
There's Plenty of Room at the Bottom
Richard P. Feynman

Iimagine experimental physicists must often look with
envy at men like Kamerlingh Onnes, who discovered a

field like low temperature, which seems to be bottomless
and in which one can go down and down. Such a man is
then a leader and has some temporary monopoly in a sci-
entific adventure. Percy Bridgman, in designing a way to
obtain-higher pressures, opened up another new field and
was able to move into it and to lead us all along. The
development of ever higher vacuum was a continuing de-
velopment of the same kind.

I would like to describe a field, in which little has been
done, but in which an enormous amount can be done in
principle. This field is not quite the same as the others in
that it will not tell us much of fundamental physics (in the
sense of, "What are the strange particles?") but it is more
like solid-state physics in the sense that it might tell us
much of great interest about the strange phenomena that
occur in complex situations. Furthermore, a point that is
most important is that it would have an enormous number
of technical applications.

What I want to talk about is the problem of manipulat-
ing and controlling things on a small scale.

As soon as I mention this, people tell me about minia-
turization, and how far it has progressed today. They tell
me about electric motors that are the size of the nail on
your small finger. And there is a device on the market,
they tell me, by which you can write the Lord's Prayer
on the head of a pin. But that's nothing; that's the most
primitive, halting step in the direction I intend to discuss.
It is a staggeringly small world that is below. In the year
2000, when they look back at this age, they will wonder
why it was not until the year 1960 that anybody began
seriously to move in this direction.

Why cannot we write the entire 24 volumes of the En-
cyclopaedia Britannica on the head of a pin?

Let's see what would be involved. The head of a pin is
a sixteenth of an inch across. If you magnify it by 25 000
diameters, the area of the head of the pin is then equal to
the area of all the pages of the Encyclopaedia Britannica.
Therefore, all it is necessary to do is to reduce in size all
the writing in the Encyclopaedia by 25 000 times. Is that
possible? The resolving power of the eye is about 1/120
of an inch—that is roughly the diameter of one of the little
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dots on the fine half-tone reproductions in the Encyclo-
paedia. This, when you demagnify it by 25 000 times, is
still 80 angstroms in diameter—32 atoms across, in an or-
dinary metal. In other words, one of those dots still would
contain in its area 1000 atoms. So, each dot can easily be
adjusted in size as required by the photoengraving, and
there is no question that there is enough room on the head
of a pin to put all of the Encyclopaedia Britannica.

Furthermore, it can be read if it is so written. Let's
imagine that it is written in raised letters of metal; that is,
where the black is in the Encyclopaedia, we have raised
letters of metal that are actually 1 /25 000 of their ordi-
nary size. How would we read it?

If we had something written in such a way, we could
read it using techniques in common use today. (They will
undoubtedly find a better way when we do actually have
it written, but to make my point conservatively I shall just
take techniques we know today.) We would press the
metal into a plastic material and make a mold of it, then
peel the plastic off very carefully, evaporate silica into the
plastic to get a very thin film, then shadow it by evapo-
rating gold at an angle against the silica so that all the
little letters will appear clearly, dissolve the plastic away
from the silica film, and then look through it with an elec-
tron microscope!

There is no question that if the thing were reduced by
25 000 times in the form of raised letters on the pin, it
would be easy for us to read it today. Furthermore, there
is no question that we would find it easy to make copies
of the master; we would just need to press the same metal
plate again into plastic and we would have another copy.

How Do WE WRITE SMALL?

The next question is: How do we write it? We have no
standard technique to do this now. But let me argue that
it is not as difficult as it first appears to be. We can reverse
the lenses of the electron microscope in order to demag-
nify as well as magnify. A source of ions, sent through
the microscope lenses in reverse, could be focused to a
very small spot. We could write with that spot like we
write in a TV cathode ray oscilloscope, by going across
in lines, and having an adjustment which determines the
amount of material which is going to be deposited as we
scan in lines.

This method might be very slow because of space
charge limitations. There will be more rapid methods. We
could first make, perhaps by some photo process, a screen
which has holes in it in the form of the letters. Then we
would strike an arc behind the holes and draw metallic
ions through the holes; then we could again use our sys-
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tern of lenses and make a small image in the form of ions,
which would deposit the metal on the pin.

