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CHAPTER 7: Just what is that electron in a hydrogen atom “doing?” 
 

 By the early 1900’s, people had a pretty nice picture of atoms: a small nucleus containing 
protons and neutrons with electrons orbiting around it. The electrical attraction of the positive nucleus 
and the negative electron would provide the force to keep the electron in orbit. But there was a 
problem. In 1897 Larmor showed that when an electrical charge accelerates (and changing direction 
as in an ‘orbit’ counts as ‘acceleration’), it loses energy in the form of light. This meant that an 
electron orbiting a nucleus should lose energy - and ultimately be sucked into the nucleus that 
attracts it. That is: atoms shouldn’t exist….. OOPS…. Don’t you hate it when nice pictures turn out to 
be impossible?  
 

Not wanting to abandon our ideas of nuclei and electrons, the answer to this problem came in 
the suggestion that there was no reason that small particles like them should behave like the much 
larger arrows and cannon balls which had led to Newton’s physics. Yes, it would be nice if little things 
acted like big things – but children don’t act like adults, and so it seemed possible that maybe little 
particles just followed slightly different rules than big particles. The surprise would turn out to be how 
different such rules would have to be to explain experimental observations. So fasten your seatbelts – 
the world is about to get really weird.    
  
1) So what is this “light” stuff? 
 

One of the more obvious properties of many things is that we can see them. Indeed, except for 
subtle materials such as gases, the usual way of telling if something is "real" is to ask to "see it." The 
interaction of things with light is important in many other ways: 
 

-The absorption & emission of the sun’s light controls the temperature of the earth,  
 -The emission, absorption, refraction and scattering of light causes the colors that we see  
 -The sun’s light “powers” most life on earth 
  
 But it’s not at all obvious what light “is” or “how” it works. Light is strange. We “see” objects 
illuminated by it, but we don’t see it. And sight depends as much on our brain as on light.  

 Patients given sight after years of blindness discover that it is very difficult to learn to “see.” In 
fact, cats apparently cannot learn to see if deprived of vision for their 
first three months of life – presumably because that is when some brain 
organization forms.  

 Those in societies isolated from ours have difficulty distinguishes colors 
that we readily see as different – and we have difficulty distinguishing 
colors that they see as different.  

 For some reason, although Homer describes other vivid colors in his 
poems, blues and greens are absent. It’s unclear why.  

 As pictures like that to the right illustrate, what we “see” depends on our 
experience and imagination to give meaning to the colors and 
movements we observe. And sometimes, such processes have a life of 
their own – leading to what are thought of as hallucinations….      

 
Around 1300BC, Egyptians believed that light was the sight of the God Ra. When Ra opened 

his eyes there was light. When he closed his eyes, darkness fell. Sound good – after all, we only see 
when our eyes are open…. 
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Around 550BC, the Pythagoreans ~550BC believed that light was something that was emitted 
from our eyes and which bounced off of things making them visible. Yes, they believed that things 
were not visible unless you were looking at them. Cool idea eh? And hard to disprove!  
 

By 400BC, Plato thought an eye emitted an “interior light” which “coalesced” with daylight to 
forge a bridge between external objects and the mind across which motions of objects pass.  
 
 By 300BC, Euclid has suggested that the eye’s “interior light” only travelled in straight lines – 
explaining why a needle on the floor isn’t immediately apparent to someone searching for it.  
 
 By 800AD, al-Kindi suggested that everything emitted rays as Plato thought the eye did 
 

By 965AD, Alhazen did away with Plato’s interior light, believing that vision depended solely on 
light from external objects.  

 
Around 1225 AD, Robert Grossteste (the archdeacon of Leicester) published “On Light” – 

which many historians cite as the most important cosmogony text since Plato’s Timaeus and the first 
step toward experimentation & the “mathematization” of nature. In it he argued that all matter is 
condensed light – which had started at a point and spread outward to define the edge of creation. He 
also wrote: “nothing magnificent can be known without mathematics” 
 

ACTIVITY 7.1 
 
1) Can you think of any evidence that light is not emitted from our eyes?  
2) Can you think of any evidence that light is not emitted from the objects that we see?  
3) Take a couple of minutes to write down your concept of what light is. Remember, the point of 
education is to think about things, not just to learn what other people think about them.  
 

 
You may be surprised to know that while science has good descriptions of where light goes – 

it has yet to develop a good explanation of why it goes where it does. As Arthur Zajonc writes in his 
very entertaining “Catching the Light: The Intertwined History of Light and Mind”: “The history of light 
is largely the history of idolatry. One image after another has been offered in place of light.” He goes 
on to suggest that all the theories of light that have been proposed are like looking at Michelangelo’s 
David from different angles – all different and yet there is some ‘real’ core that they all represent. To 
truly understand light we will have to change our consciousness. He suggests that to understand light 
we will need to ‘rework’ ideas such as “history” “place” and “identity.” “Light has taken on a new and 
subtle figure; one can only hope it is but a symptom of a larger evolutionary change in the structure of 
our imagination that supports an ecological consciousness.”  “The history of light mirrors the history of 
mind and continues to offer fresh aspects to new awakenings of the soul. Again and ever again, it is 
ourselves whom we study in studying light.” 
 
2)How does light get from A to B?  
 

Light travels in (sort of) straight lines. The straight line path of light is responsible for 
sunbeams’ shining through holes and the shadows things cast – and was probably one of the first 
properties of light that was noticed. It’s really quite remarkable – because things like sounds and 
smells do NOT travel in straight lines. Many historians believe that the view through a window caused 
by light’s straight-line nature may have been the inspiration for early paintings (~imitation windows) 
which led to close observation of nature and hastened the rise of modern science.        



 CHAPTER 7: LIGHT AND HYDROGEN ATOMS 
Page 3 

 
3) What happens when light hits a surface?  
 
 The earliest actual experiments with light probably involved 
“specular” reflection – reflection from a surface that is smooth 
enough to create an image. (The general rule is that “the angle of 
incidence equals the angle of reflection.” Different parts of rough 
surfaces send incident light off in different directions, so no clear 
reflection is formed. Only for a smooth surface will light be reflected 
without distortion and form an image.)  
 

Truly flat surfaces are pretty rare in nature – and so are specular 
reflections. Calm water does form a truly flat surface and so the first reflections 
that people were aware of were probably those that appeared in calm water - 
such as the one Narcissus fell in love after scorning the nymph Echo (who, 
herself, has come to symbolize a sort of “audible reflection”). Many people feel 
that it’s hard to overemphasize the possible importance of reflections in the 
development of human thought. Indeed, seeing our reflections may have helped 
our ancestors differentiate “self” from “other.” Nobel-prize winning organic 
chemist, poet and playwright  Roald Hoffman even chose Caravaggio’s portrait of 
Narcissus for the cover of his speculations about how science (and non-science) 
progresses by drawing (and not drawing) distinctions between “the same and not 
the same.” 

 
We’ll soon see that the atoms in metals are “floating” in a “sea of electrons.” This makes it 

easy to “polish” them (i.e. to “smooth out surface roughness”) to produce a very 
flat, and therefore very reflective (“shiny”) surface. However, until modern times, 
only the wealthy could afford mirrors. The first humanly produced mirrors were 
little bits of polished metal, often silver or copper. Aristotle supposedly learned to 
set ships on fire by using mirrors to focus the sun's rays on them! The Romans 
were the first to protect a reflective gold mirror’s surface by putting it on the back 
of piece of glass. (Flat glass up to 2ft x 4ft was made by blowing & spinning glass 
into a cylinder, cutting it and flattening it. The glass was then polished by hand by a series of finer and 
finer abrasives.) Mirrors fell into disfavor in the hard times of the middle ages because many believed 
that the devil was watching the world from the opposite side of a mirror. Glass mirrors finally regained 
popularity during the good times of the 1200s (the medieval warm period). The first mirror factory 
opened in Germany in 1373. Some scholars feel that the increasing availability of mirrors gave rise to 
a new interest in how the world really was as opposed to how one wished it might be. These folks go 
on to speculate about how such observation may have laid the basis for the observational skills that 
produced of the scientific revolution. In the 1500’s Venetian glassworkers mastered the art of 
depositing a mixture of mercury and tin onto flat glass to produce a highly reflective mirror. Such 
mirrors were the most common until around 1900. A thin sheet of tin foil was laid on a marble table 
and then mercury was painted onto the tin. The tin dissolved in the mercury to form a 75% Sn + 25% 
Hg “amalgam” and impurities floated to the top where they could be removed. Then a glass plate was 
lowered onto the amalgam Heavy weights were added and the table tilted to 
allow excess mercury to run off. The mirror was slowly raised to vertical over 18-
30 days, with excess mercury draining at each step.  
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By the 1600s, flat glass was cast, rather than spun – and mirrors could be made as large as 5ft 
x 9 ft. The French soon became masters of mirror making - culminating the 306 large mirrors in the 
1680 Mirror Gallery at Versailles: 
  

Unfortunately, making mirrors with mercury was not healthy. As early as 1713, the ill effects of 
mercury vapor on professionals, including mirror-makers, were well known:  “At Venice on the Island 
called Murano where huge mirrors are made, you may see these workers gazing with reluctance and 
scowling at the reflection of their own sufferings in their mirrors and cursing the trade they have 
adopted.”  
 
