
The Causes of Color 
They are diverse, but they all stem from the same root: It is the 
electrons in matter, through their varied responses to different 
wavelengths oElight, that make the world a many-colored place 

What makes the ruby red? Why 
is the emerald green? On the 
most superficial level these 

questions can be given simple answers. 
When white light passes through a ruby, 
it emerges with a disproportionate share 
of longer wavelengths, which the eye 
recognizes as red. Light passing through 
an emerald acquires a different distri­
bution of wavelengths, which are per­
ceived as green. This explanation of 
color is correct as far as it goes, but it 
is hardly satisfying. What is missing is 
some understanding of how matter al­
ters the composition of the light it trans­
mits or reflects. Ruby and emerald both 
derive their color from the same impuri­
ty element: Why then do they differ so 
dramatically in color? What gives rise to 
the fine gradations in spectral emphasis 
that constitute the colors of materials? 

It turns out that the ultimate causes of 
color are remarkably diverse. An infor­
mal classification I shall adopt here has 
some 14 categories of causes, and some 
of the categories embrace several re­
lated phenomena. With one exception, 
however, the mechanisms have an ele­
ment in common: the colors come about 
through the interaction of light waves 
with electrons. Such interactions have 
been a central preoccupation of phys­
ics in the 20th century, and so it is no 
surprise that explanations of color in­
voke a number of fundamental physi­
cal theories. Indeed, color is a visible 
(and even conspicuous) manifestation of 
some of the subtle effects that determine 
the structure of matter. 

The Energy Ladder 

The perception of color is a subjective 
experience, in which physiological and 
psychological factors have an important 
part; these matters will not be taken up 
in detail here. It seems reasonable to 
assume, however, that perceived color 
is merely the eye's measure and the 
brain's interpretation of the dominant 
wavelength or frequency or energy of a 
light wave. The meaning of this assump­
tion is clear in the case of monochromat­
ic light, which has a single, well-defined 
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wavelength. The interpretation of light 
that is a mixture of many wavelengths is 
more complicated, but it is still the rela­
tive contributions of the various wave­
lengths that determine the color. 

Wavelength, frequency and energy 
are alternative means of characterizing 
a light wave. Energy is directly propor­
tional to frequency; both energy and 
frequency are inversely proportional to 
wavelength. In other words, high fre­
quencies and high energies correspond 
to short wavelengths, as at the violet end 
of the visible spectrum. A common unit 
of measure for light wavelengths is the 
nanometer, which is equal to a billionth 
of a meter. The energy of light is conve­
niently measured in electron volts, one 
electron volt being the energy gained by 
an electron when it accelerates through 
a potential difference of one volt. In 
terms of wavelength human vision ex­
tends from about 700 nanometers, 
where red light grades into infrared ra­
diation, down to about 400 nanometers, 
at the boundary between violet light and 
ultraviolet radiation. The same range in 
energy units run.s from 1.77 electron 
volts to 3.1 electron volts. 

An important constraint on all in­
teractions of electromagnetic radiation 
with matter is the quantum-mechanical 
rule that says atoms can have only cer­
tain discrete states, each with a precisely 
defined energy; intermediate energies 
are forbidden. Each atom has a lowest­
possible energy, called the ground state, 
and a range of excited states of higher 
energy. The allowed energy states can 
be likened to the rungs of a ladder, al­
though their spacing is highly irregular. 
Light or other radiation can be absorbed 
only if it carries precisely the right 
amount of energy to promote an atom 
from one rung to a higher rung. Similar­
ly, when an atom falls from an excited 
state to a lower-lying one, it must emit 
radiation that will carry off the differ­
ence in energy between the two levels. 
The energy appears as a photon, or 
quantum of light, whose frequency and 
wavelength are determined by the ener-
gy difference. 

. 

The states that are of the greatest in-

terest in the analysis of color represent 
various possible energy levels of elec­
trons. In atoms, ions and molecules each 
electron must occupy an orbital, which 
describes a particular geometric distri­
bution of the electron's charge around 
the atomic nucleus. The orbitals in turn 
are organized in shells. A further con­
straint on the possible states of the atom 
is that each rung on the energy ladder 
can be occupied by only a limited num­
ber of electrons. In general, when pro­
ceeding from the smallest atoms to the 
largest ones, electrons are added in se­
quence from the bottom rung up. Two 
electrons fill the first shell; each of the 
next two shells holds eight electrons. 
The electrons in any filled or closed shell 
form pairs, and they have a notably sta­
ble configuration. 

A comparatively large quantity of en­
ergy is needed to promote one of the 
paired electrons from a closed shell to 
the next vacant position on the ladder. 
The energy required for such a transi­
tion can usually be supplied only by ra­
diation in the ultraviolet or even in the 
X-ray region of the spectrum; as a result 
closed shells have no direct influence 
on the colors of materials. Instead color 
usually results from transitions of un­
paired electrons, which are most often 
the outermost ones. They are the va­
lence electrons, the ones that participate 
in chemical bonds. 

Atomic Transitions 

Consider a vapor of the element sodi­
um in which the density is low enough 
for each atom to act independently of 
its neighbors. The sodium atom has 11 
electrons, but 10 of them lie in closed 
shells, and it is only the single valence 
electron that takes a direct part in the 
interactions of the atom with light. 
When the sodium atom is in the ground 
state the outermost electron occupies an 
orbital designated 3S1l2. The next-high­
est energy levels (the next rungs on the 
ladder) are labeled 3P1I2 and 3P3/2, and 
they lie at energies 2.103 and 2.105 elec­
tron volts above the ground state. These 
are the smallest quantities of energy a 
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CHAMELEONLIKE GEMSTONE seems to adapt its color to the 
spectrum of the light with which it is iIIumiuated. The stone is alexan­
drite, which appears red in the red- and yellow-rich light of a candle 
flame or an incandescent lamp but turns blue-green in sunlight or in 
the light from a fluorescent lamp. A1exandrite is a beryllium alumi­
nate, BeAl204, but the color is generated by chromium ions present 
in the crystal as impurities. Transitions between various energy lev­
els of unpaired electrons in the chromium ions are responsible for the 
colors of several gemstones. The exact color produced depends on the 

chemical environment of the ions. For example, chromium ions give 
rise to the red of ruby and to the green of emerald under slightly dif­
ferent conditions. The environment of the chromium ions in a1exan­
drite is intermediate between that of ruby and that of emerald, and 
so the color is changeable. Natural alexandrites are exceedingly rare. 
This one is a synthetic crystal grown by Creative Crystals, Inc" of 
Concord, Calif. The photographs, which were made by Fritz Goro, 
do not show the exact colors of the crystal because the response of 
photographic film is somewhat different from that of the human eye. 
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Physician� did you miss any of these 
significant developments in medical science? 

• The isolation of coxsackievirus B4 
from the damaged pancreatic cells of a 
10-year-old boy who died of diabetic 
ketoacidosis adds to the growing evi­
dence that implicates viruses in some 
forms of insulin-dependent diabetes 
mellitus (IDDM). 

• Campylobacter fetus subsp. jejuni 
causes at least as much acute gastroen­
teritis as does Shigella or Salmonella; the 
culturing and antimicrobial therapy for 
C. fetus subsp. jejuni differs from that 
for the other two bacteria. 

• Miconazole shows great promise in 
patients with disseminated and me­
ningeal coccidioidomycosis who do not 
respond to or cannot tolerate ampho­
tericin B .  

• P ittsburgh pneumonia agent (P P A) 
and atypical Legionella.like organisms 
(ALLO) are particularly dangerous in 
immunosuppressed patients. 

• Lithium batteries for pacemakers 
have made mercury-zinc cells virtually 
obsolete; they can power a unit for 8 to 
20 years. Microcircuitry has revolu­
tionized the therapeutic and diagnostic 
potential of these devices. 

I FTHESE ITEMS are familiar you must be 
a prodigiously energetic or prodi­
giously lucky reader. With 2,000 or 

more journals published each year, in­
formation that significantly affects pa-

Branches of the right and left coronary ar­
teries supply blood to the A V node and in­
traventricular conduction system. 

SCIENTIFIC AMERICAN Medicine is lucidly il­
lustrated with drawings and photographs. 
Some examples are seen here and on the 
facing page. 

tient management all too easily slips by. 
Textbooks are out-of-date before they 
are published. 

SCIENTIFIC AMERICAN Medicine is the busy 
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sodium atom in the ground state can ab­
sorb. They correspond to wavelengths 
of 5 89.6 and 5 89.1 nanometers, in the 
yellow part of the spectrum. 

Above the 3P orbitals are a multitude 
of other excited states, where the elec­
tron has a greater average distance from 
the nucleus and a higher average ener­
gy. The number of such states is infinite, 
but the interval between levels becomes 
smaller as the energy increases, so that 
the series converges on a finite limit. For 
sodium the limit comes at 5.12 electron 
volts, where the outermost electron is no 
longer merely excited but is torn loose 
from the atom entirely; in other words 
the atom is ionized. 

Suppose a sodium atom is ionized, 

B LACK BODY AT 5,700 DEGREES C. 

\ 

perhaps by a quantum of ultraviolet ra­
diation, and the free electron and the ion 
then recombine. Initially the electron 
may occupy one of the higher orbitals, 
but it quickly falls to a lower energy lev­
el. If the descent were made in a single 
step, from the ionization limit to the 
ground state, the atom would emit a sin­
gle ultraviolet photon with an energy 
of 5.12 electron volts. A much likelier 
route would pass through several in­
termediate states, accompanied by the 
emission of a lower-energy quantum 
at each stage. Not all such cascades 
are possible; "selection rules" determine 
which ones are allowed, Most of the al­
lowed pathways proceed through one of 
the 3P orbitals and thence to the ground 
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SPECTRUM OF SUNLIGHT closely matches the sensitivity of the eye; as a result light ap­
pears white if its spectrum resembles the solar one, and other colors can be described by how 
they depart from the solar spectrum. The sun's radiation is approximately that of a black body 
with a temperature of 5,700 degrees Celsius. The shape of a black-body spectrum is determined 
entirely by the temperature, becoming steeper and shifting to shorter wavelengths as the tem­
perature increases. Thus as an object is heated its color changes from black (no emission) to red 
to yellow to white and finally to pale blue. The spectrum can be measured in units of wave­
length, frequency or energy, which are merely alternative means of describing a light wave. 
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state. As a result quanta of yellow light 
with energies of 2.103 and 2.105 elec­
tron 

·
volts are among those emitted. In­

deed, these two lines are by far the 
brightest in the spectrum of atomic sodi­
um .and a vapor of excited or ionized 
sodium glows bright yellow. 

The characteristic yellow radiance of 
atomic sodium can be observed when 
a salt of sodium is heated in a flame 
hot enough to vaporize some of the at­
oms. In analytic chemistry this proper­
ty serves as the basis of the flame test 
for the presence of sodium. The dou­
blet of yellow lines is also prominent in 
the spectrum of a sodium-vapor lamp, 
where the sodium atoms are ionized by a 
high-voltage discharge. 

