


Preface 

Richard Feynman is legendary in the world of physics for 
the way he looks at the world: taking nothing for granted 
and always thinking things out for himself, he often attains 
a new and profound understanding of nature's behavior­
with a refreshing and elegantly simple way to describe it. 

He is also known for his enthusiasm in explaining physics 
to students. After turning down countless offers to give 
speeches at prestigious societies and organizations, Feyn­
man is a sucker for the student who comes by his office 
and asks him to talk to the local high school physics club. 

This book is a venture that, as far as we know, has never 
been tried. It is a straightforward, honest explanation of a 
rather difficult subject-the theory of qu,antum electro­
dynamics-for a. nontechnical audience. It is designed to 
give the interested reader an appreciation for the kind of 
thinking that physicists have resorted to in order to explain 
how Nature behaves. 

If you are planning to study physics (or are already doing 
so), there is nothing in this book that has to be "unlearned": 
it is a complete description, accurate in every detail, of a 
framework onto which more advanced concepts can be at­
tached without modification. For those of you who have 
already studied physics, it is a revelation of what you were 
really doing when you were making all those complicated 
calculations! 

As a boy, Richard Feynman was inspired to study calculus 
from a book that began, "What one fool can do, another 
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X Preface 

can." He would like to dedicate this book to his readers
with similar words: "What one fool can understantl an-

,, 

other can." 

RALPH LEIGHTON 

Pasadena, California 
February 1985 
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part of physics to a wider audience. 
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describing. Respect for our subject did not permit us to do
this. Through many hours of discussion, we have tried to
achieve maximum clarity and simplicity withou� compro­
mise by distortion of the truth.
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. Introduction 

Alix Mautner was very curious about physics and often 
asked me tci explain things to her. I would do all right, just 
as I do with a group of students at Caltech that come to 
me for an hour on Thursdays, but eventually I'd fail at 
what is to me the most interesting part: We would always 
get hung up on the crazy ideas of quantum mechanics. I 
told her I couldn't explain these ideas in an hour or an 
evening-it would take a long time-but I promised her 
that someday I'd prepare a set of lectures on the subject. 

I prepared some lectures, and I went to New Zealand to 
try them out-because New Zealand is far �nough away 
that if they weren't successful, it would be all right! Well, 
the people in New Zealand thought they were okay, so I 
guess they're okay-at least for New Zealand! So here are 
the lectures I really prepared for Alix, but unfortunately 
I can't tell them to her directly, now. 

What I'd like to talk about is a part of physics that is 
known, rather than a part that is unknown. People ·are al­
ways asking for the latest developments in the unification 
of this theory with that theory, and they don't give us a 
chance to tell them anything about one of the theories that 
we know pretty well. They always want to know things that 
we don't.know. So, rather than confound you with a lot of 
half-cooked, partially analyzed theories, I would like to tell 
you about a subject that has been very thoroughly analyzed. 
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4 Chapter I 

I love this area of physics and I think it's wonderful: it is 
called quantum electrodynamics, or QED for shdrt. 

My main purpose in these· lectures is to describe as ac­
curately as I can the strange theory of light and m;,.tter� 
o� mo:e specifically, the interaction of light and electrons.
It s gomg to take a long time to expl;iin ,ill the things I want
to. �owever, there. are four lectures, so I'm going to take
my time, ;ind we will get everything all right. 
. Physics has a history of synthesizing m;iny phenomena
mto a few theories. For instance, in the early days there 
were phenomena of motion and phenomena of heat; there 
were phen?mena of sound, of light, and of gravity. But it
was soon discovered, after Sir Isaac Newton explained the 
la:"s of motion, that some of these apparently different
thmgs were aspects of the same thing. For example, the 

phenom_ena of sound could be completely understood as
the '.°otmn of atoms ih the air. So sound was no longer
considered s_omething in addition to motion. It was also 
discovered that heat phenomena are eas.ily understandable 
from the laws of mo'.ion. In this way, great globs of physks 
theory were synthesized into a simplified theory. The the­
ory of gravitation, on the other hand, was not understand­
�ble from. the laws. of motion, and even today. it stands
isolated from the other theories. Gravitation is, so far, not 
understandable in terms of other phenomena. · 

After the synthesis of the phenomena of motion, sound, 
and heat, there was the discovery of a number of phenom­
ena that we call electrical and magnetic: In 1873 these phe­
no�en_a were �ynthesized with the phenomena of light and
optics mto a smgle theory by James Clerk Maxwell, who 
proposed that light is an electromagnetic wave . .So at that 
stage, there _were the laws of motion, the laws of electricity
and magnetism, and the laws of gravity. 

Around• 1900. a theory was developed to explain what 
matter was. It was called the electron theory of matter, and 

I 
0 
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it said that there were little charged particles inside of 
atoms. This theory evolved gradually to include a heavy 
nucleus with electrons going around it. 

