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2. Light as energy 

The origin of color is light. Color increases with an abundance of 
light; the end of color is in darkness and the dim privation of light.  

Light is the first of the four dimensions of color, the dimension that 
stimulates our eyes and creates our individual color experience. 
Light is not more influential than the other three dimensions of 
color described in Chapter 1, but it is fundamental. In the Indo-
European family of languages, light has often served as metaphor 
for insight, intelligence, truth, revelation, godhead — life itself. The 
color enthusiast Johann Wolfgang von Goethe, abed the moment 
before he died, did not like Faust exclaim "Verweile doch, du bist so 
schön!" He reached toward a shuttered window and murmured: 
"Mehr licht!" 

But what is light, exactly? The color dimension that immediately 
affects the photosensitive retina of an observer and rouses the 
mind to color experience, light eludes us in its simplicity and radiant 
charm. But if we examine light more closely, we discover that the 
physical attributes of light are too small, fleeting and insubstantial 
to be visible. In fact, we find these intangible attributes cloak an 
essence that we can neither see nor understand. 

Physicists define light as energy, and energy is indirectly and 
abstractly defined as "the potential to produce change in matter." 
This is the crux of the problem. Indirectly means we only infer the 
presence of energy from the change in matter: we see matter 
changing, not energy itself. You might observe a moving bump in 
your favorite area rug: there certainly must be something 
underneath the rug that causes the moving bump, but what it is — 
a rat? a puppy? a poltergeist? — you cannot say, because you do 
not observe it directly. And abstractly points to "potential": we are 
permitted to infer the presence of energy and talk about its force 
via mathematical calculation, before any observable change in 
matter occurs.  

Change happens because energy moves or is carried from one 
place to another, out of one material or into another. The actual 
change produced by this transfer of energy — lifting, falling, 
heating, mixing, burning, growing, walking, singing, laughing — is 
in the dour accounting of physics just different forms of work. 
Every change at every moment in every material or object, however 
joyful or dolorous, is nothing more or less than energy doing work. 

But how is energy carried, how does it move from one place to 
another? It moves primarily in the form of electromagnetic 
radiation.  

The passing of time is essential to change, and how rapidly the 
same energy is applied and the same work is done (or potentially 
could be done) is the measure of power. But space also shapes the 
meaning of power. The power emitted by a 0.5 watt green laser is a 
fraction of the power from a 19 watt green LED bulb, but the bulb 
radiates in all directions while the laser is concentrated into a single 
spaghetti thin beam. As a result, the bulb provides modest 
illumination on nearby objects, but the laser can flash blind eyes 
and disable video equipment across the length of four soccer fields.  

These four attributes — time, space, energy and power — are the 
minimally sufficient physical description of a color stimulus: any 
source of light, emitted or reflected, that an observer examines for 
its perceptual attributes of brightness, hue and saturation. The 
term stimulus, by the way, comes out of the Latin word for a goad 
or prod. In this meaning, we are prodded to perception. The 
modern technical sense was coined in the mid 19th century, when 
the relation between radiant power and the sensation of 
brightness was first measured in detail.  

However, we shouldn't let ourselves be goaded and prodded into 
the four cornered box of physical metrics. As Chapter 1 explained, 
light is visible radiation, and physics cannot determine what is 
visible and what is not: that is decided in the individual color 
experience of the observer. In this qualitative sense, light is a 
property of human experience, not of matter.  

This chapter takes up only the first part of the story, the description 
of light as energy. The next chapter turns to the issues of power, 
space and time, and through their combination the creation of the 
image. 

Three descriptions of light 
When color researchers are asked how radiant energy propagates 
through space, they answer by describing light in three different 
ways: as the motions of a wave, as the energy of a particle, or as 
the path of a ray (Figure 2.1).  

None of these by itself is an adequate description of light: each is 
useful in different ways. The wave description is the most elegant 
and accurate description of light. The particle description is 
necessary to quantify the energy and power of light and explain 
how light does work on matter. The ray is a geometrical 
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simplification of light waves that neatly describes both how radiant 
power expands into space and how it is projected, refracted or 
focused as an optical image. In the next chapter we will use light 
rays to understand how radiant power travels through space. Here, 
our topic is the energetic character of light as it interacts with 
matter, both as a wave and a particle. 

  

Figure 2.1 – Three descriptions of light. 

Light as concentric waves radiating from a point source and as quantum 
light particles or photons traveling along a straight line path radial to the 
source, the light ray. 

  

The origin of light 

There are two prerequisites for the creation of light: an electron, 
and a change in the energy of the electron. 

Electrons are elementary particles that carry the electromagnetic 
force, and they can create a wide spectrum of electromagnetic 
radiation (see Figure 2.6). Electrons discharged as a beam from an 
electrified metal cathode that collide with a metal diode can 
produce X ray radiation; electrons herded up and down a length of 
conductive material by an alternating electric current can create 
radio or microwave radiation. But light, radiation that is visible to 
the eye, is created by electrons behaving within their preferred 
habitat — bound to the protons and neutrons of an atomic 
nucleus.  

The electron is a mere 1/1800th the mass of a proton, but it carries a 
full unit of negative electrical charge that matches exactly the unit 
positive charge characteristic of a proton. Atoms bind just the 
number of electrons necessary to counterbalance the total positive 
charge of the protons in the nucleus, which allows atoms to mingle 
without the charged attraction or repulsion that we observe in the 
behavior of magnets.  

These bound electrons swarm in continual, frenetic motion around 
the nucleus. Although their ambits are most accurately portrayed 
as diffuse, lobe or ring shaped clouds that suggest where we might 
find a restless electron at any moment we look for it, they are more 
often drawn as schematic atomic orbitals that resemble concentric 
planetary orbits.  

The point of this simplification (for every simplification is rhetorical 
and argumentative) is that the electrons within each orbit carry a 
specific unit of energy, the discrete quantum of quantum 

electrodynamics, and each orbit may comprise only a fixed 
maximum number of electrons, much as we might space dinner 
seating to match the circumference of a circular table. Orbits 
further from the nucleus, called higher orbits, require a greater 
energy in the occupying electrons — but can also contain more of 
them.  