Other atoms also yield distinctive 
emission lines when they are excited or 
ionized and then allowed to return to the 
ground state; in each element, however, 
the spacing of the energy levels is differ­
ent, and so the color of the emitted light 
also differs. In neon the strongest lines 
are in the red part of the spectrum, 
which accounts for the red glow of neon 
lights and signs. The mercury atom has 
prominent lines in the green and the 
violet regions of the visible spectrum, 
and consequently a mercury-vapor lamp 
gives off blue-tinged light that is defi­
cient in red and yellow. Lasers whose 
working medium is a monatomic gas ex­
ploit emission lines of the same kind . 

. Lightning and electric arcs also derive 
their color from electronic excitations 
of the atoms in gases. 

Black-body Radiation 

Sharply defined emission and absorp­
tion lines are typical of gases. The spec­
trum of light emitted by a solid or a 
liquid is usually quite different, in that 
it extends over a continuous range of 
wavelengths. 

A universal form of radiation from 
condensed matter is black-body radia­
tion, which has a continuous spectrum 
with a distinctive shape. Here "black 
body" refers simply to an idealized ma­
terial that absorbs all wavelengths with­
out favor and is also a perfect emitter of 
all wavelengths. (Real materials all have 
lower emissivity, but many approach 
the black-body spectrum at high tem­
perature.) Such radiation has an impor­
tant place in the history of physics, since 
it was through an analysis of the black­
body spectrum that Max Planck de­
duced the quantum principle in 1900. 
He found he could explain the shape 
of the spectrum only by assuming the 
quantization of energy. 

In ideal black-body radiation the 
spectrum is independent of the chemical 
composition of the emitter and is deter­
mined by a single parameter: tempera­
ture. At absolute zero all the atoms oc­
cupy the lowest energy level available, 
and no radiation is emitted. As the tem­
perature rises some atoms are promoted 
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to excited states, but the process is a ran­
dom or statistical one, and the atoms are 
distributed over a broad range of ener­
gies. At any finite temperature the num­
ber of occupied states increases gradual­
ly with energy up to some maximum 
value; then it declines again. Thus the 
shape of the spectrum is somewhat like 
the profile of an ocean wave about to 
break. The steepness of the wave and the 
position of the crest depend on the tem­
perature of the body. 

At room temperature the thermal ex­
citations are confined to small energies, 
and radiation is emitted only in the in­
frared. When the temperature reaches 
about 700 degrees Celsius the maximum 
emissions are still in the infrared, but a 
little visible light begins to appear; it is 
perceptible as a dull red glow. As the 
temperature rises further the peak of the 
emission curve shifts to higher energies 
and shorter wavelengths, so that the ob­
ject glows brighter and its color changes. 
The sequence of colors runs from red to 
orange to yellow to white to pale blue, in 
accord with the colloquial descriptions 
"red hot," "white hot" and so on. 

In a log fire or a candle flame incan­
descent particles of carbon give off radi­
ation with an effective black-body tem­
perature of at most 1,500 degrees C., 
where the -light ranges from red to yel­
low. The tungsten filament of an incan­
descent light bulb has a temperature of 
about 2,200 degrees and yields a warm 
yellow-white. A flash bulb, which can 
reach a temperature of 4,000 degrees, 
yields a somewhat more accurate ver­
sion of white. 

The solar spectrum has the approxi­
mate form of a black-body curve; its 
shape is determined by the temperature 
at the surface of the sun, about 5,700 
degrees C. The spectrum has a broad 
peak centered near 2. 2 electron volts, or 
560 nanometers, a yellow-green wave­
length. The eye is most sensitive to just 
this wavelength. Indeed, the concept of 
white seems to be conditioned largely 
by the spectrum of daylight, which is 
dominated by solar radiation. Rough­
ly speaking, light is perceived as being 
white if its spectrum resembles that of 
sunlight; other colors can be defined ac­
cording to how they depart from the so­
lar spect�um. 

Crystal-field Colors 

When atoms combine to form a mole­
cule or condense to form a liquid or a 
solid, new modes of excitation are intro­
duced. Among them are mechanical vi­
brations and rotations that are not possi­
ble in an isolated atom. For example, 
the atoms of a diatomic molecule can 
oscillate as if they were connected by a 
spring, and they can rotate about their 
common center of mass. Such motions 
can occasionally influence the color of a 
material. In water, for example, a com­
plex bending of the molecules absorbs a 
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LADDER DIAGRAM for the sodium atom defines a spectrum of discrete wavelengths, which 
are the only ones the atom can emit or absorb. In order to climb to a higher rung the atom must 
absorb a quantum of radiation whose energy corresponds exactly to the difference in energy 
between the initial and the final states. On falling to a lower rung the atom emits a quantum with 
the same energy. Most downward transitions pass through the levels designated 3P1l2 and 
3P3/2 to the lowest level, or ground state, labeled 35112' In these transitions quanta are emit­
ted with energies of 2.103 and 2.105 electron volts, in the yellow part of the spectrum, and so a 
vapor of excited sodium atoms glows bright yellow. In the ladder diagram only the vertical di­
mension has meaning, but the various series of levels are separated horizontally for clarity. 

R E FLECTED 
L IGHT 

SCATIERED L IGHT 

EMITIED L IGHT 
(FLUORESCENCE) 

REFRACTION 

INTERACTIONS OF LIGHT with condensed matter include reflection, refraction, scattering 
and absorption; some absorbed light can also be reemitted (usually at a longer wavelength) as 
fluorescence. The effects of each of these processes can vary with wavelength and so can give 
rise to color. For example, the preferential absorption of short wavelengths and reflection or 
transmission of long ones makes an object appear yellow, orange or red. In general condensed 
matter absorbs broad and essentially continuous bands of wavelengths rather than discrete lines. 
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Imagine a smokestack 
that turns heat into oil. 

�� � � � � � � � 
� . � � � � �& 
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we did. 
Now its a reality. 

You can't blame a guy for 
being concerned when he sees 
a lot of wasted energy going 
up a factory smokestack. 
Especially when he's riding in 
a carpool, doing his bit to 
conserve energy. Fortunately, 
though, the man is a Garrett 
engineer. And the sight of that 
smokestack is enough to start 
him thinking about putting 
all that untapped heat to work. 

A heat exchanger is design­
ed and implemented to fit 
inside the stack of a furnace. 
It works like this: Gases rising 
through the stack (up to 
1500° F) are used to deliver 
"free" preheated air to the 
burner. The result is 25% less 
fuel oil required to heat the 

furnace. Depending on how you 
look at it, that's quite an energy 
discovery. It's one reason 
why, when it comes to making 
engines and systems more 
efficient, more companies are 

turning to Garrett. 

We earned our wings in 
aerospace, then built ourselves 
into an industrial giant by 
keeping our feet on the ground. 
And our hands on a technology 
base just shy of awesome. 
But what's most important is 
the way we're structured to 
put that asset to work for you. 

Our engineers work in 
teams. No one is isolated to 
some remote piece of the puzzle. 
They work together, designing 
from the top, down. It's called 
synergy. The results have been . . 
nnpreSSlve. 

For gas transmission 
companies, process industries, 
and other operators of large 
gas turbines up to the 100,000 
horsepower range, Garrett's 
heavy duty regenerators 
can reduce fuel consumption 
by as much as 30%. 

Using low emission, fluid -
ized bed technology, we're 
developing a way to power gas 
turbines with America's most 
abundant resource, coal. At the 
same time,Garrett is pioneering 

Garrett 

in the use of ceramic turbine 
components to withstand the 
higher temperatures needed for 
the greatest turbine efficiency. 

We're working in other 
areas, too. In everything from 
nuclear power to mass transit, 
from processing plants to the 
high seas. Everywhere doing 
much the same thing - finding 
ways to make engines and 
systems work harder. But the 
real frontier for us is you. 

If you're wondering how 
we can make your enterprise 
work harder, write our 
President, Jack Teske, for 
more information. You'll find 
him at The Garrett Corporation, 
Dept. 1, P.O. Box 92248, 
Los Angeles, California 90009. 
Or drop by. But please, 
remember the heat America 
loses. And on your way out, 
don't forget to close the door. 

The aerospace company with its feet on the ground. 
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ELECTRIC FIELD IN A CRYSTAL can influence color by altering 
the state of atoms or ions within the crystal structure. In ruby and 
emerald color results from the absorption of selected wavelengths by 
unpaired electrons in chromium ions. The transitions that cause the 
absorption are the same in both cases: ions are promoted from the 
ground state, 4A2, to the excited levels 4T2 and 4T!. The energies 
at which these states lie are set by the magnitude of the crystal field. 
In ruby, the absorption bands block violet light and green and yellow 
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SMALL BLUE 
TRANSMISSION 

GREEN AND 
YELLOW 

ABSORPTION 

RED 
TRANSMISSION 

r'---------------
RED FLUORESCENCE 

ABSORPTION --7 

VIOLET 
ABSORPTION 

BLUE AND GREEN 
TRANSMISSION 

YELLOW 

AND RED 
ABSORPTION-

�==�-------------
RED FLUORESCENCE 

ABSORPTION ----7 

light; red light is transmitted and so is a little blue, which gives the 
ruby its deep red color with a slight purple cast. In emerald the crystal 
field is weaker, which depresses both absorption bands. As a result 
red transmission is eliminated and green and blue are enhanced. In 
both materials an excited ion returns to the ground state through an 
intermediate ievel designated 2E, whose energy is little affected by 
the crystal field. Transitions from the 2E level to the ground state give 
rise to red fluorescence that is almost identical in ruby and emerald. 
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little energy at the red end of the spec­
trum and gives pure water and ice a pale 
blue cast. For the most part, however, 
the energy of vibrational and rotational 
excitations is small, and it is dissipated 
as infrared radiation, or heat. 

Another consequence of the binding 
together of atoms is a change in the state 
of the valence electrons. In an isolated 
atom the valence electrons are unpaired 
and are the primary cause of color. In a 
molecule and in many solids, on the oth­
er hand, the valence electrons of one 
atom form pairs with the valence elec­
trons of adjacent atoms; it is these pairs 
that constitute the chemical bonds that 
hold the atoms together. As a result of 
this pair formation the absorption bands 
of the valence electrons are displaced 
to ultraviolet wavelengths, and they are 
no longer available for the production 
of color. Only electrons in exceptional 
states remain to give rise to coloration. 
It is evident, however, that such excep­
tional states cannot be too rare; if they 
were, most molecules and solids would 
be transparent to visible light. 

One set of unusual electronic states 
appears in the transition-metal ele­
ments, such as iron, chromium and cop­
per and in the rare-earth elements. The 
atoms of metals in the transition series 
have inner shells that remain only partly 
filled. These unfilled inner shells hold 
unpaired electrons, which have excited 
states that often fall in the visible spec­
trum. They are responsible for a wide 
range of intense colors. For example, 
both ruby and emerald derive their col­
or from trace amounts of chromium. 

