
 

 
 
 
Chapter 3 
Basic Concepts 
of Light 

 

3.1 Light: an Elusive Topic 
In order to begin to understand the field of optical engineering and the function 
of the optical engineer, it is essential that we first develop some sense of what 
light is and how it behaves. It has been the experience of many (including 
myself) that this understanding need be neither comprehensive nor precisely 
correct to be valuable to the optical engineer in the execution of his day-to-day 
responsibilities. After all, as we have seen in the previous chapter, many of the 
great minds throughout history have made significant contributions to the science 
of optics while maintaining incomplete, or in some cases completely erroneous, 
theories regarding the nature and behavior of light. 

3.2 Understanding Light 
First, we can safely and correctly state that light is energy. We know that light is 
electromagnetic energy and that, in terms of wavelength, it represents a very 
small part of the broad electromagnetic spectrum (see Fig. 3.1). It will be helpful 
if we pursue our understanding of the term wavelength a bit further at this point. 
In one general and very useful definition, light is that portion of the 
electromagnetic spectrum that the human visual system (the eye) is capable of 
detecting. That is to say, light is the electromagnetic energy that we can see. 
Under normal daytime conditions, the eye has a maximum sensitivity to light 
with a wavelength of 0.56 micrometers (μm). Let us convert this number (0.56 
μm) to a more meaningful and comprehensible form. A meter represents a length 
of about 40 inches, or a little more than one yard. A millimeter is 1/1000th of a 
meter, or about the thickness of 10 pages in this book. A micrometer (often 
referred to as a micron) is 1/1000 of a millimeter, and the peak wavelength for 
visible light is about one half of that. Therefore, one wavelength of visible light 
has a length approximately equal to 1/200 the thickness of a single page in this 
book. 
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As we continue the study of optics we will find that the dimensions we 
encounter are most often represented by either very large or, as is the case for 
wavelength, very small numbers. In order to deal with these numbers it is helpful 
to understand and to use the system of scientific notation which incorporates the 
use of exponents. In its simplest form, this method presents us with a number 
between 1 and 10, followed by a notation indicating how many places the 
decimal point must be moved either to the left (–) or to the right (+). In this case, 
we might say that the peak visible wavelength is equal to 5.6 × 10–4 (0.00056) 
mm. For those readers who are not yet thinking and working in metric terms, this 
would convert to 2.2 × 10–5 (0.000022) in. As the first of many words of advice 
to the reader and would-be optical engineer, do make the conversion to thinking 
and working in the metric system. It will be most helpful and will enhance your 
effectiveness in nearly all areas of optical engineering. 

As the wavelength of the energy (light) being collected by the eye increases 
or decreases, the color of that light as perceived by the eye will change. At the 
peak wavelength of 0.56 μm, the light will be seen as yellow. When the 
wavelength decreases to about 0.50 μm, the light appears to be green, while at 
0.48 μm the color we see is blue. Moving in the other direction from the peak 
wavelength, at a wavelength of 0.60 μm, the light appears to be orange, and then, 
as the wavelength reaches 0.65 μm, we will see the light as red. This is what we 
refer to as the visible spectrum, ranging from violet (0.40 μm) to red (0.75 μm), 
with a peak sensitivity to the color yellow, at a wavelength of 0.56 μm. The 
visible spectrum, and its relationship to the electromagnetic spectrum, are shown 
in Fig. 3.1. Figure 3.2 shows the relative sensitivity of the eye as a function of 
wavelength, i.e., color. 

 

 
Figure 3.2 Spectral sensitivity of the human visual system. 
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3.3 Velocity, Wavelength, and Frequency 
The wavelength concept may not be fully understood without some additional 
considerations. The topics of velocity and frequency and their relationship to 
wavelength must be introduced and discussed at this point. During our historical 
review of optics it was noted that, after many years of experimentation and 
several false starts, the velocity at which light travels in a vacuum was precisely 
determined to be 299,793 km/s. For purposes of this discussion, a rounded-off 
value of 300,000 km/s (3 × 108 m/s) will be used to represent the speed of light in 
air. The enormity of this speed is best visualized when we realize that, traveling 
at that speed, we would be able to travel around the world 7.5 times in a single 
second. 