Electrons can jump inward or outward from one orbit to any other, 
provided there is a vacancy in the destination orbit and the electron 
either absorbs or emits the specific quantum of energy necessary 
to match the energy required by the new orbit.  

The energy necessary to kick an electron into a higher (outer) orbit 
must originate from outside the atom. In the natural world, these 
sources begin with the nuclear fusion at the core of stars such as 
the sun. On earth this solar energy naturally reappears in other 
forms — as the disruption and formation of molecular bonds in 
energetic chemical reactions (such as oxidizing fire) or as the 
discharge of electricity in lightning. Artificial sources greatly expand 
the chorus of light: as the energy generated by a controlled carbon 
combustion (in a candle or lamp), or as the flow of an electric 
current through a conductive metal (in the tungsten filament of an 
incandescent light bulb), an ionized gas (in a neon or fluorescent 
light), or a semiconducting diode (in an LED).  

These energy sources do not actually create light: they provide the 
energy that can briefly kick bound electrons into higher energy 
orbits. But electrons prefer to occupy a lower energy orbit if one is 
available, for example the vacancy that was their previous, less 
energetic place in the atom. To return to this lower orbit, the 
excited electron promptly disgorges its excess quantum of energy 
as a photon, the carrier of electromagnetic radiation, and this is the 
energy we see as light. 

  

Figure 2.2 – The origin and wave character of light. 

(top) Wavelength location of emission lines of hydrogen gas resulting from 
electron transitions from higher orbital shells (3 to 7) to the lowest available 
shell (2). (middle) The oscillation of electric and magnetic field strength in a 
photon. (bottom) Comparison of wave profiles for light at the visible limits, 
showing the measurement of wavelength and frequency; the areas of the 
schematic photons are proportional to their energies. 

  

The fixed energy levels between different electron orbits are 
readily viewed in the simplest element, hydrogen. When a 
hydrogen lamp is energized by a small electric current, it emits 
energy only at characteristic wavelengths (Figure 2.2, top). These 
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narrow emission lines correspond to the photons emitted by 
electrons as they transition from their excited state back to the 
lowest available electron orbit (labeled "2"). This suite of lines is 
known as the Balmer series and is traditionally identified with Greek 
letters as shown in the figure. Each of the 92 natural elements 
produces a distinctive array of emission lines, the quantum energy 
"fingerprint" of its unique number of electrons and the energy 
differences between the electron shells that hold them.  

But how does light arise from this back and forth? The negative 
electric field carried by an electron radiates in all directions as lines 
of electromagnetic force. This field follows the electron as it moves 
with constant energy within its atomic orbital. But when an 
electron abruptly changes its orbital energy to enter a lower orbit, 
a "kink" or shear appears in the field, and this field disturbance 
carries away the quantum of excess energy, much as ripples of 
water disperse the energy of a stone splashing into a placid pool.  

But electromagnetic waves differ from water waves in several 
fundamental ways. Unlike waves in the surface of a pond, there is 
no material medium carrying the waves of electromagnetic 
radiation. What oscillates is the strength of the electric and 
magnetic fields as the disturbance propagates through spacetime. 
It's more accurate to think of this field strength as a dimensionless 
point, a firefly midge, rapidly flashing from peak positive to peak 
negative as it wings through space. The sinusoidal curves of Figure 
2.2 (middle) represent the brightness strength of this flashing 
electric field as an oscillation, because this is visually easier to 
interpret.  

(As a further issue, the electric field is always oriented in a specific 
dimension, the plane of the curve. But this dimension varies from 
one photon of light to the next; or it can rotate in the same photon 
in a clockwise or counterclockwise direction around the light ray, or 
it can periodically oscillate in strength as it rotates. These 
complications implicate the polarization of light. Polarization is not 
usually our concern as human observers, because natural and most 
artificial light sources are incoherent, meaning they are random 
mixtures of the orientation and oscillation beats of the individual 
electric fields. But the fact of polarization illustrates the 
complexities that we must include in a comprehensive physical 
description of light.) 

A second difference between light and water is that there are two 
curves in the figure. Electromagnetism derives its name from the 
fact that the effects of electric and magnetic fields are always 
conjoined. Moving electrons as a current through a straight copper 

wire will create a magnetic field encircling the wire; moving a 
magnetized iron bar through a loop of copper wire will move the 
electrons in the wire and create an electric current. These 
complementary fields always appear together and perpendicular to 
each other. The energy in all photons propagates as an electric 
field, but the electric field creates a matching magnetic field of 
exactly equal strength but in a perpendicular dimension (Figure 2.2, 
middle). Pond ripples only oscillate up and down, not side to side as 
well. 

The last and most remarkable property of light is the 
electromagnetic field itself. Electromagnetism fills space yet, if no 
charged particles are present, is entirely undetectable. 
Unencumbered by the sluggish embodiment of matter, the field 
provides a nearly perfect elasticity for transmitting light waves 
across space, and it does so at an astonishing and always constant 
velocity: 300,000 kilometers per second, the speed of light in a 
vacuum (c). At that speed, light travels from the earth to the moon 
in about 1.3 seconds; from the sun to the earth takes more than 
eight minutes. But because the speed of light is constant, light 
times are also distance lengths, and space and time are joined as 
spacetime: one second of time is approximately the spacetime 
distance between the earth and the moon.  

And what is electromagnetism, ultimately? It is one of the four 
fundamental forces of physics, along with the force of gravity and 
two arcane forces that bind or disrupt the nucleus of atoms and 
produce the cosmological power of nuclear fusion. In effect, all 
forms of energy we observe in the universe can be traced back to 
the operation of one or more of these forces.  

Most kinds of energy can be traced to other causes, the way we 
explain the light of a candle as waxy combustion or falling water as 
the pull of gravity; but gravity and electromagnetism have no 
apparent origin in some other cause. That's why they are 
fundamental. Like spacetime itself, they are just the way the world 
is made. 

Light as wave 

Two of the ways we describe the nature and behavior of light, as a 
wave or as a particle, are different manifestations of the same 
fundamental property of light: its energy (E).  

Energy is measured in joules. In the scale of familiar objects, one 
joule is the amount of energy required to lift a stick of butter a 
distance of one meter. (The watt, in contrast, is a unit of power or 



 Color stimulus 

 

24 

energy in time: one watt is needed to raise the stick of butter one 
meter in one second.) 