The basic material of ruby is corun­
dum, an oxide of aluminum with the 
formula A1203. Pure corundum is col­
orless, but in ruby a brilliant color re­
sults from the substitution of chromium 
ions (Cr+++) for a few percent of the 
aluminum ions. Each chromium ion has 
three unpaired electrons, whose lowest­
possible energy is a ground state desig­
nated 4A2; there is also a complicated 
spectrum of excited states. All the excit­
ed states are broadened to form bands, 
and they are also modified in another 
way by the presence of the crystal ma­
trix. Although the identity of the states 
is defined by the electronic configura­
tion of the chromium ion, the absolute 
position of each level in the energy spec­
trum is determined by the electric field 
in which the ion is immersed. The sym­
metry and strength of the field are deter­
mined in turn by the nature of the ions 
surrounding the chromium and by their 
arrangement. 

In ruby each chromium ion lies at the 
center of a distorted octahedron formed 
by six oxygen ions. The interatomic 
bonds in ruby are about .19 nanometer 
long, and they have about 63 percent 
ionic character, which means that the 
electron pairs that make up the bonds 
spend more of the time near the oxygen 
ions than they do near the aluminum or 
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chromium ions. This dlstribution of the 
electronic charge gives rise to a compar­
atively strong electric field, which is 
called the crystal field or the ligand field. 
When a chromium ion is immersed in 
this field, three excited states of its un­
paired electrons have energies in the vis­
ible range. 

The three excited states are designat­
ed 2£, 4 T2 and 4 TI. Selection rules for­
bid a direct transition from the ground 
state to the 2£ level, but both of the 4 T 
levels can be entered from the ground 
state. The energies associated with these 
transitions correspond to wavelengths 
in the violet and in the yellow-green re­
gions of the spectrum. Because the lev­
els are not sharp lines but broad bands a 
range" of wavelengths can be absorbed. 
Hence when white light passes through a 
ruby it emerges depleted of its violet and 
yellow-green components. Essentially 
all red is transmitted, along with some 
blue, giving the ruby its deep red color 
with a slight purple cast. 

Because of the selection rules elec­
trons can return from the excited 4 Tlev­
els to the 4A2 ground state only through 
the intermediate 2£ level. The initial 
transitions from 4 T to 2£ release small 
amounts of energy corresponding to in-

frared wavelengths, but the drop from 
2£ to the ground state gives rise to 
strong emission of red light. It should 
be noted that this red light, unlike the 
transmitted bands, is not present in the 
beam originally incident on the crystal; 
it is generated within by the process of 
fluorescence. Indeed, the red fluores­
cence of ruby can be observed most 
clearly when the crystal is illuminated 
with green or violet light or with ultra­
violet radiation. On the other hand, the 
fluorescence can be quenched by iron 
impurities, which are often present in 
natural rubies. The light of a ruby laser 
derives from red fluorescence in synthet­
ic rubies, which are free of iron. 

Ruby and Emerald 

The subtlety of crystal-field colors 
can be made apparent through a com­
parison of ruby and emerald. The color­
generating impurity in emerald is again 
the Cr+++ ion, and it again replaces alu­
minum in small amounts. The similarity 
of the two substances extends further: in 
emerald too the chromium ions are sur­
rounded by six oxygen ions in an octahe­
dral configuration, and the bond length 
is again about .19 nanometer. In emerald, 

COLOR CENTER can form in a crystal when an electron takes the place of a dislodged ion. 
In fluorite, or calcium fluoride, the electron fills the vacancy created when a fluorine ion is re­
moved. The electron has a spectrum of excited states that extends into the range of visible 
wavelengths. The color centers in fluorite, which are called F centers, give it a purple hue. The 
original crystal structure can be restored by heating, whereupon the color fades. There are also 
electron and "hole" color centers, where a single electron rather than an entire ion is displaced. 
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however, the fundamental crystal lattice 
is that of a beryllium aluminum silicate, 
Be3A12Si60I8' And the most significant 
difference is in the nature of the chemi­
cal bonds, which are less ionic by a few 
percent, so that the magnitude of the 
electric field surrounding a chromium 
ion is somewhat reduced. As a result the 
two 4 T levels lie at slightly lower ener­
gies; the position of the 2£ band is es­
sentially unaltered. The major effect of 
these changes is to shift the absorption 
band that in ruby blocks green and yel­
low light downward into the yellow and 
red part of the spectrum. The emerald 
therefore absorbs most of the red light, 
but the transmission of blue and green is 
greatly enhanced. 

Curiously fluorescence in emerald is 
almost identical with that in ruby. The 
reason is that the energy of the 2£ level 
is scarcely altered by the reduction in 
the crystal field. The similarity of the 
fluorescent emissions shows it is mere­
ly a coincidence that ruby has a red col­
or and also red fluorescence. 

Intermediate in spectral composition 
between ruby and emerald is the rare 
(and therefore costly) gemstone alexan­
drite. Again the color arises from chro­
mium ions that replace aluminum, but 
in this case the underlying crystal struc­
ture is that of a beryllium aluminate, 
BeAI204. The crystal field that sets the 
energy scale of the chromium ions is 
stronger than that in emerald but weak­
er than that in ruby, with the result that 
the red and green transmission bands 
are quite evenly balanced. The near 
equality of the two bands has an ex­
traordinary consequence: in blue-rich 
sunlight the gemstone appears blue­
green, but in the redder light of a can­
die flame or an incandescent lamp it ap­
pears red. 

Crystal-field colors can arise whenev­
er there are ions bearing unpaired elec­
trons in a solid. Aquamarine, jade and 
citrine quartz get their colors from a 
mechanism similar to that in ruby and 
emerald, but the transition-metal impu­
rity is iron instead of chromium. Many 
compounds and crystals in which the 
transition metals appear as major con­
stituents rather than impurities are also 
strongly colored. Among natural miner­
als in this category are the blue or green 
azurite, turquoise and malachite, in 
which the color is produced by copper, 
and the red garnets, which owe their 
color to iron. Most pigments in paints 
are transition-metal compounds. 

Color Centers 

The physical mechanism responsible 
for crystal-field colors is not confined 
to electrons in transition-metal ions; in­
deed, the electrons need not be an intrin­
sic component of any atom. An excess 
electron unattached to any single atom 
will suffice if the electron can be trapped 
at some structural defect, such as a miss-

© 1980 SCIENTIFIC AMERICAN, INC



.The GE COlDputer Radio. 
At 6:00 A.M. its SlDarter than you are. 

The Great Awakening from General Electric. For 
starters, it's smart enough to let you set the time 
directly ... no flipping around the clock. 

You can program it to change stations for you. So it 
will rock you to sleep with Strauss, switch to your 
news station, and wake you at 6:15. 

Then it comes back on to wake up your better half 
to Beethoven at 7:53. All with push-button ease. 

When you forget to set the alarm .. .The Great 
Awakening remembers to remind you. 

You can scan all the AM or FM stations by pressing 
a button or, to tune in one station, just punch in 
the frequency of your choice on the keyboard. 

You can also program up to six stations into the 
memory. And recall any one with the touch of a 
finger. 

For a little extra sleep, press the Snooz-Alarm® It 
lets you sleep an extra minute or an extra hour. You 
tell the memory how long. 

The Great Awakening is so smart it even tells you 
when you've made an error. But it's easy to 
correct.. .just press a button. 

We bring good things to life. 
GENERAL . ELECTRIC 

Model 7 -4880 
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When it comes to people worldwide. 
choosing a high per- And best of all, 
formance microcom- Digital's microcom-
puter company, you • puters are software-
only have two compatible. Which 
choices. =======--...=-"'-' . . -"=...r:..i............ means you won't 

A semiconductor company that's tak- ever have to worry about losing your 
ing its first stab at the world of computers. software investment. 

Or Digital. So if you don't have millions to spend on 
No one has more time or money behind research and development, maybe you 

their 16-bit micros than Digital. Our LSI-1l/2, really don't have two choices at all. 
LSI-1l/23, PDP-1V03, and FDP-1V23 are Maybe you have just one. 
the result of tens of millions of dollars and Digital Equipment Corporation, 
hundreds of man-years of development. MR2-2/M65, One Iron Way, 
They're direct descendants of our incredi- Marlboro, MA 01752. 
bly successful PDP-ll family of minicomput­
ers. And they're every bit as successful in 
their own right. With more than 100,000 
sold into the market now - more than our 
next three competitors combined. 

It all means that with Digital's high per­
formance micros, you get a head start no 
semiconductor company can give you. 

Like a broad range of microcomputer 
boards, boxes, systems, and development 
tools to work with. High performance soft­
ware that's literally years ahead of the com­
petition. All backed by technical consulta­
tion and training from over 13 ,000 support 

It took the minicomputer com pany 
to make micros this easy. 
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ing ion or an impurity. A "hole," the 
absence of one electron from a pair, can 
have the same effect. Anomalies of this 
kind are called color centers or F cen­
ters (from the German Farbe, color). 
-

Although many color centers are 
known, the mechanism of color-produc­
tion is understood in only a few. One of 
these is the purple F center of fluorite, a 
mineral that exhibits a great variety of 
color-center activities. Fluorite is calci­
um fluoride, or CaF 2, in which each cal­
cium ion is normally surrounded by 
eight fluorine ions. An F center forms 
when a fluorine ion is missing from its 
usual position. The loss of the fluorine 
can come about in several ways: by 
growing the crystal in the presence of 
excess calcium, by exposing the crystal 
to high-energy radiation (which can dis­
place an ion from its usual position) or 
by applying a strong electric field (which 
removes fluorine by the process of elec­
trolysis). In order to preserve the electri­
cal neutrality of the crystal some other 
negatively charged entity must take up 
the position in the lattice left vacant by 
the absent fluorine ion. When the charge 
is supplied by an electron, an F center is 
created. The electron is bound in place 
not by a central nucleus, as in an atom or 
an ion, but by the crystal field of all the 
surrounding ions. Within the field it can 
occupy a ground state and various excit­
ed sta tes similar to those in the transi­
tion metals. The movement of electrons 
between these states gives rise both to 
color and to fluorescence. 

The color of smoky quartz is attribut­
ed to a hole color center. The basic lat­
tice of quartz is silicon dioxide (Si02), 
but a prerequisite to the formation of 
the color center is the presence of alumi­
num impurities replacing a few silicon 
ions. Because aluminum has a valence 
of + 3 and silicon a valence of + 4, an 
alkali metal ion or a hydrogen ion must 
be nearby to maintain electrical neutral­
ity. Quartz is almost always contaminat­
ed with traces of aluminum, but that 
alone will not give rise to color because 
there are no unpaired electrons. The col­
or center is created when the quartz is 
exposed for a few minutes to intense X 
rays or gamma rays, or when it is ex­
posed to low levels of such radiation 
over geologic periods. The radiation ex­
pels one electron from a pair of elec­
trons in an oxygen atom adjacent to an 
aluminum impurity, thereby leaving an 
unpaired electron in the orbital. The ab­
sent electron is called a hole, and the 
remaining unpaired electron has a set of 
excited states much like that of an excess 
electron. 