Attempts to understand the motion of the electrons 
going around the nucleus by using mechanical laws-anal­
ogous to the way Newton used the laws of motion to figure 
out how the earth went around the sun-were a real failure: 
all kinds of predictions came out wrong. (Incidentally, the 
theory of relativity, which you all .understand to be a g_reat
revolution in physics, was also developed at about that time. 
But compared to this discovery that Newton's laws of mo­
tion were quite wrong in atoms, the theory of relativity was 
only a minor modification.) Working out another system 
to replace Newton's laws took a long time. because phe­
nomena at the atomic level were quite strange. One had to 
lose one's common sense in order to perceive what was 
happening at the atomic level. Finally, in 1926, an "uncom­
mon-sensy" theory was developed to explain the "new type 
of behavior" of electrons in matter. It looked cockeyed, but 
in reality it was not: it was called the theory ?f quantum 
mechanics. The word "quantum" refers to this peculiar 
aspect of nature that goes against common sense. It is this 
aspect that I am going to tell you about. 

The theory of ·quantum mechanics also explained all 
kinds of details, such as why an oxygen atom combines with 
two hydrogen atoms to make water, and so on. Quantum 
mechanics thus supplied the theory behind chemistry. So, 
fundamental theoretical chemistry is really physics. 

Because the theory of quantum mechanics could explain . all of chemistry and the various properties of substances, 
it was a tremendous success. But still there was the problem 
of the interaction of light and matter. That is, Maxwell's 
theory of electricity and magnetism had to be changed _tobe in accord with the new principles of quantum mechamcs 
that had been developed. So a new theory, the quantum 
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6 Chapter 1 

theory of the interaction of light and matter, which is calledby the horrible name "quantum electrodynalnics," was fi­nally developed by a number of physicists in 1929.
. But th': theory w�s troubled. If you calculated somethingroughly, it would give a reasonable answer. But if you triedto compute it more accurately, you would find that thecorrection you thought was going to be small (the next termin a �eri�s, for �xample) was in fact very large-in fact, itwas infinity! So 1t turned out you couldn't really compute

anything beyond a certain ,iccuracy, 
By the way, what I have just outlined is what I call a"physicist's history of physics," which is never correct. WhatI' am telling you is a sort of conventionalized myth-story that the physiciststell to their students, and those studentstell to their students;and:is not necessarily related to theactual historical development, ;,,hich I do not really know!
�t any rate, to continue with this "history," Paul Dirac, usmg the theory �f relativity, made a relativistic theory ofthe electron that did not completely take into account all the 

ef'.ects of the electron's interaction with light. Dirac's theory 
said that an electron had a magnetic moment-something 
like the force of a little magnet-that had a strength of ex­
actly 1 in certain units, Then in about 1948 it was discovered 
in experiments that the actual number was closer to 1.00118 
(with an uncertainty of about 3 on the last· digit), It was 
known, of course, that electrons interact with light, so some 
small correction was expected. It was also el(pected that this 
correction would be understandable from the new theory 
of quantum electrodynamics. But when it was calculated 
. 'mstead of 1.00118 the result was infinity-which is wrong, 
experimentally! 

Well, this problem of how to calculate things in quantum 
e!ectr?dynamics was straightened out by Julian Schwinger,Sm-Iuro Tomonaga, and myself in about 1948. Schwingerwas the first to calculate this correction using a new "shell

Introduction 7 

game"; his theoretical value was around 1.00116, which 
was close enough to the experimental number to show 
that we were on the right track. At last, we had a quantum 
theory of electricity and magnetism with which we could 
calculate! This is the theory that I am going to describe to 
you. 

The theory of quantum electrodynamics has now lasted 
for more than fifty years, and has been tested more and 
more accurately over a wider and wider range of condi­
tions. At the present time I can proudly say that there is 
no significant difference between experiment and theory! 

Just to give you an idea of how the theory has been put 
through the wringer, I'll give you some recent numbers: 
experiments have Dirac's number at 1.00115965221 (with 
an uncertainty of about 4 in the last digit); the theory puts 
it at 1.00115965246 (with an uncertainty ofabout five times
as much). To give you a feeling for the accuracy of these 
numbers, it comes out something like this: If you were to 
measure the distance from Los Angeles to New York to 
this accuracy, it would be exact to the thickness of a human 
hair. That's how delicately quantum electrodynamics has,
in the past fifty years, been checked-both theoretically and
experimentally. By the way, I have chosen only one number 
to show you. There are other things in quantum electro­
dynamics that have been measured with comparable ac­
curacy, which also agree very well. Things have been

· checked at distance scales that range from one hundred
times the size of the earth down to one-hundredth the size
of an atomic nucleus. These numbers are meant to intim­
idate you into believing that the theory is probably not too
far off! Before we're through, I'll describe how these cal­
culations are made.

