave pulse 100 miles long, so that h  <<  λ, has a propagation 
speed of, 
 
 v = (g h)1/2 = (32 ft/sec2 x 20,000 ft)1/2 = (640,000)1/2ft/sec = 800 ft/sec  
 
                                                   ~  547 mi/hr ! 
 
Another novel feature of gravity surface waves on water is that they’re 
neither transverse nor longitudinal, but a coherent combination of both   
(Fig. 8). The small pieces of water within a wave actually execute a variable 
elliptical motion, with the top of the ellipse moving with the wave and the 
bottom moving against the wave. 
 
Notwithstanding these novelties, the analysis of energy distributions in water 
waves with amplitudes small compared to wavelengths is very similar to our 
analysis for waves on a string. 
 
     
                                                              wave velocity 
 
                                                                                         
water 
velocity 
  
Fig. 8: Wave and water motion in surface waves on water. 
 
 
2. Electromagnetic waves 
 
In the second half of the 19th century, James Clerk Maxwell formulated a 
unified theory of all the then known electric and magnetic phenomena. The 
formulation was heavily based on the experimental researches of many 
scientists in Britain and Europe, but especially on the work of Michael 
Faraday, possibly the greatest experimentalist who ever lived. At a crucial 
point in Maxwell’s work, he noticed an internal inconsistency in the theory 
that was taking shape. Making the simplest possible change to remove the 
inconsistency, a change about which experiment was silent, Maxwell 
discovered that the corrected theory predicted the existence of 
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electromagnetic waves, i.e., propagating, periodic disturbances in and of 
the electric and magnetic fields that determined electric and magnetic forces. 
 
It also followed from the theory that the propagation speed of these waves in 
a vacuum was the speed of light in vacuum. Thus was born the 
electromagnetic (EM) theory of light. Subsequent studies thoroughly 
corroborated the EM nature of light and we now recognize light, i.e., visible 
light, as but a small portion of the full spectrum of EM waves. The main 
categories of EM waves (Fig. 9) are radio waves, infra-red waves, 
microwaves, visible light, ultra-violet waves, X-rays and gamma-rays   
 
But what is it that’s doing the waving in the case of EM waves? From the 
perspective of what might be called the bare Maxwell theory, it’s the electric 
and magnetic fields that are waving in an EM wave. But these fields do not  
obviously involve the motion of matter for their existence. Strictly speaking, 
they are not even forces but, rather, constitute a capacity to generate a force 
on electric charges or currents in their vicinity. Yet light waves clearly carry 
energy, as is easily confirmed by igniting paper or heating water with highly 
focused rays of the sun. How can this be? Surely, to be able to carry energy, 
EM waves must have a material underpinning. Something material must be 
oscillating when EM waves pass by. 
 
The sentiments of the previous paragraph were so strongly held by 19th 
century physicists that a substantial industry arose for building a mechanical, 
matter based, model of an all pervasive medium, the luminiferous Aether, 
or Aether for short, the vibration of which was the ground for the occurrence 
of EM waves. The effort was tremendous and frequently succeeded in part, 
but never succeeded in whole. No one model made complete mechanical 
sense and gradually, with a lot of grumbling, physicists started to acquire the 
attitudes expressed then and later by  Heaviside and Einstein: 
 
Heaviside (1899): “My experience of so-called [mechanical] ‘models’ is that 
they are harder to understand than the [Maxwell] equations of motion!” 
 
Einstein (1949): “One got used to operating with these [EM] fields as 
independent substances, without finding it necessary to give oneself an 
account of their mechanical nature; thus mechanics as the basis of physics 
was being abandoned, almost unnoticeably, because its adaptability to the 
facts presented itself finally as hopeless.” 
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Fig. V.9: The electromagnetic spectrum; from thousand kilometer 
wavelength radio waves to milli-Angstrom wavelength gamma rays. 
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But this meant that one had to accept the existence and motion of energy in 
and through the vacuum of space, unencumbered by immediate association 
with matter. Energy would no longer be a property of matter, either due to 
the motion or configuration of matter, but instead would become an 
autonomous agent of nature that by infusing itself within matter could 
manifest itself in the traditional ways, but was not bound by them. Such 
modes of thought, while on the rise, went down hard and were resisted in 
various corners tenaciously. Let’s look at some of the details of the new 
modes of thinking. 
 
The energy density in an EM field, whether wavelike or not, is given by the 
expression, 
 
                                             u = (1/2κ) (E2 + B2),                                     (2.1) 
 
where  κ is the constant that occurs in the expression for the Coulomb 
electrostatic force between two charges that we saw in Energy I and E and 
B are the magnitudes of the electric and magnetic fields, respectively, at the 
point in space and time where the energy density is being evaluated. 
 