Amethyst is another form of quartz 
that derives its color from a hole color 
center, but the impurity ion is iron rath­
er than aluminum. Certain old bottles 
were made of a glass containing iron 
and manganese; after many years of ex­
posure to intense sunlight the glass turns 
purple through the development of col-
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MOLECULAR ORBITALS describe paired electrons distributed over se\'eral atoms or over 
many atoms; they often absorb strongly at visible wavelengths. The pair of electrons that forms 
a chemical bond ordinarily absorbs only in the ultraviolet, but when alternative configurations 
of the bonds spread the pair over a number of atoms, the excitation en ergy of the pair is re­
duced. The commonest molecular orbitals that cause color are those associated with systems of 
conjugated bonds (alternating single and double bonds) in organic compounds such as benzene 
(0). By shifting three pairs of electrons in benzene the sequence of bonds is reversed. A better 
way of representing the structure of the m olecule (b) shows single bonds between all the car­
bon atoms, with the extra three pairs of electrons distributed throughout the m olecule in "pi" 
orbitals. It is the pi orbitals that are active in producing color. In benzene the excited states of 
the pi orbitals still lie in the ultraviolet, and so benzene is colorless, but in molecules with larger 
conjugated systems, such as the dye crystal violet (c), the bands are at visible wavelengths. The 
color is enhanced by chemical groups called auxochrom es that donate and accept electrons. 
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ELECTRONIC STRUCTURE OF A METAL is distinguished by an essentially continuous 
band of allowed energy levels. The band is filled from the ground state up to an energy called 
the Fermi level; all higher energy states are empty and can therefore accept excited electrons. 
A consequence of this electronic configuration is that all wavelengths of radiation can be ab­
sorbed, from the infrared through the visible to the ultraviolet and beyond. A material that 
absorbs light of all colors might be expected to appear black; metals are not hlack because an 
excited electron can immediately return to its original state by reemitting a quantum with 
the same wavelength as the absorbed one. The metallic surface is therefore highly reflective. 
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BAND STRUCTURE OF A SEMICONDUCTOR is similar to that of a metal, except that a 
gap of forbidden energies separates the filled valence band from the empty conduction band. 
There is therefore a minimum energy that a quantum of radiation must have in order to be ab­
sorbed, namely the energy needed to promote an electron from the top of the valence band to 
the bottom of the conduction band. The color of a pure semiconductor is determined by the 
magnitude of the band gap. If it lies in the infrared, all visible wavelengths are absorbed and 
the material is black. A gap energy in the visible region allows some colors to be transmitted, 
so that the semiconductor takes on a color ranging from red to yellow. When the gap ener­
gy is in the ultraviolet, all visible wavelengths are transmitted and the material is colorless. 
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or centers and is called desert-amethyst 
glass. The same effect is achieved by a 
10-min ute exposure to the intense gam­
ma rays emitted by cobalt 60. 

Most color centers are stable if the 
material is not heated excessively. In flu­
orite raising the temperature makes the 
displaced fluorine ion mobile, so that 
it eventually resumes its original posi­
tion; the color center and the color are 
then abolished. Amethyst when heated 
changes color, becoming either citrine 
quartz or a rare greened quartz. Both 
these colors represent the influence of 
iron without the amethyst color center. 
In some materials even the energy of 
sunlight can cause a color center to fade. 
For example, some colorless topaz can 
be ·irradiated to induce a deep orange­
brown tint; the color fades, however, af­
ter only a few days in sunlight. Natural 
topaz of the same color is quite stable. 

Molecular Orbitals 

It was pointed out above that in mole­
cules and solids the valence electrons 
are paired in chemical bonds and as a 
result their excited states are shifted into 
the ultraviolet. Actually this is true only 
when the paired electrons remain con­
fined to a particular bond between two 
atoms. In many cases the electrons can 
move over longer distances; they can 
range throughout a molecule or even 
throughout a macroscopic solid. They 
are then bound less tightly, and the ener­
gy needed to create an excited state is 
reduced. The electrons are said to oc­
cupy molecular orbitals (in contrast to 
atomic orbitals), and they are responsi­
ble for a varied class of colors in nature. 

One mechanism by which molecular 
orbitals can contribute color is the trans­
fer of electric charge from one ion to 
another; blue sapphire provides an ex­
ample of the process. Like ruby, sap­
phire is based on corundum, but it has 
two significant impurities, iron and tita­
nium, both appearing in positions nor­
mally filled by aluminum. In the lowest 
energy state the iron has a formal charge 
of + 2 and the titanium has a formal 
charge of + 4. An excited state is formed 
when an electron is transferred from the 
iron to the titanium, so that both ions 
have a formal charge of +3 .  An energy 
of about two electron volts is needed to 
drive the charge transfer. Such transi­
tions create a broad absorption band 
that extends from the yellow through 
the red and leaves the sapphire with a 
deep blue color. 

In a number of materials iron is pres­
ent in both its common valences, Fe + +  
and Fe + + + .  Charge transfers between 
these forms give r ise to colors ranging 
from deep blue to black, as in the black 
iron ore magnetite. 

Molecular-orbital theory also applies 
to the colors observed in many organic 
substances in which carbon atoms (and 
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HOW TO B UILD  
A BOEING. 

Boeing is now building an air­
plane that'll save millions of gal­

lons of fuel: the new generation 757. 
How much will it save? 
A 757 flying 1.3 million miles a 

year will save 1.8 million gallons of 
fuel annually over the airplane it 
will replace. 

Fuel economy has always been a 
concern to an airplane designer. 
Now it's more critical than ever. 

Heading up one engineering 
group is Doug Miller. His specialty 
is preliminary design and devel­
opment. 

Doug and the design team were 
involved in the development of an 
airplane wing that has exception­
ally efficient aerodynamics. It 

would never have been possible if 
Boeing had not been testing and 
perfecting components of ligh t­
weight carbon-fiber and high­
strength pure aluminum alloys. 

THEBOEINGFA 4IILY 
Getting people together. 

. Result: The 757 wing will get 
the airplane off the ground and 
flying with less fuel consumption 
than any airplane its size .  

New aerodynamics, new mate­
rials, and engineering inventive­
ness along with a long-term com­
mitment to constantly reach out 
and explore the unknown have 
made the 757 a reality. 

Boeing believes almost any­
thing is possible. Doug and the 
team are but one part of the im­
mensely complex process that has 
helped create a future world of 
efficient commercial aviation - a 
step that can keep air travel one of 
the best values in the world of 
rising inflation. 
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sometimes nitrogen atoms) are joined 
by a system of alternating single and 
double bonds, which are called conj u­
gated bonds. The best-known example 
of such a conj ugated system is the six­
carbon benzene ring, but there are many 
others. Because each bond represents a 
pair of shared electrons, moving a pair 
of electrons from each double bond to 
the adj acent single bond reverses the en­
tire sequence of bonds. The two struc­
tures defined in this way are equivalent, 
and there is no basis for choosing be­
tween them. Actually the best represen­
tation of the structure shows all the at­
oms connected only by single bonds; 
the remaining pairs of bonding electrons 
are distrib uted over the entire structure 
in molecular orbitals, which in this in­
stance are called p i  orbitals. 

The extended nature of the pi orbitals 
in a system of conj ugated bonds tends 
to diminish the excitation energy of the 
electron pairs. In benzene the energy 
of the lowest excited state is still in 
the ultraviolet, and so benzene is color­
less, but in larger molecules, and nota­
bly in those built up of multiple rings, 
absorption can extend into the visible 
region. S uch colored organic molecules 

are called chromophores (meaning col­
or-bearers).  Chemical side groups that 
donate or accept electrons can be at­
tached to the conjugated system to en­
hance the color; they are called auxo­
chromes (color-increasers). 

A number of biological pigments owe 
their color to extended systems of pi or­
bitals. Among them are the green chlo­
rophyll of plants and the red hemoglo­
bin of blood. Organic dyes employ the 
same mechanism. The Color Index of the 
Society of Dyers and Colourists l ists 
8,000 such substances. 

Some chemical species with extended 
molecular orbitals are also capable of 
fluorescence. As in ruby and emerald, 
the fluorescent light is emitted when an 
excited state decays through an interme­
diate level and the energy of at least one 
of the intermediate transitions corre­
sponds to a visible wavelength. The fab­
ric brighteners added to some detergents 
achieve their effect by absorbing ultravi­
olet radiation in daylight and reemitting 
a part of the energy as blue light. Lasers 
that have a dye as their active medium 
operate on the same principle. 

Fluorescence is also observed in some 
systems of molecular orbitals where the 

energy to create the initial excited state 
comes from a source other than radi­
ation. The bioluminescence of fireflies 
and of some deep-sea fishes is driven by 
a sequence of chemical reactions that 
culminates in the formation of an excit­
ed state of a molecule with extended pi 
orbitals. Manmade "cold light" devices 
imitate the biological process. 

Metals and Semiconductors 

The spatial extent of electron orbitals 
reaches its maximum possible value in 
metals and semiconductors. Here the 
electrons are released entirely from at­
tachments to particular atoms or ions 
and can move freely throughout a mac­
roscopic volume. Their range is limited 
only by the dimensions of the material. 
The enormous numbers of mobile elec­
trons (on the order of 1 023 per cubic cen­
timeter) give metals and semiconduc­
tors optical and electrical properties un­
like those of any other material. 

In a metal all the valence electrons are 
essentially equivalent since they can 
freely exchange places. One might sup­
pose, therefore, that they would all have 
the same energy, but a rule of quantum 
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VALENOE BAND VALENCE BAND 

DOPING OF A SEMICONDUCTOR with impurities creates al­
lowed energy levels within the band gap. In diamond, which is a semi­
conductor with a band gap of 5.4 electron volts, doping with nitrogen 
introduces a level of filled states 1.4 electron volts above the Fermi 
level. One of these electrons can be excited to the conduction band 
by absorbing radiation with an energy of four electron volts. Because 
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the level is broadened somewhat, there is some absorption of violet 
and blue light, and the diamond is colored yellow. Adding boron to a 
diamond creates holes, or empty states, in a level centered .4 electron 
volt above the Fermi level. Light of the lowest visible energies can 
promote an electron from the valence band into this broadened level, 
so that red and yellow light is absorbed and the diamond becomes blue. 
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Anew light under 
the deep blue sea. 

Someday, pulses of l ight may 
carry voice, data and television 
signals through glass fibers on 
the ocean floor. An experimental 
glass fiber communications cable 
is being tested in a simulated 
ocean environment at Bell Labs 
in Holmdel, N.J. 

The one-inch diameter cable is 
only half the size of the latest 
undersea cable now in use. But 
the experimental cable can 
potentially carry at least twice as 
many telephone circuits-more 
than 8,000. 

Designed by Bell Labs, first 
models of the cable have been 
made by the S implex Wire and 

Cable Company of Portsmouth , 
N . H . ,  using ultra-transparent 
fibers manufactured by Western 
E lectric. The experimental cable 
has at its core a stabil izing steel 
wire surrounded by hair-thin 
glass fibers. Around the core are 
steel wires for strength and 
weight, a power conductor and 
watertight barrier, and a layer of 
high voltage insulation. 