I would like to again impress you with the vast range of
phenomena that the theory of quantum electrodynamics
describes: It's easier to say it backwards: the theory de-
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8 Chapter 1 

scrib_es �ll the phenomena of the physical world except the
grav1tat10nal effect, the thing that holds you In your seats
(a�tually, that's � combination of gravity and politeness, I
thmk), and rad10active phenomena, which involve nuclei
shifting _in t�e'.r energy levels. So if we leave ou( gravity
and rad10act1V1ty (more properly, nuclear physics), what
have we got left? Gasoline burning in automobiles, foam
and bubbles, the hardness of salt or copper, the ·stiffness
of steel. In fact, biologists are trying to interpret as much
as the_y can about life in terms of chemistry, and as I already
explamed, the theory behind chemistry is quantum electro­
dynamics.

I must clarify something: When I say that all the phe­
nomena of the physical world can -be explained by this
theory, we don't really know that. Most phenomena we are.
familiar with involve such tremendous numbers of electrons
that it's hard for our poor minds to.follow that complexity.
In such situations, we can use the theory to figure roughly
:"hat oug?t to happen and that is what happens, roughly;
m those circumstances. But if we arrange in the laboratory
an experiment involving just a Jew electrons in simple cir­
cumstances, then we can calculate what might happen very
accurately, and we can measure it very accurately, too.
Whenever we do such experiments, the theory of quantum
electrodynamics works very well.

We physicists are always checking to see if there is some­
'.hing th� matter "."ith the theory. That's the game, because
if there is somethmg the matter, it's interesting! But so far,
we have found nothing wrong with the theory ofquantum
electrodynamics. It is, therefore, I would say, the jewel of
physics----our proudest possession.

The theory of quantum electrodynamics is also the pro-·
totype for new theories that attempt to explain nuclear
phenomena, the things that go on inside the nuclei �f
atoms. If one were to think of the physical world as a stage,

Introduction 9 

then the actors would be not only electrons, which are out­
side the nucleus in atoms, but also quarks and gluons and
so forth-dozens of kinds of particles-inside the nucleus.
And though these "actors" appear quite different from one
another, they all act in a certain style-a strange and pe­
culiar style-the "quantum" style. At the end, I'll tell you
a little bit about the nuclear particles. In the meantime, I'm
only going to tell you about photons-particles of light­
and electrons, to keep .it simple. Because it's the way they
act that is important, and the way they act is very
interesting.

So now you know what I'm going to talk about. The next
question is, will you understand what I'm going to tell you?
Everybody who comes to .a scientific lecture knows they are
not going to understand it, but maybe the lecturer has a
nice, colored tie to look at. Not in this case! (Feynman is
not wearing a tie.)

What I am going to tell you about is what we teach our
physics students in the third or fourth year of graduate
school-and you think I'm going to explain it to you so you
can understand it? No, you're not going to be able to un­
derstand it .. Why, then, am I going to bother you with all
this? Why are you going to sit here all this time, when you
won't be able to understand what I am going to say? It is
my task to convince you not to turn away because you don't
understand it. You see, my physics students don't under­
stand it either. That is because I don't understand it. No­

. body does.
I'd like to talk a little bit about understanding. When we

have a lecture, there are many reasons why you might not
understand the speaker. One is, his language is bad-he
doesn't say what he means to say, or he says it upside
down-and it's hard to understand. That's a rather trivial
matter, and I'll try my best to avoid too much of my New
York accent.
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10 Chapter I 

. Another possibility, especially if the lecturer is a physicist,
1s that he uses ordinary words in a funny w�y. Physicists 
often use ordinary words such as "work" o�'i"actio�" or 
"energy" or even, as you shall see, "light" for some technical 
purpose. Thus, when I talk about "work" in physics, I don't 
mean the same thing, as when I talk about "work" on the 
street. During this lecture I might use one of those words 
without noticing that it is being used in this unusual way. 
I'll try my best to catch myself-that's my job-but it is an 
error that is easy to make. 

The next reason that you might think you do not un­
derstand what I am telling you is, while I am d_escribing to 
you how Nature works, you won't understand why Nature 
works that way. But you see, nobody understands that. I 
can:t explain w�y N_ature behaves in this peculiar way ..