A simpler way might be this (though I am not sure it
would work): We take light and, through an optical mi-
croscope running backwards, we focus it onto a very small
photoelectric screen. Then electrons come away from the
screen where the light is shining. These electrons are fo-
cused down in size by the electron microscope lenses to
impinge directly upon the surface of the metal. Will such
a beam etch away the metal if it is run long enough? I
don't know. If it doesn't work for a metal surface, it must
be possible to find some surface with which to coat the
original pin so that, where the electrons bombard, a
change is made which we could recognize later.

There is no intensity problem in these devices—not
what you are used to in magnification, where you have to
take a few electrons and spread them over a bigger and
bigger screen; it is just the opposite. The light which we
get from a page is concentrated onto a very small area so
it is very intense. The few electrons which come from the
photoelectric screen are demagnified down to a very tiny
area so that, again, they are very intense. I don't know
why this hasn't been done yet!

That's the Encyclopaedia Britannica on the head of a
pin, but let's consider all the books in the world. The
Library of Congress has approximately 9 million vol-
umes; the British Museum Library has 5 million volumes;
there are also 5 million volumes in the National Library
in France. Undoubtedly there are duplications, so let us
say that there are some 24 million volumes of interest in
the world.

What would happen if I print all this down at the scale
we have been discussing? How much space would it take?
It would take, of course, the area of about a million pin-
heads because, instead of there being just the 24 volumes
of the Encyclopaedia, there are 24 million volumes. The
million pinheads can be put in a square of a thousand pins
on a side, or an area of about 3 square yards. That is to
say, the silica replica with the paper-thin backing of plas-
tic, with which we have made the copies, with all this
information, is on an area of approximately the size of 35
pages of the Encyclopaedia. This is only one-fourth as
many pages as a copy of the Saturday Evening Post. All
of the information which all of mankind has ever recorded
in books can be carried around in a pamphlet in your
hand—and not written in code, but as a simple reproduc-
tion of the original pictures, engravings, and everything
else on a small scale without loss of resolution.

What would our librarian at Caltech say, as she runs all
over from one building to another, if I tell her that, ten
years from now, all of the information that she is strug-
gling to keep track of—120 000 volumes, stacked from
the floor to the ceiling, drawers full of cards, storage
rooms full of the older books—can be kept on just one
library card! When the University of Brazil, for example,
finds that their library is burned, we can send them a copy
of every book in our library by striking off a copy from
the master plate in a few hours and mailing it in an en-

velope no bigger or heavier than any other ordinary air
mail letter.

Now, the name of this talk is "There is Plenty of Room
at the Bottom"—not just "There is Room at the Bottom.''
What I have demonstrated is that there is room—that you
can decrease the size of things in a practical way. I now
want to show that there is plenty of room. I will not now
discuss how we are going to do it, but only what is pos-
sible in principle—in other words, what is possible ac-
cording to the laws of physics. I am not inventing anti-
gravity, which is possible someday only if the laws are
not what we think. I am telling you what could be done
if the laws are what we think; we are not doing it simply
because we haven't yet gotten around to it.

INFORMATION ON A SMALL SCALE

Suppose that, instead of trying to reproduce the pictures
and all the information directly in its present form, we
write only the information content in a code of dots and
dashes, or something like that, to represent the various
letters. Each letter represents six or seven "bits" of in-
formation; that is, you need only about six or seven dots
or dashes for each letter. Now, instead of writing every-
thing, as I did before, on the surface of the head of a pin,
I am going to use the interior of the material as well.

Let us represent a dot by a small spot of one metal, the
next dash by an adjacent spot of another metal, and so on.
Suppose, to be conservative, that a bit of information is
going to require a little cube of atoms 5 x 5 x 5—that is
125 atoms. Perhaps we need a hundred and some odd at-
oms to make sure that the information is not lost through
diffusion, or through some other process.

I have estimated how many letters there are in the En-
cyclopaedia, and I have assumed that each of my 24 mil-
lion books is as big as an Encyclopaedia volume, and have
calculated, then, how many bits of information there are
(1015). For each bit I allow 100 atoms. And it turns out
that all of the information that man has carefully accu-
mulated in all the books in the world can be written in this
form in a cube of material one two-hundredth of an inch
wide—which is the barest piece of dust that can be made
out by the human eye. So there is plenty of room at the
bottom! Don't tell me about microfilm!