The artificial ocean beneath 
the lawn of Bell Labs' Holmdel 
facility can simulate the nearly 
freezing temperatures and 
1 0,000-pound-per-square-inch 
pressures that occur under four 
miles of ocean water. We're 

trying to make a cable that is 
extremely reliable and long-lived 
because it's expensive to p ick up 
and repair a cable that is miles 
under the ocean surface and 
stretched across thousands of 
miles of ocean floor. 

Although use of an undersea 
lightguide cable is still many 
years off, we are working to have 
it ready when the Bell System 
needs it  to meet your growing 
telecommunications needs. 

Bell Laboratories 
600 Mountain Avenue 
Murray Hill , N.J. 07974 

@ Bell laboratories 
Keeping your communications system 
the best ,in the world. 
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It's 10°  outside . . .  Even getting colder. So you bundle up in 
layers and layers of heavy clothes.  First with long underwear 
. . . then bulky, restrictive thermalwear on top. • 

Oh, you were warm, all right. Like in a Turkish bath . Be­
cause you began to perspire from all your activity . And perspir­
ing in that mountain of clothes is like perspiring 
in a plastic bag! The perspiration is locked in.  
So there you are.  Wet and miserable.  

But now , at last, Damart has solved the 
problem . Because Damart invented under­
wear that keeps you warm, dry and comfort­
able no matter how cold it is or how long 
you stay out. Underwear that's soft and 
l ight so you can move easily . Under­
wear knitted to let the perspiration 
evaporate through so you always stay 
warm and dry next to your skin . 

Damart does this with a new miracle 
fabric - Thermolactyl .  No other under­
wear does this! You can wear Damart 
indoors too, and turn your thermostat 
into the 60's. You'll feel perfectly com­
fortable and enjoy dramatic savings in 
home heating costs . 

Damart is so comfortable that the Mt. 
Everest climbing expedition wears it. So 
does the Chicago Bears Football 'Club, New 
England Patriots and Philadelphia E agles. 

Our free catalog tells  the full  Damart 
Thermolactyl story and displays the whole 
Damart line for men, women and children, 
including tall Slzes . Send for your FREE 
copy now ! 

T H E  PROOF I S  I N  TH E WEAR I NG !  

Samart Thermawear 
WHEN IN THE BOSTON AREA. VISIT OUR 

PORTSMOUTH. N.H. STORE. (603) 431-4700 

,------------------------_.-
• THERE I S  NO WARMER UNDERWEAR MADE! 
• F i l l  o u t  a n d  se n d  to:  

• DAMART, Dept. 1 1920 
• 181 1 Woodbury Ave. 
• Portsmouth, N .H .  03805 
• YES! R u s h  me yo u r  FREE DAMART Catalog . . . I w a n t  to e n j oy t h e  f a n t a s t i c  w a r m t h  

I of T h e r m o lacty l  U n d e rwe a r ,  a DA M A R T ®  e x c l u s i ve .  ( I  u n d e rs t a n d  t h e re is no o b l i ga-

• t i o n . )  

• • PR INT  NAME I ADDRESS 

• C I TY STATE l i P  © 1 980. Do""rt I ______ -----------------------------------� 
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mechanics forbids that. In a solid as in 
an isolated atom only a limited number 
of electrons can occupy the same r ung 
of the energy ladder. Accordingly there 
must be many energy levels in the metal, 
and the levels are necessarily spaced 
very closely. In effect they form a con­
tinuum from the ground state up. 

At zero temperature this continuous 
band of states is filled from the lowest 
level up to an energy designated the Fer­
mi level; all states above the Fermi level 
are vacant. Any input of energy, no mat­
ter how small, propels an electron into 
one of the empty states of higher energy . 

Since a metal effectively has a contin­
uum of excited states, it can absorb radi­
ation of any wavelength. A surface with 
this property of absorbing all colors 
might be expected to appear black, but 
metals are not an absorptive black. The 
reason again has to do with the agility of 
the metallic electrons : when an electron 
in a metal absorbs a photon and j umps 
to an excited state, it can immediately 
reemit a photon of the same energy and 
return to its original level. Because of 
the rapid and efficient reradiation the 
surface appears reflective rather than 
absorbent; it has the luster chara<;teris­
tic of metals. If the surface is smooth 
enough, the reflection can be specular, 
as in a mirror. 

The variations in the color of metal­
lic surfaces, which, for example, distin­
guish gold from silver, result from dif­
ferences in the number of states avail­
able at particular energies above the 
Fermi level. Because the density of 
states is not uniform some wavelengths 
are absorbed and reemitted more effi­
ciently than others. Besides absorption 
and reemission, transmission is also pos­
sible in some metals, although it is al­
ways weak and can be observed only in 
thin layers. The transmission varies with 
wavelength, and so it gives rise to col­
or. Beaten gold leaf, in which the gold 
structure is highly distorted, transmits 
only green light. Colloidal gold in ruby 
glass is not under strain, and the light 
transmitted is purple-red. 

Band-gap Colors 

Wide, contin uous bands of electronic 
states are a feature of another class of 
materials: the semiconductors. The de­
finitive characteristic of these materials 
is that the average number of bonding 
electrons per atom is exactly four. In­
cl uded are crystalline forms of some ele­
ments in Group IV of the periodic table, 
such as silicon, germanium and the dia­
mond phase of carbon; there are also 
many compound semiconductors, such 
as gallium arsenide. 

What distinguishes a semiconductor 
from a metal is a splitting of the band of 
energy levels into two parts. All the low­
er energy levels form a valence band, 
which in the ground state is completely 
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WH�T'S BETTER 
THAN SPEED READING? 

SPEED LEARNING 
( S P E E D  P L U S  C O M P R E H E N S I O N )  

Speed Learning is replacing speed reading. I t's easy to learn . . .  lasts a l ifeti me . . .  appl ies to everything 
you read . . .  and is the only accredited course with the option of col lege or continuing education credits. 

Do you have too much to read and too 
little time to read it? Do you mentally 
pronounce each word as you read? Do 
you frequently have to go back and re­
read words or whole paragraphs you just 
finished reading? Do you have trouble 
concentrating? Do you quickly forget 
most of what you read? 

If you answer "yes" to any of these 
questions - then here at last is the prac­
tical help you've been waiting for. 
Whether you read for business or plea­
sure, school or college, you will build excep­
. tional skills from this major breakthrough 
in effective reading, created by Dr. Russell 
Stauffer at the University of Delaware. 

Not just "speed reading" - but speed 
reading-thinking·understanding­

remembering-and·learning 

The new Speed Lea rning Program 
shows you step-by-proven-step how to 
increase your reading skill and speed, so 
you understand more, remember more 
and use more of everything you read. 
The typical remark made by the 75,000 
slow readers who completed the Speed 
Lea rning Progra m was :  "Why didn't  
someone teach me this a long time ago?" 
They were no longer held back by the 
lack of skills and poor reading habits. 
They could read almost as fast as they 
could think. 

What makes Speed Learning so successful? 

The new Speed Learning Program does 
not offer you a rehash of the usual eye­
exe];cises, timing devices, costly gadgets 
you've probably heard about in connec­
tion with speed reading courses or even 
tried and found ineffective. 

In just a few spare minutes a day of 
easy reading and exciting listening, you 
discover an entirely new way to read and 
think - a radical departure from any-

COLLEGE CREDITS 
, You may obta i n  2 full semester hour credits for course (ijj) completion,  wherever you reside. Credits offered l.QJ through Whittier College ( Ca l i fo r n i a ) ,  Detai ls  i nc l uded 

i n  your program . 

CONTINU ING EDUCATION UNITS 
_ National Management Association, the world's largest ij1l o"odat ; On of prof",,;ono' managers. award, 3.0 C E U ', 

== for course completion. C E U 's can be applied toward 

� the certificate in Management Studies. 

PROFESSIONAL SOCI ETIES 
Speed Lea r n i ng i s  offered i nternational ly  to members of profes· 

sional associations such as: American Chemical Societv, Founda· 

tion for Accounting Education,  I nstitute of E l ectrical and 
Electronics Engineers and dozens more. Co nsult  your Education 
Director for i nformation.  

BUSINESS, INDUSTRY, GOVERNMENT 
M a n y  companies and government agencies o f f e r  Speed Learning 
as a who l l y -paid or tuit ion reimbursement program ,  Consu l t  
y o u r  Tra i n i n g  or Personnel  Director f o r  deta i l s .  

thing you have ever seen or heard about. 
Research shows that reading is 95% 
thinking and only 5% eye movement. Yet 
most of today's speed reading programs 
spend their time teaching you rapid eye 
movement (5% of the problem) and ig­
nore the most important part (95%) think­
ing. In brief, Speed Learning gives you 
what speed reading can't. 

Imagine the new freedom you'll have 
when you learn how to dash 'through all 
types of reading material at least twice as 
fast as you do now, and with greater 
comprehension. Think of being able to 
get on top of the avalanche of newspa­
pers, magazines and correspondence you 
have to read . . .  finishing a stimulating 
book and retaining facts and details more 
clearly and with greater accuracy than 
ever before.  

Listen·and-Iearn at you r own pace 

This is a practical, easy-to-leam pro­
gram that will work for you - no matter 
how slow a reader you think you are 
now. The Speed Learning Program is sci­
entifically planned to get you started 
quickly . . .  to help you in spare minutes 
a day . It brings you a "teacher-on­
cassettes" who guides you, instructs, en­
courages you, explain­
ing material as you 

read. Interesting items taken from Time 
Magazine, B u siness Week, Wa ll S treet 
Journal, Family Circle, N. Y. Times and 
many others , make the p rogram 
stimulating, easy and fun . . . and so 
much more effective. 

Executives , students , professional 
people, men and women in all walks of 
life from 15 to 70 have benefited from this 
program. Speed Leaming is a fUlly accred­
ited course . . .  costing only 115 the price 
of less effective speed reading classroom 
courses. Now rou can examine the same, 
easy, practica and proven methods at 
home . . . in spare time . . . without 
risking a penny. 

Examine Speed Learn ing 
FREE for 15 days 

You will be thrilled at how quickly this 
program will begin to develop new 
thinking and reading skills . After listen­
ing to just one cassette and reading the 
preface you will quickly see how you can 
achieve increases in both the speed at 
which you read and in the amount you 
understand and remember. 

You must be delighted with what you 
see or you pay nothing . Examine this 
remarkable program for 15 days . If, at 
the end of that time you are not con­
vinced that you would like to master 
Speed Learning, simply return the pro­

gram and owe nothing . 
See the coupon for low 
p r i c e  and c o n v e n i en t  
credit terms . 

Note: Many companies and gov­
ernment agencies have tuition 
assistance plans for employees 
providing full or partial payment 
for college credit programs. 

