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I\_/Iaster, William Shakespeare,” containing the well-known
ines:

“He was not of an age, but for all time.”

“And though thou hadst small Latin and less Greek,
From thence to honor thee, I would not seek

For names, but call forth thundering Aeschylus,
Euripides and Sophocles,...

To live again, to hear thy buskin tread.”

“Nature herselfwes F)roud of his designs,

And joyed to wear the dressing of his lings, ...
Yet | must not give Nature all: Thy art,

My %entle Shakespeare, must enjoy a part.
For though the poet’s matter nature be,

His art does give the fashion; and, that he
Who casts to write a living ling, must sweat,...
For a good poet’s made, as well as born.”

What have Jonson and Shakespeare to do with Richard
Feynman? Simply this. | can say asJonson said, “I did love
this man this side idolatry as much as any.” Fate gave me the
tremendous luck to have Feynman as a mentor. | was the
learned and scholarly student who came from England to
Cornell University in 1947 and was immediately entranced
by the slapdash genius of FeYnman. With the arrogance of

outh, 1 decided that I could play Jonson to Feynman’s

hakespeare. | had not expected to meet Shakespeare on
American soil, but I had no difficulty in recognizing him
when | saw him. _

Before | met Feynman, | had published a number of math-
ematical papers, full of clever tricks but totally lacking in im-
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Foreword

Luckily, the documents that provide evidence of Feyn-
man’s life and thoughts are not so scanty. The present vol-
ume is a collection of such documents, giving us the authen-
tic voice of Feynman recorded in his lectures and occasional
writings. These documents are informal, addressed to general
audiences rather than to his scientific colleagues. In them we
see Feynman as he was, always playing with ideas but always
serious about the things that mattered to him. The things that
mattered were honesty, independence, willingness to admit
ignorance. He detested hierarchy and en[[oyed the friendship
of people in all walks of life. He was, like Shakespeare, an
actor with a talent for comedy. _

Besides his transcendent passion for science, Feynman had
also a robust aPpetne for jokes and ordinary human plea-
sures. A week after | got to know him, | wrote a letter to mr
Barents in England describing him as “half genius and half

uffoon.” Between his heroic st_rug?l_es to understand the laws
of nature, he loved to relax with friends, to play his bongo
drums, to entertain everybody with tricks and stories. In this
too he resembled Shakespeare. Out of Wilson’s book | take
the testimony ofJonson: N o

“When he hath set himself to writing, he would join night
to day; press upon himselfwithout release, not minding it till
he fainted: and when he left off, remove himself into all
sports and looseness again; that it was almost a despair to
draw him to his book: hut once got to it, he grew stronger
and more earnest by the ease.”

That was Shakespeare, and that was also the Feynman |
knew and loved, this side idolatry.

_ FreemanJ. Dyson
Institute for Advanced Study
Princeton, New Jersey
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Editor’s Introduction

human society. And like all great scientists, Feynman loved
sharing his wonder of nature’s laws with colleagues and lay-
persons alike. Nowhere is Feynman’s passion for knowledge
more clearly displayed than in this collection of his short
works (most previously published, one unpublished).

The best way to appreciate the Feynman mystique is to
read this book, for here you will find a wide range of topics
about which Feynman thought deeply and discoursed so
charmingly, not only physics-in the teachlr]? ofwhich he was
surpassed by no one-but also reI|Tg|on, philosophy, and aca-
demic stage fright; the future of computing, and of nan-
otechnology, ofwhich he was the first pioneer; humility, fun
in science, and the future of science and civilization; how
budding scientists should view the world; and the tragic bu-
reaucratic blindness that led to the Space Shuttle Challenger
disaster, the headline-making report that made “Feynman” a
household word, _ _ _
~ Remarkably, there is very little overlap in these pieces, but
in those few_BIaces where a story is repeated in another piece,
| took the liberty of deleting one of the two occurrences to
spare the reader needless repetition. | inserted ellipses (...) to
indicate where a repeated “gem” has been deleted.

Feynman had a very casual attitude toward proper gram-
mar, as clearly shows in most of the pieces, which were tran-
scribed from spoken lectures or interviews. To maintain the
Feynman flavor, therefore, 1 generally let stand his ungram-
matical turns of phrase. However, where poor or sporadic
transcription made a word or phrase incomprehensible or
awkward, | edited it for readability. I believe that the result is
virtually unspoiled, yet readable, Feynmanese.

Acclaimed during’ his lifetime, révered in memory, Feyn-
man continues to be a source of wisdom to people from all
walks of life. I hope this treasury of his best talks, interviews,
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The Pleasure of Finding Things Out

cousin then, “What’re you trying to do?” You know, | hear
him talkln%about -He says, “Whatdo  know—<-+ 71is
equal to 15" he says “and you’re trying to find out what -
is.” 1 says, “You mean 4.” He says, “Yeah, but you did it with
arithmetic, you have to do it bY algebra,” and that’s why my
cousin was never able to do algebra, because he didn’t un-
derstand how he was supposed to do it. There was no way. |
learnt algebra fortunately bg/ not going to school and know-
ing the whole idea was to find out what - was and it didn’t
make any difference how you did it-there’sno such thing as,
you know, you do it b% arithmetic, you do it by algebra-that
was a false thing that they had invented in school so that the
children who have to study algebra can all pass it. They had
invented a set of rules which if you followed them without
thinking could produce the answer: subtract 7 from both
sides, ifyou have a multiplier divide hoth sides by the mul-
tiplier and so on, and a series of steps bﬁ which you could
?etdthe answer ifyou didn’t understand what you were trying
0 do.
There was a series of math books, which started *

3 andthen’ % . 3and
then % _ 3 and | learned trigon-
ometry for the practical man from that. I soon forgot it again
because | didn’t understand it very well but the series was
coming out, and the library was going to get

and | knew by this time by reading the H
" that calculus was an important subject and it was an
mterestm%_one and | ought to learn it. I was older now, I was
perhaps thirteen; and then the calculus book finally came out
and | was so excited and | went to the library to take it out
and she looks at me and she says, “Oh, you're just a child,
what are you taking this book out for, this book is a [book for
adults].” So this was one of the few times in my life 1 was un-
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comfortable and I lied and 1 said it was for my father, he se-
lected it. So | took it home and I learnt calculus from it and
| tried to explain it to my father and he'd start to read the be-
gmnmP of it and he found it confusing and it really bothered
me a little bit. | didn’t know that he was so limited, you
know, that he didnt understand, and I thought it was rela-
t|veIK simple and straightforward and he didn’t understand it.
So that was the first time | knew | had learnt more in some
sense than he.

+ +

One of the things that my father taught me hesides physics
(LAUGHS), whether it's correct or not, was a disrespect for re-
spectable ... for certain kinds of things. For example, when |
was a little boy, and a rotogravure-that’s Ermted glctures In
newspapers-first came out In the New York Times, he used to
sit me again on his knee and he'd ogen a picture, and there
was a picture of the Pope and ever odK bowing in front of
him. And he’d sa%/, “Now look at these humans. Here is one
human standing here, and all these others are bowing. Now
what is the difference? This one is the Pope™-he hated the
Pope anyway-and he’d sa%/, “the difference is epaulettes™o f
course not in the case of the Pope, but if he was a general—t
was always the uniform, the position, “but this man has the
same human problems, he eats dinner like anybody else, he
goes to the bathroom, he has the same kind of Iproble_ms N
ever bodr, he’s a human being. Why are they all bowing to
him? Only because of his name and his position, because of
his uniform, not because of something special he did, or his
honor, or something like that.” He, bﬁ the way, was in the
uniform business, so he knew what the difference was be-
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The Pleasure o fFinding Things Out

Invitation to the Bomb

[ While working on his PhD thesis, Feynman was asked tojoin the
project to develop the atomic bomb.] It was a completely differ-
ent kind of a thing. It would mean that [ would have to stop
the research in what | was doing, which is my life’s desire, to
take time off to do this, which | felt I should do in order to
protect civilization. Okay? So that was what | had to debate
with myself. My first reaction was, well, I didn’t want to get
interrupted in my normal work to do this odd job. There was
also the problem, of course, of any moral thing involving
war. | wouldn’t have much to do with that, but it kinda
scared me when | realized what the weapon would be, and
that since it might be possible, it must be possible. There was
nothing that | knew that indicated that ifwe could do it they
couldn’t do it, and therefore it was very important to try to
cooperate. N _

[In earI6V1943 Feynman joined Oppenheimer’ team at Los
Alamos.] With regard to moral questions, | do have some-
thing 1 would like to say about it. The original reason to start
the project, which was that the Germans were a danger,
started me off on a process of action which was to try to de-
velop this first system at Princeton and then at Los Alamos,
to try to make the bomb work. All kinds of attempts were
made to redemﬁ_n it to make it a worse bomb and so on. It was
a project on which we all worked verr, very hard, all co-oper-
atmE together. And with anK project like that you continue to
WOrk trying to Fet success, having decided to do it. But what
| did-immorally I would say-was to not remember the rea-
son that | said | was doing it, so that when the reason
changed, because Germany was defeated, not the singlest
thought came to my mind at all about that, that that meant
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The Nobel Prize—Was It Worth It?

[Feynman was awarded a Nobel Prizefor his work on quantum elec-
trodynamics.] What | essentially did-and also it was done in-
dependently by two other people, [Sinitiro] Tomanaga in
Japan and fjuhan] Schwinger-was to figure out how to con-
trol, how to analyze and discuss the orlgmal quantum theor
of electricity and magnetism that had been written in 1928;
how to interpret it so as to avoid the infinities, to make cal-
culations for which there were sensible results which have
since turned out to be in exact agreement with every experi-
ment which has been done so far, so that quantum electro-
d?/namlcs fits experiment in every detail where it’s applica-
ble—not involving the nuclear forces, for instance-and It was
the work that | did in 1947 to figure out how to do that, for
which | won the Nobel Prize.

[BBC: Was it worth the Nobel Prize?] As a (1aughs) ... |
don’t know anything about the Nobel Prize, 1 don’t under-
stand what it’sall about or what’sworth what, but if the peo-
R}e in the Swedish Academy decide that X,y, or z wins the

obel Prize then so be it. 1 won't have anything to do with
the Nobel Prize ... it's a pain in the ... (LAUGHS). I don't
like honors. 1 appreciate it for the work that 1 did, and for
people who appreciate it, and 1 know there’s a lot of physi-
cists who use my work, 1 don’t need anything else, I don’t
think there’s any sense to anything else. 1 don't see that it
makes any ﬁpmt that someone in the Swedish Academy de-
cides that tnis work is noble enou%h to receive a prize—'ve
already got the prize. The prize is the pleasure of finding the
thing out, the kick in the discovery, the observation that
other people use it [my work]-those are the real things, the
honors are unreal to me. 1 don’t believe in honors, it both-
ers me, honors bother, honors is epaulettes, honors is uni-
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Lorrtns. My papa brought me up this way. I can't stand it, it
urts me.