 And over time, the mercury in Hg+Sn mirrors evaporated and the mirrors deteriorated. In 1835 
the German von Liebig developed a method of 
depositing metallic silver onto glass, and such 
mirrors quickly replaced tin/mercury ones.  Most 
modern mirrors are a thin layer of aluminum 
deposited on the back of a sheet of glass & covered 
with paint to protect the reflective metal surface. Such 
mirrors typically reflect ~80% of incoming light. Some 
distortion occurs due to reflection from both the front 
glass and from the aluminum on the back. Mirrors for 
more demanding work are “front-silvered” - but are 
much more likely to scratch.  Today, it’s estimated that the world produces ~8 
square miles of mirrored glass each year! 
 
While reflection is a simple phenomenon, it can product some startling results:  
 

-For many years, I was bothered by the fact that when you move your 
right hand, your reflection moves its left hand, but if you shake your 
head, your reflection doesn’t shake its feet. (The reason for this is that 
mirrors actually reverse the front and the back of objects. That is, while 
the palm of an outstretched hand is further from your body than its back, the palm of the 
reflection is closer to your body. But when the front and back of your right hand are reversed, 
it looks like your left hand – so you think the reflection of your right hand is your left hand.) 

 
-It’s fun to check out how different the 
reflections are from the convex and concave 
sides of a spoon 

 
-Many feel that Brunelleschi mastered the 
method of perspective drawing by using 
reflections. He could tell when a painting 
(orange) had accurately captured a scene 
(blue) by holding up a mirror (gray). If he saw 
the same scene with or without the mirror, the 
painting was accurate.  

 
-Mirrors are capable of causing some amazing illusions – such as 
the “Optic Mirage” (shown to the right): 
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-Mirrors have a long history of use in magic 
tricks such as “Pepper’s Ghost.” In these 
illusions, an object seems to slow 
materialize in an empty region – while it’s 
actually just the reflection of an object which 
is slowly illuminated in another area:  
(There are some good videos of this online.) 
 
-Mirrors also have a long history of use in 
cryptography. Most of Leonardo da Vinci’s 
notebooks were written in mirror writing 
(http://www.bl.uk/onlinegallery/ttp/ttpbooks.html):  

   
 
 
 
 
 
 
 
 
 
 

Some feel that secret scenes appear when reflections of da Vinci ‘s art are 
superimposed on the “normal” views. For example, when this is done to the Last Supper, some 
feel that images appear of both Mary holding Jesus’ child & of 2 Knights Templar:  
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While all this talk of mirrors and 
reflections may seem to have nothing to do 
with chemistry, it’s actually very relevant: 
Many molecules behave very differently 
from their mirror images. For example, 
here are the two mirror images of 
“carvone:” (Black balls = carbon atoms, red 
= oxygen and white = hydrogen.) These 
are different molecules because, if you 
swing the right hand one out of the page over onto the left-hand one to get the red oxygen 
atoms to line up, the hydrogen atom outlined in blue will end up behind the page, while in the 
left-hand molecule, the blue hydrogen comes in front of the page.  The molecule on the left is 
responsible for the flavor of spearmint, while the one on the right creates the flavor of caraway 
seeds (most commonly associated with rye bread).  
 
And here are the structures of thalidomide and its mirror image. Thalidomide was a drug given 
to pregnant women in the 1950’s to combat morning sickness. The right hand structure 
prevents morning sickness. 
The left-hand structure is 
ineffective against morning 
sickness but causes severe 
birth defects (e.g. lack of 
arms or legs). At the time, 
scientists were unaware of 
how differently a molecule and its mirror image may behave, so women received a mixture of 
both – leading to over 12,000 birth defects (~40% of these proved fatal). 
 

Activity 7.2 
 
Which of the following are identical to their mirror images? (These pictures are front & back pictures, 
not mirror images) 

 

  
 
 
 
 
Here, A, B, C and D are all different atoms. A and C come out of the 
paper toward you and B and D go behind the paper:  
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It’s worth concluding by noting that there are other ways of ‘explaining’ reflection besides 
“angle of incidence equals the angle of reflection.” The more commonly used explanation is 
one proposed by Fermat in the 1600s: light takes whatever path gets it from A to B in the 
shortest time. But this raises the interesting question of how does light know which path is 
quickest before trying them all? To quote the famous physicist Richard Feynman: “It isn’t that a 
particle takes the path of least action but that it smells all the paths in the neighborhood and 
chooses the one with the least action’’   Weird eh?   

 
 
4) What happens when light goes from one material into another?  
 

At some point, people realized that when light passes 
from 1 material into another, it usually bends (“refracts”).  
 
 This was probably most obvious when fish under 
water weren’t where they appeared to be - because the light 
(whether it’s emitted from our eye, or emitted from the fish, 
or reflected off the fish) bends (“refracts”) when it crosses 
the water/air interface: 
 

At some point, someone noticed that there was a pattern to the 
bending of light: Light usually (though not always) bent toward the 
perpendicular when entering denser materials and away from the 
perpendicular when leaving denser materials: 
 

The first known quantitative study of refraction was by Ptolemy 
around 150AD. Unfortunately, he apparently faked his data in order to 
produce a ‘neat’ result. Around 350AD, Damianos suggested that the 
angle of refraction was ½ the incident angle – not because he measured 
it but just because that seemed reasonable.  

 
Interest in this “refraction” of light increased ~1300 AD when someone discovered that 

fragments of glass shaped like lentils (i.e., “lenses”) could bend 
light in a way that helped restore the near-range vision of elderly 
(talented) people. Spectacles appear first in this 1352 painting by 
Italian artist Tommaso Barisino. Spectacles extended the 
productive lives of many skilled craftsmen – probably contributing 
to the many technological advances of the Renaissance. 

 
But the discovery that glass could bend light was not 

welcomed by many scholars of the day who were appalled by the 
ability of lenses to distort “divinely given reality.” This led to lenses 
being effectively banished from science - until Keplar's 1604 description of how the eye's own lens 
focuses the light from objects onto the eye's retina. This made lenses seem a more natural and less 
heretical item. 
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In 1609 Galileo improved the lenses in 
spyglasses to increase their magnification from ~3x 
to ~30x. Unfortunately for him, this was enough to 
reveal 4 of Jupiter's moons and to see that they 
orbited Jupiter. (His pictures are shown to the right.) 
The church was not happy with this – since it 
believed that the Earth was the center of all celestial 
motions! Oops.... 

 
Around 1620, Willebroud Snellius finally 

made extensive measurements of exactly how light 
bent when moving from one material to another. The 
chart below contains data on light passing from air 
into different materials and shows that how light bends depends both on its incoming angle and on 
the material it’s passing through: 

 
 
For example, if light comes into a 
diamond at 60o (from the 
perpendicular) it would bend to ~21o 
(~the dashed line). If it enters water 
at 60o, it would only bend to 40.6o.
    
 

 
 

Snellius’ great discovery was to see a pattern in his data...  
 
First, Snellius focused on light moving from air one particular material. For example, here’s some data 
for light moving from air into water: 

 
 

 

 
 
 
 
 
 



 CHAPTER 7: LIGHT AND HYDROGEN ATOMS 
Page 9 

Water is denser than air, and, in accord with the general observation noted above, light “moves 
toward the perpendicular” when entering water (i.e., exit angles are smaller than entrance angles).  
 
But is there a mathematical relationship between the entrance and exit angles?  
 
In this air/water system, and for small (almost perpendicular) entrance angles, the exit angle (call it X) 
is roughly a constant fraction (~75%) of the entrance angle (call it Y). That is X/Y ~ .75.  
 
This relationship fails as the entrance angle gets 
larger – because the exit angle levels off at ~49o. For 
example, for an entrance angle of 89o (almost 
horizontal), 49/89 = .55, not .75. But here’s an 
amazing fact: sin(49)=.75 and sin(89)~1 so 
sin(49)/sin(90) does equal the same .75 that X/Y 
equals for small values of X and Y. It’s also true that, 
for small angles, sin(x) ~x. This means that if you 
replace your ‘formula that works for small angles’ 
X/Y=.75 by sin(X)/sin(Y) = .75, you have an equation 
that holds for ALL angles! This is Snell’s law:   
 

The ratio of the sines of the angles that light makes (with the perpendicular) 
when passing from one material to another is constant.  

 
For instance, here’s data on light going from air to water: 

     

Incoming angle outgoing angle Sin(air angle) Sin(water angle) Sin(air angle)/sin(water angle) 

30 22.08 .5 .375 1.33 

45 32.12 .707 .53 1.33 

60 40.63 .866 .65 1.33 

  
This “ratio of the sine of the entrance angle from air to the 

sine of the exit angle in a material” became known as the 
material’s “refractive index” – usually indicated by “n.”  
 

(The ratio of sines actually equals the inverse ratio of refractive 

indices: sin(stuff1)/sin(stuff2) = nstuff2/nstuff1. But nair ~1 so if “stuff 1" = 

air, this becomes nstuff ~ sin(air)/sin(stuff))  
 
A refractive index of “1” means light doesn’t bend at all. Larger 
refractive indices means light bends more.  