In most cases, the entire cost of 
your Speed Learning Program 

is Tax Deductible. 

r - - - - - - - - - - - - - - - - - - - - - - - -;-ls-:::;-y - i 
learn 1 1 3 Gaither Drive, Mt .  Laurel ,  NJ 08054 
INCORPORATED 
YES! Please rush me the materia ls  checked below: 
o Please send the Speed Learning program @ $89 .95 plus $4 postage and handl ing . 
o Please send the Speed Learning Medical Edition @ $99 .95 plus $4 postage and handl ing. 
o Please send the Junior Speed Learning program (ages 11 to 1 6) @ $79 .95 plus $4 postage and handl ing . 
Check method of payment below: NJ residents add 5% sales tax. 
D Check or money order enclosed 
D Charge my cred it  card under the regular  payment terms 

o Visa 0 Master Card I nterbank No. _______ _ o American Express 

Card No .. _____________ Exp. Date' ______ _ 
N ame I f  you don't already own a ll 

cassette player, you may 

Address order this Del uxe Cassette � Recorder for only $49.95. � 
City· _________ State ___ Zip 

������.) hand l i n g  and � I 
Signature Check here to order 0 

L _ _ _ _ _  Outside USA add $10 per item plus $4 surface mail-Airmail extra _ _  - - - -1 
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filled. All excited states lie in a separate 
conduction band, which in the ground 
state is entirely empty. Separating the 
two bands is a gap of forbidden energies. 
The division of the energy band has pro­
found effects on the optical properties 
of a semiconductor. No longer can the 
electrons absorb radiation of arbitrarily 
low energy; the minimum energy is the 
energy needed to lift an electron from 

the top of the valence band to the bot­
tom of the conduction band. 

The color of a pure semiconductor 
depends only on the magnitude of the 
energy gap. If the gap is smaller than the 
lowest energy of visible light, all visible 
wavelengths are absorbed. Small-gap 
semiconductors in which reemission is 
efficient and rapid have a metal-like lus­
ter, as silicon does, but other small-gao 

BAND-GAP COLORS are observed in six semiconducting compounds. Pure cadmium sulfide 
(bottom left) has a band-gap energy of 2.6 electron volts, with the result that only violet light 
can be absorbed; the material has the color complementary to violet, namely yellow. In pure 
cadmium selenide (bottom right) the band-gap energy is 1.6 electron volts, so that all visible 
wavelengths are absorbed and the crystals are black. The other four materials are mixtures of 
various proportions of the two compounds; they show a gradient in absorption, with colors from 
orange through red. The compounds are employed as pigments under the name cadmium red. 

The uncertain science 
Despite the increasing usefulness of 
mathematics as a practical too l ,  the 
theoretical basis of this branch of 
knowledge is an intel lectual battle­
ground of d ivergent-even contradic­
tory-ideas . Describing the dramatic 
changes that have occurred in our 
conception of mathematics, Kl ine 
examines the impl ications for science 
and for human reason. 

THE LOSS OF 
CERTAINlY 
Morris Kline 
An Alternate Selec­
tion of the Library of 
Science and of the 
Readers' Subscrip­
tion Book Club 

UN IVERSITY PRESS 
Box 900-80-01 4 
200 Madison Avenue 
New York, NY 10016 

A tale of the 
possible past . . .  

when over 35 ,000 years ago 
era-Magnan and Neanderthal 
Man may have lived at the same 
time. A crucial moment in evolu­
tion when two races battle for their 
very existence . 

THE C lAN  
OF THE 

CAVE _-
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R E D  LIGHT BLUE L IGHT WH ITE L IGHT 

D I FFRACTION GRAT I N G  

o 
------""7 

R E D  LIGHT BLUE L IGHT WHITE L IGHT 

PHYSICAL OPTICS provides the most convenient interpretation of 
colors generated by several mechanisms that involve a change in the 
dire<:tion of light. The dispersion of white light into its component 
colors by a transparent prism comes about because short wavelengths 
are refracted through a larger angle than long wavelengths. In a simi­
lar way the scattering of light by small particles is more effective at 
short wavelengths, so that more blue light is scattered than red. Inter­
ference is observed when a light wave is split into two parts that are 
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then brought together again. If the waves are in phase when they re­
combine, the intensity is enhanced; if they are out of phase, the waves 
cancel each other. Since the phase difference between the two beams 
can depend on wavelength, interference can enhance some colors and 
suppress others. In a diffraction grating light is scattered by many 
uniformly spaced centers and the resulting multiple wave fronts in­
terfere with ODe another. Each wavelength is reinforced in one set of 
directions and canceled in all others, so that white light is dispersed. 
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semicond uctors are black. At the oppo­
site extreme the band gap can be greater 
than 'the highest energy of visible light; 
in that case no visible wavelengths can 
be absorbed and the material is color­
less. Diamond, with a band gap of 5 . 4  
electron volts, i s  one such large-gap 
semiconductor and is transparent both 
to visible light and to a limited range of 
ultraviolet radiation. 

Where the band-gap energy falls in 
the visible range, the semiconductor has 
a definite color. The mercury ore cin­
nabar (which has the formula HgS and 
is also known as the pigment vermil­
ion) has a band-gap energy of 2.1 elec­
tron volts. All photons with energies 
higher than this level are absorbed, and 
only the longest visible wavelengths are 
transmitted; as a result cinnabar appears 
red. The pigment cadmium yellow, CdS, 
has a band gap of 2.6 electron volts and 
absorbs only blue and violet light; after 
these wavelengths are subtracted from 
white light the color remaining is yel­
low. The sequence of band-gap colors, 
from the smallest gap to the largest, is 
black, red, orange, yellow, colorless. 

Although large-gap semiconductors 
are colorless when they are pure, they 
can take on color when they are 
"doped" with traces of an impurity . The 
impurity can be e ither a donor of elec­
trons or an acceptor of them; in either 
case it introduces a set of energy levels 
in the gap between the valence band 

. and the conduction band. Transitions 
to or from the new levels require a small­
er quantity of energy than transitions 
across the entire gap. 

In diamond the replacement of a few 
carbon atoms with nitrogen creates a 
donor band about 1 . 4  electron volts 
above the valence band. N itrogen has 
one electron more than carbon, and it is 
these extra electrons that form the do­
nor band. The nominal energy needed to 
promote one of them to the conduction 
band is four electron volts, which is still 
in the ultraviolet; the donor level is suffi­
ciently wide, however, for some violet 
light to be absorbed. At a concentra­
tion of one nitrogen atom per 1 00,000 
carbon atoms diamond is yellow; with 
more nitrogen it becomes green. 

Boron has one electron fewer than 
carbon and gives rise to acceptor, or 
hole, levels in the band gap of diamond. 
An electron can be excited from the va­
lence band to occupy one of these holes. 
The impurity level is centered .4 elec­
tron volt above the valence band but 
extends far enough to absorb some of 
the longer visible wavelengths. The bo­
ron-doped diamond therefore appears 
blue. 

It is well known that doping also al­
ters the electrical properties of semicon­
ductors, making possible all the devices 
of solid-state electronics. Among these 
devices are light-emitting diodes and 
semiconductor lasers, in which an elec-

If you enjoy Jack Da n i e l 's . drop us a l ine. We'd l ike to get to know you . 

JACK DANIEL' S MILLER spends a lot of 
time just waiting for his type of grain 
to come In . 

What he needs is young, clean corn with 
no cracked cobs at a moisture count of under 
fourteen .  And the surest way to get this kind 
is from farmers way off in I l l inois .  Of course , 
he grumbles a bit when 
these Il l inois boys don' t 
arrive on time . But they do 
have a good distance to 
come . And as long as their 
corn stays up to standard , 
our mil ler will  always be 
Wa1ting. 

C H A RC O A L  
M E L LOWE D 

6 
D R O P  

6 
B Y  D R O P  

Ten n essee W h i s key · 9 0  Proof · D i s t i l l ed  a n d  Bott led by J a c k  D a n i e l  D i s t i l l e ry, 
Lem M ot l ow, P rop .  I n c . ,  R o ute  1, Lynch b u rg ( Po p .  3 6 1 ) ,  Te n n essee 3 7 3 5 2  

Placed in the Na tional Regis ter of His toric Places by the United Sta tes Government. 
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more. Visit our 
boutiques 
in Californi'1 
at 2245 Union St., 
San Francisco, 
Stanford Center, 
Palo Alto. 

Send $3 (or 
color catalogue 
Dept. SC- ro 
Box 7684 
San Francisco 
CA 94 I20 

JACK DANIEL 
SQUARE GLASS SET 
M r. J ac

"
k D a n ie l  was  t he  o r i g i n a to r  of t he  

s q u a re b ott le fo r  h i s  w h i s key a ri d  a l ways  
wan ted to  have  a matc h i n g  sq u a re g la s s .  Wel l ,  
h e re it i s l  T h i s  h efty s q u a re g l a s s  ( ea c h  
we ighs  1 4  o u nces )  i s  t h e  pe rfect c o m p a n i o n  
to  a b ott le of M r. J a c k 's f i n est .  T h e  i n s i d e  i s  
r o u n d e d  to  m a ke d r i n k i n g  a p l ea s u re a n d  t he  
o r i g i n a l  des ign  i s  f i red o n  for  good l ooks  and  
d u ra b i l i ty .  M y  S 1 5 .00 p r ice for  a se t  of 4 
g l asses  (8 oz .  capac ity )  i n c l u d e s  postage . 

Send ch e c k ,  mon ey o rder , or u s e  Ame r i c an 
Express, Visa or Master Charge, including all 
numbers and signature. 

(Ten nessee residents a d d  6% sales tax . )  For a color 
catalog ful l  of o ld  Ten n essee items a n d  Jack D a n ie l 's  

memorabi l ia ,  send $ \ . 00 to above a d d ress.  
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tric current populates excited states and 
the electrons emit radiation in return­
ing to the ground state. Doped semi­
conductors can also function as phos­
phors, which are materials that give off 
light with high efficiency when they are 
stimulated electrically or by some oth­
er means, Phosphors are the luminous 
sources in a fluorescent lamp and in the 
picture tube of a television set. In a color 
picture tube three phosphors are distrib­
uted over the surface, with emissions at 
red, green and blue wavelengths. Cer­
tain compounds of the transition metals 
also act as phosphors. 

Geometrical Optics 

In the phenomena I have described 
so far color results either from the di­
rect emission of colored l ight or from 
the selective absorption of some wave­
lengths and transmission of others. In a 
last group of color-producing phenom­
ena interactions of l ight with matter 
change the direction of the light. The 

change in direction is the primary cause 
of color in refraction and diffraction, 
where the magnitude of the deflection 
can vary with wavelength. In the scatter­
ing of light from small particles the de­
flection of any given ray is not a deter­
ministic function of wavelength, but the 
average intensity of the scattered light 
does depend on wavelength. Interfer­
ence gives rise to color through an inter­
action of light with light, but a change in 
direction is needed to enable one beam 
of light to interfere with another.  