When | was in high school, one of the first honors | got
was to be a member of the Arista, which is a group of kids
who got good grades-eh?-and everybody wanted to be a
member of the Arista, and when | got into the Arista | dis-
covered that what they did in their meetings was to sit
around to discuss who else was worthy to join this wonder-
ful group that we are—ekay? So we sat around trying to de-
cide who it was who would %et to be allowed into this
Arista. This kind of thmg bothers me psychologilcally for
one or another reason I don’t understand myself-honors-
and from that day to this [it] always bothered me. When |
became a member of the National Academy of Sciences, |
had ultimately to resign because that was another organiza-
tion most of whose time was spent in choosing who was il-
|ustrious enough to join, to be allowed to join us in our or-
ganization, including such questions as [should] we
physicists stick together because they've a very good chemist
that they’re trying to get in and we haven't got enou%h
room for so-and-so. What’s the matter with chemists? The
whole thing was rotten because its purpose was mostly to
decide who could have this honor-okay? I don't like hon-
ors,

3%
Ki - ?C !
& %(mewaﬁ, that’s kind of
a fon analogy in trying to get some idea of what we’re doing

in trying to understand nature, is to imaqine that the gods
are playing some great ﬁame like chess, let’s say, and you
don’t know the rules ofthe game, but you're allowed to look
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Computing Machines in the Future

ENERGY UJE

by putting on the brakes. BK turning on the engine and then
putting on the brakes, each time you lose power. Another
way to arrange things for a car would be to connect the
wheels to flywheels. Now when the car stops, the flywheel
speeds up, thus saving the energy—t can then be recon-
nected to start the car again. The water analog of this would
be to have a U-shaped tube with a valve in the center at the
bottom, connecting the two arms of the U gFlg._Z). We start
with it full on the right but empty on the left with the valve
closed. If we now open the valve, the water will slip over to
the other side, and we can close the valve again, just in time
to catch the water in the left arm. Now when we want to go
the other way, we open the valve again and the water slips
back to the other side and we catch it again. There is some
loss and the water doesn’t climb as high as it did before, but
all we have to do isto put a little water in to correct the loss-
amuch smaller energy loss than the direct fill method. This
trick uses the inertia of the water and the analog for electric-
ity is inductance. However, it is very difficult with the silicon
transistors that we use today to make up inductance on the
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a larger machine that is practical and from which we could

still reduce the ener%y loss. o o
For a transistor, the energy loss multiplied ?e/ the time it

ig. 4):
1 the thermal energy proportional to temperature,

takes to operate is a product of several factors

2. the length of the transistor between source and
drain, divided b){ the velocity of the electrons in-
side (the thermal velocity 'I'kT/m)\

3. the length of the transistor in units of the mean
free path for collisions of electrons in the transis-
tor;

4. the total number of the electrons that are inside
the transistor when it operates.

Puttin% in appropriate values for all of these numbers tells
us that the energy used in transistors today is somewhere be-
tween a billion to ten billion or more times the thermal en-
ergy KT. When the transistor switches, we use that much en-
ergy. This is very large amount of energy. It is obviously a
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Computing Machines in the Future

is only 1043, so there will be no error produced by thermal
oscillations whatsoever in 30 years. Ifyou don’t like that, use
2.5 volts and then the probability gets even smaller. Long be-
fore that, real failures will come when a cosmic ray acciden-
tally goes through the transistor, and we don’t have to be
more perfect than that, _ _

However, much more isin fact possible and | would like to
refer you to an article in a most recent Scientific American by
C. H. Bennett and R. Landauer, “The Fundamental Physical
Limits of Comi)utatlon.”*lt I possible to make a computer
in which each element, each transistor, can qo forward and ac-
cidentally reverse and still the computer will oBerate. All the
operations in the computer can qo forward or backward. The
computation proceeds for a while one way and then it un-
does itself, “uncalculates,” and then goes forward a%am and
so on. Ifwe just pull it along a little, we can make this com-
puter go through and finish the calculation by making it just
a little bit more I|kelr that it goes forward than backward.

It is known that all possible computations can be made by
putting together some simple elements like transistors; or, If
we want to be more logically abstract, something called a
NAND gate, for example (NAND means NOT-AND). A
NAND gate has two “wires” in and one out (Fig. 6). Forget
the NOT for the moment. What is an AND gate? An AND
giate Is a device whose o_utgut is 1 only ifboth Input wires are

, Otherwise its output is 0. NOT-AND means the opposite,
thus the output wire reads 1 (i.e., has the voltage level corre-
sponding to lLunIess both input wires read 1, if both input
wires read 1, then the output wire reads 0 (i.e., has the volt-
age level corresponding to 0). Figure 6 shows a little table of
inputs and outputs for such a NAND gate. A and B are in-

*Sci, Am. July 1985; Japanese Transl.—SAIENSU, Sept. 1985. Ed.









Brownian motion that it has made. So our computer will
compute provided we apply a drift force to pull the thing
across the calculation. Although it is not doing the calcula-
tion in a smooth way, nevertheless, calculating like this, for-
ward and backward, it eventually finishes the job. Aswith the
particle in the gas, if we pull it very slightly, we lose very lit-
tle energy, but 1t takes a long time fo get to one side from the
other. ITwe are in a hurry, and we pull hard, then we lose a
lot of energy. It is the same with this computer. 1fwe are pa-
tient and go slowly, we can make the computer operate with
practically no energy loss, even less than kT ﬁer_ step, any
amount & small as you like if you have enough time. But If
you are in a hurry, you must dissipate ener?y,_ and again it’s
true that the ene_rgiy lost to pull the calculation forward to
complete it multiplied by the time you are allowed to make
the calculation is a constant.

With these possibilities in mind, let’s see how small we can
make a computer. How big must a number be? We all know
we can write numbers in base 2 as strings of “hits,” each a one
or a zero. And the next atom could be a one or a zero, so a lit-
tle string of atoms are enough to hold a number, one atom for
each bit. (Actually, since an atom can have more than just two
states, we could use even fewer atoms, but one per bit is little
enou%h!) So, for intellectual entertainment, we consider
whether we could make a computer in which the writing of
bits is of atomic size, in which a bit is, for example, whether
the spin in the atom is up for L or down for 0. And then our
“transistor,” which changes the bits in different places, would
correspond to some interaction between atoms which will
change their states. The simplest example would be if a kind
of 3-atom interaction were to be the fundamental element or
gate in such a computer. But again, the device won't work
right ifwe design it with the laws appropriate for large objects.
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Computing Machines in the Future

might think that what | am talking about is impractical, but |
don’t believe so. When | am talking about atoms, | believe
that someday we will be able to handle and control them in-
dividually. There would be so much energy involved in the
guark interactions that they would be very dangerous to han-
le because of the radioactivity and so on. But the atomic en-
ergies that | am talkm(]] about are very familiar to us in chem-
ical energies, electrica ener?Jes, and those are numbers that
are within the realm of reality, I believe, however absurd it
may seem at the moment. _ _
You said that the smaller the computing element is the
better. But, | think equipment has to be larger, because. . .

A: You mean that your finger is too big to push the but-
tons? IS that what you mean?

Q) Yes, 1t Is. _ _ _

A: Of course, you are right. | am talking about internal
computers perhaps for robots or other devices. The input and
output is something that | didn’t discuss, whether the input
comes from looking at pictures, hearing voices, or buttons
being pushed. | am discussing how the computation is done
in principle and not what form the output should take, It is
certainly true that the input and the output cannot be reduced
in most cases effectively beyond human dimensions. 1t is al-
ready too difficult to push the buttons on some of the com-
puters with our bl% Ingers. But with elaborate computing
problems that take hours and hours, they could be done very
rapidly on the very small machines with low energy con-
sumption. That’s the kind of machine | was thinking of. Not
the simple applications of adding two numbers hut elaborate
calculations. .

Qj I would like to know your method to transform the in-
formation from one atomic scale element to another atomic
scale element. If you will use a quantum mechanical or nat-
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reverse, or sum them or do lots of things that we cannot do. On
the other hand, if I look at a face, in a glance I can tell you who
it is if | know that person, or that I don’t know that person, We
do not yet know how to make a computer system so that if we
give it a pattern of a face it can tell us such information, even
If it has seen many faces and Yo_u have tried to teach it.

Another interesting example is chess playing machines. It is
quite a surprise that we can make machines that play chess bet-
ter than almost everybody in the room. But they do it by try-
ing many, many possibilities. If he moves here, then I could
move here, and he can move there, and so forth. They look at
each alternative and choose the best. Computers look at mil-
lions of alternatives, but a master chess player, a human, does
it differently. He recognizes patterns. He looks at only thirty
or fortY positions before dec!dm? what move to make. There-
fore, although the rules are simpler in Go, machines that play
Go are not very good, because in each position there are too
mani possibilities to move and there are too many things to
check and the machines cannot look deeply. Therefore the
problem of recognizing patterns and what to do under these
circumstances is the thing that the computer engineers (they
like to call themselves computer scientists) still find very diffi-
cult. It is certainly one of the important things for future com-
R/Lljters, perhaps more important than the things 1 spoke about,

ake a machine to play Go effectively!

Q [ think that any method of computation would not he
fruitful unless it would give a kind of provision on how to
compose such devices or programs. | thought the Fredkin
paper on conservative logic was very intriguing, but once |
came to think of making a simple program using such de-
vices | came to a halt because thinking out such a ﬁrogram
is far more complex than the program itself. I think we
could easily get into akind of infinite regression because the
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process of making out a certain program would be more
complex than the program itselfand in trrlng to automate
the process, the automating Frogram_wou d be much more
complex and so on, especially in this case where the pro-
?ram is hard-wired rather than being seﬁarated as a software,
t_thmk it is fundamental to think of the ways of composi-
jon.

" We have some different experiences. There is no infi-
nite regression: It stops at a certain level of complexity. The
machine that Fredkin ultimately is talking about and the one
that | was talking about in the quantum mechanical case are
both universal computers in the sense that they can be pro-
grammed to do various jobs. This is not a hard-wired pro-
gram. They are no more hard-wired than an ordinary com-
puter that you can put information in-the Erogram IS a part
of the input—and the machine does the problem that it is as-
signed to do. It is hard-wired but it is universal like an ordi-
nary computer. These things are very uncertain but I found
an al?onthm._ If you have a program written for an irre-
versible machine, the ordinary program, then | can convert
it to a reversible machine program by a direct translation
scheme, which is very inefficient and uses many more steps.
Then, in real situations, the number of steps can be much
less. But at least | know that | can take a program with 2
steps where it is irreversible, convert it to 3 steps of a re-
versible machine. That is many more steps. | did it very in-
efficiently since I did not try to find the minimum-just one
way of doing it. I don’t really think that we’ll find this re-
gretss;on that'you speak of, but you might be right. I am un-
certain.

,JWon't we be sacrificing many of the merits we were ex-
pecting of such devices, because those reversible machines
run so slow? | am very pessimistic about this point.