 
Here are some refractive indices of different materials:  

 
Notice how large the refractive index is for things 

containing lead? The discovery that small amounts of lead (a 
dense material) could be added to glass to increase its refraction 
and thus add “sparkle” lead to the heyday of the British leaded 
glass industry (e.g. Waterford crystal). Unfortunately, today it is 
known that such leaded decanters that have held whiskeys for 
>100 years may have leached significant levels of lead out of the 
crystal, making the whiskey unfit to drink… 
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(An easy way to see if glass is Pyrex is to see if it "vanishes" in a solution of 14 parts by volume 
methanol + 86 parts by volume toluene. This solution has a refractive index equal to that of Pyrex 
glass. Equal refractive indices mean no bending of light and so no indication of the surface.) 
 
 
Refractive indices 
(sort of) increase 
with density: 
This is why lead 
compounds have 
large refractive 
indices. Titanium 
dioxide has a very 
high refractive 
index, so it bends 
light a lot – making 
it good for paints 
designed to keep 
light from getting to 
surfaces.  
 

 
 
The refractive index of a material is measured with a 

“refractometer.”  
 
 
 
 
Refractometers provide an easy way to identify unknown liquids 

and to measure the concentrations of solutions if one knows what is 
dissolved. For example, they are commonly used to measure the salinity 
of seawater or the concentration of sugar (sucrose) in juices, etc: 

 
As the left graph shows, refractive indices also vary considerably with temperature, so you 

need to know the temperature of things that you’re measuring.  
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 Refractive indices also vary slightly with the color of light you’re using. For example, for water 
 

 wavelength (nm) color      n__ 
 397   violet 1.3435 
 434   indigo 1.3404 
 486   blue 1.3372 
 589   orange 1.330 
 656     red  1.3312 

 
This means that different colors of light bend different amounts - resulting 
in the familiar generation of rainbows by clear, dense materials. (A 
material’s refractive index increases near whatever colors the material 
absorbed. We’ll see that most materials absorb UV (past violet) light, so 
refractive indices increase red –> violet, so violet is refracted the most:  
 
Because refractive indices vary with color, they are generally listed for 
whatever single wavelength was easy to obtain. Traditionally, this is the 
bright yellow light emitted from sodium vapor. 
 
 
 
 
 
 
 
 
 
 
 
Because most materials get denser as they are cooled, their refractive indices get larger as they are 
cooled. Here’s a graph of the refractive index of water at different temperatures:  
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Activity 7.3 
 
How does the variation in refractive index with density explain the following? 
 
 a) Wet sand is darker than dry sand 
 

b) You see wavy lines over heat radiators (nhot air < = ncold air)  
 

b) Mirages 
 

 

 
 
5) But what about that Icelandic rock?? 
 

Snellius must have been pretty proud of himself. But what is it that 
people say about how “pride goeth before the…”? In 1669, a Dutch 
physicist Erasmus Bartholimus discovered that Snell’s law had a problem 
with a crystalline form of calcium carbonate known as ”Icelandic Spar.”  
When one looks through the crustal at a dot on a piece of paper, you see 
two dots:   

 
For one image C, the light ray obeys Snell’s law of refraction – but 

the“extraordinary” image B rotates as you rotate the crystal! This 
phenomenon became known as “double refraction“ – and materials which 
exhibited it came to be called “birefringent“.  

 
In 1690, Huyghens discovered that each of the two rays arising 

from refraction by calcite may be extinguished by passing it through a second crystal of the same 
material if the latter crystal is rotated about the direction of the ray.He described this behavior by 
saying that the two beams were „polarized“ by the crystal.  

 
Little progress was made on understanding this phenomenon until, in 1808, Etienne Malus 

observed the reflection of direct sunlight from a window pane through a calcite crystal, and found that 
the two images obtained by double refraction varied in intensities as the crystal was rotated about the 
line of sight: 
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.The reflection somehow “polarized“ the light. He formulated “Malus law, that is, the 
proportionality of the intensity of light transmitted by a polarizer to the square of the cosine of the 
angle of rotation:  

 
In 1811, Brewster found that the “polarization“ of the reflection was “complete“ at an angle of 

incidence = tan-1(n) where n = the refractive index of the material. For a typical refractive index of 1.5, 
“Brewster‘s angle“ = tan-1(1.5) = 56o.  

 
Also in 1811 Arago first reported seeing brilliant colors 

(chromatic polarization) in sheets of mica viewed through 
Iceland spar: 

 
In 1828, Nicol 

discovered that using two 
pieces of Iceland spar (to 
form a “Nicol prism“ allowed 
passage of only one of the 
two images:   
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6) Does light consist of waves or particles?  
 

Once people knew how light behaved, they tried to explain why it behaved as it did… In the 
mid 1600's two competing theories of light were developed:  
 

-Descartes (~1640) championed the "mechanical" theory of light. In this theory, light consisted 
of spherical "corpuscles." Different colors corresponded to different amounts of spin. Newton 
supported this by "explaining" the bending of light as it passed from one material to another as 
the gravitational attraction of light’s corpuscles to the microscopic particles that he thought 
made up materials. Newton thought that denser materials would exert more attraction, 
speeding up the light, and causing its bending.  

 
-Huygens (~1675) championed a “wave” theory of light. He thought that as light travelled, its 
particles got closer together and further apart, creating waves of “light density” and that such 
waves would slow down in denser materials, causing the light to bend. 

        
 Since the two theories differed in how speed should vary with density, work turned toward 
measuring how the speed of light in a dense material (like water) compared to its speed in air… 
 
 In 1676 Romer startled the world by predicting that the eclipse of one of Jupiter’s moons by 
Jupiter would end later than others thought. This was because he figured that the earth would be on 
the far side of the sun and the light from the re-appearing moon would have to traverse the earth’s 
orbit which would take longer than when the earth was on the same side of the sun as Jupiter.  

When the eclipse actually ended about 10 minutes later than it would have in summer, the speed of 
light in open space was easily calculated to be 2x108 m/sec (quite close to the modern value of 
2.998x108 m/sec).  
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Activity 7.4 
 
a) Estimate the speed of light from Romer’s data that it took ~10minutes for light to cover the 
300,000,000km diameter of the earth’s orbit. 
 
b) How did Romer know the diameter of the earth’s orbit?  
 
i) You can get the distance from the earth to the sun (DS) in 

terms of the distance from the earth to the moon by measuring  
at a half-full moon (when the Sun-Moon-Earth angle = 90o). Use 

the measured value of  = 89.85o to show that Ds=Dm/.00262 
 

 
 
 
 
 

 
ii) You can get the distance to the moon (Dm) in terms of Rm (the 
radius of the moon) from the angle that a full moon makes as you look 
at it from earth:  

Given that the measured value of  = 0.26o show that Dm = Rm/.00454 
 
 
 
 
 
 
 
 
iii) And you can get Rm by looking at the radii of the earth’s shadow & 
the moon at a lunar eclipse: 
Observation showed that the moon’s diameter is 27% of the earth’s 
diameter. And Eratosthenes had estimated the earths’ diameter from 
the 7.5o difference in angles at which the sun hits the earth at 
Alexandria and Aswan which were separated (N to S) by 4400 
“stades.”(1 stade ~ 1/10th mile).  
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This recognition that light traveled at a finite speed in “empty space” was revolutionary, but it 
was not followed by success at measuring the speed of light in other materials like water. It wouldn’t 
be until 1801 that Thomas Young realized that a second difference between particles and waves 
could lead to discovering what light “really” was. This difference concerned how light should behave 
when passing through one or more narrow slits…  
 
The particle theory predicted that some particles would 
just go through a slit at slightly different angles, producing a 
spread-out distribution of particles on the other side. The 
number of straight lines through the slit to a given point 
would be greatest in line with the center of the slit – so most 
particles would be seen there. As you move away from the 
center, there are fewer lines which can get through the slit 
and to the point, so the number of particles should drop off 
as shown in this figure:  
 
On the other hand, the wave theory predicted that each 
point on a wave passing through the slit should produce 
circular waves on the far side of the slit. These waves 
should interfere with each other: at some angles, the peaks 
and troughs of multiple waves meet and create large peaks and troughs. At other places, the peaks 
from some waves meet the troughs of other waves and they cancel each other out. The 4 pictures 
below try to show how this works. These pictures are looking down at the top of two walls (the black 
bars) with a slit in the middle: 

 
A) The parallel lines at the left are the crests of waves approaching the slit from the left. The 

curved lines to the right of the slit represent the crests of the waves moving out from the 
indicated point 
 

B) The red lines indicate the crests of waves moving out from a 2nd point in the slit.  
 

C) This superimposes the waves drawn in A and B  
 

D) In this picture, the solid arrows indicate directions in which the crests and peaks of the two 
waves meet and in which large waves are produced. The dotted lines represent directions 
in which the crests of one wave meet the troughs of the other wave – and the waves are 
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cancelled out. The curved graph to the right indicates the intensity of waves in different 
directions.    

 
The key feature with waves is that, unlike what happens with particles, there are regions of light 
separated from the central bright region by dark regions.  

 
It’s also worth noting that where the peaks appear depends on the distance between the 

crests of the individual waves. If the crests are further apart, the places where light appears (and 
don’t appear) to the right are further apart: 

 
 
A little trigonometry can derive a relationship between the angle at 

which you see light and the distance between the peaks of the wave (the 
wave’s “wavelength”). The picture to the right shows that waves from the 

opposite ends edges of the slit are in phase when sin( = /d, so 

=d*sin(:  
 
When you actually shoot green light at a slit, this is what you see:  

 
 
 
 
 
 
 
 
Sure enough, there are regions of light and regions of dark – exactly what’s 
expected if light is a wave! 