At the most fundamental level these 
processes can be understood in terms of 
electronic excitations in matter, Refrac­
tion, for example, results from a change 
in speed when light passes from one me­
dium into another; the speed in each ma­
terial is determined by the interaction of 
the electromagnetic field of the radia­
tion with the electric charges of the elec­
trons. An analysis of this kind is always 
possible, but it is often too cumbersome 
to be very informative. What is needed 
is a "higher level" analysis; it is provid-

NATURAL DIFFRACTION GRATING is formed by closely packed spheres in a synthetic 
opal. The spheres consist of silicon dioxide and a little water, embedded in a transparent matrix 
that has a similar composition but a slightly different index of refraction. The spheres have a 
diameter of about 250 nanometers. Dispersion of white light by the three-dimensional diffrac­
tion grating gives rise to spectrally pure cplors that glint from within an opal. The synthetic 
opal was made by Pierre Gilson in France, who also made this scanning electron micrograph. 
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ed by the methods of geometrical and 
physical optics. 

A light ray is refracted, or bent, by 
a transparent prism because light is 
slowed more by traveling in a solid than 
it is by traveling in air. (The highest pos­
sible speed of light, and the speed that 
relativity theory says can never be ex­
ceeded, is attained only in a vacuum; in 
any material medium the speed is low­
er.) Why a change in speed should lead 
to a change in direction can be under­
stood by imagining the light ray as a 
series of plane wave fronts. When a 
wave front strike's a transparent surface 
obliquely, one edge enters and is slowed 
before the opposite edge reaches the sur­
face; the edge that is slowed first thus 
falls behind the rest of the wave front, 
and the ray is deflected toward the per­
pendicular. On leaving the solid the ray 
is bent away from the perpendicular. 

The magnitude of the change in direc­
tion when a light ray is refracted de­
pends on the angle at which it strikes the 
surface. For any given angle of inci­
dence it also depends on the ratio of the 
speeds of light in the two materials. It 
turns out that this ratio, which is called 
the refractive index, is generally not the 
same for all wavelengths; that is why 
refraction can give rise to color. The 
mechanisms that retard light in a trans­
parent medium have a greater effect on 
high frequencies and short wavelengths 
than they do on low frequencies and 
long wavelengths. As a result violet light 
is refracted through a larger angle than 
red light, and a beam of white light on 
passing through a prism is separated 
into its component colors. 

This dispersion of white light accord­
ing to wavelength was discovered by 
Isaac Newton in 1 704, or at least it was 
Newton who first recognized its signifi­
cance. The dispersion of sunlight by re­
fraction in water droplets or ice crystals 
is responsible for the colors of a rainbow 
and of other colored halos occasionally 
seen arouna the sun and the moon. Dis­
persion also ca uses the "fire," or flashes 
of color, characteristic of diamond and, 
to a lesser extent, of other faceted trans­
parent gemstones. Dispersion is not 
always a welcome phenomenon: in tele­
scopes, cameras and other optical sys­
tems it gives rise to chromatic aberra­
tion, or the misregistration of images in 
different colors. 

Interference was also first investigated 
in detail by Newton. It can be observed 
in a system of waves where two waves 
combine to yield a single new wave 
whose amplitude at each point is simply 
the sum of the amplitudes of the origi­
nal waves. Thus a monochromatic light 
wave can be split into two components, 
which follow different paths and then 
merge again. Where the two compo­
nents are in phase, so that the peaks and 
valleys coincide, the waves reinforce 
each other and the light is bright. Where 
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the components are out of phase the 
waves cancel and appear dark. 

Interference is often observed in thin 
transparent films, where part of the l ight 
is reflected by the first surface and part 
by the second. Whether the beams rein­
force or cancel depends on the nature 
and thickness of the film, on the angle of 
reflection and on the wavelength of the 
light. If the film has a uniform thickness, 
different wavelengths emerge at differ­
ent angles. If the layer varies in thick­
ness, then at any given viewing angle 
different colors appear at different posi­
tions. Interference in a thin, transparent 
cuticle gives rise to the colors of some 
beetles and butterflies. A thin layer of oil 
on water swirls with color as a result of 
the same mechanism. 

The Diffraction Grating 

Diffraction is the bending or spread­
ing of a light wave at the edge of an 
opaque obstacle. When the obstacle is a 
macroscopic object, the effect is general­
ly a minor one, but it becomes impor­
tant when the dimensions of the obstacle 
are comparable to the wavelength of the 
light. As might be expected, the magni-

ELECTRONIC TRANSITIONS IN FREE 

ATOMS AND IONS;  V I BRATIONAL 

tude of the effect then becomes strongly 
dependent on wavelength. 

Diffraction is an important cause of 
color in the scattering of l ight by small 
particles. Lord Rayleigh showed that 
the intensity of the scattered light is in­
versely proportional to the fourth pow­
er of the wavelength; accordingly blue 
light is scattered about four times as 
much as red light. The disparity in scat­
tering effectiveness is apparent in the 
daytime sky. M olecules, dust and fluctu­
ations in density in the atmosphere pref­
erentially scatter blue light, so that the 
sky appears blue. The direct light of the 
sun, on the other hand, is depleted of 
blue and therefore appears reddish, par­
ticularly at sunrise and sunset when the 
l ight must traverse a greater depth of 
the atmosphere. 

The same process can be demonstrat­
ed on a smaller scale by passing white 
l ight through diluted unhomogenized 
milk, where the scattering centers are 
particles of fat. The fluid appears bluish, 
whereas the directly transmitted beam is 
reddish. The blue sheen of moonstone 
almost certainly comes from a similar 
process. Scattering from much larger in­
clusions, which do not alter color, ac-

counts for the patterns in star r uby and 
star sapphire and in tiger's-eye quartz. 

Interference and diffractive scattering 
act in combination in a final mecha­
nism for generating color: the diffrac­
tion grating. Such a grating is an array 
of many equally spaced lines or points 
in which the spacing is not too large 
in comparison with light wavelengths. 
Light passing through the grating is scat­
tered in all directions at each opening, 
and so waves from adjacent openings 
interfere. For any one wavelength there 
are angles at which the interference is 
constr uctive; at all other angles the 
waves cancel one another. The actual 
value of these angles depends only on 
the wavelength and on the spacing be­
tween lines or points on the grating. 
When white light passes through a dif­
fraction grating or is reflected from it, 
each wavelength is enhanced in a differ­
ent set of directions. Hence the light in 
any given direction is spectrally p ure 
and monochromatic, but as the grating 
is rotated a series of spectra comes into 
view. 

A diffraction grating can be made by 
inscribing fine r ulings on a glass plate, 
and a few natural systems also have the 

ELECTRON IC EXCITATIONS 
INCAN DESCENCE , FLAM ES,  ARCS, S PARKS, 

L IGHTN I N G ,  GAS DISCHARGES, SOME LASERS.  

TRANSITIONS IN MOLECULES 
V I BRATIONS BLUE·GR E E N  TINT OF PURE WATER AND ICE.  

TRANS ITION-METAL COM POUNDS 
TURQUOISE,  MOST P I G M ENTS, SOME LASERS, 

SOME PHOSPHORS, SOME FLUORESCENT MATERIALS. 

CRYSTAL-F IELD COLORS TRANSITION-METAL IMPURIT IES 
R UBY, E M E RALD, RED SANDSTONE, 

SOME LASERS,  SOME FLUORESCENCE.  

COLOR CENTERS 

CHARGE TRANSFER 

TRANSITIONS BETWEEN 

MOLECULAR ORBITALS 
CONJUGATED BONDS 

M ETALLIC CONDUCTORS 

TRANSITIONS I N  MATERIALS 
PURE SEMICONDUCTORS 

HAVING ENERGY BANDS 

DOPED SEM ICONDUCTORS 

D ISPERSIVE R EFRACTION 

GEOMETRICAL AND 
SCATTERING 

PHYSICAL OPTICS 

II'ITERFERENCE 

D IFFRACTION GRATING 

CAUSES OF COLOR are classified in 14 categories of  five broad 
types. All but one of tbe COlor-causing mechanisms (vibrations of the 
atoms in molecules) can be traced to changes in the state of the elec-
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AMETHYST, SMOKY QUARTZ, DESERT-

AMETHYST GLASS, SOME FLUORESCENCE. 

BLUE SAPPHIRE ,  MAG N ETITE.  

ORGAN IC DYES, MOST PLANT AND ANIMAL 

COLORS, LAP I S  LAZULI ,  F IREFL IES ,  

DYE LASERS,  SOME FLUORESCENCE.  

COP P E R ,  S I LVER,  GOLD,  IRON, BRASS. 

S IL ICON, GALENA, C I N NABAR, DIAMOND. 

BLUE DIAMOND, YELLOW D IAMOND, L lGHT-

EM ITTING DIODES,  SEMICONDUCTOR LASERS,  

SOME PHOSPHORS. 

THE RAINBOW, " F I R E" IN  G EMSTONES,  

CHROMATIC ABERRATION.  

BLUE OF THE SKY, RED OF SUNSETS, 

MOONSTONE,  STAR SAP P H I R E .  

OIL F ILM ON WATER,  LENS COATINGS,  

SOME INSECT COLORS. 

OPAL, L IQUID CRYSTALS, SOME I N S ECT COLORS 

trons in matter. Electronic transitions are the most important causes 
of color because the energy needed to excite an electron common­
ly falls in the range that corresponds to visible wavelengths of light. 
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I t 's v i rtua l ly  i m poss i b l e  to get tradespeople 
to openly admit  which product i n  their ind us­
try is  n u m ber one. But, judging by n u m bers 
alone, the Fidel ity series, in the past 8 months, 
has become the most sought after chess 
game t h roug hout Europe, G reat Br ita i n  and 
N o rth America.  

. . .  Despite Its Flaw 
Apart from its n u merous off ic ia l  tournament 
w i n s  and computer i n te l l i gence, the orig i na l  
Fidel ity g a m e  h a s  offered a major  advantage 
ove r all other e lectron ic games. Namely,  it  
had the a b i l i ty to be c h a l l e n ged and occa­
s i o n a l l y  beaten at various l eve ls by rea l 
people oppo nents. Th is  s i m p l e  factor has 
made it  a c h a l l enge,  a reward i n g  past i m e  
and an u n s u rpassed se lf- i m p rovement de­
vice. But, it  g oofed somet i mes. N ot through 
any fault  of i ts  own ,  but beca u se of human 
opponent  enthusiasm.  

Last year's model req u i red a p l ayer to 
enter  h i s  move from a keyboard. The player 
pressed keys l i ke A2 to A3 and then m oved 
his piece accord i ng l y .  The mac h i n e  rep l ied 
i n  kind and he moved its piece. The prob lem 
arose when the player became so eng rossed 
in  the game that after havi n g  made a n  astute 
move, he ant ic i pated the machi ne's next 
move. When the Fidel ity Chal lenger rep l ied 
with a start l i ng ly  d i fferent response, one of 
two things then happened. Either the human 
was so aston ished and a bsorbed i n  ret h i nk­
i n g  h i s  next  m ove that  he s i m ply forgot to 
move the mac h i ne's piece ent ire ly ,  or he 
absent-m i n de d l y  m oved the piece i n  accor­
dance with h i s  own preconceived ideas a n d  
ignored the mac h i ne's actual move. 