4
0$ 063 *
, 4 ;4
4 *
?
L
.
J7



(0]
Computing Machines in the Future

A: That was my exact point. There is no further limitation
due to guantum mechanics. One must distinguish carefully
between the energy lost or consumed irreversibly, the heat
generated in the operation of the machine, and the energy
content of the moving parts which might be extracted again.
There is a relationship between the time and the ener%y
which might be extracted again. But that energy which can be
extracted again is not ofan% importance or concern. It would
be like asking whether we should add the me2, the rest energy,
of all the atoms which are in the device. I only speak of the
energy lost times the time, and then there is no limitation.
However, it is true that if you want to make a calculation at a
certain extremelﬁ high speed, you have to supply to the ma-
chine parts which move fast and have energ?/, but that energy
is not necess_anlr lost at each step of the calculation; it coasts
through by inertia. _ _ _

A (to no QJ: Could Ijust say with regard to the question
of useless ideas, I'd like to add one more. | waited, if you
would ask me, but you didn’t. So I will answer it anyway.
How would we make a machine of such small dimensions
that we have to put the atoms in special places? Today we
have no machinery with moving parts whose dimension Is ex-
tremely small, at the scale of atoms or hundreds of atoms
even, but there is no physical limitation in that direction el-
ther. There is no reason why, when we lay down the silicon
even today, the pieces cannot be made into little islands so
that they are movable. We could also arrange small jets so we
could squirt the different chemicals on certain locations. \We
can make machinery which is extremely small. Such machin-
ery will be easy to control by the same kind of computer cir-
cuits that we make. Ultimately, for fun again and intellectual
pleasure, we could imagine machines as tiny as a few microns
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across, with wheels and cables all interconnected by wires, sil-
icon connections, so that the thing as a whole, a very large de-
vice, moves not like the awkward motions of our present stiff
machines but in the smooth way of the neck of a swan, which
after all is a lot of little machines, the cells all interconnected
and all controlled in a smooth way. Why can’t we do that

ourselves?



%
$ & |

' % % Mo . 6
F 6 G' % % :
' % °0 $ . % .6 )
)) % "1 I
62. ™ A [ 3
. %
% . " 5 %%% 3 -
" % | $7
= 4 J 8
D 7 E
* 8
* 8
* *
G 46
7 M
M; G
0%/ =8
7 & $ 0%) G
<



54
The Pleasure of Finding Things Out

knew somebody up in some higher echelon of governmental
organization or something, people who were worried about
some big decision. I worried about no big decisions. I was al-
ways flittering about underneath somewhere. | wasn't the ab-
solute hottom. As it tumns out | did sort of%et up a few steps,
but I wasn't one of the higher people. So | want you to put
yourselfin a different kind of condition than the introduction
said and just imagine this young graduate student who hasn’t
got his degree yet, who is working on his thesis. I'll start by
saying how | got into the project, and then what happened to
me. That’s all, just what happened to me during the project.

| was working in my office’ one day, when Bob Wilsont
came in. | was working-[laughter] what the hell, I've got lots
funnier yet; what are gou laughing at?-Bob Wilson came in
and said that he had been funded to do a job that was a se-
cret and he wasn't supposed to tell anybodY, but he was going
to tell me because he knew that as soon as 1 knew what he was
going to do, I'd see that | had to go along with it. So he told
me about the problem of separating different isotopes of ura-
nium. He had to ultimately make a bomb, a frocess for sep-
arating the isotopes of uranium, which was different from the
one which was Ultimately used, and he wanted to try to de-
velop it. He told me about it and he said there’s a meet-
ing. .. I'said I didn’t want to do it. He said all right, there’s a
meeting at three o’clock, I'll see you there. I said it’s all naht
gou told me the secret because I'm not going to tell anybody,
ut I'm not going to do it. So | went back to work on my the-
sis, for about three minutes. Then | began to pace the floor
and think about this thing. The Germans had Hitler and the*

*at Princeton University.
fRobert Wilson, winner (with Amo Penzias) of the 1978 Physics Nobel
Prize for discovering the cosmic microwave background radiation. Ed.
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possibilit_%_qf develoging an atomic homb was obvious, and
the possi |I|t¥ that they would develop it before we did was
very much of a fright. 'So | decided to go to the meeting at
three o’clock. By four o’clock I already had a desk in a room
and was trying to calculate whether this particular method
was limited by the total amount of current that you can get
in an ion beam, and so on. I won't go into the details. But |
had a desk, and I had paper, and I'm working hard as | could
and as fast as I can. The fellows who were building the appa-
ratus planned to do the experiment right there. And it was
like those moving pictures where you see a piece of equip-
ment go bruuuup, bruuuup, bruuuup. Every time I’d look up
the thing was getting bigger. And what was happening, of
course, was that all the boys had decided to work on this and
to stop their research in science. All the science stopped dur-
ing the war except the little bit that was done in Los Alamos.
|t was not much science; it was a lot of engineering. And they
were robbln? their equipment from their research, and all the
equipment from different research was being put together to
make the new apparatus to do the experiment, to try to sepa-
rate the isotopes of uranium. | stopped my work also for the
same reason. It is true that | did take a six-week vacation after
awhile from that job and finished writing my thesis. So I did
get my degree just before I got to Los Alamos, so | wasn'’t
quite as far down as | led you to believe,.

~ One of the first experiences that was very interesting to me
in this project at Princeton was to meet great men. | had never
met very many %reat men before. But there was an evaluation
committee that had to decide which war_we were going and to
try to help us along, and to help us u t|_matel¥ ecide which
way we were going to separate the uranium. This evaluation
committee had men like Tolman and Smyth and Urey and
Rabi and Oppenheimer and so forth on it. And there was
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much for water-so he simply stood around and decided how
much water, how much gas and so on, and told them to start
building the laboratories. And he came back to us-we were
all ready to go, you see—and Oppenheimer was having some
difficulties in discussing some problems with Groves and we
were getting impatient. As far as | understand it from the po-
sition | was in, Wilson then called Manley in Chicago and
they all got together and decided we’d go out there anyway,
even if it wasn't ready. So we all went out to Los Alamos be-
fore it was ready. We were recruited, by the way, by Oppen-
heimer and other people and he was very Batlent with every-
body; he paid attention to everybody’s problems. He worried
about my wife, who had TB, and whether there would be a
hospital out there and everything, and it was the first time |
met him in such a personal wah/ and he was such a wonderful
man. We were told among other things, for example, to be
careful. Not to buy our train ticket In Princeton. Because
Princeton was a very small train station, and if everybody
bou?ht train tickets to Albuquerque, New Mexico, there
would be suspicion that something was up. And so every-
body hought their tickets somewhere else, except me, because
| figured if everybody hought their tickets somewhere
else. ... So when I'went to the train station and | said | want
to go to Albuquerque, New Mexico, he says, oh, he says, so
all this stuff is forjyoul We had been shipping out crates full
of counters for weeks and expecting they didn’t notice that
the address was Albuquerque. So at least | explained why it
was that we were shipping out crates— was going out to Al-
buquerque. _ _

Well, when we arrived we were ahead of time and the
houses for the dormitories and things like that were not
ready. In fact, the laboratories weren’t quite ready. We were
pushing them, we were driving them by coming down ahead



%



60
The Pleasure of Finding Things Out

ings were ready, and apparatus was ready, so they just built the
buildings, or assisted in building the buildings. The theoreti-
cal physicists, on the other hand, it was decided that they
wouldn't live in the ranch houses, but they would live up at
the site because they could start working right away. So we
started working immediately, and that meant that we would
each get a roll blackhoard, you know, on wheels that you'd roll
around, and we’d roll it around and Serber would explain to
us all the things that they’d thought of in Berkeley about the
atomic bomb, and nuclear physics and all these things, and |
didn’t know very much about it. I had been doing other kinds
ofthings. And so I had to do an awful lot of work. Every day
| would study and read, studY and read, and it was a very hec-
tic time. | had some luck. All the b|g shots had by some kind
of accident-everybody but Hans Bethe-happened to have
left at the same time; like Weisskopf had to go back to fix
something at MIT, and Teller was away, just at a certain mo-
ment, and what Bethe needed was someone to talk to, to push
his ideas against. Well, he came to this little squirt in an office
and he starts {0 argue, t0 explain his idea. | said, “No, no,
you're crazy, it'll go like this.” And he said, “Just amoment,”
and he explained how he’s not crazy, that I'm crazr, and we
keep on going like this. It turned out that, although [-you see,
when | hear about physics | just think about physics and |
don’t know who I'm talking to and I say the dopiest things
like no, no, you're wrong or you're crazy-but it tumned out
that’s exactl?/ what he needed. So | got a notch up on account
of that and | ended up as a giroup leader with four quys under
me, which is underneath Bethe. _ _

| had a lot of interesting experiences with Bethe. The first
day when he came in, we had an adding machine, a Marchant
that you work with your hands, and so he said “Let’s see, the
pressure™the formula which he’d been working out involves
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the pressure squared—the pressure is 48; the square of
48. .. | reach for the machine; he says it's about 23 hun-
dred. So | plugI it out just to find out. He says, “You want to
know exactly? 1t's 2,304.” And so it came out 2,304. So | said,
“How do you do that?” He sags, “Don’t you know how to
take squares of numbers near 507 If it’s near 50, say 3 below,
then it’s 3 below 25, like 47 squared is 22. And how much is
left over is the square of what’s residual. For instance, with
your 3 less you get 9-2,209 from 47 squared. Very nice, OK?”
S0 we (he was very good at arithmetic) kept on gom? and a
few moments later we had to take the cube root of 2\. Now,
to do cube roots there was a little chart that you take that had
some trial numbers that %/ou try on the adding machine that
the Marchant Company had given us. So (this takes him a lit-
tle longer, you see) I opened the drawer, take out the chart,
and he says “1.35.” So I figured there is some way to take cube
roots numbers near 2|, but it turns out no. I said, “How do
you do that?” He says, “Well." he says “you see the logarithm
0f 2.5 is s0-and-so; you divide bK_B t0 get the cube root of so
and so. Now, the log of 13 is this, the log of 14 is ... I in-
terpolate in between.” I couldn’t have divided anything by
three, much less ... So he knew all his arithmetic and he was
very good at it and that was a chaIIenEe to me. | kept ﬁracnc-
|n?. e used to have a little contest. Every time we’d have to
calculate anything we'd rush to the answer, he and I, and |
would win: after several years | began to be able to do it, you
know get in there once, maybe one out of four. Of course
%ou’d notice something funny about a number like if you