The flow of EM energy through space, the energy flux, a vector because the 
flow has a direction, is given by, 
 
                                                 π  = (c/κ) E x B,                                        (2.2) 
 
where the notation, E x B, denotes the cross or outer or vector product of 
two vectors (Fig. 10) which has a magnitude given by E |B⊥E | or B |E⊥B|  
 
                     second                                                  B 
                      finger        
                                                                                                  E 
                                                  
                                               index 
                                               finger                            E x B 
 
                                 thumb 
     right hand 
 
Fig. 10: The notorious right hand rule for the direction of a vector product  
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(they’re equal) and a direction perpendicular to both E and B and given by 
the notorious right hand rule.  
 
If we now turn to the situation involving EM waves, particularly the 
sinusoidal variety with a definite wavelength and frequency we find the 
correlation between the oscillating E and B fields as indicated in Fig. 11. 
 
The electric and magnetic fields oscillate in step with one another, reaching 
maximum and minimum magnitudes simultaneously (resulting in the energy 
density behaving similarly to the case of a wave on a string). The directions 
of the mutually perpendicular fields are arranged so that the energy flux 
points in the same direction as the wave propagation, rising and falling in 
magnitude with the energy density (as with waves on a string). 
 
What happens when these waves strike matter? The dominant effect is that 
the oscillating E field pushes protons in the direction of E and electrons in 
the opposite direction, with equal strength. 
 

 
                                      
                                                
Fig. 11: EM waves radiating away from a wire carrying alternating current. 
Note the correlation between the mutually perpendicular E and B fields 
yielding an oscillating energy density and an energy flux in the direction of 
propagation. 
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These pushes are oscillating back and forth with the frequency of the 
incoming wave and, if the frequency is in the right range, may induce 
electric currents among free electrons not bound to individual atoms, or may 
lift a bound electron into an excited state. In such ways the matter absorbs 
energy from the wave. If the frequency is not right, nothing like this occurs 
and the wave mostly passes through the matter as if it was not there. 
 
Incident sunlight is dominated by frequencies too high to be strongly 
absorbed by most of the molecules of the atmosphere (Ozone is a dramatic 
exception, absorbing much of the biologically dangerous ultra-violet 
frequencies). Consequently much sunlight makes it down to the Earth’s 
surface to be absorbed by plants and other terrestrial matter. This matter 
warms and reradiates EM waves back up to the atmosphere. But this thermal 
radiation is dominated by lower frequencies around the infra-red range and 
atmospheric molecules like CO2 and water vapor readily absorb much of it, 
trapping the energy on the planet. This is the basis of the Greenhouse effect. 
 
3. The inertia of energy 
 
So much for the dominant effects. A smaller secondary effect contained the 
seeds of the next conceptual revolution in our understanding of energy! This 
is among the effects of the oscillating magnetic field in the wave. 
 
If the B field encounters electric currents, I, in the surface and/or body of the 
material the wave strikes then, by virtue of the right hand rule by which 
magnetic fields exert forces,  
 
                                                  F = (I / c) x B ,                                         (3.1) 
 
the currents will be pushed back and forth, primarily along the line of 
propagation of the incident wave. But now consider what happens when the 
magnetic field in the wave acts on the currents generated by the electric field 
in the wave. In the simplest case the induced current density, j, is 
proportional to the electric field, 
 
                                                        j = σ E ,                                              (3.2) 
 
where σ is the conductivity of the material. The force density, f, exerted on 
this current density by B is, 
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                                       f = (j / c) x B = (σ / c) E x B ,                        (3.3) 
 
i.e., proportional to the energy flux of the incident wave. This push does not 
have a back and forth character but always pushes in the propagation 
direction of the wave! In this way the wave will cumulatively transfer 
momentum to the substance absorbing it and if we are to retain the time 
honored principle of momentum conservation, then the wave must be 
carrying momentum to transfer! It is this phenomena that gives rise to the 
concept of radiation pressure. 
 
If the energy transfer to the material, by the wave, is U, then the momentum 
transfer will be, in magnitude, U/c. 
 
But how can a non-material entity like an EM wave carry momentum?! 
Doesn’t momentum require mass in motion. It was strange enough to have 
the EM field and waves carrying energy that could be disassociated from 
matter. But momentum without mass seems really over the top!! 
 
The resolution of this problem was provided by Einstein’s argument, within 
the context of his first Relativity Theory, the so-called Special Relativity 
Theory of 1905, that all energy, of whatever form, has mass, or mass and 
energy are equivalent and just different ways of measuring the same thing 
and the energy equivalent of mass is given by, 
 
                                                      E = M c2.                                         (3.4) 
 
So the EM wave, while not material in character, does have or carry mass, 
because it has or carries energy and all energy has / is mass. And when mass 
moves; that constitutes momentum! 
 