Waves are a manifestation of energy traveling through an elastic 
medium, whether as sound waves through air, surface waves on 
water or radiant energy in an electromagnetic field. The simile 
between the waves of water and light was recognized in the late 
15th century by the renaissance Italian artist Leonardo da Vinci: 

Just as a stone flung into the water becomes the center and cause of 
many circles, and as sound diffuses itself in circles in the air: so any 
object, placed in the luminous atmosphere, diffuses itself in circles, and 
fills the surrounding air with infinite images of itself. And is repeated, the 
whole everywhere, and the whole in every smallest part. [Notebooks, 
note 69; c.1500] 

All forms of oscillating energy or waves, whether in air, water or 
electromagnetism, can be characterized in time as a frequency (ν, 
the Greek letter nu), the number of wave peaks that pass a fixed 
point in space within one second; and characterized in space as a 
wavelength (λ, the Greek letter lambda), the linear distance 
between two successive wave peaks along their direction of 
propagation. The frequency of light is measured as beats per 
second or hertz (H); wavelengths are measured in billionths of a 
meter or nanometers (nm). 

  

Physical dimensions of light photons 

  Wave     Particle   

 Wavelength (λ) Frequency (ν) Energy E(ν) Photons/watt (Np) 
 10–9 m 1012 hertz 10–18 joule 1018 

  

400 749 49.7 2.01 

450 666 44.1 2.27 

500 600 39.7 2.52 

550 545 36.1 2.77 

600 500 33.1 3.02 

650 461 30.6 3.27 

700 428 28.4 3.52 

Ratio of limits: 1.75  0.57 

Speed of light (c): 300,000 kilometers (3 x 108 meters) per second. 

Note: In scientific notation, 109 is one billion, 10–9 one billionth; 1012 one 
trillion, 10–12 one trillionth; 1018 one quintillion (million trillion).  

  

Although energy is the fundamental property of light, it directly 
determines the frequency of light; so we can derive the energy of 
light at a specific frequency, denoted E(ν), using a frequency to 
energy exchange rate known as the Planck constant (h): 

 E(ν) = h ν  

The visible spectrum spans frequencies from about 430 to 750 
terahertz (trillion hertz), a span rather less than one octave. 
Musical analogies figure in some of the historical approaches to 
color or color harmony, so I note in passing that light defines a 
pitch far above any soprano: the "green" middle of the spectrum is 
41 octaves above the musician's middle C.  

This makes the typical energy of light vanishingly small. The light 
from a "green" (λ 550) laser has an energy of around 36 
quintillionths (billionths of a billionth) of a joule. To blind eyes and 
burn video cameras, the 1/2 watt green laser must emit about 1.3 
quintillion photons per second. (See the table Physical dimensions of 
light photons.) To put some context around that number: if you 
started counting all those photons, one per second, at the creation 
of the earth 4.5 billion years ago, then — cheer up! you only have 
about 39 billion years left to go. 

Energy, via frequency, also determines the wavelength of light, as a 
reciprocal relation to the speed of light (c): 

 λ = c / ν 

Light wavelengths are quite tiny, about 400 to 700 nanometers. In 
comparison, a human red blood cell has a diameter ten times 
larger. Yet the atoms and atomic orbitals that actually generate 
light are roughly 1/1000 times smaller.  

The reciprocal relationship between the frequency and the 
constant speed of light means that an increase in frequency causes 
wavelength to get smaller. This appears in the spectrum image of 
the Balmer series (Figure 2.2, top): the photon energy increases 
from right to left in the spectrum, in the opposite direction of 
increasing wavelength. (You may also have noticed an important 
detail: the spacing of lines suggests the energy differences 
between orbits become smaller in higher orbits.) 

Although Figure 2.1 seems to show light waves as ripples on a 
surface, light from continuously emitting sources expands in three 
dimensions as concentric shells of electromagnetic disturbance or 
wavefronts of light. Regardless of the physical shape of the source, 
at a sufficiently large distance these wavefronts approximate a 
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spherical form and, at much large distances, are indistinguishable 
from parallel planes of light waves.  

  

Figure 2.3 – Interference properties of light waves. 

(top) Result of constructive and destructive interference (orange wave) 
depending on phase (30º or 170º) between two waves (violet and green). 
(middle) Interference fringes produced by a "double slit" partition of a 
wavefronts. (bottom) Formation of a forward "light ray" from the points of 
a wavefront across an aperture; diffraction rings around a telescopic star 
image. 

  

The wave properties of light were demonstrated in the 19th 
century by the English physician and professor of natural 
philosophy, Thomas Young, by means of the wave interference of 
light. With a "ripple tank" of shallow water, he first demonstrated 
the signature effect of interference to augment or efface the 
energy of waves — an effect that depends on the phase or beat 
alignment of the separate wavefronts. When the undulations 
exactly or nearly correspond, peak to peak and trough to trough, 
the waves are said to be in phase and their amplitudes additively 
combine as constructive interference or reinforcement. When they 
are nearly or exactly out of phase, each peak is levelled by a 
coincident trough and the effect is destructive interference or 
cancellation.  

(These terms are in two ways regrettable. Light that is exactly in 
phase simply pools the energy in both waves; any phase difference 
"cancels" or reduces some of the electrical field in the two waves. 
And, just as balancing two weights on a beam does not make the 
weights disappear, "cancelling" the wave electrical field by 
interference does not make light disappear: the field strength of 
one wave is counterbalanced by the opposing wave. Light cannot 
cancel or degrade other light: energy cannot destroy energy.) 

Interference is a common and structural property of waves. You 
can hear it as the "beats" in two tones that slightly differ in pitch; 
Young showed it in the ripples of his water tank; you even see it 
reproduced in the diagrammatic ink waves of Figure 2.3.  

The top diagram shows the effect of cancellation or reinforcement 
between separate blue and violet waves as an orange curve. (Recall 
that there is no amplitude or "height" in light waves, which travel 
as a vanishingly small point. The orange curve shows the resulting 
strength of the electric field emanating from the converging points 
as they move through space and time.)  