F,?ally, th;re ,s_ this _possibility: after I tell you something,
you JUSt can t believe It. You can't accept it. You don't like 
i�. A lit'.le screen ccn:nes down and you don't listenanyinore. 
I m  ,go_mg. to des.crib� to you how Nature is-and if you
don t hke It, that s gomg to get in the way of your under­
standing it. It's a problem that physicists have learned to. 
deal with: They've learned to realize that whether they like 
a theory or they don't like a theory is not the essential 
q�e�tion. Rather, it is whether or not the theory gives pre­
d1ct10ns that agree with experiment. It is not'a-question of 
whether a theory is philosophically delightful, or easy to 
understand, or perfectly reasonable from the point of view 
of coi_nmon sense. The theory of quantum electrodynamics 
descnbes Nature as absurd from the point of view of com­
mon sense. And it agrees fully with experiment. So I hope 
you can accept Nature as She is-absurd. 

I'm going to have fun telling you about this absurdity, 
because I find it delightful. Please don't turn yourself off 
because you can't believe Nature is so strange. Just hear 
me all out, and I hope you'll be as delighted as I am when 
we're throu!l"h. 

Introduction ll 

How am I going to explain to you the things I don't 
explain to my students until they are third-year graduate 
students? Let me explain it by analogy. The Maya Indians 
were interested in the rising and setting of Venus as a 
morning "star" a_nd as an evening "star"-they were very 

interested. i.n when it would appear. After some years of 
observation, they noted that five cycles of Venus were very 
nearly equal to eight of their "nominal years" of 365 days 
(they were aware that the true year of seasons was different 
and they made calculations of that also). To make calcu­
lations, the Maya had invented a system of bars and dots 
to represent numpers (including zero), .and had rules by 
which to calculate and predict not only the risings and 
settings of Venus, but other celestial phenomena, such as 
lunar eclipses. 

· In those days, only a fe.w Maya priests could do such
elaborate calculations. Now, suppose we were to ask one of 
them how to do just one step in the process of predicting 
when Venus will next rise as a morning star-,subtracting 
two numbers. And let's assume that, unlike today, we had 
not gone to school and did not know howto subtract. How 
wpuld the priest explain to us what subtraction is? 

He:e could either teach us the numbers represented by 
the bars and dots and the rules for "subtracting" them, or 
he could tell us what he was really doing: "Suppose we want 
to subtract 236 from 584. First, count out 584 beans and 
put them in a pot. Then take out 236 beans and put them 
to one side. Finally, count the.beans left in the pot. That 
number is the result of subtracting 236 from 584." 

You might say, "My Quetzalcoatl! What tedium-counting
beans, putting them in, taking them out-what a job!" 

To which the priest would reply, "That's why we have 
the rules for the bars and dots. The rules are tricky, but 
they are a much more efficient way of getting the answer 
than by counting beans. The important thing is, it makes 
no difference as far as the answer is concerned: we can 
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12 Chapter I 

predict the appearance of Venus by counting beans (whichis slow, but easy to understand) or by using th:e tricky rules(which. is much faster, but you must spend yel\rs in schoolto learn them)." 
To understand how subtraction works-as long as youdon't have to actually carry it out-is really not so difficult.That's my position: I'm going to explain to you what thephysicists are doing when they are predicting how Naturewill behave, but I'm not going to teach you any tricks soyou can do it efficiently. You will discover that in order tomake any reasonable predictions with this new scheme ofquantum electrodynamics, you would have to make an aw­ful lot of little arrows· _on a piece of paper. It takes sevenyears-four undergraduate and three graduate-to trainour physics students to do that in a tricky, efficient way.That's where we are going to skip seven years of educationin physics: By explaining quantum electrodynamics to youin terms of what we are reall:y doing, I hope you will be-ableto understand it better than do·some of the students! Taking the example of the Maya one step further, wecould ask the priest why five cycles of Venus nearly equal2,920 days, or eight years. There would be all kinds oftheories about why, such as, "20 is an important number inour counting system, and if you divide 2,920 by 20, youget 146, which is one more than a numbe:r that can berepresented by the sum of two squares in two differentways," and so forth. But that theory would have nothingto do with Venus, really. In modem times, we have foundthat theories of this kind are not useful. So again, we arenot going to deal with why Nature behaves in the peculiarway that She does; there are no good theories to explainthat. 

What I have done so far is to get you into the right moodto listen to me. Otherwise, we have no chance. So now we'reoff, ready to go! 

Introduction 13 

We begin with light. When Newton started looking at 
light, the first thing he found was that white light is a mix­
ture of colors. He separated white light with a prism into 
various colors, but when he put light of one color-red, 
for instance-through another prism, he found it could 
not be separated further. So Newton found that white light 
is a mixture of different colors, each of which is pure in 
the sense thatit can't be separated further. 

(In fact, a particular color of light can be split one more 
time in a different way, according to its so-called "polari­
zation." This aspect of light is not vital to understanding 
the character of quantum electrodynamics, so for the sake 
of simplicity I will leave it out-at the expense of not givin_gyou an absolutely complete description of the theory. This 
slight simplification will not remove, in any way, any real 
understanding of what I will be talking about. Still, I must 
be careful to mention all of the things I leave out.) 