 
If you know the width of your slit and the angles at which the bands of light appear, you can 

actually figure out the wavelength of the waves corresponding to green light are ~500nm (nm = 
nanometers = 10-9 m = billionths of a meter).  



 CHAPTER 7: LIGHT AND HYDROGEN ATOMS 
Page 18 

 

Activity 7.5 
 
Calculate the wavelength of the green light illustrated 
above assuming the slit through which the light passed 
as a width of 1x10-6m and is 2m from a screen on which 
the center band is 1.15m from the next brightest band:   
 
 
 
 
 
 
 

 
Since the angle at which a color appears depends on its 

wavelength (sin( = /d), if you use white light, instead of just 
one color, different colors appear at different locations:  

 
 

All this shows that different colors of light have different wavelengths: 
 

 
 

Note that some colors correspond to wider ranges of wavelengths than other colors. While the 
variation in color is actually continuous, there is a tradition dating back to Newton to divide the 
spectrum into 7 colors (Newton thought it should be like the 7 musical notes!): 
 
 red       orange      yellow      green      blue      indigo  violet   
 750-620 620-590 590-570 570-495 495-450 450-425 450-380 
 
Adding more slits produces 
“sharper” patterns – because it 
eliminates the waves in between 
the edges of the slits, producing 
sharper interferences:  
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Patterns like these are what Thomas Young actually saw in 1801 - which convinced people that light 
was a wave. (Many websites have simulations of this experiment - for example: http://www.lon-
capa.org/~mmp/kap27/ Gary-TwoSlit/app.htm) 
 

Because different colors have different 
wavelengths, they constructively interfere with 
each other at different angles – so different colors 
appear in different directions (much as with a  
single slit). Replacing a ‘double slit’ with “multiple 
evenly spaced slits” produces the same effect and 
is called a “grating.” Passing white light through a 
grating sends different colors in different 
directions, producing a rainbow. Gratings are the 
standard way of dispersing a collection of colors 
so that different wavelengths go in different 
directions. This is the basis of 
spectrophotometers: instruments which measure 
the amounts of different colors of light that are 
absorbed or reflected by different materials. A 
grating sends different colors in different directions and is 
adjusted to pass one color at a time through a material. 
The % of that color that is reflected (or transmitted) is 
recorded and then the grating is turned to direct another 
color at the material of interest. When finished, the % of 
each color that’s transmitted (or reflected) is graphed vs its 
wavelength to produce an absorption (reflectance) 
spectrum. For example here’s the absorption spectrum of 
a red filter:  
 

 
The perception of color is a more complex 

phenomenon than the above indicates. Both color and 
black & white vision are triggered by light-induced 
changes in shape of the pigment "retinal" (from a bent 
“cis” form to a straight form - see the long chain of 
alternating single & double bonds?): 
 

http://www.lon-capa.org/~mmp/kap27/
http://www.lon-capa.org/~mmp/kap27/
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In the black & white sensitive “rod” cells, 
retinal is held by the protein rhodopsin, and is 
most sensitive to green light (in the middle of the 
visible range) - but can absorb any color of visible 
light (see dashed line on graph).  
 

In each of the three types of color sensitive 
“cone” cells, retinal is held by one of three slightly 
different types of the protein opsin. The variation 
in these opsins makes the retinal absorb at 
slightly different frequencies, producing cones 
that are most sensitive to blue, green or red light: 
     
 Light of intermediate wavelength causes different combinations of firing of the red, green & 
blue cones. The eye/brain interprets these different combinations as different "colors." For example, 
light of λ=550nm fires both the red and green receptors - an event that we interpret as 'yellow.' 

Unfortunately, our brain cannot distinguish “real” yellow light (with  = 550nm) which excites both red 
and green cones) from a combination of red light (630nm) + green light (530nm) - which also excites 
red and green cones. This is why we perceive “red + green” as “yellow.” 
 

The brain interprets other combinations of colors as equivalent to some wavelength in the red 
to violet range. (Eyes cannot pick out individual colors 
as our ears can pick out notes in a chord.) This is best 
understood on a "color wheel" (arranging ROY G BIV in 
a circle, omitting one): 
 

Any combination of adjacent colors appears the 
same as the colors are "centered" on. For 
example, there are several ways to appear 
"green:" 

 
  1) consist only of light of λ=570-495nm 
  2) consist of yellow + blue 
  3) consist of yellow + blue + green 

4) consist of orange + yellow + green + 
blue + violet (all colors EXCEPT 
red) 

 
 Nice “color combiners” are at  
 
   http://www.phy.ntnu.edu.tw/java/image/rgbColor.html 
  or 
   http://www.cs.rit.edu/~ncs/color/a_spectr.html 
 

Since it is easier to cause color by adding a pigment which absorbs a single color, most 
objects are colored by absorbing their complementary color.   
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Other tidbits about light:  
 

-white light corresponds to appreciable intensities of the colors that our eyes sense. (A 
spinning color wheel with 59% of its area = green, 30% = red, and 11% = blue will 
appear white.)      

 
  -no cones are found in the edges of the retina, so peripheral vision is black & white.  
 

-cones "saturate" after looking at the color they are sensitive to and, if you then look at  
a white surface, you see the cone color's complementary color 
(This is why operating rooms are that pale green color: it is the 
complementary color to blood red. If the walls were white, 
surgeons would see pulsating green afterimages of their surgery 
whenever they looked up from it.)   

 
-different cones have different rise & fall times so that a rotating 
disk with different length concentric black arcs on it can appear 
colored.  

 
Further experiments revealed that there were more kinds of light with wavelengths both longer 

and shorter than visible light:  
 

 

 

 

 

  

 

 

 

vacuum   

                              wavelength           frequency       examples 

             AM radio         545-200m          550-1500kHz    WDEA = 1370kHz 

             TV 2-6            15-  4m             54-88MHz 

             FM radio           4-  3m             88-108 "      WDEA = 95.7 MHz 

             TV 7-13            2-  1.5m          174- 215 " 

             TV UHF            .63-1.2m          476- 890 " 

             microwaves      <3 cm             1010          microwave ovens 

             infrared           <30 microns      1013          heat lamp & rattlesnakes 

             visible  <0.68 microns       4.4x1014 

              ultraviolet        <.03    "           1016        black-lights 

              x-rays             <.003   "           1017 

              gamma rays <.0003  "           1018 
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Today, the ownership (i.e., the right to use) many of wavelengths is controlled by the 
government: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Activity 7.6 
 
a) Why does red light + yellow light look the same as green light? 
 
b) What color(s) of light are probably absorbed by  
 

                     i) blue water?  
   ii) a red sweater?  
   iii) brown dirt? (brown = “dark orange”)  
 
c) When my kids were infants, I bought them a set of clear, colored plastic paddles. At some point, I 
realized that they were very cool (the paddles, that is). For instance, if you looked through the blue 
one and the yellow one on top of each other, the world looked green. That seemed boring at first, but, 
if the blue one absorbed all colors except blue and the yellow one absorbed all colors except yellow, 
then together they should absorb all colors and look black - not green. Explain why they look green. 
 
 
 
d) Which of the following has the greater wavelength? 
 
   i) radio waves or x rays?  
 
   ii) microwaves or visible light?  
 
   iii) UV light or infra red light?  
 
   iv) gamma rays or visible light?  
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7) If light is a wave, what’s “waving?”  
 
 Once people were convinced that light consisted of waves, they were led to the question: IF 
LIGHT = WAVES, WHAT IS IT WAVES OF? 
 
 The answer to this question began with Coulomb's apparently unrelated studies in the late 
1700's on the forces exerted by electrically charged particles. Once the force between charged 
objects was quantified, the next question was “How is it exerted?” 
  

By the early 1800’s, there were 5 main types of known forces: gravity, electricity, magnetism, 
heat and light. Such forces were always associated with “objects” and acted along lines connecting 
the objects – wherever force appeared it was reasonable to assume the existence of a body even if 
none had yet been discovered. Most scientists believed there were 7 different sorts of particles to go 
with the 5 forces: 
 Atoms which accounted for gravitational forces 

Positive and negative particles which accounted for electrical forces 
North and South particles which accounted for magnetic forces 

 “Corpuscles” of different sizes which accounted for different colors of light 
Mutually repelling “caloric” particles which accounted for heat 

This system was also appealing because the first 3 were all thought to follow “inverse square” (force 

 1/r2) laws. 
 
 But then (as described in section 6.3) a problem arose…. In 
1821, Michael Faraday was studying the magnetic effects near a 
current carrying wire. Much to his amazement, he found that if you 
could release a single magnetic pole near a wire, it would travel in a 
circle around the wire. But this meant that the current carrying wire 
was exerting neither an attractive nor repulsive force toward the 
particle – but a circular force perpendicular to the wire.  He 
demonstrating this by constructing the first electric motor:    
 
 

At left, a cylindrical bar magnet, plunged into a beaker of 
mercury (which was part of the electrical circuit), rotated around 
the end of a current-carrying wire that made contact with the 
mercury. At right, the magnet was fixed and the wire was 
mounted so that it could turn about the point of suspension, and 
thus rotate around the magnetic pole. 