Interference is not readily visible in free range light or at the scale 
of unassisted color vision. So Young found an expedient. He first 
demonstrated with his ripple tank that parallel waves passed 
through two narrow, separated openings in a wave barrier produce 
circular ripples that form radial channels of alternating 
reinforcement and cancellation (Figure 2.3, middle). He then 
reproduced this effect with a beam of sunlight divided by an 
interposed opaque "screen in which there are two very small holes or 
slits." This produces alternating light and dark interference fringes 
similar to those suggested in the monochromatic figure.  

Actual interference fringes spread into prismatic hues, because 
different wavelengths of light, by the fact that they are lengths in 
space, cancel or reinforce at slightly different distances, which 
alters the spacing between the radial channels of reinforcement 
and produces the spectral separation. This is one form of 
diffraction. Calculating from the width between the slits, the 
separation of the fringes and the distance of their projection to the 
viewing screen allowed Young to estimate the wavelengths of light 
to be on average "about one 45 thousandth of an inch" (564 nm) 
and to place the limits of the visible spectrum at around λ 706 
("extreme red") and λ 423 ("extreme violet"). 

Remarkably, the wave conception of light was suggested over a 
century before Young by the brilliant 17th century Dutch naturalist 
Christiaan Huygens. He conjectured that light moves in a most 
bewildering manner: by continually recreating itself. Each miniscule 
point in a wavefront, in each instantaneous increment of time, acts 
as a new, tiny source and emits new concentric wavefronts in a 
forward direction. This concentric tendency of waves is 
represented in Figure 2.3 (middle) by the semicircular ripples 
expanding from the isolated wavefront points at each barrier 
opening.  

In an unobstructed wave, each point is flanked by other points 
along the wave and their mutual forward concentric waves merge 
to form a new single wave. This is illustrated in Figure 2.3 (bottom), 
using just four points spaced one wavelength apart. This 
reproduces the forward propagating wave passed through the 
aperture, and also simulates the faint diffraction artifacts that flank 
it on either side. These are quite familiar to visual astronomers as 
faint rings around the telescopic image of stars at high 
magnification (inset, bottom), and similar fringes appear in any 
light passed through an aperture. You can observe these diffraction 
fringes in the gap between almost touching thumb and finger held 
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in front of a bright light: as you vary the gap a dark, lenticular 
shadow will appear, bordered on both sides by light.  

The strong waves crawling along the inside of the barrier in the 
figure result from using only four points spaced exactly one 
wavelength apart. An actual wavefront is a continuous line of 
uncountably many points that entirely cancel these waves and 
further strengthen the forward motion of the image beam. 

Light as particle 
If we want to know the quantity of energy that is transferred to (or 
emitted by) matter as light, then the wave description of light is no 
longer convenient. Waves are continuous, but quantum physics 
requires the energy in light to be accounted in discrete quantities 
or packets. For that purpose, we have the elementary particle of 
electromagnetic radiation, the photon.  

As a quantum accounting currency, the photon is the smallest 
quantity of energy (the quantum) that radiation of a given 
frequency can propagate through space. When we calculated the 
energy of a "green" laser from the frequency of the light (above), 
we actually calculated the energy carried by a single photon — the 
photon energy at that frequency, E(ν).  

To illustrate the approximate number of photons (Np) emitted per 
second by a source whose emitting power at that frequency (P(ν), 
in watts) we already know, we simply divide by the photon energy 
associated with that frequency (as calculated above): 

 Np = P(ν) / E(ν) 

As the previous table indicates, light that produces a visible change 
in matter (melts snow, fades inks, grows plants) must radiate a 
stupendous number of photons per second, and stupendous 
numbers (the nation debt, the global human population, the 
number of atoms in the universe) are by their nature approximate. 
For these reasons, photons are used as a measure of radiant power 
only when the power to be measured is extremely, exceptionally 
small.  

Because energy is defined as a change or potential change in 
matter, energetic photons must change the structure or behavior 
of an atom in some way — actually, in several possible ways, some 
of which are arcane. But usually the photon is either transformed 
into vibrational (kinetic) heat between atoms, or is briefly absorbed 
by an electron and promptly emitted as a new photon.  

There are important reasons to think of light as a dimensionless, 
weightless, extremely nimble particle. When physicists say a 
photon has been absorbed by an electron, they mean that the 
entire quantum energy of the photon has been transferred. The 
energy transfer itself is an all or nothing kind of transaction. But 
whether the transfer occurs can only be explained in the hit or miss 
language of probabilities. 

This is the gist of quantum physics: the energy transactions are 
deterministic in quantity, but will or will not occur with the fuzzy 
uncertainty of probability. What energy is (whatever it is), is fixed 
by the inviolable law of the conservation of energy: energy can be 
neither created nor destroyed, only changed from one form of 
energy into another. What will be, as the issue of what energy 
might do or be transformed into next, is a roll of the dice. 

Despite the fact that they have no mass and no girth, energetic 
photons are not actuarial fictions. They can be curved in their path 
by gravity (although what is curved is actually the spacetime that 
the photons trace in their linear rays). More concretely, photons 
have a momentum and a spin, and at high enough energies 
photons can crash into other particles and create an electron and 
positron pair. It is dynamically more specific to deal with these 
attributes as a particle rather than a wave.  

However, we now can resolve the puzzling quip that a photon is 
"both a particle and a wave." We are, after all, only describing our 
description of a particle of pure energy. In quantum physics you are 
yourself only a conglomeration of waves, but you probably have no 
doubt about yourself as substantial, extensive and probably 
overfed particle. It is fundamentally as a substantial heft of 
particulate matter that you think of yourself buying new clothes or 
creaking a flimsy chair. But by fitting the pants or testing the chair, 
you interact with other matter. And that is the key. 

So long as light travels freely through empty space, the wave 
properties of light in the wave mathematics of quantum physics 
describe its behavior precisely. Light becomes a photon, a discrete 
unit of energy, only when it imparts its energy to other elementary 
particles, including the electrons that form the chemical basis of 
human vision. Waves are the photons in transit, in refraction, in 
passing through double slits; particles are the photons when the 
wave energy is absorbed by and alters matter.  