... 
Computer's black knight attacks white rook 8S board lights 
Indicate. 

Lights-Action 
So, F idel ity e l i m i n ated this h u m a n  factor. 
The G e n i u s  Offspr ing II  has no keyboard . 
I nstead every square on the mag netized 
playing board has a solid state red lamp at 
its corner. When the mach ine wishes to move 
a p iece, that sq u a re's lamp l i ghts. A seco n d  
red l a m p  l i g hts to te l l  you where t h e  p iece 

"Genius Offspring- The Next Genera tion " 

Sensitive 
Issue 

"We 've gone beyond computer brilliance 
to increase 'playability ' while e veryone else 

is s till fumbling with breadboards. " 

s h o u l d  go.  These l i g hts won't go out unt i l 
the move is mad e.  You move in the sa me 
manner. The new Fidel ity sensit ive board 
reg isters where you r piece was l i fted from 
and wh ere it  was p l aced. 

A Major Adva nce 
The i m p rovement is a sol id  state press u re 
sensit ive f ie ld  beneath the playi n g  board . 
S i m ple? Yes. But a major advance in e l ec­
tro n i c  chess games. In essence, to i m p rove 
the i r  tournament-wi n n i ng game,  F idel ity 
has made i t  a pleasure to play . . .  wh i le com­
pet it ion is sti l l  concerned with beat i n g  our 
last year's model.  

Beneath the board is the award-wi n n i n g  
s o l i d  state m icrocom puter logic that has 
made Fidel ity the n u m ber one cho ice i n  
electronic  chess games. 

Improve your game to near brill iant with 
seven different levels of play. 

The Sensit ive Chal lenger's total reca l l  
memory helps you verify piece posit ion.  J ust 
touch the appropriate sym bol  on the r ight  
s ide of  the board . If  you p ressed the rook 
s i g n ,  the l i g hts o n  the two sq uares with your 
wh ite rooks w i l l  l i ght,  wh i l e  the comp uter's 
black rook squares will  f lash. Conti n u i n g  
play or press i n g  t h e  clear ( CL) symbol te r­
m i n ates the verificat ion mode. Its tota l f lexi­
b i l ity lets you set up hypothetical encounters 
to test response at d ifferent levels .  You can 
change games m i dstream o r  switch s ides 
with the com puter to see how it would handle 
your d i lemma.  You can add p i eces or take 
away the computer's queen.  I t  is  a s u perb 
teacher!  

The remarkab l e ,  Se nsit ive C h a l lenger  "8" 
is able to analyze over 3- m i l l ion board posi­
tions. I t  maste rf u l l y  hand les over one thou­
sand book ope n i ngs and wi l l  res pond to any 
deviat i o n .  Acad emic ope n i n g s  as S i c i l i a n ,  
French , Ruy Lopez a n d  Q ueen Ga m b i t  De­
c l i ned,  a re j u st some of the chal lenges to 
keep you o n  your toes. 

It Knows Every Rule in the Book 
The Chal lenger "8" w i l l  perm it you to castle 
or perform a n  En Passa nt capture or do so 
itse lf,  i f  that is its best move. When your 
pawn has reac hed the eighth ra n k ,  it  wi l l  be 
automat ica l ly  ra ised to a Queen,  u n less you 
tel l  the com puter to prom ote it  to another 
piece. I t  wi l l  take on any p layer a n d  sharpen 
his s k i l l s  considerably . . .  but it won 't perm it  
i l l egal  moves. 

Sound Signals 
You j u st cannot bel ieve the chess I . Q .  of th i s  
p h e n o m e n a l  u n i t .  The Sensit ive C h a l l e n g e r  
" 8 "  h a s  a beep aud io feed back which s o u n d s  
t o  acknowledge your m o v e ,  and double  

-So Samole 
President, Fidelity Electronics 

beeps when the comp uter has made its 
response. At Level 1 its average response 
t ime is 5 seconds.  At Tournament Leve l  7 ,  
the Chal lenger makes c h a m p i o n s h i p  deci­
s ions i n  j ust 3 m i n utes. 

Un beatable in Price As Well As Play 
Best of a l l ,  the Chess Chal lenger "8" is  in­
cred ib ly afforda ble.  I t  is j ust $ 1 38.95 com­
p l ete with Sta u nton deS i g ned pi eces and UL 
app roved 1 1 0V AC adaptor. 

All pieces a re magnetized to stay where 
you place them on the permanent, sensitized 
board . The set i s  mou nted in a s imu lated 
woodg rai ned housing which measu res 1 1 "  
x 1 0 W' x 2W' .  The u n it is  backed by a 90-day 
m a n u factu rer's l i m ited parts and labor 
warranty. 

Enjoy I t for 30 Days - At O u r  Expense 
As a g ift for yourself ,  the "8" is  u n q uest ion­
ably the fi nest chess com puter you can 
sel ect . . .  but if  with i n  30 days you are not 
sati sfied, simply ret urn it for a pro m pt,  n o­
q uest ions-asked refu n d .  

C",DIT CA"D D"D,"' CA" TOe' '""J 
800-621 -51 99 r �::� N O I S  R E S I D E NTS: 800-972-5855 �24 HOURS - 7 DA YS/WEEK 

r--------------, 
Please send me Sensit ive Chess 
Chal lenger "8" (s) at $1 38.95 plus $4.00 for 
sh ipp ing and insurance. I l l i no is  res i dents 5'/.% 
sales tax . If not satisfied, I can retu rn it  w i th in  
30 days for a refund.  Pr ices s l i ght ly h i gher 
beyond cont inental U .S .  

o Enclosed p lease f i n d  check or money order. 
a Charge My Credit Card: 
o Ame rican Express 0 Master Card 0 Carte 
o BankAmeri cardlV l SA 0 Di ner's Club Bla nche 

Credit Card No. __________ _ 
Expiration Date __________ _ 
Name _____________ _ 
Address ____________ _ 
City _____________ _ 
State _________ Z i p  ___ _ 

"'camelot 
DIRECT 

80 1 Green 8ay Rd" Lake B luff, I L  60044 
D I V I S I O N  O F  U N I T E D  E D U C A T O R S .  I N C  
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PHOTOG RAPHY 
WITHOUT 

COMPROMISE 
There are some discipl ines in which compromise is 

necessary. With the Bronica ETR-System, photography is no longer 
among them. 

Begin with the professional sharpness of a 4.5 x 6cm negative 
nearly 3- times larger than 35mm . .  . in a camera nearly as smal l .  Add 
the convenience of an automatic exposure prism finder that selects 
the correct shutter speed for any aperture you choose. And the 
creative freedom of a lens system ranging from 40mm wide-angle to 
500mm telephoto, including zoom lenses and a unique perspective 
control optic that brings view camera-l ike movements to medium 
format. Each lens has an electronically-accurate leaf shutter for 
electronic flash synch at every shutter speed to 1I500th. There's also 
the flexibil ity of interchangeable magazines for 120,  220,  70mm and 
Polaroid'" films .  And viewfinder and accessory systems to meet 
virtually any photographic chal lenge. 

Bronica - the camera system without compromise, now 
costs less . . .  so you need compromise no more ! See it at your 
Bronica dealer. Or, write for LitPak P52 .  Marketed by Nikon Photo 
Division, Ehrenreich Photo-Optical Industries , Inc . ,  Garden City, 
NY 1 1530. m[;.:lB 

dimensions and the high degree of order 
needed for an optical grating. For exam­
ple, in the materials called liquid crys­
tals molecules are stacked with sufficient 
regularity to act as a diffraction grat­
ing. Because the spacing between mole­
cules depends on the temperature so 
does the color of the material, and it 
can be employed as a temperature indi­
cator. Similar ordered arrays of mole­
cules produce diffraction-grating colors 
in some butterflies and beetles. Spectral 
colors arising from diffraction also ap­
pear when a distant streetlight is seen 
through the fabric of an umbrella or 
when the surface of a phonograph rec­
ord is viewed at a glancing angle. 

The preeminent natural diffraction 
grating is the opal. In this gemstone 
spheres made up of silicon dioxide and 
a little water are closely packed in a 
three-dimensional array with a spacing 
of about 250 nanometers. The trans­
parent or translucent matrix that fills 
the space between spheres has a similar 
composition but a slightly different in­
dex of refraction. When white light en­
ters this three-dimensional diffraction 
grating, pure colors appear inside the 
stone; the colors change as the eye or 
the stone is moved. The mechanism of 
color production in opal came to be un­
derstood only in 1 964, when the struc­
ture was first resolved with the electron 
microscope. Synthetic opals were creat­
ed not long thereafter. 

The Visible Spectrum 

In this catalogue of colors, which is 
surely not complete, I have described 
more than a dozen mechanisms. They 
can be put into five broad categories:  
excitations of free atoms and ions and 
vibrations in molecules, crystal-field ef­
fects, transitions between states of mo­
lecular orbitals, transitions in the energy 
bands of solids and effects interpreted 
through physical optics. It may seem an 
extraordinary coincidence that such a 
diversity of phenomena is encompassed 
in a band of wavelengths that is not 
even a full octave wide; it may seem still 
more remarkable that this narrow band 
happens to be j ust the one to which the 
human eye is sensitive. 

Actually it may not be a coincidence 
at all. So much of interest happens in 
this narrow region of the electromagnet­
ic spectrum because these are the wave­
lengths where interactions of light with 
electrons first become important. Waves 
of lower energy mainly stimulate the 
motions of atoms and molecules, and so 
they are usually sensed as heat. Radia­
tion of higher energy can ionize atoms 
and permanently damage molec ules, so 
that its effects seem largely destructive. 
Only in the narrow transition zone be­
tween these extremes is the energy of 
light well tuned to the electronic struc­
ture of matter. 
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The 1 980's are here! The decade of 
the personal computer has arrived"and 
BYTE has :made it happi:m! BYTE -
the small systems journal devoted to 
personal computers - has helped usher 
in the new era. Leading the personal 
computer revolution , which is already 
transforming home and personal life, are 
BYTE's 1 60,000 enthusiastic readers. 
Their enthusiasm has made BYTE the 
largest computer magazine in the world! 

To be knowledgeable in the 1 980's 
you need to know how to use personal 
computers. BYTE is your personal 
guide to the new era. BYTE tel ls you 
how to bui ld, buy, and use compqters 
for fun ,  practical purposes, and profit. 
With help from BYTE, you can experi­
ment right in your own home with 

��11® 
the small systems journal 

A McG RAW-H I LL PUBLICATION 

graphics, word processing, computer 
music, speech synthesizers, simulation?, 
robotics, personal data base manage- ... 

ment, business computing - and 
hundreds of other faSCinating hardware 
and software applications. 

Resolve now to expand your 
computer knowledge. Subscribe to BYTE! 

Call US toll-free Fill in and mail the coupon today. Read your firs! copy of BYTE. If it 
is evet)fIhing you expected. honor our invoice. If i1 isn't, just \.VI'ite 
" Cancer' on the invoice and mail it back.'You won', be bjlledand 
the firs1 issue is yours al no charge. 800-258-5485 
r - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � 
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