 
  
 

In his quest to understand how such a force could be 
transmitted, Faraday came up with the idea that electrical or 
magnetic objects set up “directional strains” in some material (the ‘ether’) around them that 
transmitted force to objects placed near them. In time, he came to call these “fields” and today, we 
assume that they exist without the need for any “material” in which to embed them.    
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Now this idea of “fields is really cool. It turns out that not only is “nothing” (= a vacuum = empty 
space) a “something” (it exists) - but there are “different kinds of nothing.” Think about that for a 
minute.... “There are different kinds of nothing.” Pretty weird, eh?  For instance, if you have a truly 
empty container in "outer space" (far removed from any planets, etc.) and you release a pebble into it, 
the pebble will just sit there. But, if you take the same empty container and bring it near the earth and 
then release your pebble, it will move toward the earth. WEIRD. In both cases, there is no matter to 
act on the pebble & yet it behaves differently. One way that physicists explain this is to say that space 
can be filled with things other than matter. Near masses, space is filled with a gravitational field which 
accelerates other masses. Similarly, near electrically charged objects, a second kind of space exists: 
one that is filled with an electrical field which exerts a force on electrically charged objects. Finally, a 
third kind of space may exist: filled with a "magnetic" field which exerts a force on any MOVING AND 
CHARGED particle moving through it. You can have empty space which contains a gravitational field, 
or an electric field, or a magnetic field - and these can all be of varying strengths. (Well, OK, I don’t 
actually know if those “fields” really exist or if believing that they do is just a convenient way of 
explaining the resulting attractions.)  
 
8) So what do electric and magnetic fields have to do with light? 
  

As 1st described in section 6.3, Faraday discovered that electric 
and magnetic fields were related in two ways:  
 

1) In 1821 he discovered that electric currents exert magnetic 
forces  

   
 The magnetic field from a small wire segment  
            = constant * current * length of segment    
   (distance from wire)2 
   

2) In 1831, he discovered that a magnetic field acting on a 
moving wire produces an electric current:  

 
Force (Newtons) = charge (coulombs) * velocity (m/sec) * 
magnetic field (Tesla) * sinθ  - where θ = angle between the 
velocity and the magnetic field  

   
In 1845, Faraday made another amazing discovery: magnetic 

fields rotated the plane of light "polarized" by Icelandic spar:  

 
 
This suggested that light 
had some connection to 
electricity and 
magnetism…  
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In 1864, Maxwell mathematicised Faraday's discoveries with his 
four equations that describe the behavior of electric fields (E) and 
magnetic fields (H) and “D” and “B” (which are sort of electric and 
magnetic fields in matter):  
 

OK, these were all actually discovered by others – but Maxwell 
consolidated them. (#1 = Gauss’ Law, #2=Gauss’ Magnetism Law, 
#3=Faraday’s Law & #4 = Ampere’s Law). They look extra cool because 
they use fancy symbols to stand for simple ideas.  The “•” stands for 

the “divergence” of a field (= how much it goes away from or come into a 
point) and the “” stands for the “curl” of a field = how 

much it curls around a given point:  
 

And the B/t and the D/t stand for how fast D & B 
are changing in time. In English, what these mean are 
basically:  
 

1. How much of an electric field comes from a point (•D) depends on the density of electric 

charge (v) at the point  
2. Magnetic fields can’t just come from or go to a point. (you can never have a N pole without 

also having a S pole) 
3. Electric fields are only curved if a magnetic field is varying with time 
4. A magnetic field only curves if there’s an electric field varying with time or a current (J)  

 
These 4 equations showed that:  
 

1) Electric fields propagate through space in a direction perpendicular to that in which they 
would move a charge. 

2) In accord with Faraday’s 1st discovery, a changing electric field generates a changing 
magnetic field at right angles to the electric field. 

3) In accord with Faraday’s 2nd discovery, a changing magnetic field generates a changing 
electric.  

 
Now here’s the good part – and its really good: : Maxwell went on to prove that if an oscillating 
electric field propagated through space at 3x108 m/sec, it would be changing at just the rate 
needed to create a magnetic field that would, in turn, be oscillating at just the right rate to 
make the electric field continue to oscillate at its magic rate – creating a self-perpetuating 
“electro-magnetic” field. This 3x108 m/sec was so close to Romer's 2x108m/sec speed of light, that 
Maxwell proposed that: 
  
   LIGHT = A PROPAGATING ELECTRO-MAGNETIC FIELD 
 
Many feel that this is one of the most important human developments. As the physicist Richard 
Feynman said:  
 

“From a long view of the history of mankind - seen from, say, ten thousand years from now - 
there can be little doubt that the most significant event of the 19th century will be judged as 
Maxwell's discovery of the laws of electrodynamics. The American Civil War will pale into 
provincial insignificance in comparison with this important scientific event of the same decade”. 
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Unfortunately, even when Maxwell died in 1879 (at 48) most scientists were not convinced of 
his prediction of electromagnetic waves.  They had never been observed.  No one knew how to 
generate them or to detect them. Their existence would only be confirmed by Heinrich Hertz in 1887 - 
eventually leading to radio, television, and cell phones…. 

 
Today, light is generally represented by drawing, at each 

point along its path, an arrow in the direction that an electric 
charge or small magnet would be pushed by the light's electric 
and magnetic fields. The arrow's length indicates the strength of 
the push. The conventional “wave” is the envelope formed by 
these arrows. (Since light’s electric field is generally more 
important than its magnetic field, the magnetic field is often 
omitted.)    
 
NOTE  
 1: There is nothing actually moving up and down in a light wave. The light is only found along 

the line that indicates its directional of travel. The up & down "wave" just describes what 
would happen to a charge were it to be placed at a point along the light's path.  

 
2: Waves are really cool. In some sense, they exist, but they’re not “a thing” - they’re a 

“disturbance” of other things. This is most readily seen with ocean waves: the wave 
seems to gradually ‘approach’ the beach, but the water does nothing but move up and 
down.   

 
9) What’s “frequency?”  
 

Once you know the distance between the peaks of a wave and the speed of the wave, you can 
figure out its frequency: the number of peaks passing any point in one second. Frequency is usually 

written as “,” (= a Greek “nu,” not a “vee” - usually expressed as “wave peaks per second” = "cycles 
per second" = cps =  Hertz). If something is moving at speed = c m/sec and its peaks are a distance 

meters apart, then the # of peaks going past you every second = c m/sec x 1wave/meters = c/ 
waves/sec. This is the fundamental relationship between speed, wavelength and frequency 
 

= c/  or  c =  

Activity 7.7 
 

a) What is the wavelength of the radio waves emitted by the Bangor, Maine NPR station if it’s 
frequency is 90.9MHz (megahertz)?  
 
b) What is the wavelength of WLBZ2 TV signal in Bangor, Maine if its frequency is 57MHz?  
 
 
 
9) How fast does light travel in stuff?  
 

The speed of light in a vacuum is denoted by "c" and c = 
3x108 m/sec. Light slows down when it hits stuff (Since light is an 
electric field and because stuff is made of charged particles, when 
light traverses a material, it has to jostle the material’s particles. 
This slows the light down - much like “running” in molasses. At the 
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same time, the light’s frequency - peaks per second - does not change; otherwise, it would “pile-up” - 
which it doesn’t.) The more the light slows down the more it bends (“refracts”) - so the amount of 
refraction can tell you how much the light slowed down. To see this: 
        

Consider a beam of light traveling from material 1 

(above the horizontal line) at speed c1  to material 

2 (below the horizontal line) where it has a slower 

speed c2. The lines connecting lines 1 & 4 

represent wave peaks. If you follow the beam for 

the time t that it takes for its top edge (line 4) to 
strike material 2 after its bottom edge (line 1) has 

struck, it will travel a distance c1t in material 1 

and a shorter distance (c2t) in material 2. 
 

Now, note that the two 1's are equal to each other 
since:  

   right hand 1 + filled triangle = 90o  

  and  left hand 1 + filled triangle = 90o           

so   right hand 1 = left hand 1   

     (A similar argument can show that the two 2's are equal to each other) 
 

Now (oh goody!!), do some trigonometry in the 2 right triangles that share hypotenuses AD: 

 ABD has sin1 = O/H = c1t/AD so AD  = c1t/sin1  

 ACD has sin2 = O/H = c2t/AD so AD  = c2t/sin2 
Since these both = AD, they equal each other:  

 So   c1t/sin1 = c2t/sin2 or, wait for it…. 

   sin2/sin1 = c2 / c1 = a constant (independent of )  
 

Comparing this to “Snell’s law:” “sin2/sin1  = n1/n2” gives c2/c1 = n1/n2 
 
If material 1 = a vacuum, c1 = c and n1 = 1 so c2/c = 1/n2 

or n2 = c/c2. That is, the refractive index of a material is the 
ratio of the speed of light in a vacuum to the speed of light 
in the material: n = c/v = how many times faster light goes in a 
vacuum than in the material. For example, light goes 2.417x 
faster in a vacuum than in diamond and 1.33x faster in a 
vacuum than in water.    
 
 

Note: As mentioned above, when light enters a new 
material, its speed and wavelength change, but not its 
frequency or its color. This means that “red” light may 
have different wavelengths depending on its speed. This 
means that “red” should more accurately be described as 
a range of frequencies not wavelengths. 
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10) In what ways is the commonly drawn light wave actually pretty unusual? 
 