Light as experience  
The technical description of light as particulate waves of pure 
energy is, in keeping with the definition of energy itself, both 
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indirect and abstract. It will be useful to our exploration of color 
experience, especially when we come to the topic of hue — the 
"color" of colors. But as a description of experience, of how light 
appears to us and affects our mood and sleep, it is obviously 
lacking. And through this gap we fall into the topic of philosophy. 

The study of consciousness was formalized in 19th century 
European culture as the philosophical practice of phenomenology, 
or the description and analysis of the "phenomena" of moment to 
moment, conscious experience. Immediately, this became the 
discipline of abstracting the vital moment into the formalisms of 
language. Franz Brentano, considered among the founders of the 
discipline, posed the issue as a chapter title: "Classification of 
Mental Activities into Presentations, Judgments, and Phenomena of 
Love and Hate." 

The lucky advantage of description using quantum mathematics is 
that the system is based on the concept of quantity, of number, 
which has a direct and reproducible relation to the numerical 
measurement of physical attributes. It works, even if we cannot 
ultimately say why, because we describe the measurements and 
not the events. Nevertheless, the crux is that measurable events 
constrain the numbers.  

Phenomenology, in contrast, is founded in words, and gossipy 
words know no trammel. What my hunger for a tasty ramen lunch 
may have to do with the phenomena of love and hate, or whether 
the conclusion that my shoes are too tight constitutes a judgment 
or a presentation, are unfortunately only topical incentives to 
produce more words and metaphorical distortions of denotation, 
and a prolix instruction of similes never seems to resolve any issue. 
And a profusion of irresolution has been the unproductive fate of 
phenomenologists.  

The Austrian philosopher Ludwig Wittgenstein captured the 
difficulty in his distinction between say and show. His asked how we 
might teach a naive student to play a particular piano composition, 
one that has the wistfully yearning affect that Robert Schumann 
captured so well. We might do so through specific instruction 
— "Play that part louder," "Put an accent on that note," "Slow down 
there ... no, not that much" — but this incremental strategy of 
saying, if not entirely inadequate, will certainly be tedious and 
approximate. It will also, fatally, miss the heartfelt reason for the 
playing itself. Instead, we could brush aside the student's hands 
and play the piece as we intend it should be played; we can show by 
demonstration what we cannot put into words. 

I don't disparage the aims of phenomenology out of hand: nothing 
seems to me less relevant to the merit an idea than whether it is in 
disrepute. But disrepute is its current fate. This seems to adhere to 
Wittgenstein famous dictum: "About that which we cannot speak, 
thereof we must be silent." However I believe there is a middle way 
between these two extremes. The choice is not between packing 
wistful yearning into categories of love and hate or fastidious 
silence before the inexplicable mystery. Tact with words and 
recognizable limits to instruction can usefully show the way to an 
intuitive discovery of seeing. We can agree that while words cannot 
carry you the whole way, they can get you started in the right 
direction, and while words might fail with Schumann's Wie aus die 
Ferne, they can be serviceable to instruct the performance of 
musical scales. The crux is not in the saying or the showing, but in 
the choice of what we ask one another to see. 

What, for example, are the measures of light most useful to 
describe its impact in color experience? The energy of light is 
fundamental to its nature and, in the bulk commerce of 
environmental luminance, watts (joules per second) is a hardy 
measure. But in terms of vision, nothing happens until a single 
molecule of photosensitive receptor captures a single photon of 
light: all vision, and all measurement of light with instruments such 
as a digital camera or illuminance meter, is a matter of photon 
capture. And although the Planck constant asserts the equivalence 
between energy and frequency, in optics, in the physiology of 
perception and in the subjective experience of a rainbow, what is 
important is not the frequency or the wavenumber but the 
wavelength of light. These two attributes, the photon as a 
quantum of energy and the wavelength as an attribute of radiative 
transit, explain (as Isaac Newton put it) the "certain Power and 
Disposition to stir up a Sensation of this or that Colour." 

There are striking implications in the attributes of light as energy. 
The stupendous number of photons in a single second of a single 
green wavelength hint at the prodigal and supreme quantities of 
light that approach our eyes across all wavelengths of the visible 
spectrum from every spaghetti thin beam of space — in the broad 
daylight of an open meadow, light more plentiful and generous 
than it is reasonable to count. Astonishment is the only accurate 
assessment. 

Interference fringes akin cancelling water ripples create the false 
impression that light can somehow inhibit light, waves crashing 
into waves. Exactly the opposite is the fact. Light does not 
annihilate light; multiple laser beams can intersect and carry on, 
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each completely indifferent to the encounter, dimensionless 
particles mingling their motions through the paths of countless 
others. In this way the entire volume of space is equally visible to 
every observer at any location in every moment — "the whole 
everywhere, and the whole in every smallest part." 

The funhouse regress created by two facing mirrors appears 
because light can easily double over itself many times. But the 
reflections are eventually extinguished because each encounter 
with the mirror deducts energy from the light through scattering 
and absorption. This signals the basic function of light: to transport 
energy from one place to another. Without electromagnetic 
radiation the universe would be a frigid scree of gravel atoms, 
tumbling in cosmic avalanche into a single gravitational mass. But 
everywhere that gravity seeks to compact matter into an 
astronomical heap, the matter ignites as radiation — the thermal 
radiation from the compressed core of our planet, the broad 
spectrum radiation from the center of every star. Light is matter 
unshackled from gravity, fleeing stars with report of its place of 
birth. Physicists hope someday to see electromagnetism and 
gravity united as two aspects of a single cosmic principle, but I 
sympathize with the intuition that they are eternally opposed and 
counteracting, the antagonistic imperatives to press matter down 
to a single point or spread weightless energy to every part of 
space.  

Comparison with liquid waves turns our interest to the peculiar way 
that light seems to flow. Light has fluent quality in its penetrative 
and enveloping qualities. We speak of light "leaking" through 
blinds or of a landscape "bathed" in sunshine. Light can rebound 
within interior spaces or around corners like an echo, come gently 
down from the high clerestory to illuminate the steps into the 
crypt, reveal the walls and dresser of a dark bedroom from a 
glimmer under the door. The gradations from dry through damp to 
moist, wet and drenched mimic the infinitely subtle shadings that 
light can give to the contours of objects, reflect from one object to 
others, and layer in shades of dark. 