ave to multiply 174 by 140, for example. You notice that 173
by 141 which is like the square root of 3, times the square root
0f2, which is the square root of 6, which is 245. But you have
to notice the numbers, you see, and each guy would notice a
different way-we had lots of fun.
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My wife died in Albuquerque and I 'had to go down. | bor-
rowed Fuchs’ car; he was a friend of mine in the dormitory.
He had an automabile. He was using the automobile to take
the secrets away, you know, they went down to Santa Fe. He
was the spy; | didn’t know that. 1 borrowed his car to go to
Albuguerque. The damned thmg ?ot three flat tires on the
way. | came back from there and I'went into the room, be-
cause | was supposed to be supervising eve%/th!n%,_ but |
couldn’t do it for three days. It was in this 3 this hig rush
to get the answer for the test that was going to be done In the
desert. | go into the room and there are three different color
cards. There’s white cards, there’s blue cards, there’s yellow
cards and | start to say, “Well, you're not sugposed to do
more than one problem-only one problem!” T e%_sald, “Get
out, %et out, %et out. Wait, we’ll explain everything.” So |
waited, and what happened was this. As theﬁl went through,
sometimes the machine made a mistake or they put a wrong
number in; that hagpened. What we used to have to do was
to go back and do that over again. But they noticed this, that
the deck represented Xos!tlons and depth In the machine, in
space or something. A mistake made here, in one cKcIe, only
affects the nearby numbers, the next cycle affects the nearby
numbers, and so on. It works its way through the pack of
cards. If)éou_have fn‘tg cards and you make a mistake at card
number 39, it affects 37, 38, and 39. The next card 36, 37, 38,
39, and 40. The next time it spreads like a disease. So they
found an error, back away, and they got an idea. They would
only compute a small deck, of ten cards, around the error.
And because ten cards could be put through the machine
faster than the deck of fifty cards, they would go with this
other deck rapidly through while they continued with the
fifty cards with the disease spreading. But the other thing was
computing faster and they would seal it all up and correct it.
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trology is right. It might be true that ifyou go to the dentist
on the day that Mars Is at right angles to Venus, that it is bet-
ter than ifyou go on a different day. It might be true that you
can be cured by the miracle of Lourdes. But if it is true it
ought to be investigated. Why? To improve it. Ifit is true then
maybe we can find out if the stars do influence life; that we
could make the system more powerful by investigating statis-
tically, 50|ent|f|caII?{ judging the evidence objectively, more
carefully. If the healing process works at Lourdes, the question
i how far from the site of the miracle can the person, who is
ill, stand? Have they in fact made a mistake and the hack row
is really not working? Or is it working so well that there is
plenty of room for more pqule to be arranged near the place
of the miracle? Or is it possidle, as it is with the saints which
have recently been created in the United States-there is a
saint who cured leukemia apparently indirectly—that ribbons
that are touched to the sheet of the sick person (the ribbon
having previously touched some relic ofthe saint) increase the
cure of leukemia—the question is, is it gradually being diluted?
You may laugh, but if you believe in the truth of the healing,
then you are responsible to investigate it, to improve its effi-
ciency and to make it satisfactory instead of cheating. For ex-
ample, it may turn out that aftera hundred touches It doesn’t
work anymore. Now it’s also possible that the results of this
!n\t/ﬁstlgatlon have other consequences, namely, that nothing
Is there.

~And another thing that bothers me, | might as well men-
tion, are the things that the theologians in modern times can
discuss, without feeling ashamed of themselves. There are
many thm?s that they can discuss that they need not feel
ashamed of themselves, but some of the things that go on in
the conferences on religion, and the decisions that have to be
made, are ridiculous inmodern times. Iwould like to explain
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The reason the electron microscope is S0 poor is that the f-
value of the lenses is only 1 part to 1,000; you don’t have a
big enough numerical aperture. And | know that there are
theorems which prove that it is impossible, with axially s%/_m-
metrical stationary field lenses, to produce an f-value any big-
ger than so and so; and therefore the resolving power at the
present time is at its theoretical maximum. But in every the-
orem there are assumptions. Why must the field be symmet-
rical? | put this out as a challenge: Is there no way to make
the electron microscope more powerful?

> $

The biological example of writing information on a small
scale has msgnred_me to think of something that should be
possible. Biology is not simply writing information; itis ~ %
%about it. A biological system can be exceedingly
small. Many of the cells are very tiny, but they are very active;
they manufacture various substances; they walk around; they
wiggle; and they do all kinds of marvelous things-all on a
very small scale. Also, they store information. Consider the
possibility that we too can make a thing very small which
does what we want—that we can manufacture an object that
maneuvers at that level o
There may even be an economic point to this business of
making things very small. Let me remind you of some of the
problems of computing machines. In computers we have to
store an enormous amount of information. The kind ofwrit-
ing that | was mentioning before, in which | had everything
down as a distribution of metal, |3Perm_anent. Much more in-
teresting to a computer is a way of writing, erasing, and writ-
ing something else. (This is usuallg because we don’t want to
waste the material on which we have just written. Yet if we



127
*

There’s Plenty o fRoom at the Bottom

4 8
G
@
Miniaturizing the Computer
A
4
% * litle,
0, O, 8
F
N
G 8
27 *
G
F man apple) H
A
% <
A *
A %*



0<,



O<-
There’ Plenty o fRoom at the Bottom

next layer, evaporate another position of a wire, another in-
sulator, and so on. So, you simply evaporate until you have a
block of stuff which has the elements-coils and condensers,
transistors and so on-of exceedmgp fine dimensions.

But I would like to discuss, just for amusement, that there
are other possibilities. Why can’t we manufacture these small
computers somewhat like we manufacture the big ones? Why
can’t we drill holes, cut things, solder things, stamp things
out, mold different shapes all at an infinitesimal level? What
are the limitations as to how small a thing has to be before
you can no longer mold it? How many times when you are
working on something _frustratlngIY tm*, like your wife’s
wrist-watch, have you said to yourself, “IT | could only train
an ant to do this!” What 1 would like to suggestjs the possi-
bility of training an ant to train a mite to do this. What are
the possibilities of small but movahle machines? They may or
mae/ not be useful, but they surely would be fun to make.

onsider any machine—for example, an automobile—and
ask about the problems of making an infinitesimal machine
like it. Suppose, in the particular design of the automabile,
We need a certain frecmon of the parts; we need an accuracy,
let’s suppose, of 4/10,000 of an inch. If things are more in-
accurate than that in the shape of the Cﬁlmder and so on, it
isn’t going to work very well. If I make the thing too small, |
have fo worry about the size of the atoms; | can't make a cir-
cle of “halls” so to speak, if the circle is too small. So, if |
make the error, corresponding to 4/10,000 of an inch, corre-
spond to an error of 10 atoms, it turns out that I can reduce
the dimensions of an automobile 4,000 times, approxi-
mately-so that it is L mm across. Obviously, ifyou redesign
the car so that it would work with @ much' larger tolerance,
which is not at all impossible, then you could make a much
smaller device.
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necessary simply to make it like hands. Ifyou thought of it
very carefully, you could probably arrive atamuch better sys-
tem for domE such things.

If?]/ou wor throu?h a pantograph, even today, you can get
much more than a factor of four in even one st_eﬂ. But you
can’t work directly through a pantograph which makes a
smaller pantograph which then makes a smaller pantograph-
because of the looseness of the holes and the irregularities of
construction. The end of the pantograph wiggles with a rela-
tively greater irregularity than the irregularity with which you
move %/our hands. In going down this scale, | would find the
end of the pantograph on the end of the ﬁant_ograph on the
end of the pantograph shaking so badly that it wasn't doing
anything sensible at all. . N

t each stage, it is necessary to improve the precision of the
apparatus. If, for instance, having made a small lathe with a
panto%raph, we find its lead screw irregular-more irregular
than the large-scale one—we could lap the lead screw against
breakahle nuts that Xou can reverse in the usual way back and
forth until this lead screw is, at its scale, as accurate as our
original lead screws, at our scale. o

e can make flats by rubbm% unflat surfaces in triplicates
together—n three pairs-and the flats then become flatter
than the thing you started with. Thus, it is not impossible to
improve precision on a small scale by the correct operations.
So, when we build this stuff, it is necessary at each step to im-
prove the accuracy of the eqmloment by working for a while
down there, making accurate lead screws, Johansen blocks,
and all the other materials which we use in accurate machine
work at the h|ﬁher level. We have to stop at each level and
manufacture all the stuff to %o to the next level-a very long
and very difficult program. Perhaps you can figure a better
way than that to get down to small scale more rapidly.
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Yet, after all this, you have just got one little baby lathe four
thousand times smaller than usual. But we were thinking of
making an enormous computer, which we were going to
build by drilling holes on this lathe to make little washers for
the computer. How many washers can you manufacture on
this one lathe?

A Hundred Tiny Hands

When I make my first set of slave “hands” at one-fourth scale,
| am going to make ten sets. | make ten sets of “hands,” and
| wire them to my original levers so they each do exactly the
same thing at the same time in parallel. Now, when | am mak-
ing m}/ new devices one-quarter again as small, 1 let each one
manufacture ten copies, so that | would have a hundred
“hands” at the 1/16 size. - _
Where am | going to put the million lathes that I am %omg
to have? Why, there is nothmF to it; the volume is much less
than that of even one full-scale lathe. For instance, if I made
a billion little lathes, each 1/4000 of the scale of a regular
lathe, there are plenty of materials and space available be-
cause in the billion little ones there is less than 2 percent of
the materials in one big lathe. It doesn’t cost any_thm? for ma-
terials, you see. So I want to build a billion tiny factories,
models of each other, which are manufacturing simultane-
ously, dnllmg holes, stamping parts, and so on. _
As we go down in size, there are a number of interesting
problems that arise. All thmqs do not simply scale down in
Broportlon. There is the problem that materials stick together
y the molecular (Van der Waals*) attractions. It would be

*Vian der Waals forces: Weak attractive forces between atoms or molecules.
Johannes Diderik Van der Waals (1837-1923) received the 1910 Nobel Prize
in Physics for his work on the equation of state for gases and liquids. Ed.
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Consider, for example, a piece of material in which we
make little coils and condensers (or their solid-state analogs)
1,000 or 10,000 angstroms in a circuit, one right next to the
other, over a large area, with little antennas sticking out at the
other end-a whole series of circuits. s it possible, for exam-
ple, to emit light from a whole set of antennas, like we emit
radio waves from an organized set of antennas to beam the
radio programs to Europe? The same thing would be to beam
light out n a definite direction with verﬁ ligh intensity. (Per-
haﬁs such a beam is not very useful technically or economi-
cally.

| "have thought about some of the problems of building
electric circuits on a small scale, and the problem of resis-
tance is serious. If you build a corresponding circuit on a
small scale, its natural frequency goes up, since the wave
length goes down as the scale; but the skin depth only de-
creases with the square root of the scale ratio, and so resistive
problems are of increasing difficulty. Possibly we can beat re-
sistance through the use of superconductivity if the fre-
quency is not too high, or by other tricks.