 

This picture really only represents: 
"monochromatic, plane polarized, and 
coherent," light (like that which comes from a 
laser): 

   
monochromatic = 1 wavelength = 1 color 

 
 
 plane polarized = all electric fields are in one plane 
   

"Normal" light has electric fields oscillating in all different directions. Such non-polarized 
light can be turned into linearly polarized light by reflecting it off of a surface - only the 
field oscillating parallel to the surface will survive - creating linearly polarized light. Such 
polarization can also be created by passing unpolarized light through plastic consisting 
of closely aligned molecules. Only the light with electric fields oscillating parallel to the 
molecules will be able to get trough. (Polarized sunglasses block reflected glare 
because their lenses are made with molecules oriented perpendicular to the direction of 
fields that survive reflection.)  
 
Understanding the wave nature of light allowed people to understand the polarization 
phenomena described back in section 7.5. Icelandic spar (and other birefringent 
materials) refract different polarizations differently- sending horizontally and vertically 
polarized beans in different directions: 

 
   

coherent: all fields are "in phase" - they all rise & fall in unison 
 

Even in plane polarized monochromatic light, there may be several waves with electric 
fields that are out of phase with each other. The main example of light whose waves are 
IN PHASE with each other is a LASER: Light Amplification by Stimulated Emission of 
Radiation. Lasers produce coherent light because as its light is repeatedly reflected  
through the laser's gas of excited atoms, it stimulates them to emit energy as light which 
is IN PHASE with the light passing through them. When the intensity is great enough to 
pass through the laser's half-silvered mirrors, it emerges as coherent light.   
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11) How did light finally let people figure out how many things are in a mole? 
 

A collection of atoms can act like several slits and give rise to 
interference patterns which reflect the distances between the slits 
(i.e. between the atoms). In general, there will be more than one 
“distance between slits” so you may see several superimposed 
interference patterns.  
 
 
 
 
 
 
For example, if atoms are arranged in a regular hexagonal array, 
the atoms connected by red lines act as a set of closely spaced slits 
while those connected by blue lines act as a set of less closely spaced 
slits:  

 

Say that you shoot x-rays (with wavelength =  of 10-10m) at a sample 
of copper. What you observe are two strong diffractions at angles of 
14.65o and 24.36o. Remembering that for the double slit experiment, 

L/D =/d you can see that d = D/L. But L/D = tan() so D/L = 1/tan() 

and so d = /tan(). Plugging in your values gives:  
 
  d = 10-10/tan(14.65) = 3.82x10-10 m= blue spacing  
  d = 10-10/tan(24.36) = 2.21x10-10 m= red spacing 
 

Now either of these can be used to solve for 
x, the copper to copper distance of 2.55x10-

10 m which would give a copper radius of half 
that or 1.275x10-10 m.  
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As demonstrated back in chapter 3, once you know 
the size & packing of atoms, you can figure out their 
individual masses and hence how many things are in 
a mole: 
 

The density of copper is 8.96g/cm3 but the 
atoms in a face centered cubic structure only 
fill 74% of the total volume.  

    
This can be seen from the sketch to the left: 
This unit cell has an overall volume of L3 
where L is the length of a side. But a side’s 
diagonal = 4R and is related to L by L2 + L2 = 
(4R)2 which gives L = (8)½R so the volume = (8)3/2R3. Also evident from the sketch is that the 

unit cell contains 4 complete atoms (8 1/8th’s + 4 ½’s)  with volume 4 x (4/3)R3. So the 

fraction of space actually occupied by atoms would be:  4 x (4/3)R3/(8)3/2R3 = (16/3)/(8)3/2 = 
.74 = 74%  

 
So the actual volume of the atoms in 8.93g of copper atoms (1cm3) is only  .74cm3 

 

Assuming that atoms are spherical (so V = (4/3)r3 ) and using the radius figured out in part 8, 

you can get the volume of 1 copper atom = (4/3)(1.275x10-10)3 = 8.68x10-30m3 = 8.68x10-

24cm3 
 
 So .74cm3 of copper atoms contains .74/8.68x10-24 copper atoms = 8.52x1022 atoms 
 
 So 1 copper atom weighs 8.96g/8.52x1022 atoms = 1.05x10-22g/atom  
 
 VIOLA - THE WEIGHT OF A COPPER ATOM! 
 

But we already know that a mole of Cu atoms has a mass of 63.55g, so the # of atoms in 1 
mole must = 63.55/1.05x10-22 =  6.02x1023. This # of things in a mole has come to be called 
Avogadro’s number.  
 

ACTIVITY 7.8 
 
1) Repeat the above calculation of Avogadro's number using the following data for copper: Zn 
= HCP  (packing efficiency = 74%), atomic radius = 1.38x10-10 m density = 7.133g/cm3  
and AW = 65.38. 
 
2) How thick would one mole of soda cans be if they covered the earth evenly? 
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12) How can you explain light’s strange “photoelectric effect?”  
 

The earliest model of the electrical atom was modeled after the solar system - with 
lightweight electrons orbiting a massive positive nucleus. But Maxwell's studies of light produced 
a problem with this model of the atom: Maxwell's equations said that an electron could not 
continually orbit a positive nucleus, for its acceleration would cause it to emit electromagnetic 
energy, which would constantly decrease its radius of orbit, so it would eventually fall into the 
nucleus.   
 

There were two conceivable solutions to this problem.  Physicists could have given up 
the idea of little ball-like atoms, and embarked on a search for some alternative picture of the 
microscopic world. But they did not. Instead, physicists more-or-less kept the idea of little ball-
like atoms but decided that there was no reason to believe that they behaved like big balls- new 
laws of physics would be needed to explain their behavior! These laws were developed through 
the study of light.  
 
     1887 THE PHOTOELECTRIC EFFECT 
 

Heinrich Hertz discovered that if a beam of light falls on a clean metal plate in a 
vacuum, the plate may become positively 
charged - because the light causes it to lose 
electrons. What was surprising about this 
“photoelectric effect” was that whether or not 
electrons were ejected from the metal 
depended on the color of the light but not on 
its intensity. Each metal had a threshold 
frequency of light above which electrons were 
ejected, but below which they were not. For 
example, dim blue light can often eject electrons 
while even very bright red light cannot. If this 
doesn’t seem amazing, think about it some more! The brightness of the light does 
determine how many electrons are ejected (brighter light  more electrons are ejected). 
A good simulation of the experiment can be found online: 
(http://lectureonline.cl.msu.edu/~mmp/kap28/PhotoEffect/photo.htm).  

 
In 1905, Einstein explained the photoelectric effect by suggesting that while the 
brightness of light indicates its total energy, it can only give up its energy in 
individual units, or packets, or “quanta” where the energy of one “quantum” 

increases with the frequency of the light: E = h (where  = the frequency of the light 
and h = Planck’s constant = 6.63x10-34 Joule*sec). This means that higher frequency 
(shorter wavelength) light has “bigger” quanta: 
 

 Low frequency        High frequency 
          Small quanta          Large Quanta 
  
 radio waves     microwaves   infra-red R O Y G B I V   UV gamma rays   x-rays 
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Basically: 
  -the color (frequency) of light determines the size of its energy packets (which 
    determines what the light can do) 
  -the intensity of light determines how many energy packets the light has (which 
    determines how much of what it can do it can do.)  
 

My analogy is that two equally intense beams of blue and red light, are like two groups of 
football players and preschoolers with the same total energy. A dozen preschoolers may 
have the same total energy as two football players, but (assuming that each group acts 1 
person at a time) the football players will be able to do different kinds of things than the 
pre-schooolers. (Which would you rather be hit by: one football player or one 
preschooler?) 

 
 
 
 
 
 
 
 
 
 

ACTIVITY 7.9 
 

a) Why are x-rays more dangerous than the radio waves that we are constantly exposed 
to? 
 
b) What is the longest wavelength of light that carries enough energy to break a C-C 
bond (bond energy = 347kJ/mole)? What kind of light is this? Why might this light be 
dangerous?  
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The fact that the energy packets of light 
increase as the light’s frequency 
increases explains why UV light is more 
biologically damaging than visible or IR 
light. As you move into the UV-A,B and C 
regions, the energy packets of light 
become equal to the energies needed to 
break chemical bonds in biological 
molecules:   
 
 
 

 
 
 
 
This is thought to explain the increase in skin 
cancer rates with greater exposure to solar UV:  
  
 
 
 
 
 

 
 

This also gives one reason to worry 
about tanning booths which often emit 
larger amounts of larger frequency UV 
light than is found in sunlight:   
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13) So how come hot things emit light?  
 
With the foregoing introduction to light, we can now return to using light to understand atomic 
structure – which came from studying sources of light. There are five main sorts of things that 
emit visible light:  
 
 1) electrically excited gases  2) hot condensed objects   
  (as in neon lights)    (oven filaments, incandescent bulbs, stars) 
   
    
 
 
  
  
   
 
 
 3) chemically generated light    4) light emitting diodes: emit light when 
 (fireflies, certain plankton, light sticks etc)  a current causes e-‘s from “n” type 

Materials “fall into” positive “holes” in  
“p type” material.  