Liquid metaphors do not convey the single most important 
attribute of light in color experience: its capability to form images. 
Color would be meaningless as a rainbow mélange, but we 
effortlessly read and interpret images in black and white. In this 
form the description of light as a form of information becomes 
most acute. Organisms have evolved to perceive electromagnetic 
radiation not just as an unfocused skin sensation of heat but with 
the focused distance specificity of an imaging eye. The essential 

needed for an image to form is a small aperture separating light 
from dark: first time eclipse watchers delight to see crescent 
images of the sun formed through the leaf gaps in shadow casting 
trees (Figure 2.4). 

  

Figure 2.4 – Eclipse images cast by foliage. 

Source: Astronomy Magazine (2012). 

  

Jonathan Swift observed that "Vision is the art of seeing things 
invisible." He was more accurate than a man of his era might 
realize. Light is far too small, too fleet, too insubstantial to see; yet 
we see it in every waking moment, and see through it to an image 
of reality. How is this possible? The handwaves of phenomenology 
never touch it, and the abacus of science cannot account it. Yet 
there it is, always present before you, the delicacy, variety and 
power of your color experience, forever invisible and unknown to 
every sentient creature except yourself. I cannot say what it is, or 
show with science what it must be like. I can only point in a certain 
direction and hope that with your innate curiosity and cleverness 
you will come to see things for yourself.  

Color stimulus as a spectral power distribution 
I illustrated the photon output of a laser by calculating the photon 
energy of a single frequency of green light. But nearly all artificial 
and natural sources, from a candle flame to the sun, emit photons 
across the entire span of the visible spectrum from λ 400 to λ 700 
(see table, p.24), and this radiant power is always unequally 
distributed across that range. How can we measure sources that 
are so complex? For that we need specially designed instruments 
and specific conventions to describe what we find. 

Color measurement instruments 
There are many chemical, forensic, medical, manufacturing and 
agricultural reasons for color evaluation. A variety of electronic 
instruments have been developed to make specialized color 
measurements in each application. The relative sophistication of 
these instruments depends on the workplace tasks or field 
conditions where measurements must be made, and the prices 
they command vary accordingly. The design principles, not the 
variety, is the focus here.  
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Figure 2.5 – Schematics of spectral measurement instruments. 

(top) A compact (crossed Czerny-Turner) spectrometer. (bottom) A 
compact trichromatic colorimeter. 

Image: X-Rite Corporation, by permission. 

  

In a spectrometer (Figure 2.5, top), the light itself is what we want 
to measure. A very narrow (less than 1 micrometer wide), short slit 
admits a beam of light from the source we want to measure. The 
beam is collimated (the diverging rays are made parallel) by a 
mirror, the light is reflected onto a diffraction grating (p. xx), and 
the reflected spectrum image is then focused by a second, larger 
mirror onto a specialized electronic photosensor or CCD chip which 
transduces the spectrum image into pixel level measures of 
photoelectric current. Computer software adjusts and transforms 
the electronic signal to represent the radiant power emitted by the 
source within each wavelength interval, corrects or adjusts for 
optical and sensor artifacts, and calculates application specific 
metrics. The size of the slit, the focal distance if the diffracting 
element and the pixel resolution of the CCD chip determine the 
spectrum resolution, which is usually 2 to 10 nanometers wide 
across a wavelength range that can extend into the infrared or 
ultraviolet. Specialized software is necessary to operate the device, 
calculate the SPD and report the results. Different diffraction 
gratings produce varying levels of precision across different parts 
of the spectrum,  

By contrast, a spectrophotometer is a more complex instrument. 
Here a material color sample is what we want to measure and we 
generate light only as the means to that end. Very often a 
broadband "white" light is first diffracted into a continuous 
spectrum as in a spectrometer, but monochromatic light is then 
selected from this spectrum by a slit and this probe wavelength is 
passed through or reflected from the sample. Different standard 
sources can be selected depending on the wavelength range of 
interest, and there are a large number of ways to present the color 
sample; in medical or chemical applications the sample is often a 
transmitting liquid, but in other applications the sample can be a 
scattering surface. In either case, a single photometric CCD records 
the power of the light that is returned from the sample, and by 
rotating the diffraction grating or moving the slit the entire 
spectrum can be "scanned" by the photometer and recorded as an 
SPD. The probe beam must be measured as a reference, either 
without a sample inserted or with the beam split into two beams by 

a partially silvered mirror or wedge prism and the second beam 
passed through a pure sample of the water or alcohol used to 
dissolve the sample or reflected from a "white" exemplar; the SPD 
of the sample is obtained by calculating the ratio of power 
between the two beams. The software demands are somewhat 
greater and spectrophotometers are generally not easily portable. 
The measurement intervals are sometimes also less precise than in 
a spectrometer (around 10 nm). Physical samples do not have 
highly detailed reflectance or transmittance variations, and larger 
intervals minimize error in calculating the power ratios.  

A trichromatic colorimeter is typically the most knockabout and 
ready-to-roll color device; many colorimeters are handheld 
instruments with wireless connections for use in warehouses in or 
textile, agricultural or printing operations. The "white" source is 
internal to the instrument and is calibrated by periodic 
measurements of a standard white color exemplar. In a popular 
design the sample to be measured is located by a "target" arm and 
the device folds down over this location to completely block out 
stray light (Figure 2.5, bottom). The light reflected or transmitted 
by the sample is passed through three or more color filters that 
approximate the response curves of the XYZ colormatching 
functions, and these trichromatic color signals are converted by 
software into a variety of standard colorimetric measures. Instead 
of using colored filters, colorimeters can also be constructed with 
three or more chromatic LED lights that separately illuminate the 
samples into a single photometer (luminance meter). Unlike 
spectrophotometers and spectrometers, trichromatic colorimeters 
suffer from gamut limits such as a relatively poor accuracy across 
the green to blue third of the visible spectrum, 530 to 470 nm.  

Reporting spectral power 
The light emitted or returned from the source or sample we have 
analyzed creates a table of values, the spectral power distribution 
(SPD) of the light or material within each of the measured 
wavelength intervals. (Trichromatic colorimeters return a 
standardized and abbreviated SPD as three values, either as the 
XYZ colormatching functions or metrics derived from them.) 