. When I say "light" in these lectures, I don't mean simply 
the light we can see, from red to blue. It turns out that 
visible light is just a part of a long scale that's �nalogous t0 
a musical scale in which there are notes higher than you 
can hear and other notes lower than you can hear. The 
scale of light can be described by numbers'-Called the fre­
quency-and as the numbers get higher, the light goes f:om
red to blue to violet to ultraviolet. We can't see ultraviolet 
light, but it can affect photographic plates. It's still light­
only the number is different. (We shouldn't be s? pro• 
vincial: what we can detect directly with our own mstru­
ment, the eye, isn't the only thing in the world!) If we 
continue simply to change the number, we go out into �­
rays, gamma rays, and so on. If .we change the nu_mber m
the other direction, we go from blue to red to mfrared 
(heat) waves, then television waves, and radio waves. For 
me, all of that is "light." I'm going to use just red light for 
most of my examples, but the theory of quantum electro-
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14 Chapter 1 

dyn�mics extends over the entire range I have described, 
and 1s the theory behind all these various phbnomena. 

Newton thought that light was made up of particles-he 
call�d them "corpuscles"-and he was right (but the. rea­
somng that he used to come to that decision was erroneous). 
We know that light is l,llade of particles because we can take 
a ;ery se�sitive !nstrument that makes clicks when light 
�hines on 1t, and 1f the light gets dimmer, the clicks remain 
Just as :oud_-the_re · are just fewer of theni. Thus light is
something hke raindrops-each little lump of light is called 

a photon-and if the light is all one color, all the "rain­
drops" are 'the same size. 

.The human _eye is a very good instrument: ir takes only
about five or six photons to activate a nerve cell and send 
a message to the brain. If we Were evolved a little further 

so we could see ten times mqre sensitively, we wouldn't 
h�ve _to have this discussion-we would all have seen very
dim hght of one color as a series ofintermittent little flashes 
of equal intensity. 

You might :wonder how it is possible to detect a sfogle . 
photo�. ?ne instrument that can do this is called a ph:o­
tomult1pher, and I'll describe briefly how it works: When 
a P?oton hits the metal plate A at the bottom (see Figure 

I), 1t causes an electron to ·break loose from one of the 
atoms in the plate. The free electron is strongly attracted 
to plate B (which has a positive charge on it) and hits it 
with enough force to break loose three or four electrons. 
Each of the electrons knocked out of plate B is attracted 

to. plate C (which is also charged), and their collision with 
plate C knocks loose even more electrons. This process is 
repeated ten or twelve times, until billions of electrons, 
enou�h to make a sizable electric current, hit the last plate, 
L. This current can be amplified by a regular amplifier and 

sent through a speaker to make· audible clicks. Each time 

Introduction 15 

a photon of a given color hits the photomul tiplier, a click
of uniform loudness is hear.cl. 

If you put a whole lot of photomultipliers around and . 
let some very dim light shine in various directions, the light 
goes into one multiplier or another and makes a click of 
full intensity. It is all or nothing: if one photomultiplier 

FIGURE I. A photomultiplier can detect a 
single photon. When a photon strikes plate A, 
an electron is knocked loose and attracted to 
positively charged plate B, knocking more elec­
trons loose. This process continues until bil­
lions of electrons strike the last plate, L, and 
produce an electric current, which is amplified 
by a regular amplifier. If a speaker is connected 
to the amplifier, clicks of uniform loudness are 
heard each time a photon Of a giiien color hits 
plate A. 

\ �peoker 

'i 

C\�s 

A'(,. one photon 

goes off at a given moment, none of the others goes off at 
the same moment ( except in the rare instance that two 
photons happened to leave the light source at the same 
time); There is no splitting of light into "half particles" that 
go different places. 

I want to emphasize that light comes in this form-par­
ticles. It is very important to know that light behaves like 
particles, especially for those of you who have gone to 
school, where you were probably told something about light 
behaving like waves. I'm telling you the way it does behave­
like particles. 