Shortly after Einstein’s original argument for mass-energy equivalence he 
found a simpler one that, with slight modification, fits our discussion 
perfectly and doesn’t require any grasp of Relativity (Fig. 12).  
 
We consider a closed light box containing a fixed light source at its center. 
The light source sends an EM wave pulse towards a far wall of the box 
where the pulse is absorbed. Because the pulse carries momentum, the 
source and box receive a recoil impulse in the opposite direction when the 
pulse is emitted so that while the pulse is in transit the box is moving in the 
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opposite direction to keep the total momentum of the system equal to zero, 
as it was before the emission. Upon absorption at the far wall, the pulse 
momentum is returned to the box and the box stops, having been displaced a 
small distance. Now recycle the absorbed energy by other means back to the 
light source and repeat the process. In this way the box can be moved 
arbitrarily far without external forces acting. 
 
 
Pulse emitted to the right.                                          Momentum, Π      
Light box moves to the left.        v                                                         
                                                                                                               c 
             M v + Π  = 0 
 
Pulse absorbed by the box. 
Light box stops. 
 
Recycle the energy back 
to the source and repeat. 
 
Fig. 12: Perpetual motion consequence of massless light pulse carrying 
energy and momentum. 
 
 
This conclusion can be avoided if the energy, E, of the pulse and its 
momentum (which in magnitude is given by E / c) is accompanied by a mass 
of  E / c2 and if all forms of energy, E, carry a mass equivalent of E / c2. For 
in that case there would be no other means of recycling the energy back to 
the source without carrying the equivalent mass back as well. But that would 
entail returning the momentum to the origin thereby displacing the light box 
back to its original position! 
 
So what becomes of the long standing and previously fundamental 
distinction between matter and energy now that mass and energy are 
equivalent?! 
 
What we traditionally have called energy is energy of sufficiently low 
concentration that the mass equivalent is exceedingly small, e.g., 
 
                                       1 Mwh = M (3 x 108 m/s)2,                               (3.5a) 
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yields 
                     M = (106 x 3.6 x 103 / 9 x 1016) kg =  0.4 x 10−4g  
 
                            = 40 x 10−6g = 40 µg  ~ 240 x 10 17 m (H) .                 (3.5b) 
 
What we traditionally have called matter is a highly concentrated form of 
energy that is not only usually enormous but is also not easily transformed 
into the familiar forms of energy. 
 
                                    1 kg c2 ~ 4 x 106 Mwh = 4 Twh .                           (3.6) 
 
4. Nuclear energy 
 
The equivalence of mass and energy was discovered in 1905 by Einstein. 
The tiny massive nucleus of an atom was discovered by Rutherford in 1911. 
By 1913 Thompson had shown that the masses of nuclei, while generally 
increasing with their (positive) electric charge, were not uniquely 
determined by the charge. This was the discovery of isotopes. Originally 
nuclei were thought to be composed of protons and electrons (the only 
subatomic material particles then known). This gave rise to problems and 
inconsistencies but could not be resolved until the neutron was discovered 
by Chadwick in 1932. From then on it was accepted that there are no 
electrons inside nuclei, only protons and neutrons. 
 
But it was then quickly realized that the masses of nuclei were not exactly 
the sum of appropriate integral multiples of the masses of single protons and 
neutrons. They were always at least slightly less, i.e., 
 
                              m(Z, A)  <  Z m(p) + (A − Z) m(n) .                           (4.1) 
 
The reason was clear. Quantum mechanics dictated that to confine such 
particles to the dimensions of a nucleus with a radius of the order of, 
 
                                                  R ~  1.2 A1/3f ,                                          (4.2) 
 
(where 1.0 f = 10−15 m) requires binding energies with mass equivalents that 
are detectable percentages of the proton and neutron masses. Strictly 
speaking, already in the hydrogen atom the binding energy of the electron 
lowers the mass of the atom from the sum of the mass of the proton and 
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electron, but the lowering is so tiny that it’s undetectable. With nuclei, the 
forces are much stronger, the binding energies larger and the lowering of the 
total mass is detectable. 
 
With occasional exceptions nuclei get more and more stable against 
disintegration as the atomic number, Z, increases towards iron, Fe, at Z = 26 
and then tend to be less and less tightly bound as Z ranges above 26 (Fig. 
13). 
 