An actual tabulation is necessary to define the SPD numerically for 
computer calculations, but for most documentary or analysis 
purposes the SPD is conveniently presented in the standard graph 
format shown in Figure 2.6(a). This is the graphical idiom used to 
represent power distributions throughout this book.  
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The wavelength interval is limited to the visible range and indicated 
along the horizontal axis (left to right, from smaller to larger 
wavelengths but from higher to lower energies); the radiant power 
within each interval is shown on the vertical axis. 

  

Figure 2.6 – Spectral power distributions. 

 (a) Standard format for display of a relative SPD, indicating the three iconic 
spectral segments orange, green and blue. (b) Illuminants of three LED lights 
and an artificial white light. (c) Reflectance profile of a yellow orange 
pigment (PO62). 

  

The dotted lines indicate the conventional limits of the visible 
spectrum at λ 400 and λ 700. The dashed lines indicate that the 
spectrum can be divided into three 100 nm hue segments. The 
exact definition and significance of these three spectral segments 
will be developed in later chapters. When all the wavelengths 
within each segment are mixed to create a single light, they form 
the three trichromatic primary lights conventionally labeled blue, 
green and red. The wavelength scale of Figure 2.3(a) locates the 
hue of these spectral segments when formed from an equal energy 
light: these match the single wavelength hues at λ 460, λ 555 and 
λ 635, indicated by three diamonds. 

Relative SPDs 
The vertical, power dimension of the graph can represent the 
absolute power (in watts) within each wavelength interval, usually 
for a measure of radiant power (irradiance or radiance); or it can 
represent the luminous power (illuminance or luminance), and this 
is often done in lumens. However, the absolute power of the light 
is not usually of interest because the relative SPD is typically 
constant whether the light is dim or bright. Instead, it is more 
common to indicate the power as a ratio or a percentage relative to 
the peak power value across all wavelength intervals. This is a 
relative SPD.  

Figure 2.6(b) shows the relative SPD of three commercial LED lights 
similar to those now used in color video displays or artificial crop 
lighting. The vertical axis represents the radiance of the light in 
each wavelength interval as a proportion of each light's own peak 
radiance, assigned the value of 1.0. This means the lights may not 
(and almost invariably do not) have equal absolute radiant power; 
they are shown as equal so that the shape of their profiles, the 
source of the chromaticity, is easier to compare and evaluate.  

It is immediately obvious that the green (G) light is broader (less 
spectrally "pure") than either the red (R) or blue (B) lights. The 
peak B and G radiances are also not coincident with the 
wavelengths matching the combined light of the three century 
spectral segments. They are however almost exactly the hue of 
what I have called iconic blue and iconic green. The diagram also 
shows the relative radiance profile of a trichromatic "white" (W) 
LED (gray line), produced by mixing the light from a B LED with the 
"yellow" created by mixing much broader R and G lights (or, in 
some hybrid lights, a white phosphorescent material coating the 
interior of the light tube).  

A relative SPD can also be measured in transmitting or reflecting 
materials as the percentage of incident light within each 
wavelength interval that is not absorbed by the material but is 
either transmitted or returned (scattered or reflected) by it. This 
creates either a transmittance profile or a reflectance profile. 
Transmittance profiles are widely used in medical and chemical 
measurements of liquid samples; reflectance profiles are used 
primarily to record the color of solid materials such as plastics, 
paints, fabrics and minerals. (Usage is not standardized; I prefer the 
term profile rather than curve because the profiles consist of 
discrete values, typically at 10 nm intervals; curves are continuous.) 
Highly diffuse light, sometimes called "overcast daylight," and 
specific angles of illumination and sensing are used to measure a 
reflectance profile so that specular reflection is minimized as far as 
possible, whether the surface is polished, glossy or highly 
scattering. 

The reflectance profile for a common yellow orange pigment 
(Pigment orange 62) is illustrated in Figure 2.6(c). The profile shows 
that the pigment returns roughly 23% of the incident light across 
the blue third of the visible spectrum, about 84% across the red, 
with a transitional slope across the green. As an image of power, a 
reflectance profile is a purely physical, stimulus description of the 
material, and we often cannot infer from the profile anything 
specific about the color as it will appear to an observer. We can 
deduce that the average reflectance (R) or albedo of this pigment, 
the proportion of the total incident light that is returned across the 
visible wavelengths, is around 54%. (Note that in the physical 
sciences the term albedo refers to a much larger section of the 
electromagnetic spectrum, typically either between 300 to 
3000 nm, ultraviolet to far infrared, or between 100 to 10,000 nm, 
the optical range. See Figure 2.7.) 
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Because we measure transmittance or reflectance as a proportion 
of the incident light within each wavelength interval, these relative 
SPD profiles standardize away both the absolute power of the 
source and any illuminant effects on the color appearance of 
materials. This means we can interpret the relative SPD as a 
description of the material under a perfectly even, broadband 
white light. This is the equal energy illuminant (E), a fictional or 
ideal light in which each wavelength radiates at equal power. 
Although E is difficult to approximate in physical sources, it is 
extremely useful as a benchmark "white light" in the study of color 
vision.  

The reflectance profile for PO62 also illustrates an important 
universal fact about material colors: at no point does the pigment 
reflect either 100% or 0% of the light. In contrast to the LED lights — 
which have a narrow spectral footprint and are completely dark 
over large parts of the visible spectrum — all materials, even 
brilliant mirrors or blackest soot, reflect some but not all light at 
every visible wavelength. We'll see later that color vision relies on 
this fact to discriminate lights from surfaces and to judge the 
chroma of material colors. 

Why this radiant energy? 
We have already defined light as the radiant energy visible to the 
human eye. As electromagnetic radiation, this visible spectrum is 
actually an extremely narrow slice of frequencies near the high 
energy end of the full electromagnetic spectrum (Figure 2.7). Let's 
look at what has been left out, and why.  

This spectrum comprises an enormous range of photon energies, 
from extremely low frequency radio waves that have wavelengths 
of several ten thousand kilometers to very high energy gamma rays 
with wavelengths less than one trillionth of a meter. Invisible lower 
energy radiation, longer than about 800 nm, includes infrared 
(heat), microwaves and radio waves. Invisible higher energy 
radiation, shorter than 360 nm, includes ultraviolet (UV), X-ray and 
gamma ray radiation.  