You might say that it's just the photomultiplier that de­
tects light as particles, but no, every instrument that has 
been designed to be sensitive enough to detect weak light 
has always ended up discovering the same thing: light is 
made of particles. 
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16 Chapter 1 

I am going to assume that you are familiar with the prop­
erties of light in everyday circumstances-things like, light 
goes in straight lines; it bends when it goes into water; when 
it is reflected from a surface like a mirror, the angle at 
which the light hits the surface is equal to the angle at whiil\-it

it leaves the surface; light can be separated into colors; you 
can see beautiful colors on a mud puddle when there is a 
little bit of oil on it; a lens focuses light, and so on. I am 
going to use these phenomena that you are familiar with 
in order to illustrate the truly strange behavior of light; I 
am going to explain these familiar phenomena in terms of 
the theory of quantum electrodynamics. I told you about 
the photomultiplier in order to illustrate an essential phe­
nomenon that you may not have been familiar with-that 
light is made of particles-but by now, I hope you are 
familiar with that, tool 

Now, I think you are all familiar with the phenomenon 
that light is partly reflected from some surfaces, such as 
water. Many are the romantic paintings of moonlight re­
flecting from a lake (and many are the times you got your­
self in trouble because of moonlight reflecting from a lake!). 
When you look down into water you can see what's below 
the surface (especially in the daytime), but you can also see 
a reflection from the surface. Glass is another example: if 
you have a lamp on in the room and you're looking out 
through a window during the daytime, you can see things 
outside through the glass as well as a dim reflection of the 
lamp in the room. So light is partially reflected from the 
surface of glass. 

Before I go on, I want you to be aware of a simplification 
I am going to make that I will correct later on: When I talk 
about the partial reflection of light by glass, I am going to 
pretend that the light is reflected by only the surface of the 
glass. In reality, a piece of glass is a terrible monster of 
complexity-huge numbers of electrons are jiggling about. 

ri 
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When a photon comes down, it interacts with electrons 
throughout the glass, not just on the surface. The photon 
and electrons do some kind of dance, the net result of which 
is the same as if the photon hit only the surface. So let me 
make that simplification for a while. Later on, I'll show you 
what actually happens inside the glass so you can under­
stand why the result is the same. 

Now I'd like to describe an experiment, and tell you its 
surprising results. In this experiment some photons of the 
same color-let's say, red light-are emitted from a light 
source (see Fig. 2) down toward a block of glass. A pho­
tomultiplier is placed at A, above the glass, to catch any 

FIGURE 2. An experiment to measure the 
partial reflection of light by a single surface 
of glass. For every I 00 photons thot leave the 
light source, 4 are reflected by the front surface 
and end up in the photomultiplier at A, while 
the other 96 are transmitted by the front sur­
f ace and end up in the photomultiplier al B. 

photons that are reflected by the front surface. To measure 
how many photons get past the front surface, another pho­
tomultiplier is placed at B, inside the glass. Never mind the 
obvious difficulties of putting a photomultiplier inside a 
block of glass; what are the results of this experiment? 

For every I 00 photons that go straight down toward the 
glass at 90', an average of 4 arrive at A and 96 arrive at B. 
So "partial reflection" in this case means that 4% of the pho­
tons are reflected by the front surface of the glass, while the 
other 96% are transmitted. Already we are in great diffi­
culty: how can light be partly reflected? Each photon ends 
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up at A or B-how does the photon "make up its mind" 
whether it should go to A or B? (Audience laughs.) That 
may sound like a joke, but we can't jusf-J,augh; we're going 
to have to explain that in terms of a theory! Partial reflec­
tion is already a deep mystery, and it ·was a very difficult
problem for Newton. · · 

There are several possible theories that you could make 
up to account for the partial reflection of light.by glass. 
One ofthem is that 96% of the surface of the glass is "holes" 
that let the light through, while the other 4% of the surface 
is covered by small "spots" of reflective material (see· Fig. 
3). Newton realized that this is not a possible explanation.' 
In just a moment we will encounter a strange feature of 
partial reflection that will drive you crazy if you try to stick 
to a theory of "holes and spots"-or to any other reasonable 
theory! · 

Another possible theory is that the ph�tons have some 
kind of internal mechanism-"wheels" and, "gears" inside 
that are turning in some way-so that when a· photon is 
"aimed" just right, it goes through the glass, and when it's 
no\ aimed right, it reflects. We can check this. tHeory by 
trymg to filter out the photons that are not aimed right by 
putting a few extra layers of glass between the source and 
the first layer of glass. After going through the filters, the 
photons reaching the glass should all be aimed right, and 

1 How did he know? Newton was a very great man: he wrote "Because 
I can polish glass." You might wonder, how the heck could he tCU that 
b�cause you can pO:li�h glass, it can't be holes and Spots? Newton polished 
his own lens�s and mirrors, and he knew what he was doing with polishing: 
he. was m�kmg scratches on the surface of a piece of glass with powders
of mcreasmg fineness. As the scratches become finer and finer the surface 
of the glass changes its appearance from a dull grey (becaus� the light is 
scattered by the large scratches), to a transparent clarity (because the 
�xtrem_ely fine scratches let the light through), thus he saw that it is
1mpos.s1ble to ��cept the proposition: that light can be affected by •very
small 1rregulant1es suc9 as scratches or:holes and spots; in fact, he found 
the contrary to be true. The finest scratches and therefore equally Small 
spots do not affect the light. So the holes and spots theory is no good. 
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none of them should reflect. The trouble with that theory 
is, it doesn't agree with experiment: even after going 
through many layers of glass, 4% of the photons reaching 
a given surface reflect off it. 