Another example that will be helpful in illustrating the speed involved deals 
with recent experiments conducted to measure the distance from earth to the 
surface of the moon. After the astronauts had placed a mirror assembly on the 
surface of the moon, it was possible to project a pulse of laser energy from here 
on earth to that mirror and to detect its reflection when it had returned to its point 
of origin. Knowing the time required for the round trip, and the speed at which 
the light traveled, it was then possible to calculate the distance from the laser to 
the mirror, i.e., earth to moon. Quite incredibly, the time required for light to 
travel from the earth to the moon and return again was just 2.56 seconds! This 
data permits us to calculate the distance to the moon d as velocity v times time t, 
giving us a value of d = (v) (t), = (300,000 km/s) (2.56/2 s) = 384,000 km. 

In order to establish a relationship between the wavelength and the velocity 
of light that can be more easily understood and applied to our understanding of 
optics, the hypothetical example illustrated in Fig. 3.3 will be helpful. Consider a 
typical light source, such as the heated filament of an incandescent lamp. In order 
to further develop a sense of how light behaves, imagine this source to be 
pulsating, emitting light in a continuous stream within which the energy level is 
constantly and rapidly increasing to a maximum and then decreasing to a 
minimum. We have established that light travels away from the filament at a 
speed of 300,000 km/s. If a hypothetical energy level detector were placed as 
shown, at a fixed distance from the source, it would register those maximum and 
minimum energy levels as the wave impinged upon the detector. By definition, 
the wavelength of this energy is equal to the distance that the wave travels in the 
time that it takes the detector to record two consecutive maximum readings. 

A heated filament is known to emit energy over a broad spectrum which 
includes all of the visible wavelengths and a part of the infrared band. To 
simplify this example, assume that a green filter has been placed between the 
source and the detector as shown in Fig. 3.3. Knowing the wavelength of the 
light passing through the green filter to be 0.50 μm (5 × 10–7 m/cycle), and the 
speed at which the light is traveling (3 × 108 m/s), we can compute the frequency 
at which the detector will register maximum readings using the following 
formula: 
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Frequency = velocity/wavelength 
Frequency = (3 × 108 m/s)/(5 × 10–7 m/cycle) 
Frequency = 6 × 1014 cycles/s (Hz). 

 
In keeping with our goal, which is to develop a sense for what light is and 

how it behaves, we now can state that when we observe a green light source, the 
electromagnetic energy from that source is approaching our eyes at a velocity of 
3 × 108 m/s, and its energy level is pulsating at a frequency of 6 × 1014 times each 
second. 

As noted earlier, this discussion has neglected the difference in the velocity 
of light in air as compared to that in a vacuum. The fact is that light in air is 
slowed by about 0.03%, which is indeed negligible for these purposes. A second 
point along these same lines is that measurements have proven the velocity of 
electromagnetic energy in a vacuum is constant, regardless of its wavelength. In 
air the change in velocity with wavelength is so small as to be negligible for our 
purposes. Therefore, all the colors that we see travel at the same speed. It follows 
then that because frequency is inversely proportional to wavelength, the 
frequency for each color must be different. In the case of the visual spectrum, 
that frequency will range from 7.5 × 1014 Hz for blue light, to 6.0 × 1014 Hz for 
green light, down to 4.5 × 1014 Hz for red light. 

Another example, taken from today’s technology, will be helpful in 
establishing our sense for what light is and how it behaves. A common electro- 
optical instrument of recent years is the laser range finder (LRF). The LRF 
contains a very pure, monochromatic light source in the form of a laser, a set of 
projection optics including a shutter, a set of receiving optics, a detector, and a 
precision timing mechanism. The LRF functions by generating a pulse of laser 
energy that is projected onto a target where it is reflected back toward the LRF. 
That reflected light is collected by the receiving optics and imaged onto the 
detector. The precision timer measures the time required for the pulse to travel to 
the target and to return to the LRF. Knowing the velocity of light, it is then a 
simple matter to compute the distance to the target with great precision. One 
common LRF configuration uses a laser with a wavelength of 1.06 μm and a 
projected pulse duration of 20 ns. From this information we can generate a 
realistic description of that pulse, including its physical size and characteristics. 
To generate the pulse, the LRF shutter must be opened and closed in a precise 
manner, with a total elapsed open time of 20 × 10–9 s. We know that light travels 
at a speed of 3 × 108 m/s. Figure 3.4 illustrates the system being discussed. When 
the shutter has been open for the specified 20 × 10–9 s, the leading edge of that 
pulse will have traveled: (20 × 10–9 s) (3 × 108 m/s) = 6 m. The shutter will then 
close, and the result will be a 6-m-long pulse of laser energy, traveling toward the 
target at a speed of 3 x 108 m/s. 
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Figure 3.4 A laser range finder generates a short pulse of energy which is used to 
determine the distance to a target. Shown above is a schematic representation of that 
pulse. 