  

Figure 2.7 – Categories of radiation across the electromagnetic spectrum. 

The visible spectrum includes all radiation that can be detected by normal 
human vision. The optical spectrum includes all radiation that can be 
refracted by a transparent medium. The albedo spectrum includes the 
radiation conventionally measured in radiometry. 

  

Why do we respond to this narrow segment of the electromagnetic 
spectrum rather than some other or wider span? The convergent 
limitations of chemistry, biology, terrestrial irradiance from the sun, 
optics, and water provide an answer. 

Visual perception depends both on the refractive and reflective 
quality of materials and on the absorbing and scattering reactions 
between light and materials. Only the range of radiant energy 
capable of producing these kinds of interactions with matter can 
provide the basis for informative visual perception. The range 
between λ 100 to λ 1000 is particularly rich in these kinds of 
interactions. More important, this is the photochemical range in 
which photons can change the configuration or chemistry of 
biological molecules — the prerequisite for any photopigment.  

Animals, plants and materials do not respond to microwave or 
radio radiation, and due to its long wavelength and "all over" origin 
in animals, infrared radiation produces very low resolution optical 
images. In addition, most inorganic materials absorb and scatter 
radiation between λ 1100 to λ 700 in roughly the same proportion, 
creating a typically flat or "gray" reflectance that says little about 
the reflecting material. An animal's body would also fog any 
infrared eye with its own heat, although some cold blooded 
animals can detect infrared radiation with "imageless" sensors in 
the skin. 

The extreme UV, X-ray and gamma ray photons below about λ 100 
can do more than tickle electrons or change photopigment 
chemistry: they shred molecules and shear electrons off atoms in a 
process called ionization. Even the near UV, though not ionizing, is 
destructive to living cells and organic pigments, a fact you've likely 
experienced as sunburned skin and observed in the faded colors of 
unprotected posters and art prints, cotton fabrics, and paper book 
spines. This is a second, important constraint on vision that has 
more to do with the destructive power of radiation than the 
information it conveys. 

Some animals do have a sensitivity in the high energy visual, but 
they must pay a cost in degraded biological tissues or render the 
damage inconsequential through a short life span. Insects and 
birds, the one sensitive to UV flower patterns and the other to the 
high resolution provided by short wavelengths, can respond to 
light down to around λ 300 but have lifespans of two decades or 
less. Humans live many decades more with somewhat less UV 
sensitivity, but they have evolved a macular pigmentation over the 
central retina, and develop yellowing in the cornea and lens with 
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age, that strongly filter UV and "blue" light. These tradeoffs 
represent the biological limits on vision. 

  

Figure 2.8 – The solar SPD at the earth's surface. 

  

Of course, evolution won't select a visual range where there's 
nothing to see. Fortuitously, our life giving star, the sun, has a peak 
emittance within the photochemical range: the solar irradiance 
between λ 830 to λ 360 is about 43% of the total. This would not be 
true if our sun were among the largest or smallest stars known 
which radiate primarily in the ultraviolet or infrared.  

Our life supporting atmosphere allows most of this energy to pass 
to the Earth's surface. Figure 2.8 shows the sun's relative SPD as 
measured by Earth orbiting satellites (blue curve) and the 
irradiance that penetrates the atmosphere to sea level (orange 
curve). The difference between them is light absorbed or scattered 
by the atmosphere.  

The terrestrial solar irradiance has a plateau peak intensity between 
λ 550 to λ 450, and highest irradiance is between λ 700 to λ 450 — 
very nearly the same range as the human light sensitivity (green 
curve). Terrestrial radiation falls off sharply at wavelengths below 
λ 450. This is partly due to UV filtering by the atmosphere but also 
to a sharp drop in the sun's output at higher energies: only about 
5% of solar irradiance is below λ 400, and below λ 250 there is 
nothing to see.  

Ozone (a molecule of three oxygen atoms) absorbs half or more of 
the UV light entering our atmosphere. Light is absorbed at a 
smaller proportion in the visual, primarily by atmospheric smoke, 
soot and dust, most of it (including wildfires) caused by human 
activity. These particulates and vapors combine to produce unique 
qualities of skylight and sunset in different environments and in the 
same location at different times of the day. In contrast, almost 
none of the infrared radiation is absorbed by the atmosphere, 

except for large bands filtered out by water vapor. Overall, vision 
makes optimal use of the available radiant power. 

These external constraints are important, but there's also a bit of 
evolutionary history in our color vision. The structural or 
"wavelength tuning" part of the photopigment molecule used by 
all mammals, a group of proteins called the opsins (p. xx) that is 
related to vitamin A, first evolved in marine animals. The fact that a 
single generic form of photopigment serves fish, fowl, fox and 
farmer implies that it was not an easy molecule for evolution to 
discover. Yet all animal photopigments place their peak sensitivity 
within a limited range of about λ 610 to λ 350, and peaks can be 
modified by minor substitutions in the genetic code for the opsin 
protein. This flexibility implies that the opsins displaced the 
evolution of alternative photopigments because they can be easily 
adapted to different sensitivity requirements. 

The convergence of many different physical, chemical and 
biological constraints has determined our light sensitivity. Light 
provides an enormous amount of very useful information about the 
world around us through a very limited sample of wavelengths. 
This window onto the physical world admits the peak radiant 
power necessary to produce an image in ocean depths but at low 
enough energies to be biologically friendly. It informs us about 
surface light absorption and reflection in optically precise images 
that avoid the fog and gray of infrared. These virtues fortuitously 
coincide with a habitat and an atmosphere shielding us with water. 

Vision is centered on the range of wavelengths where most 
materials both absorb and reflect radiation to produce a distinctive 
spectral power distribution. It is centered not only on the peak 
radiant power of sunlight but on the radiant energy that allows us 
to see into the chemical and atomic nature of matter. In effect, our 
visual sense is designed to perform a rudimentary spectrometric 
and photometric analysis of light and, in most settings, we observe 
the result of this spectral analysis as color. 
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Figure 2.6 
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Figure 2.8 
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