Try as we· might to invent a reasonable theory that can 

GLASS 

FIGURE 3. One theory to explain partial reflection by a
single surface involves a surface made up mainly of"holes" 
that let light through, with a few "spots" that reflect the light. 

explain how a photon "makes up its mind" whether to go 
through glass or bounce back, it is impossible to predict 
which way a given photon will go. Philosophers have said 
that if the same circumstances don't always produce the 
same results, predictions are impossible and science will 

, collapse. Here is a circumstance--identical photons are al­
ways coming down in the same direction to the same piece 
of glass-that produces different results. We cannot predict 
whether a given photon will arrive at A or B. All we can 
predict is that out of 100 photons that come down, an 
average of 4 will be reflected by the front surface. Does 
this mean that physics, a science of great exactitude, has 
been reduced to calculating only the probability of an event, 
and not predicting exactly what will happen? Yes. That's a 
retreat, but that's the way it is: Nature permits us to cal­
culate only probabilities. Yet science has not collapsed. 

While partial reflection by a single surface is a deep 
mystery and a difficult problem, partial reflection by two 
or more surfaces is absolutely mind-boggling. Let me 
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show you why. We'll do a second experiment, in which we 
will measure the partial reflection of ligh� by two surfaces. 
We replace, the block of glass with a vei;y thin sheet of 
glass--its two surfaces are exactly parallel. to each other­
?n� we �lace th': photomultiplier below the sheet of glass, 
m !me with the hght source. This time, phqtons can reflect 
from either the front surface or the back surfac� to end up 
at A; all the others will end up at B (see Fig. 4). We might 

Otol6 

B 100 to 84 

FIGURE 4. An experiment to measure the par­
tial reflection of light by two surfaces of glass, 

. Photons can get to the photomultiplier at A by 
reflecting off either the front surface or the back 
surface of the sheet of glass; alternatively, they 
could go _ through both surfaces and end. up hitting 
the photomult,pl,er at B. Depending on the thick­
ness of the glass, 0 to 16 photons out of every I 00 
g�t to the p_hotomultiplier at A. These results pose
difficulties f"; any reasonable theory,. including 
lhe one in Figure 3. It appears that partial.re­
flection can be "turned off" or "amplified'.' by the 
presence of an additional surface. 

expect the front surface to reflect 4% of the light and the 
back surface to reflect 4% of the remaining 96%, making a
total of about 8%. So we should find that out of every 100

photons that leave the light source, about 8 arrive at A. 
What actually happens under these carefully controlled 

experimental conditions is, the number of photons arriving 
at A is rarely ·8 out of 100. With some sheets of glass, we 
consistently get a reading of 15 or 16 photons--twice our 
expected result! With other sheets of glass, we consistently get 
only 1 or 2 photons. Other sheets of glass have a partial reflec­
tion of 10%; some eliminate partial reflection altogether! 
What can account for these crazy results? After checking 
the various sheets of glass for quality and uniformity, we 
discover that they differ only slightly .in their thickness. 
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To test the-idea that the amount of light reflected by two 
surfac�s depends on the thickness of the gla�s, let's do � 
series of experiments: Starting out with the thmnest possi­
ble layer of glass, we'll coun� how many photons hit, the
photomultiplier at A each time 100 photons Ie?ve th� hght

· source. Then we'll .replace the layer of glass with a. shgh�y
· thicker one and · inake new counts. After -repeatmg this

process a few dozen times, what are the results?
With the ·thinnest possible layer of glass, we find that the

number of photons arrivi_ng at A is nearly always ze:o­
sometimes it's 1. When we replace the thinnest layer with a
slightly thic.ker one, we find that the amount of light
reflected is higher-closer to the expected 8�. _After a frw
more replacements the count of photons arnvmg_ at A ,�­
creases past the 8% mark. As we continue to su�st_1tute sull
"thicker" layers of glass--we're up·to about 5 mtlhonths of
an· inch now-the amount of light reflected by the two sur­
faces reaches a maximum of 16%, and then goes down,
through 8%, back to zero-if the layer of glass is just the right
thickness, there is no reflection at all. (Do that with spots!) 

With gradually thicker and thicker layers of glass, partial 
reflection again increases to 16% and returns to zero-a 
cycle that repeats itself again and again (see Fig.�). Newton 
discovered these oscillations and did one experiment that 
could be correctly ·interpreted only if the oscillations_ contin­
ued for at least 34,000 cycles! Today, with lasers (which pr�­
duce · a vei:-y pure, ·monochromatic light), we can see th

'.
s 

cycle stiUgoing strong after more than 
_
100,000,000 repeti­

tions-which corresponds to glass that 1s more than 50 me­
ters thick.· (We don't see this phenomenon every �ay be­
cause the light source is normally not inonochromauc.) 