With this precision in hand, one could also observe that when unstable heavy 
nuclei disintegrated radioactively, as in the reaction, 
 
                                     232U  228Th + 4He + 5.4 Mev ,                          (4.3a) 
 
the mass of the initial nucleus exceeds the sum of the masses of the 
products; the difference is appearing as kinetic energy, 5.4 Mev, of the 
products, where 
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Fig. 13: The graph of average binding energy per nucleon, Bav, against the 
atomic mass number, A 
 
 
                 [m(92, 232) − m(90, 228) − m(2, 4)] c2 = 5.4 Mev ,              (4.3b) 
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and                                      1.0 Mev = 1.6 x 10−13 j                                   (4.4) 
 
is a convenient unit of energy in nuclear physics. Another form of 
spontaneous disintegration is the so-called β decay exemplified by the 
unstable carbon isotope, 14C, 
 
                                   14C   14N + e + ν’ + 0.16 Mev,                           (4.5a) 
 
                        [m(6, 14) − m(7, 14) − m(e)] c2 = 0.16 Mev,                  (4.5b) 
 
the products being a nitrogen nucleus, an electron and a ‘massless’ anti-
neutrino.  
 
In the first example of the decay of uranium 232, it makes sense to think of 
the ingredients of the products, the neutrons and protons in the thorium and 
helium nuclei, to have been present inside the uranium nucleus. But with β 
decay something different is going on. The electron and anti-neutrino did not 
preexist inside the carbon nucleus. Had they been there, they would have 
escaped immediately while the indicated process has a half life of 5730 
years. Our best understanding is that these two ‘particles’ are created from 
pure energy at the moment of disintegration! 
 
Besides spontaneous disintegration, which is the character of radioactivity, 
there are also disintegration processes which are triggered by the absorption 
of sometimes slow moving particles, such as a neutron, and result in breakup 
of the heavy nucleus into almost equally massive parts and the release of 
large amounts of energy. Such a process is called the fissioning of the large 
nucleus. The most important example is, 
 
                             n + 235U  141Ba + 92Kr + 3n + 200 Mev,                  (4.6a) 
 
               [m(n) + m(92, 235) − m(56, 141) − m(36, 92) − 3m(n)] c2 
 
                                                   = 200 Mev.                                            (4.6b) 
 
That’s a lot of energy released for a single reaction! If a mole of 235U 
undergoes this process, the energy release is, 
 



                                                                                                                       22 

                    6 x 1023 x 200 Mev = 12 x 10 25 Mev  ~  5.3 Gwh  !!            (4.7) 
 
If there’s not too much 235U concentrated together, a manageable percentage 
of those emitted three neutrons from each fission will be absorbed by other 
235U nuclei (chain reaction) and the 5.3 billion watt hours for every mole 
undergoing fission will be generated at a useful rate. That’s the scenario for 
one form of nuclear reactor. If enough 235U is concentrated together (critical 
mass), a high percentage of those extra neutrons precipitate further fission 
reactions and the 5.3 billion watt hours per mole comes out in the blinding 
flash of the nuclear bomb! 
 
At the other end of the mass scale, reactions involving the fusing of two light 
nuclei into a heavier nucleus and some additional debris, display a mass of 
the new nucleus and the debris that is less than the sum of the masses of the 
initial nuclei. This kind of process is called thermonuclear fusion (or just 
fusion for short) because very high temperatures are required to have the 
initial nuclei moving fast enough for the collisions to result in the fusing 
reaction. We have not yet quite mastered the technology of sustaining and 
safely containing such high temperature reactions, but if and when we do, 
the economic benefits should be enormous! 
 
Meanwhile we know that such processes power the stars, including our Sun, 
which primarily employs the reactions, 
 
                              1H + 1H    2H + e+ + ν + 0.42 Mev,                        (4.8a) 
 
                                1H + 2H    3He + γ + 5.49 Mev,                            (4.8b) 
 
                         3He + 3He    4He + 1H + 1H + 12.86 Mev.                   (4.8c) 
 
This is called hydrogen burning to helium. 
 
According to present estimates, the Sun has been engaged in these processes 
for about 5 billion years and will continue this form of nuclear fusion for 
about another 5 billion years. At last we can understand how the Sun and, 
therefore, the Earth can be as old as geology and biology require. 
 
“So”, the reader might say at this point, “what about this dark energy we 
hear about in cosmology?” Dark energy is the term used to designate the 
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hypothetical cause of the recently discovered phenomena of the accelerating 
expansion of the universe. There is, as yet, no deep or widely accepted 
understanding of this phenomena, let alone of its cause. Whether that cause 
can be properly understood as some kind of energy and what the relationship 
of the cause might be to the forms of energy we have discussed in this 
course remains very much to be decided by the science of physics yet to 
come. Thus we leave dark energy for the future. 
 
This completes this Energy course.   
 
 
 
 
 
 
 
 
 