Atoms ina Small World

When we get to the very, very small world-say, circuits of
seven atoms-we have a fot of new things that would happen
that represent completely new opportunities for design.
Atoms on a small scale behave like nothing on a large scale,
for they satisfy the laws of quantum mechanics. So, as we go
down and fiddle around with the atoms down there, we are
working with different laws, and we can expect to do differ-
ent things. We can manufacture in different ways. We can
use, not just circuits, but some system involving the quan-
tized energy levels, or the interactions of quantized spins, tc.
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Another thing we will notice is that, if we go down far
enough, all of our devices can be mass produced so that they
are ahsolutely perfect copies of one another. We cannot build
two large machines so that the dimensions are exactly the
same. But if your machine is only 100 atoms high, you only
have to get it correct to one-half of one percent to make sure
the other machine is exactly the same size-namely, 100
atoms high! _

(At the atomic level, we have new kinds of forces and new
kinds of possibilities, new kinds of effects. The groblems of
manufacture and reproduction of materials will be quite dif-
ferent. | am, as I said, inspired by the biological phenomena
in which chemical forces are used in repetitious fashion to
prroduc_e all kinds of weird effects (one ofwhich is the author).

he principles Qf_i)_hysms, as far as | can see, do not speak
against the possibility of maneuvering things atom bK. atom.

It is not an attempt to violate any laws; it is somet mg, In
prmmBIe, that can be done; but in practice, it has not been
done because we are too big. _ _

Ultimately, we can do chemical synthesis. A chemist comes
to us and says, “Look, | want a molecule that has the atoms
arranged thus and so; make me that molecule.” The chemist
does a mysterious thmﬂ when he wants to make a molecule.
He sees that it has got that ring, so he mixes this and that, and
he shakes it, and he fiddles around. And, at the end of a dif-
ficult process, he usually does succeed in synthesumg what
he wants. By the time I get my devices working, so that we
can do it by {Jhysms, he will have figured out how to synthe-
size ahsolutely anythm% so that this will really be useless.

But it is inferesting that it would be, in erglple, possible
(I think) for a physicist to synthesize any chemical substance
that the chemist writes down. Give the orders and the physi-
cist synthesizes it. How? Put the atoms down where the
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operating electric motor-a r_otating electric motor which can
be controlled from the outside and, not counting the lead-in
wires, is only 1/64 inch cube. _

| do not expect that such prizes will have to wait very long
for claimants.

D ! 6% . %7 H
% $ $ Feynman and Computation,
. 75E7d#7+ F 32 %' G3 "

He paid out on both-the first, less than a year later, to Bill
McLellan, a Caltech alumnus, for a miniature motor which
satisfied the specifications but which was somewhat of a dis-
aplpomtment to Feynman in that it reguwed_ no new techni-
cal advances. Feynman gave an updated version of his talk in
1983 to the Jet Propulsion Laboratory. He predicted ‘that
with today’s technology we can easily .. . construct motors a
fortieth of that size in each dimension, 64,000 times smaller
than ... McLellan’s motor, and we can make thousands of
them at a time.’

It was not for another 26 years that he had to pay out on
the second prize, this time to a Stanford graduate student
named Tom Newman. The scale of Feynman’s challenge was
equivalent to writing all twenty-four volumes of the H

" ~onthe head of a pin: Newman calculated
that each individual letter would be only about fifty atoms
wide. Using electron-beam lithography when his thesis advi-
sor was out of town, he was eventually able to write the first
page of Charles Dickens’' _ at 1/25,000 re-
duction in scale. Feynman’s paper is often credited with start-
ing the field of nanotechnology and there are now regular
‘Feynman Nanotechnology Prize’ competitions.
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The instructions, also, would be of no value without the
key. So it is evident that, in spite of the fact that science could
produce enormous horror in the world, it is of value because
it produce %7 _
~ Another value of science is the fun called intellectual en-
joyment which some people get from reading and learning
and thinking about it, and which others get from working in
it. This is a very real and important point and one which is
not considered enough by those who tell us it is our social re-
sponsibility to reflect on the impact of science on society.

I this mere personal enjoyment of value to society as a
whole? No! Butit is also a responsibility to consider the value
of society itself. s it, in the last analysis, to arrange things so
that people can enjoy things? Ifso, the enjoyment of science
Is 8 important as anything else.

But I would like  to underestimate the value of the
worldview which is the result of scientific effort. We have
been led to imagine all sorts of things infinitely more mar-
velous than the imaginings of poets and dreamers of the past.
It shows that the imagination of nature is far, far greater than
the imagination of man. For instance, how much more re-
markable it is for us all to be stuck—half of us uEmde down-
by a mysterious attraction, to a spinning ball that has heen
swinging in space for billions of years, than to be carried on
the hack of an elephant supported on a tortoise swimming in
a bottomless sea. _ _

| have thouqht about these things so many times alone that
| hope you will excuse me if I remind %Qu of some thoughts
that | am sure you have all had-or this type of thought-
which no one could ever have had in the past, because peo-
Plg then didn’t have the information we have about the world
oday.
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an idea like that, we have a scientist. These ideas do filter
down (in spite of all the conversation about TV replacing
thinking), and lots of kids get the spirit-and when they have
the spirit you have a scientist. It’s too late for them to get the
spirit when they are in our universities, so we must attempt
to explain these ideas to children. _
~ lwould now like to turn to a third value that science has. It
is a little more indirect, but not much. The scientist has a lot
of experience with |?norance and doubt and uncertainty, and
this experience is of very great importance, | think. When a
scientist doesn’t know the answer to a problem, he is ignorant.
When he has a hunch as to what the result is, he is uncertain.
And when he is pretty dam sure of what the result is going to
be, he is in some doubt. We have found it of paramount im-
portance that in order to progress we must recognize the ig-
norance and leave room for doubt. Scientific knowledge is a
body of statements ofvarying degbrees of certainty—some most
unsure, some nearly sure, none absolutely certain. _
Now, we scientists are used to this, and we take it for
granted that it is perfectly consistent to be unsure-that it is
possible to live and not know. But I don’t know whether
everyone realizes that this is true. Our freedom to doubt was
born of a struggle against authority in the early days of sci-
ence. It was a very deep and strong struggle. Permit us to
question-to doubt, that's all-not to be sure. And | think it is
important that we do not forget the importance of this strug-
gle and thus perhaps lose what we have gained. Here lies a re-
sponsibility to soclety. _ o
~We are all sad when we think of the wondrous potentiali-
ties human beings seem to have, as contrasted with their
small accomplishments. Again and aﬁam People have
thought that we could do much better. T e¥ of the past saw
in the nightmare of their times a dream for the future. We, of
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their future, see that their dreams, in certain ways surpassed,
have in many ways remained dreams. The hopes for the fu-
ture today are, in good share, those of yestercay.

Education, for Good and Evil

Once some thought that the possibilities people had were not
developed because most of those people were ignorant. With
education universal, could all men be Voltaires? Bad can he
taught at least as efficiently as good. Education is a strong
force, but for either good or evil.

Communications between nations must promote under-
standing: So went another dream. But the machines of com-
munication can be channeled or choked. What is communi-
cated can be truth or lie. Communication is a strong force
also, but for either good or bad. _

The applied sciences should free men of material problems
at least. Medicine controls diseases. And the record here
seems all to the good. Yet there are men patiently working to
create great plagues and poisons. They are to be used in war-
fare tomorrow. . _

Nearly everybody dislikes war. Our dream today is peace.
In peace, man can develop best the enormous possibilities he
seems to have. But maybe future men will find that peace,
too, can be good and bad. Perhaps Eeac_eful men will drink
out of boredom. Then perhaps drink will become the great
ﬂroblem which seems to keep man from getting all he thinks

e should out of his abilities. _

Clearly, peace is a great force, as is sobriety, as are material
power, communication, education, honesty, and the ideals of
many dreamers. _

“We have more of these forces to control than did the an-
cients. And maybe we are doing a little better than most of
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knew how to run a government led to the idea that we should
arrange a system by which new ideas could be developed,
tried out, tossed out, more new ideas brought in; a trial and
error system. This method was a result of the fact that science
was already showing itself to be a successful venture at the
end of the 18th century. Even then it was clear to socially
minded people that the openness of the possibilities was an
opportunity, and that doubt and discussion were essential to
progress into the unknown. If we want to solve a problem
that we have never solved before, we must leave the door to
the unknown gjar.

Our Responsibility as Scientists

We are at the very beginning of time for the human race. It is
not unreasonable that we graﬂple with problems. There are
tens of thousands of years In the future. Our responsibility is
to do what we can, learn what we can, improve the solutions
and pass them on. It is our responsibility to leave the men of
the future a free hand. In the impetuous youth of humanity,
we can make grave errors that can stunt our growth for a long
time. This we will do if we say we have the answers now, so
young and ignorant; if we suppress all discussion, all criti-
cism, saym?, “This is it, boys, man is saved!” and thus doom
man for a long time to the chains of authority, confined to
the limits of our present imagination. It has been done so
many times before. o _

It"is our responsibility as scientists, knowing the great
progress and great value of a satisfactory philosophy of igno-
rance, the great progress that is the fruit of freedom of
thought, to proclaim the value of this freedom, to teach how
doubt is not to he feared hut welcomed and discussed, and to
demand this freedom as our duty to all coming generations.
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the Commission, but Feynmanfought to have it included; it was rel-
egated to an appendix. When the Commission held a live press con-
ference to answer questions, Feynman did his now-famous tabletop
experiment with one ofthe shuttlesgaskets, or O-rings, and a cup of
joe water. 1t dramatically proved that those key gaskets hadfailed be-
cause the warning ofthe engineers that it was too cold outside to go
ahead with the launch went unheeded by managers eager to impress
their bosses with thepunctuality oftheir mission schedule. Here is that
historic report
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~There are several sources of information. There are pub-
lished criteria for certification, including a history of modifi-
cations in the form ofwaivers and deviations. In addition, the
records of the Flight Readiness Reviews for each f||?ht docu-
ment the arguments used to accept the risks of the flight. In-
formation was obtained from the direct testimony and the re-
ports of the ran?e safety officer, Louis J. Ullian, with respect
to the history of success of solid fuel rockets. There was a fur-
ther study by him (as chairman of the launch abort safety
panel [LASP]) in an attempt to determine the risks involved
In possible accidents leading to radioactive contamination
from attempting to fly a plutonium power supﬁly (RTG) for
future planetary missions. The NASA study ofthe same ques-
tion 13 also available. For the history of the Space Shuttle
Main Engines, interviews with management and engineers at
Marshall, and informal interviews with enﬁmeers al Rocket-
dyne, were made. An independent (Caltech) mechanical en-
gineer who consulted for NASA about engines was also in-
terviewed informally. A visit to Johnson was made to gather
information on the reliability of the avionics (computers, sen-
sors, and effectors). Finally there is a report, “A Review of
Certification Practices Potentially Applicable to Man-rated
Reusable Rocket Engines,” prepared at the Jet Propulsion
Laboratory by N. Maore, et al., In February 1986, for NASA
Headquarters, Office of Space Flight. It deals with the meth-
ods used by the FAA and the military to certify their gas tur-
bine and rocket engines. These authors were also interviewed
informally.