 
 
 
 

 
 

 
 
 

5) phosphoresence (emission of visible light when something is irradiated with UV light) 
(“fluorescent lights” are actually “phosphorescent lights”)  
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The first steps toward understanding the structure of atoms came from the study of the 
emission from hot solid objects.... The main characteristics of such 
emission include: 
  
 a) Solid objects emit a continuous range of wavelengths  
 

If you look at the light emitted by a hot object with a 
grating, you see a continuous distribution of wavelengths. 
There are several excellent web sites which simulate this 
(http://webphysics.davidson.edu/alumni/MiLee/java/bb_mjl.htm). 

 

 b) Objects only emit the wavelengths that they absorb. 
 

If you want to study an object that can potentially emit any color, it must absorb all 
colors - it must be a “black body.” 

 
c) The intensity of light emitted at different wavelengths from a black object 
depends only on its temperature, not what it is made from. (Aslong as the object 
doesn’t burn or vaporize.)  

 
d) The wavelength at which the emitted light is most intense decreases as 
temperature increases: 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(The emitted color starts as “red hot” and as the temperature rises, it moves to “yellow 
hot” and finally “white hot”) 

 
While many people thought such “black-body” emission was sort of boring (after all, it 
was always the same no matter what you used), Max Planck thought differently. As he 
wrote: “This so called “normal” energy distribution represents something absolute, 
and since the search for absolutes has always appeared to me to  be the highest 
form of research, I applied myself vigorously to its solution.” 

file:///C:/Documents/classes/intro/year%20by%20year%20courses/chem%202%20sp%202011/(http:/webphysics.davidson.edu/alumni/MiLee/java/bb_mjl.htm)
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You may choose to skip the following italicized (and very mathy) section. I include it just 
to give you some insight into Planck’s reasoning and how his result (which follows this 
italicized section) relied on the concept of entropy... 
 
Since black-body radiation was independent of the type of matter used, Planck argued 
that it should be able to be explained from any model of matter. Therefore, he used the 

simplest model he could think of: electrons on springs, bouncing at a frequency = . 
 
a)  He could derive equations for the energies of his oscillators at high and low 

temperatures (a and a’ are to be determined constants): 

 

  at low T:   E=a’exp(-a/T)    at high T:  E=(a’/a)T  
 

c) He then tried to find one equation which would turn into his low T equation when T was 
small and into his high T equation when T was large. He failed. But, he was intrigued by 
Boltzmann’s recent definition of temperature as how much energy it takes to increase 
disorder by 1 unit:  dS=dE/T  T = dE/dS or 1/T = dS/dE, so he solved his E(T) 
equations for 1/T:  

 

  at low T: 1/T = (-1/a)ln(E/a’)  at high T: 1/T = a’/aE 
 

d) He then tried to find one equation which would reduce to these at high and low T. He 
failed again. But he persevered. Since 1/T = dS/dE, he decided to look at what his two 
equations predicted for how dS/dE changed with E = d2S/dE2:  

 

  at low T: d2S/dE2 = (-1/a)(1/E)  at high T:  d2S/dE2 = -a’/(aE2 ) 
 
 e) Planck COULD find one equation that reduced to these at the limit of high and low T:  

     d2S/dE2=-a’/(aE(a’+E)) 

 at low E this  d2S/dE2= -1/aE)  and  at high E this  d2S/dE2=-a/(aE2) 
 

 f) Integrating his general d2S/dE2=-a’/(aE(a’+E)) expression gave: 

dS/dE = (-1/a)(lnE-ln(a’+E)),  

but dS/dE = 1/T so  1/T= (-1/a)(lnE-ln(a’+E)) 
 

g) Solving this for E gave the average energy of an oscillator (as a function of 
temperature) as: 

       E =a’/(exp(a/T-1)  

  at low T this  E =a’/(exp(a/T)        

at high T this  E =a’/(exp(a/T-1)= a’v/(1+ (av/T-1)) = (a’/a)T  
(here I’ve used the Taylor series expansion ex = 1 + x + x2/2+…)  

 
 h) Planck then asked “Why should this be so?” 
 

i) Knowing that Boltzman had related a system’s 
entropy to its structure, Planck integrated his 
dS/dE to get its entropy: 
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j) Planck then recognized that this was exactly 
the form that Boltzman had calculated to be the 
entropy of a set of oscillators with energies 

limited to multiples of some energy  (E = 

etc) 
 
 Where k = “Boltzman’s constant” = 1.38x10-23 J/K 
 

But this meant that Planck’s a’/a = Boltzman’s k and Planck’s a’ = Since then, a’ has 

come to be called h (Planck’s constant = 6.6x10-34 Jsec) so  = h
 
Plugging Planck’s equation for his oscillators’ energy  into the equation that related it to 

the light’s energy, and converting from frequency to wavelength =c/ 
gave   “Planck’s Blackbody Radiation Equation” for the energy of light 

at frequency  that’s emitted by a black-body at temperature T:   
 

When graphed at any T, 
this equation accurately predicts 
the intensity of light emitted at 
different wavelengths from a 
condensed object at temperature 
T.  
 

To summarize, Planck 
found that he could 
reproduce the observed 

intensity (I())of light 

given off at different 
frequencies by hot 
objects if he assumed 
that matter was made of 
e- on springs which could 
gain/lose energy only in 
"quanta" of energy, the 
size of which was 
determined by their 
frequency: quantum size 

=h where h= Planck's 
constant (6.6x10-34 Jsec), 

=frequency (sec-1)).  
 
(Interestingly, this was the same formula that Einstein suggested related the size of 
the energy packets of light to their frequency!)  

1e

1

λ

8ππh
E(λ(

λkT
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ACTIVITY 7.10 
 

a) What is the size of the energy quantum of a 0.1kg weight on a spring bouncing at 1 
 bounce/sec? Does this explain why it looks like the weight can have "any" energy?  
Why should quantum effects be more noticeable for electrons? 
 
b) Why, as objects are heated, do they never appear “green-hot?” 
 
c) Why do red objects often fade faster than blue objects? 
 
d) Why are many red pigments are made from inorganic (heavy metal) pigments rather  
than pigments with long chains of C=C-C bonds? 

 
14) ARE THERE ANY SIMPLER FORMS OF PLANCK’S RADIATION LAW? 
 
Planck’s equation for the energy of light emitted by an object at any temperature leads to two 
important simplifications.  
 

1) The wavelength of maximum intensity is the wavelength where the slope of the I() 

graph = 0 (dI/d = 0). Calculus can find this:   
 

   of max intensity in nm = (2.9x106/T ) (where T is in K) 
            

This is quite useful.       
 

ACTIVITY 7.11 
 

a) Estimate the temperature of the sun from the fact that its wavelength of maximum 
intensity =484nm 
 
b) What wavelength of light to we 37C = 310K humans emit most strongly?  

 
 

2) If you add up the energy emitted at all ’s you get Etotal . Again, calculus (E()d) gets this:   
     

  Etotal = T4 where  =5.67x10-8 J/sec/m2/K4 = 82x10-12 cal/min/cm2/K4  

    ( = the “Stefan-Boltzman constant”) 
 
 So what?  
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ACTIVITY 7.12 
 
1) Calculate the intensity of sunlight hitting the earth... 
  
a) Use Tsun = 6000K, to find Etotal, sun  = 1.05x105cal/cm2/min 
b) Use the radius of the sun (4.32x105 miles) to calculate the surface area of the sun in  

  cm2 (A = 4r2) = 6.1x1022 cm2 
c) Multiply your answer to “a” by your answer to ‘B” to get the total energy emitted by  
  the sun (E=6.45x1027cal/min) 
d) Use the radius of the earth’s orbit (r=1.5x108km) to calculate the area of a sphere at  
  the earth's orbit in cm2  
 e) Divide the sun’s total energy output in “c” by the area of a sphere at the earth's 
orbit 
  to get the intensity of sunlight at the earth’s orbit (2.3cal/cm2/min) 
 f) Divide your answer to “e”  by 4 to get per cm2 of actual earth surface 
(.49cal/min/cm2) 

  (circle area = r2, sphere surface area = 4r2) 
g) Multiplying your answer to “f” by the earth's surface area (r = 6378km) and by the # of 
minutes in a year to get the earth’s total solar energy input per year (~ 1024 cal/yr) 
 
2) As another example, if you plug in ambient (298K) & body temp (310K), you can 
estimate the net rate at which we (assume our body surface area is 2m2) lose energy to 
our surroundings = rate of E loss to surroundings - rate of E gain from surroundings = 

Tbody
4-Tsurroundings

4. (~3160 kcal/day)  
 

 
 
3) Finally, you can use Planck’s equation to find out how much of any particular wavelength of 
light is emitted by an object at any temperature.  This can be useful, for example, in calculating 
how much energy the sun emits in particular ranges of frequencies absorbed by particular 
greenhouse gases, etc. For example, sunspots are cool regions on the sun which are 
surrounded by hotter regions that emit more high energy light:  
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15) If E for both light and electrons = h, are they similar in any other ways?  
 

The identical relationships between the formulae for the 
size of energy packets in light and for bouncing electrons  

(E=h = hc/) led folks to wonder if electrons and light 
shared any other properties. The son of the Thomson his 
dad who had proven the electron was a particle tried the 
double slit experiment with electrons instead of light to 
see if they have wave-like properties. Quite amazingly, 
he saw the same sort of interference pattern his father 
had seen with monochromatic light. (see pattern to the 
right.)  