 
We can determine one other significant characteristic of this pulse of laser 

energy. We have said that the energy emitted from the laser has a wavelength of 
1.06 μm, or 1.06 × 10–6 m. It follows then that the 6-m-long pulse would contain: 

 
 (6.0 m/pulse)/(1.06 × 10–6 m/wave) = 5.66 × 106 waves.  

 
Returning to Fig. 3.4, we can now visualize and describe the 20-ns pulse 

from the LRF as a beam of energy with a wavelength of 1.06 μm and a total 
length of 6.0 m. That pulse contains 5.66 × 106 cycles (waves) of this laser 
energy, and the entire pulse is traveling toward the target at a speed of 3 × 108 
m/s. 

Exercises such as this are valuable in the sense that they serve to convert 
abstract concepts into real-world situations that we can more easily visualize and 
understand. With this understanding, the optical engineer will be better equipped 
to generate designs that effectively implement these concepts. 

3.4 Wavefronts and Light Rays 
In considering the path that light follows when it leaves a source, it will be 
simpler if we assume that light source to be quite small—what we will refer to as 
a point source. The light originating at a point source spreads out from that point, 
forming an expanding spherical wavefront. In the case of a point source at a great 
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distance, such as a star, the radius of that spherical wavefront as it is detected 
here on earth will be infinite, i.e., the incident wavefront will be flat (plano).  

In most optical engineering examples, the light from a source is described 
and dealt with in terms of light rays rather than wavefronts. Light rays are 
straight lines that originate at the source and, by definition, are perpendicular to 
the surface of the spherical wavefront (see Fig. 3.5). 

3.5 Light Sources 
A discussion of light sources would seem to involve an endless number of things, 
but, in reality, it is limited to just a few. The sun is obviously our most common 
source of light here on earth. Other common sources consist primarily of burning 
fuels and heated filaments. Other less-common sources would include fluorescent 
lamps, neon lights, and lasers. We are able to read the printed matter on these 
pages, not because they are illuminated from within, but because some external 
source has illuminated them with light that has then been reflected to our eyes. 
Just like other objects that we view or otherwise optically record during daylight 
hours, these objects are illuminated by the sun and then reflect a portion of that 
sunlight to our eyes. In viewing an extended scene, we detect varying levels of 
object brightness as a function of that object’s reflectivity at the point being 
viewed. Likewise, we detect different colors when the object reflects different 
parts of the visible spectrum in differing amounts. The grass and leaves reflect 
primarily green light, and thus, they appear to be green. Similarly, the red 
convertible we admire has been painted with a product that reflects the red 
portion of the spectrum while absorbing all other colors. 
 
 

 
 
Figure 3.5 As light travels from a point source, it creates a spherical wavefront. For 
purposes of analysis, it is convenient to assume the existence of light rays. These are 
radial lines, originating at the source and traveling in a straight line, always perpendicular 
to the surface of the spherical wavefront. 
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For most basic purposes of optical engineering and analysis, it is valid to 
treat an object that is reflecting light from a source as a source itself. In this way 
we can handle subsequent analysis as if the light originated at that object and 
then traveled through the optical system and on to the detector for viewing or 
recording. It is important when performing such analysis to keep in mind that the 
apparent spectral characteristics of the object being viewed will change if the 
spectral output of the original source is changed. For example, if a white box is 
viewed in sunlight, it appears to be white. If viewed at night when illuminated by 
a sodium arc lamp whose spectral output is primarily orange, then the white box 
will appear to be orange. 