So it turns out that our prediction of 8% is right as an 
overall average (since the actual amount varies in a regu'.ar 
pattern from zero to 16%), but it's �xa�tl� right ?nly twice 
each cycle-like a stopped clock (which 1s nght twice a day). 
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How. can w.e explain this. strange feature of partial reflectionthat depends on the thickness of the gl�ss? How. can th front· surface reflect 4% of the· light (as 2onfirmed- · 
e •

fit · -- · mourrs ':xpen'.11ent) when, by putting a second surface at justthe right distance below., w.e can somehow. "turn off'' the

":flection? And by placing .that second sµrface at a slightlyd_iffe_rent depth, w.e can "amplify" the reflection up t;, 16% I Can it be that the back surface exerts some kind of inf! . .
or effect th b T f th . . . uence- on e a. i uy o e front surface to.reflect light?What if w.e put in a third surface? With a third surface, or any number of subsequ'ent sur­faces, the amount o_f partial reflection is again changed. Wefi?d ou_rselves. chasmg down .through surface after surfacew.uh this theory, wondering if w.e have finally reached the!,ast ?urtac�. Does a photon have to do. that in order todecide whether to reflect off the front surface> New.ton made some ingenious arguments conce�ning thisproblem,• but he .realized, ,in the end, that he had not yet_developed a satisfactory theory. 

"c;r��:���. iortunate for us that" Newton co:nvinced himself that light is' ecause we can see what a fresh and intelligent mind.looking
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For many years after Newton, partial reflection by two
surfaces was happily explained by a theory of waves,' but
when experiments were made wit!) very weak light hitting
photomultipliers, the wave theory "collapsed: as the light
got dimmer an.cl dimmer, the photomultipliers kept making
at this phenome�on of partial reflectior:i by two or more surfaces" has to 
go through to ti-y to explain it. (Those Who believed that light was waves
never had to wrestle with it.) Newton argued as follows: Although light
appears to be reflected from the first surface, it caQ.not be reflected (rom 
that surface. Ifit were, then how could light reflected from the first surface
be captured again when the thickness is such that there was supposed to 
be no reflc:;ction at all? Then light must be reflected from the. seCond 
surface. But to account for the fact that the thickness of the glass deter­
mihes the amount Of partial reflection, Newton proposed this idea: Light 
strjking the _first surf�ce se� off a kind of wave or field that travels aloilg
with the light and predisposes it to reflect or not reflect off the second 
surface. He called this process "fits of easy reflection or easy transmission"
that occur in cycles, depending on the thickness of the glass. 

There are two difficulties with this idea: the . first is the effect of addi­
tiorial Surface�ach new surface affects the reflection-which I described 
in the text. The other problem is that light certainly reflects off a lake,
which doesn't have a._second surface, so light mu.rt be reflecting off the
front surface. In the c3.se of single surfaces, Newton said that light had
a predisposition to reflect. Can we have a theory in which the light knows
what_ kind of surface it is_ hitting, and whether it is the only surface? 

Newton didn't emphasize these difficulties with his theory of "fits of
reflection and transmissiori.," even though it is clear that he kne"w his theory
was not satisfactory. In Newton's time, difficulties with a theory were dealt
with briefly and glossed over-a different-style from what we are used to 
in science today, where we point out the places where our own theory 
doesn't fit the observations of experiment. I'm not trying to say anything
against Newton; I j1,1st want to say something in favor of how we com-
municate with each o�er in science today. 

s This idea made use of the fact that waves can combine or cancel out,
and the calculations based on this model matched the results of Newton's
experiments, as well as those done for hundreds of years afterwards. But
when instruments were developed that were sensitive enough to detect a 
single. pl].oton, the w:ave theory predicted that the "clicks'_'of the photo­
ml,lltiplier would get so_fter and softer, whereas they stayed at full
strength-they just occurred less and less often. No reasonable model 
could explain this fact, so there was a p�riod for a while in which you
had to be clever: You had to know which experiment you were analyzing
in Qrder to tell if light was waves or particles. This state of confusion was
called. the "wave-particle duality'' of light, and_ it was jokingly said by
somC:oll.e _ t_hat light was waves on Mondays, Wednesdays, and Fridays; it
was. particles on Tuesdays, Thursdays, and Saturdays, and on Sundays,
we thiiik about it! It is the purpose of these lectures co tell you how this
puzi.le was finally "resolved." 

full-sized clicks-there were just fewer of them. Light be-
haved .as particles. I
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