 
From the distances between locations where electrons appeared, it was possible to 
calculate the wavelength of these "electron waves:" λ=h/mv. (h = Planck's constant) λ = 
the "deBroglie wavelength." 

 

ACTIVITY 7.13 
a) What is my wavelength if my mass is 70kg and I’m moving at 1m/sec?  
 
b) Why do I not appear to be a wave? 

 
 

 
What was, and is still, hard to comprehend is how a particle can act like a wave - and 
pass through both slits simultaneously to create an interference pattern. Even more 
amazingly, when people put detectors at each slit to try to detect an electron’s 
simultaneous passage through both, they never observed it: the electron always went 
through one slit or the other. But also, as soon as they looked, the interference pattern 
vanished and was replaced with a distribution expected of particles going through 2 slits! 
As long as you didn't look, electrons acted like waves - but when you looked, they acted 
like particles! This used to bother me until I realized that even I behave differently 
depending on whether or not I’m being watched, and that the “one thing being two” 
phenomenon really isn’t that unusual: 
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16) While Planck explained the light emitted from hot solids, what about the light emitted 
by excited gases? 
 

While Planck’s work did much to explain the blackbody emission from condensed 
objects, it did nothing to explain the 
emission from excited gases.  

 
When low pressure gases are excited by 
electricity passing through them, they emit 
light:  

 
What’s even more amazing is that instead 
of emitting a continuous range of 
wavelengths, like condensed materials, gases emit discrete “lines” – like these emitted 
from hydrogen: 

 

 
 
No-one had any way to explain such discrete 
emissions until, in 1885, Johann Balmer found an 
equation that produced the wavelengths emitted by 
hydrogen gas (656.3nm, 486.1nm, 434.1nm, 
410.1nm): 
 

(The Rydberg constant is among the most precisely known of all physical constants.)  
 

ACTIVITY 7.14 

Plug n=3 into Balmer’s equation and confirm that you get  = 6.56x10-7 m = 656nm 
 

 
Balmer's formula for the wavelengths of light emitted from electrically excited hydrogen gas was 
first explained by Niels Bohr in 1913...  
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Bohr's method:        
 

1) First, Bohr wondered if something about the motion of an electron in a hydrogen 
atom might be limited to whole # multiples of Planck’s constant (h) as the 

energies of bouncing electrons and light were = nh. He realized that since 1/ 

= /c and E = h, Balmer’s formula for 1/ was really a formula for energies - so 
the energy of an electron was proportional to 1/n2. But since total energy = 
kinetic + potential, both kinetic and potential energy must be proportional to 
1/n2. But KE = ½ mv2, so v2 ~ 1/n2 or v ~1/n. The electrical potential energy ~1/r 
so 1/r~ 1/n2 or r~n2. But if v ~1/n and r~n2, then vr ~n so mvr ~n. But mvr = 
“angular momentum.” So Bohr thought the angular momentum of the electron in 
a hydrogen atom was probably limited to values mvr = nhK (where K was some 
constant that he had to discover).     

2) Next Bohr looked at the classical physics picture of an electron orbiting a hydrogen 
nucleus. Newton says the electrical attraction supplies the force that causes the 
electron to curve (accelerate) around the nucleus: F = ma. But the electrical 

force = F = e2/4or
2 (e = the charge on the e- and p+, eo = the ‘permittivity of 

free space, and r= the separation of the e- and the p+). And classical physics 
says that the acceleration of an object moving at velocity v in a circle of radius r 
= v2/r. Using these for F and a in F=ma gives:  
    
     OR   
 
 
 

 
3) Now if you plug in Bohr’s mvr=nhK, and solve for 

r you get:  
  
  

4) And if you plug this expression for “r” into the equation for v2 and solve for v you 
get: 

 
 
 
5) So both r and v can only take on certain values, given by different values of “n” 
6) Bohr next plugged these equationsfor r and v 

into his equation for the total energy of the 
electron: En = kinetic energy + potential 

energy = ½ mvn
2 – (¼eo)e

2/rn  
 
7) Bohr then plugged “n+1” into his equation 

for E to get En+1 and then calculated En+1 
– En for large n (where n2 >> n, so he 
could approximate n2+n = n2) compared 
to n2) =  
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8) Bohr then thought about how the energy of an electron could change classically 
at large energies (ie at large n). Large n  small v  moving slowly  should 
change energy by emitting light as predicted by Maxwell’s equations – i.e. light 
with frequency = the frequency of its orbit. But the frequency of its orbit = 

velocity/circumference = v/2r, so classically, as n gets large, E = vn/2rn. 
Plugging his expressions for rn and vn into this, Bohr got:    
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9) Now Bohr had two equations for E when n is large (#7 & #8), so he could set 

them equal to each other:  
 
 
 
 
 
 

10) Solving this for Bohr’s unknown constant K gives K = 1/2. 
11) Bohr could therefore conclude that mvr = nh/2p. That is, the angular momentum 

(mvr) of an electron in a hydrogen atom is restricted to whole number multiples 
(n) of h/2p. (h/2p is often written as “h-bar” = .) 

12) Plugging K = h/2p into his equations for r and v and then plugging those equations 
for r and v into the equation for the total energy of the electron gave: ,  
 
 
 
 
 
Comparing this to Balmer’s En= -hcRH/n2 gives  
 
 
 
 

Plugging in values for m = 9.1x10-31, e = 1.6x10-19, o = 8.85x10-12 and  
h = 6.6x10-34 gives RH = 1.1x107, remarkably close to its actual value of 
10,967,758. That is, Bohr succeeded in explaining why the Rydberg constant 
had the value it had! 
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      So here are Bohr’s results for the allowed energies (and radii) of a hydrogen atom:  
               
                        ENERGIES (KJ/mole)                 RADII  (ao)  
                     0                            
                         ------- - 82   = E4         20 
                         ------- -145  = E3 
                   -200                             16   ------- 16 for n = 4 
                         ------- -328  = E2                
                   -400                             12 
                                                              -------  9 for n =3 
                   -600                              8 
                      
                   -800                              6 
                  
                  -1000                              4   -------  4 for n = 2 
                                                            -------  1 for n = 1  
                  -1200                              0 
                         ------- -1312 = E1 
                  -1400     
 (The radii are expressed as multiples of “ao” = the “Bohr radius” = r1 = 5.29177 x 10 

-11
m.  

 

7) Finally, Bohr assumed that electrons emitted light whenever they moved from a state 
of higher energy to one of lower energy and absorbed light whenever they moved from a 
state of lower energy to one of higher energy- emitting or absorbing light of energy equal 
to their energy loss. He reproduced the wavelengths that Balmer had observed for 
hydrogen when going from level n to level 2 (below): 
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ACTIVITY 7.15 
Confirm that an electron dropping from n=4 to n=2 will give off one of the colors 
observed in the hydrogen gas emission spectrum. 

 
 
17) So just how do forces like gravitation and electricity act “at a distance?”   
 

The modern solution relies on the fact that, in order to tell the difference between two 

waves that differ in frequency by ,you need to measure them for an amount of time t  > 

1/(4). Substituting E=h shows that it takes a time t  > h/(4E) to measure an energy 

difference E. This means that a “virtual” energy change of E  – one that doesn’t conserve 

energy – can occur as long as it lasts for t < h/(4E). This allows for a charged particle (like an 
electron) to emit a photon of energy E without changing its energy – as long as the photon is 

reabsorbed within t = h/(4E). Now, suppose the electron approaches another electron…how 
can they repel each other? Well, if one electron emits a virtual photon toward the 2nd electron, 
the photon’s momentum will cause the first electron to move away from the 2nd electron. And 
when the photon hits the 2nd electron, the photon’s momentum will move the 2nd electron away 
from the first. If the charges have opposite signs, the photon is emitted away from the 
approaching particle (which makes the emitting charge move toward the 2nd charge). The 
emitted photon behaves as a boomerang, going around the 2nd charge and hitting it from the 
side away from the 1st charge – forcing the 2nd charge toward the first. Cool eh?  
 

Electrical energies do extend over infinite distances, but they get weaker and weaker, 

and since the time a virtual photon can exist = t  > h/(4E), as E gets smaller, t gets larger so 
the photons have time to move from charge to charge.   
 

Similar particles are responsible for the “strong” (range 10-15m) and the “weak” 
(range=10-18m) interactions that hold particles together in nuclei. Creating a virtual particle of 

mass m requires E = mc2 and so can only last for no more than t = h/(4mc2). This means that 

m = h/(4tc2).  If the particles travel at the speed of light then d=ct so m = h/(4cd). Plugging in 
the ranges of the strong and weak forces gives masses of 2x10-28kg and 2x10-25kg – 
corresponding to the masses of the pion (discovered in 1947) and the W+, W- and Z0 particles 
(discovered in 1983). These are the particles created & exchanged to attract the protons and 
neutrons in nuclei. Cool eh?   
 

The (as yet undiscovered) “graviton” is the analogous particle for gravity.  
 

A similar theory seems to not apply for ‘gluons’ – the particle responsible for the force 
which binds quarks together to make up protons and neutrons – which apparently gets stronger 
as distance increases….  
 