Solid Fuel Rockets (SRB)

An estimate of the reliability of solid fuel rockets was made
by the range safety officer, by studying the experience of all
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Reportto the Space Shuttle Challenger Inquiry

the probability of flight failure was not so very small. The in-
consistency of the argument not to determine reliabilit

through historical experience, as the range safety officer did,
is that NASA also appeals to history, beginning “Historically
this high degree of mission success.. Finally, if we are to
replace standard numerical probability usage with engineer-
ing Jud%ment, why do we find such an enormous disparity be-
tween the management estimate and the judgment of the en-
gineers? It would appear that, for whatever purpose, be it for
Internal or external co_nsumPt_lon, the management of NASA
exaggerates the reliability of its product, to the point of fan-

fasy.

_¥he history of the certification and Flight Readiness Re-
views will not be reﬂeated here. (See other part of Commis-
sion reports.) The phenomenon of accepting for flight seals
that had shown erosion and blow-by in previous flights is
very clear. The Challenger flight is an excellent example. There
are several references to flights that had gone before, The ac-
ceptance and success of these flights is taken as evidence of
safety. But erosion and blow-by are not what the design ex-
pected. They are warnings that somethmg is wrong. The
equipment is not operating as expected, and therefore there
is & danger that it can operate with even wider deviations in
this unexg_ected and not thoroughly understood way. The
fact that this danger did not lead to a catastrophe before is no
guarantee that itwill not the next time, unless it is completely
understood. When Iay_m? Russian roulette the fact that the
first shot got off safely is little comfort for the next. The ori-
gin and consequences of the erosion and blow-by were not
understood. They did not occur equally on all flights and all
joints; sometimes more, and sometimes less. Why not some-
time, when whatever conditions determined it were right, still
more, leading to catastrophe?
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In spite of these variations from case to case, officials be-
haved as if they understood it, giving apparently logical argu-
ments to each other often depending on the “success” of pre-
vious fl%?hts. For example, in determining if flight 51-L was
safe to fly in the face of ring erosion in flight 51-C, it was
noted that the erosion depth was only one-third of the radius.
It had been noted in an experiment cutting the ring that cut-
th it as deep as one radius was necessarﬁ before the ring
failed. Instead of being very concerned that variations of
poorly understood conditions might reasonably create a
deeper erosion this time, it was asserted, there was “a safety
factor of three.” This is a strange use of the engineer’s term
“safety factor.” If a bridge is bullt to withstand a certain load
without the beams permanently deforming, cracking, or
breaking, it may be designed for the materials used to actually
stand up under three times the load. This “safety factor” is to
allow for uncertain excesses of load, or unknown extra loads,
or weaknesses in the material that might have unexpected
flaws, etc. If now the expected load comes on to the new
bridge and a crack appears in a beam, this is a failure of the
design. There was no safety factor at all; even though the
bridge did not actually collaﬁse because the crack only went
one-third of the way through the beam. The O-rings of the
Solid Rocket Boosters were not designed to erode. Erosion
was a clue that something was wrong. Erosion was not some-
thing from which safety can be inferred. _

There was no way, without full understanding, that one
could have confidence that conditions the next time might
not produce erosion three times more severe than the time
before. Nevertheless, officials fooled themselves into thinking
they had such understanding and confidence, in spite of the
peculiar variations from case to case. A mathematical model
Wwas made to calculate erosion. This was amodel based not on
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The Space Shuttle Main Engine was handled in a different
manner, top down, we might say. The engine was designed
and put together all at once with relatively little detailed pre-
liminary study of the material and components. Then when
troubles are found in the bearings, turbine blades, coolant
pipes, etc., it is more expensive and difficult to discover the
causes and make changes. For example, cracks have been
found in the turbine blades of the high pressure oxygen tur-
bopump. Are they caused by flaws in the material, the effect
of the oxygen atmosphere on properties of the material, the
thermal stresses of startup or shutdown, the vibration and
stresses of steady running, or mainly at some resonance at cer-
tain speeds, etc.? How long can we ran from crack initiation
to crack failure, and how does this depend on power level?
Using the completed engine as a test bed to resolve such
questions is extremely expensive. One does not wish to lose
entire engines in order to find out where and how failure oc-
curs. Yet, an accurate knowledge of this information is essen-
tial to acquire a confidence in the en?_me reliability in use.
V\l_|thénut detailed understanding, confidence cannot be at-
tained.

A further disadvanta$e of the top-down method is that, if
an understanding of a fault is obtained, a simple fix, such as
a new shape for the turbine housing, may be impossible to
|m]plement without a redesign of the entire engine.

The Space Shuttle Main Engine is a very remarkable ma-
chine. It has a greater ratio of thrust to weight than any pre-
vious engine. It is built at the edge of, or outside of, previous
engineering experience. Therefore, as expected, many differ-
ent kinds of flaws and difficulties have turned up. Because,
unfortunately, it was built in the top-down manner, they are
difficult to find and to fix. The design aim of a lifetime of 55
mission equivalent firings (27,000 seconds of operation, ei-
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What Is Science?

it move,” or “spirit makes it move,” or “movability makes it
move.” (In fact equally well to say “energy makes it stop.”)

Look at it this way: That’s only the definition of energy. It
should be reversed. We might say when something can move
that it has energy in it, but not “what makes it move is en-
ergy.” This is a very subtle difference. It’s the same with this
inertia proposition. Perhaps | can make the difference a little
clearer this way: _

Ifyou ask a child what makes the toy dog move; if you ask
an ordinary human being what makes a toy dog move, that is
what you should think about. The answer is that you wound
up the spring; it tries to unwind and pushes the gear around.
What a good_way to begin a science course. Take apart the
toy; see how it works. See the cleverness of the gears; see the
ratchets. Leamn something about the toy, the way the toy is
put to%ether,_ the ingenuity of people, devising the ratchets
and other things. That’s good. The question is fine. The an-
swer is a little unfortunate, because what they were trying to
Iolo 5 éeach a definition of energy. But nothing whatever is
earned.
~ Suppose a student would say, “I don’t think energy makes
it move.” Where does the discussion %o from there?

| finally figured out a way to test whether you have taught
an idea or you have only taught a definition. Test it this way:
You say, “Without using the new word which you have just
learned, try to rephrase what you have just leamed in ?/our
own language.” “Without using the word ‘energy,” tell me
what you know now about the dog’s motion.” You cannot. So
you learned nothing except the definition. You learned noth-
Ing about science. That may be all right. You may not want
to learn something about science right away. You have to
learn definitions. But for the very first lesson s that not pos-
sibly destructive?
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| think, for lesson number one, to leam a mystic formula
for answering questions is very bad. The book has some oth-
ers—gravity makes it fall”; “the soles of your shoes wear out
because of friction.” Shoe leather wears out because it mbs
against the sidewalk and the little notches and bumps on the
sidewalk ?r_ab_p|eges and pull them off. To simply say it is be-
cause of friction is sad, because it’s not science.

My father dealt a little bit with energy and used the term
after | FOt a little bit of the idea about it. What he would have
done I know, because he did in fact essentially the same
thing—though not the same example of the toy dog. He would
say, "It moves hecause the sun is shining,” ifhe wanted to give
the same lesson. | would say “No. What has that to do with
the sun shining? It moved because | wound up the springs.”

“And why, my friend, are you able to move to wind up this
spring?”

Hl eatlﬂ .

“What, my friend, do you eat?”

“| et ﬁlants.”
“And how do they grow?”

“They grow because the sun is shining.” _

And 1t 1s the same with the dog. What about gasoline? Ac-
cumulated energy of the sun which is captured by plants and
preserved in the ground. Other examples all end with the sun,
And so the same idea about the world that our textbook is
driving at is phrased in a very exciting way. Al the things that
we see that are moving are movm? because the sun is shining.
It does explain the relat|onsh|% ofone source ofenergy to an-
other, and it can be denied by the child. He could say, “|
don’t think it is on account of the sun shining,” and you can
start a discussion. So there is a difference. (Later | could chal-
lenge him with the tides, and what makes the earth turn, and
have my hand on mystery again.)
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comes a liquid that has too much sugar, and in that sugar
lives a tiny creature, etc. o _

The facts are not correct. The spirit is correct. First | leamed
a?hout parasitism, one on the other, on the other, on the
other.

Second, he went on to say that in the world whenever
there is any source of something that could be eaten to make
life go, some form of life finds a way to make use of that
source; and that each little bit of leffover stuff is eaten by
something. o _
~ Now the point of this is that the result of observation, even
if | were unable to come to the ultimate conclusion, was a
wonderful piece ofgold, with amarvelous result. It was some-
thing marvelous. _ _

Suppose | were told to observe, to make a list, to write
down, to do this, to look, and when I wrote my list down, it
was filed with 130 qgther lists in the back of a notebook. |
would leam that the result of observation is relatively dull,
that nothing much comes ofit. _

| think it Is very important-at least it was to me-that ifyou
are going to teach people to make observations, you should
show that something wonderful can come from them. |
learned then what science was about. It was patience. If you
looked, and you watched, and you paid attention, you got a
great reward from it (although possibly not every time). As a
result, when 1 became a more mature man, I would painstak-
ingly, hour after hour, for years, work on problems—some-
times many years, sometimes shorter times-many of them
failing, lots of stuff going into the wastebasket; hut every
once In a while there was the gold of a new understanding
that | had learned to expect when | was a kid, the result of ob-
sematlon. For I did not learn that observation was not worth-
while.
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Incidentally, in the forest we learned other things. We
would go for walks and see all the regular things, and talk
about many things; about the growing plants, the struggle of
the trees for light, how they try to get as high as they can, and
to solve the problem of getting water higher than 35 or 40
feet, the little plants on the ground that look for the little bits
of light that come through, all that growth, and so forth.

One day after we had seen all this, my father took me to
the forest again and said, “In all this time we have been look-
ing at the forest, we have only seen half of what is going on,
exactly half.”

| said, “What do you mean?” _

He said, “We have been looking at how all these things
grow; but for each bit of growth, there must be the same
amount of decay, otherwise the materials would be consumed
forever. Dead treeswould lie there having used up all the stuff
from the air, and the ground, and it wouldn’t get back into
the ground or the air, and nothing else could grow, because
there is no material available. There must be for each bit of
growth exactly the same amount of decay.” _

There then followed many walks in the woods during
which we broke up old stumps, sawfu_nn%/ bugs and funguses
growing-he couldn’t show me bacteria, but we saw the soft-
enlngi effects, and so on. | saw the forest as a process of the
constant turning of materials. o o

There were many such things, description of things, in odd
ways. He often started to talk about a thing like this; “Suppose
aman from Mars were to come down and look at the world.”
|t's a very good way to look at the world. For example, when
| was plaxln? with my electric trains, he told me that there is
a great wheel being turned by water which is connected by fil-
aments of copper, which spread out and spread out and spread
out in all directions; and then there are little wheels, and all
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moves because the sun is shining. The earth rotates indepen-
dent of the sun shining, and the nuclear reactions recently
produced energY on the earth, a new source. Probably volca-
nﬁ_es_ are generally [powered by] a source different from the
shining sun. o

The worIJ looks so different after learning science. For ex-
ample, the trees are made of air, primarily. When they are
burned, they go back to air, and in the flaming heat is released
the flaming heat of the sun which was bound in to convert
the air into trees, and in the ash is the small remnant of the
part which did not come from air, that came from the solid
earth, instead. o

These are beautiful things, and the content of science is
wonderfully full of them. They are very inspiring, and they
can be used to inspire others. _

Another of the qualities of science is that it teaches the
value of rational thought, as well as the importance of free-
dom ofthouPht; the positive results that come from doubt-
ing that the fessons are all true. You must here distinguish—
especially in teaching—the science from the forms or
Frpcedures that are sometimes used in developing science.
tis easy to say, “We write, experiment, and observe, and do
this or that.” You can copy that form exac_tIK. But great reli-
gions are dissipated by following form without remember-
Ing the direct content of the teaching of the great leaders.
In"the same way it is possible to follow form and call it sci-
ence hut it is pseudoscience. In this way we all suffer from
the kind of tyranny we have today in the many institutions
that have come under the influence of pseudoscientific ad-
Visers.