In a vast majority of cases the object under consideration is being illuminated 
by one of three common light sources, or illuminants. They are: a tungsten 
filament, direct sunlight, or average daylight. These sources have been 
designated “standard illuminants A, B, and C” respectively, by the International 
Commission of Illumination, for purposes of standardized colorimetry 
discussions. Figure 3.6 shows the relative spectral energy output of these three 
standard sources. These data will often be found useful in determining the 
spectral nature of an object during the analysis of an optical system.   

 

 
 
Figure 3.6 For purposes of a standardized discussion of colorimetry, CIE has established 
three standard sources of illumination. They are: tungsten filament, noon sunlight, and 
average daylight. These are referred to as standard illuminants A, B, and C, respectively. 
The spectral energy distribution of these three standard illuminants is shown here. 
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3.6 Behavior of Light Rays 
A light ray is not so much a thing as it is a concept. Earlier we defined a light ray 
as a straight line, originating at a point on the object and extending to a point on 
the wavefront that has been generated by that object. The light ray concept is 
particularly useful in that it becomes much easier for us to visualize and calculate 
the behavior of light as it travels from an object through an optical system, and 
then forms the final image, usually at a detector. A light source does not emit 
light rays; rather, it emits a spherical wavefront that can be conveniently 
represented and illustrated using light rays. This light-ray concept was illustrated 
earlier in Fig. 3.5. 

The value of dealing with light rays as opposed to waves and wavefronts will 
first be demonstrated by a discussion of reflectors (mirrors) and how they modify 
the light that is incident upon them. The simplest case would be a flat, or plano, 
mirror. In Fig. 3.7, there is a point source of light labeled object and, at a distance 
S to the right, there is a flat mirror. The object may be an original source, such as 
a lamp, or it may be (and more commonly is) a point on an extended object that 
is reflecting light from some original source. A second point worth noting is that, 
while the object may be emitting light into any portion of a complete sphere, we 
are only concerned with that portion of the emitted light that intersects the optics 
being analyzed, in this case the flat mirror.  

The purpose of this example is to generate a graphic representation of how 
the light from an object is affected by the mirror, and to allow us to develop an 
understanding of that behavior with which we are comfortable. The following 
basic law of optics applies: 
 
The Law of Reflection: 

When an incident ray of light is reflected from a surface, that incident ray, 
the normal to that surface, and that reflected ray, will all fall in the same 
plane, and the angle of incidence will be equal to the angle of reflection. 
 
In Fig. 3.7, the plane containing the incident and reflected light rays is 

chosen to be the plane of the paper; thus, the angle of incidence i will be equal to 
the angle of reflection r as shown. Geometric construction (or doing the math) 
will lead to the same conclusion, namely, that an image of the object will be 
formed on the optical axis (an extension of that light ray that travels from the 
object, normal to the mirror surface), at a distance S′ to the right of the mirror 
surface. In the case of a flat mirror, S′ will be equal to S. 

This very basic exercise illustrates the value of the light-ray concept and how 
easily it can be applied to the analysis of a simple ray-trace problem. By tracing 
just a single ray from the object, it is possible to determine the exact location of 
the image that will be formed by the mirror. 
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Figure 3.7 This figure shows the use of the light-ray concept to analyze the interaction 
between light from a point source object and a plano (flat) mirror. 
 

Optical engineering often involves establishing a basic condition, such as the 
flat mirror, and then modifying certain factors and determining a new result. For 
example, we might be interested in the effect should the distance S from the 
object to the flat mirror be modified. In this case, each change to S would 
produce an equal change to S′. Consider a real world example. When looking into 
a mirror, assume there is some detail on our face that we wish to examine more 
closely. We would move closer to the mirror, thus reducing the value of S and S′. 
The result is that for each inch we move closer to the mirror, the image we wish 
to examine is moved two inches closer to our eye. 

A second variation of the simple mirror example—and one that is much more 
significant and interesting—would be the shape of the mirror surface. Typically, 
a mirror will be either flat, concave, or convex. When the mirror surface is 
assumed to be convex, as in Fig. 3.8, it can be seen that the first obvious result is 
that the normal to the mirror surface, where the ray is incident, is now tilted 
upward rather than being parallel to the optical axis as it was for the flat mirror. 
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