We have many studies in teaching, for example, in which
people make observations and they make lists and they do
statistics, but they do not thereby become established sci-
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The Smartest Man In
the World

Here is that wonderful 1979 interview ofFeynman by Omni maga-
zing. This is Feynman on what he knows and loves bestg)hysms—
and what he loves least, philosophy. (*Philosophers should leam to
laugh at themselves.’) Here Feynman discusses the work that eamed
him the Nobel Prize, tfantum electroaynamics (QED); he then goes
on to cosmology, quarks, and those pesky infinities that gum up so
many equations.

“| think the theorﬁ is simply a way to sweep the difficulties
under the mg,” Richard Feynman said. “I am, of course, not
sure of that.” It sounds like the kind of criticism, ritually tem-
pered, that comes from the audience after a controversial
paper is presented at a scientific conference. But Feynman
was at the podium, delivering a Nobel Prize winner’s address.
The theorY he was (iuestlonmg, quantum electrodynamics,
has recently been called “the most precise ever devised”; its
Fredlctlons are routinely verified to within one part in a mil-
ion. When Feynman, Julian Schwinger, and Sin-Itiro Tomon-
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not hesitate to call quantum electrodynamics itselfa “swin-
dle” that leaves important logical questions unanswered.
What kind of man can do work of that caliber while nursing
the most penetrating doubts? Read on and find out.

. Tosomeone looking at h|gh-enerPy physics from the
outside, its goal seems to be to find the ultimate constituents
of matter. It seems a quest we can trace back to the Greeks’
atom, the “indivisible” particle. But with the hig accelerators,
you get fragments that are more massive than the Earncles
you started with, and mayhe quarks that can never be sepa-
rated. What does that do to the quest? N

Feynman: | don’t think that ever was the quest. Physicists
are trying to find out . $ | they may talk care-
lessly about some “ultimate particle” because that’s the way
nature looks at a given moment, but . .. Suppose people are
exploring a new continent, OK? They see water coming along
the %round, they've seen that before, and they call it “rivers.
So they say they’re explorln% to find the headwaters, they go
upriver, and sure enough, there they are, it’s all going very
well. But lo and behold, when they get up far enqugih they
find the whole system’s different: There’s a great big lake, or
S rmg\i, or the rivers run in a circle. You might say, “Ahal

hey've failed!” but not at all! The  reason they were
doing it was to explore the land. If it turned out not to be
headwaters, they might be slightly embarrassed at their care-
lessness in explaining themselves, but no more than that. As
long as it looks like the way things are built is wheels within
wheels, then you're looking for the innermost wheel-but it
might not be that wa?/, in which case you're looking for what-
ever the hell it is that you find!

: But surely you must have some guess about what
you'll ;md; there are bound to be ridges and valleys and so
on. ..’
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The Smartest Man in the World

theory of colored* quarks and gluons, very precise and com-
pletely stated, but with very few hard predictions. It's techni-
cally very difficult to get a sharﬁ test of the theorﬁ, and that’s
a challenge. | feel pass_lonatelr that that'saloose thread; while
there’s no evidence in conflict with the theory, we're not
likely to make much progress until we can check hard predic-
tions with hard numbers. _ _

Omni: What about cosmology? Dirac’s suggestion that the
fundamental constants chan%e with time, or the idea that
phzsmal law was different at the instant of the Big Bang?

eynman: That would open up a lot of questions. So far,
physics has tried to find laws and constants without asking
where they came from, but we ma%be approaching the point
where we'll be forced to consider history.

Omni: Do K‘ou have any guesses on that?

Feynman: No. o

Omni: None at all? No leaning either way?

Feynman: No, really. That’s the way | am about almost
everything. Earlier, you didn’t ask whether | thought that
there’s a fundamental particle, or whether it’s all mist; |
would have told you that | haven’t the slightest idea. Now, in
order to work hard on something, you have to get yourself
believing that the answer’s over tnere, S0 you'll dig hard there,
right? So you temporarily prejudice or predispose )(ourself—
but all the time, in the back of your mind, you’re Taughing.
Forget what you hear about science without Prejudlce. Here,
in an interview, talking about the Big Bang, | have no preju-
dices-but when I’'m working, 1 have a lot of them.

*Color” is actually a name physicists gave to a certain property of
quarks and gluons not because they have any actual color, but for want of
a better name for a new property of elementary particles. Ed.
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The Pleasure of Finding Things Out

you look at the equation, you can see nothing of the wealth
0f phenomena that the chemists know about; or the idea that
quarks are permanently bound so you can’t get a free quark-
maybe you can and maybe you can’t, but the point I that
when %/ou look at the equations that supposedly describe
quark behavior, you can’t see why it should be so. Look at the
equations for the atomic and molecular forces in water, and
you can't see the way water behaves; you can’t see turbulence.

Omni: That leaves the people with questions about turbu-
lence—the meteorologists and oceanographers and geologists
and airplane desu_1ners-k|nd of up the creek, doesn't it?

Feynman: Absolutely. And it might be one of those up-the-
creek people who'll get so frustrated he’ll figure it out, and at
that point he’ll be doing physics. With turbulence, it's not
just a case of physical theory being able to handle only sim-
ple cases-we can’t do any. We have no good fundamental
theory atall. _

Omni: Maybe it’s the way the textbooks are written, but few
people outside science appear to know just how quickly real,
complicated physical problems get out of hand as far as the-
0% I concerned. _

eynman: That’s_ver%/ bad education. The lesson you learn
as you grow older in physics is that what we can do is a very
Is_ma;ll dfractlon of what there is. Our theories are really very
imited.

Omni: Do physicists vary greatly in their ability to see the
qualitative consequences of an egua_ﬂon? o

Feynman: Oh, yes-but nobody is very good at it. Dirac
said that to understand a physical problem means to be able
to see the answer without solving equations. Mayhe he exag-
gerated; maybe solving equations is experience you need to
gain understanding—but until you do understand, you’re just
solving equations.
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Cargo Cult Science:
Some Remarks on Science,
Pseudoscience, and
Learning How to
Not Fool Yourself

The 1974 Caltech
Commencement Address

Question: What do witch doctors, ESP, South Sea Islanders, rhi-
noceros horns, and Wesson Oil have to do with college graduation?
Answer: They're all examples the crafty Feynman uses to convince
def)artmg raduates that honesty in science is more rewarding than
all the kudos and temporary suiccesses in the world. In this address to
Caltech’s class 0 1974, Feynman gives a lesson in scientific integrity
in theface ofpeer pressure and gloweringfunding agencies.

During the Middle Ages there were all kinds of crazy ideas,
such as that a piece of rhinoceros horn would increase po-
tency. (Another crazy idea of the Middle Ages is these hats we
have on today-which is too loose in my case.) Then a
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The Pleasure of Finding Things Out

timidated by this pseudoscience. A teacher who has some

0od idea of how to teach her children to read is forced by
the school system to do it some other way—or is even fooled
by the school system into thinking that her method is not
necessarily a good one. Or a parent of bad boys, after disci-
plining them n one way or another, feels quilty for the rest
of her life because she didn’t do “the right thing,” according
to the experts. _ _

So we really ought to look into theories that don't work,
and science that isn’t science. _

I tried to find a principle for discovering more of these
Kinds ofth_mgs, and came up with the following system. Any-
time you find yourselfin a conversation at a cocktail party in
which you do not feel uncomfortable that the hostess might
come around and say, “Why are you fellows talking shop?” or
that your wife will come around and say, “Why are you flirt-
ing again?"—then you can be sure you are talking about some-
thing about which nobody knows anything. _

Using this method, | discovered a few more topics that |
had for%otten—among them the efficacy of various forms of
psychotherapy. So | began to investigate through the library,
and so on, and | have so much to tell you that | can’t do it
all. I will have to limit myself to just a few little things. I'll
concentrate on the things more people believe in. Maybe |
will give a series of speeches next year on all these subjects. It
will take a long time. _ _
| think the educational and psychological studies I men-
tioned are examples of what | would like to call Cargo Cult
Science. In the South Seas there is a Cargo Cult of people.
During the war they saw airplanes land with lots of good ma-
terials, and they want the same thing to happen now. So
they've arranged to make things like runways, to put fires
along the sides of the runways, to make a wooden hut for a
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A great deal of their diff_iculg{_ is, 0f course, the difficulty of
the subject and the inapplicability of the scientific method to
the subject. Nevertheless, it should be remarked that this is
not the onl?/ difficulty. That’swhy the planes don’t land-but
th% don’t land. _

e have learned a lot from experience about how to han-
dle some of the ways we fool ourselves. One example: Mil-
likan measured the charge on an electron by an experiment
with falling oil drops and got an answer which we now know
not to be quite right. It's a little bit off, because he had the
incorrect value for the viscosity of air. It's interesting to look
at the history of measurements of the charge of the electron,
after Millikan. If you plot them as a function of time, you
find that one is a little bigger than Millikan’s, and the next
one’s a little bit bigger than that, and the next one’s a little bit
b|ﬁger than that, until finally they settle down to a number
which is higher. _
“Why didn’t they discover that the new number was higher
right away? It's a thing that scientists are ashamed of-this
history—because it’s apparent that people did things like
this: When they got a number that was too high above Mil-
likan’s, they thought something must be wrong—and they
would look for and find a reason why something might be
wrong. When they got a number closer to Millikan’s value,
they didnt look so hard. And so they eliminated the num-
bers that were too far off, and did other things like that.
We've learned those tricks nowadays, and now we don’t have
that kind of a disease. _

But this long history of learning how to not fool ourselves-
of having utter scientific integrity—is, I'm sorry to say, some-
thing that we haven’t specifically included in"any particular
course that I know of. We just hope you've caught on by os-
mosis.
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Richard Feynman Builds a Universe

So it’s not merely a collection of all those things which just
happen to be true in experiments. It's not just a collection of
facts about what hapﬂens when you cut off grats’] tails be-
cause it would be much too much for us to hold in our heads.
We've found a large number of generalizations. For examﬁle,
if it’s true of rats and cats, we say it’s true of mammals. Then
we discover ifit'strue of other animals; then we discover it’s
tme of plants, and finally it becomes a property of life to a
certain extent that we don’t inherit as an acquired character-
istic. 1t’s not exactly true, actually, absolutely. We later dis-
covered experiments that show that cells can carry informa-
tion through the mitochondria or something so that we
modify it as we go anng. But as all the principles must be as
wide as possible, must be as general as possible, and still be
in complete accord with experiment, that’s the challenge.

You see, the problem of obtaining facts from experience—t
sounds very, very simple. You just try it and see. But man is a
Wweak character and it turns out to be much more difficult
than you think to just try it and see. For instance, you take
education. Some guy comes along and he sees the way peo-
ple teach mathematics. And he saﬁs, “I have a better idea. I'll
make a toy computer and teach them with it.” So he tries it
with a group of children, he hasn’t got a lot of children,
maybe somebody I3|ves him a class to try it with. He loves
what he’s doing. He’s excited. He understands completely
what his thing 1s. The kids know that it’s somethm% new, 0
they're all excited. They learn very, very well and t eg learn
the regular arithmetic better than the other kids did. So you
make a test—they leam arithmetic. Then this is registered as a
fact-that the teaching of arithmetic can be improved by this
method. But it’s not a fact, because one of the conditions of
the experiment was that the particular man who invented it
was doing the teaching. What you really want to know is, if
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stand it more and more with our modern understanding of
these things. More about education, more about crime; the
scores on the tests are going down and there’smore people in
prison; young peoPIe are committing crimes, we just don’t
understand it at all. It just isn’t working, to discover things
about these things bK using the scientific method in the type
of imitation which they are using now. Now whether the sci-
entific method would work in these fields ifwe knew how to
do it, I don’t know. It’s P]arncularly weak in this way. There
may be some other method. For example, to listen to the
ideas of the past and the experience of people for a long time
might be a good idea. It's only a good idea not to pay atten-
tion to the past when you have another independent source
of information that you've decided to follow. But you've got
to watch out who it s Kou’re following if you're going to ?lg-
nore] the wisdom of the people who've looked at this thing
and thought about it and unscientifically came to a conclu-
sion. They have no less right to be right than you have to be
right in modem times; to equally unscientifically come to a
canclusion. _ _
Well, how’s that? Am | doing okay as a philosopher?
NARRATOR: _ _

~In this edition of the Future for Science-a taped series of
interviews with Nobel laureates—you've heard Dr. Richard
Feynman of the California Institute of Technology. The series
has heen prepared under the auspices of the American Asso-
ciation for the Advancement of Science.
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they are not often publicly discussed because of the limita-
tions of specialization. o _

But I have been interested in this problem for a long time
and would like to discuss it. In view of my very evident lack
of knowledge and understanding of religion (a lack which will
grow more apparent as we proceed), | will organize the dis-
cussion in this way: | will suppose that not one man but a
group of men are discussing the problem, that the group con-
sists of specialists in many fields—the various sciences, the
various religions and so on-and that we are going to discuss
the problem from various sides, like a panel. Each is to give
his point of view, which may be molded and modified by the
later discussion. Further, I'imagine that someone has been
chosen by lot to be the first to present his views, and | am he
S0 chosen. _ _

| would start by presenting the panel with a problem: A
young man, brought up in a religious family, studies a sci-
ence, and as a result he comes to doubt-and perhaps later to
disbelieve in-his father's God. Now, this isnot an isolated ex-
ample; it happens time and time again. Although | have no
statistics on this, | believe that many scientists—n fact, | ac-
tually believe that more than half of the scientists—eally dis-
believe in their father’s God; that is, they don’t believe in a
God in aconventional sense. _

‘Now, since the beliefin a God is a central feature of reli-
gion, this problem that | have selected points up most
strongly the problem of the relation of science and religion.
Wh% does this young man come to disbelieve?
~ The first answer we might hear is very simple: You see, he
1S tatht by scientists, and (as | have just pointed out) they
are all athelsts at heart, so the evil is spread from one to an-
other. But if you can entertain this view, | think you know
less of science than | know of religion.



247

*
The Relation of Science and Religion

Another answer may be that a little knowledge is danger-
ous; this Young man has learned a little bit and thinks he
knows it all, but soon he will grow out of this sophomoric so-
phistication and come to realize that the world is more com-
plicated, and he will begin again to understand that there
must be a God. _

| don’t think it is necessary that he come out of it. There
are many scientists—men who hope to call themselves ma-
ture—who still don’t believe in God. In fact, & would like to
explain later, the answer is not that the young man thinks he
knows it all-# is the exact opposite.

A third answer you might get is that this young man really
doesn’t understand science correctly. I do not believe that sci-
ence can disprove the existence of God; | think that is impos-
sible. And if it is impossible, is not a beliefin science and in a
God—an ordinary God of religion—a consistent possibility?

Yes, it is consistent. Despite the fact that | said that more
than half of the scientists don’t believe in God, many scien-
tists do believe in both science and God, in a perfectly con-
sistent way. But this consistency, although possible, s not
easy to atfain, and | would like to try to discuss two things:
Why it is not easy to attain, and whether it is worth attempt-
ing to attainit. ~ N

hen | say “believe in God,” of course, it is always a guz-
zle-what is God? "What | mean is the kind of personal God
characteristic of the Western religions, to whom you pray and
who has something to do with creating the universe and guid-
m?:you in morals, _

or the student, when he learns about science, there are
two sources of difficulty in trying to weld science and reli-
gion together. The first source of difficulty is this—that it is
Imperative in science to doubt; it is absolutely necessary, for
progress in science, to have uncertainty as a fundamental
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What hagpens, then, is that the young man begins to doubt
everything because he cannot have it & ahsolute truth. So the
(uestion changes a little bit from “Is there a God?” to “How
sure is it that there is a God?” This very subtle change is a great
stroke and represents aparting of the ways between science and
religion. | do not believe a real scientist can ever believe in the
same way again. Although there are scientists who believe in
God, 1 do not believe that they think of God in the same way
as rehgmus people do. Ifthey are consistent with their science,
| think that _theK say something like this to themselves: “I am
almost certain there isa God. The doubt is very small.” That is
quite different from saying, “I know that there is a God.” | do
not believe that a scientist can ever obtain that view-that really
rellgmus understanding, that real knowledge that there is a
God-that absolute certainty which religious people have,

Of course this process of doubt does not always start by at-
tacking the question of the existence of God. Usually sEeuaI
tenets, such as the question of an afterlife, or details of the re-
ligious doctrine, such as details of Christ’s life, come under
scrutiny first. It is more interesting, however, to go right into
the central problem in a frank way, and to discuss the more
extreme view which doubts the existence of God,

Once the question has been removed from the absolute,
and gets to sliding on the scale of uncertainty, it may end up
in very different positions. In many cases it comes out very
close to being certain. But on the other hand, for some, the
net result of close scrutiny of the theory his father held of
God may be the claim that it is almost certainly wrong.

Belief in God—and the Facts of Science

That bringis us to the second difficulty our student has in try-
ing to weld science and religion: Why does it often end up
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that the belief in God—at least, the God of the religious type-
is considered to be very unreasonable, very unlikely? | think
that the answer has to do with the scientific things—the facts
or partial facts-that the man leams, _ _

For instance, the size of the universe is very impressive,
with us on a tiny particle whirling around the sun, among a
hundred thousand million suns in this galaxy, itselfamong a
billion galaxies. _ -

Again, there is the close relation of biological man to the
animals, and of one form of life to another. Man is a late-
comer in a vast evolving drama; can the rest be but a scaf-
folding for his creation? _

Yet again, there are the atoms of which all appears to be
constructed, following immutable laws. Nothing can escape
it, the stars are made of the same stuff, and the animals are
made of the same stuff, but in such complexity as to myste-
riously appear alive-like man himself _

It is a great adventure to contemplate the universe beyond
man, to think ofwhat it means without man-as it was for the
great part of its long history, and as it is in the great majority
of places. When this ob*ecnve viewis finally attained, and the
mystery and majesty of matter are appreciated, to then turn
the ob#ectlve eye back on man viewed as matter, to see life &
part of the universal mystery of greatest depth, is to sense an
experience which is rarely described. It usually ends in laugh-
ter, delight in the futility of trying to understand. These sci-
entific views end in awe and mystery, lost at the edge in un-
certainty, but they appear to be so deep and so impressive
that the theory that it is all arranged simply as a stage for God
to watch man’s struggle for good and evil seems to be inade-

uate.

q S0 let us suppose that this is the case of our particular stu-
dent, and the conviction grows so that he believes that indi-
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a definite direction. It is true that if%ou have a tyranny of
ideas, so that you know exactly what has to be true, you act
very decisively, and it looks good-for a while. But soon the
ship is heading in the wrong direction, and no one can mod-
ify the direction anymore. So the uncertainties of life in a
demacracy are, | think, much more consistent with science.
~ Although science makes some impact on many religious
ideas, it does not affect the moral content. _Rel|?|on has many
aspects; it answers all kinds of questions. First, Tor example, 1t
answers questions about what things are, where they come
from, what man is, what God is-the properties of God, and so
on. Let me call this the metaphysical aspect of religion. It also
tells us another thing—how to hehave. Leave out ofthis the idea
of how to behave in certain ceremonies, and what rites to per-
form; | mean it tells us how to behave in life in general, In
moral way. It gives answers to moral questions; it gives a moral
and ethical code. Let me call this the ethical aspect of religion.
Now, we know that, even with moral values granted,
human beings are very weak; they must be reminded of the
moral values in order that they may be able to follow their
consciences. It is not simply a matter of having a right con-
science; it is also a question of maintaining strength to do
what you know is rignt. And it is necessary that religion give
stren?th_ and comfort and the inspiration to follow these
moral views. This is the inspirational aspect of religion. It
gives inspiration not only for moral conduct-it gives inspira-
tion for the arts and for all kinds of great thoughts and ac-
tions as well

Interconnections

These three aspects of religion are interconnected, and it is
generally felt, in view of this close integration of ideas, that to
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“What Is Science?” is reprinted with permission from The
Physics Teacher, volume 9, pp. 313-320. Copyright © 1969
American Association of Physics Teachers. _
“The Smartest Man in the World” is reprinted by permis-
sLl%n of OMNI, © 1992 Omni Publications International,

fa.

“Cargo Cult Science: The 1974 Caltech Commencement
Address” was originally published by the California Institute
of T_echnol_o%y In Engineering and Science magazine. It is
reprinted with permission. _

“It’s As Simple as One, Two, Three” is from What Do You
Care What Other People Think?: Further Adventures ofa Curious
Character by Richard P. Feynman as told to Ralph Leighton.
Co_p?;rlght © 1988 by Gweneth Feynman and Ralph
Leig tlon. Reprinted by permission of W.W. Norton & Com-
pany, nc. -~ . . .
~“The Relation of Science and ReI|1g|on” was originally pub-
lished by the California Institute of Technology in Engineering
and Science magazine. It is reprinted with permission.
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