This fact—that enormous amounts of information can
be carried in an exceedingly small space—is, of course,
well known to the biologists, and resolves the mystery
which existed before we understood all this clearly, of
how it could be that, in the tiniest cell, all of the infor-
mation for the organization of a complex creature such as
ourselves can be stored. All this information—whether we
have brown eyes, or whether we think at all, or that in the
embryo the jawbone should first develop with a little hole
in the side so that later a nerve can grow through it—all
this information is contained in a very tiny fraction of the
cell in the form of long-chain DNA molecules in which
approximately 50 atoms are used for one bit of informa-
tion about the cell.
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BETTER ELECTRON MICROSCOPES

If I have written in a code, with 5 x 5 x 5 atoms to a
bit, the question is: How could I read it today? The elec-
tron microscope is not quite good enough; with the great-
est care and effort, it can only resolve about 10 angstroms.
I would like to try and impress upon you, while I am talk-
ing about all of these things on a small scale, the impor-
tance of improving the electron microscope by a hundred
times. It is not impossible; it is not against the laws of
diffraction of the electron. The wave length of the elec-
tron in such a microscope is only 1/20 of an angstrom.
So it should be possible to see the individual atoms. What
good would it be to see individual atoms distinctly?

We have friends in other fields—in biology, for in-
stance. We physicists often look at them and say, "You
know the reason you fellows are making so little prog-
ress?" (Actually I don't know any field where they are
making more rapid progress than they are in biology to-
day.) "You should use more mathematics, like we do."
They could answer us—but they're polite, so I'll answer
for them: "What you should do in order for us to make
more rapid progress is to make the electron microscope
100 times better."

What are the most central and fundamental problems of
biology today? They are questions like: What is the se-
quence of bases in the DNA? What happens when you
have a mutation? How is the base order in the DNA con-
nected to the order of amino acids in the protein? What is
the structure of the RNA; is it single-chain or double-
chain, and how is it related in its order of bases to the
DNA? What is the organization of the microsomes? How
are proteins synthesized? Where does the RNA go? How
does it sit? Where do the proteins sit? Where do the amino
acids go in? In photosynthesis, where is the chlorophyll;
how is it arranged; where are the carotenoids involved in
this thing? What is the system of the conversion of light
into chemical energy?

It is very easy to answer many of these fundamental
biological questions; you just look at the thing! You will
see the order of bases in the chain; you will see the struc-
ture of the microsome. Unfortunately, the present micro-
scope sees at a scale which is just a bit too crude. Make
the microscope one hundred times more powerful, and
many problems of biology would be made very much eas-
ier. I exaggerate, of course, but the biologists would
surely be very thankful to you—and they would prefer that
to the criticism that they should use more mathematics.

The theory of chemical processes today is based on the-
oretical physics. In this sense, physics supplies the foun-
dation of chemistry. But chemistry also has analysis. If
you have a strange substance and you want to know what
it is, you go through a long and complicated process of
chemical analysis. You can analyze almost anything to-
day, so I am a little late with my idea. But if the physicists
wanted to, they could also dig under the chemists in the
problem of chemical analysis. It would be very easy to
make an analysis of any complicated chemical substance;
all one would have to do would be to look at it and see

where the atoms are. The only trouble is that the electron
microscope is one hundred times too poor. (Later, I would
like to ask the question: Can the physicists do something
about the third problem of chemistry—namely, synthesis?
Is there a physical way to synthesize any chemical sub-
stance?)

The reason the electron microscope is so poor is that
the/-value of the lenses is only 1 part to 1000; you don't
have a big enough numerical aperture. And I know that
there are theorems which prove that it is impossible, with
axially symmetrical stationary field lenses, to produce an
/-value any bigger than so and so; and therefore the re-
solving power at the present time is at its theoretical max-
imum. But in every theorem there are assumptions. Why
must the field be axially symmetrical? Why must the field
be stationary? Can't we have pulsed electron beams in
fields moving up along with the electrons? Must the field
be symmetrical? I put this out as a challenge: Is there no
way to make the electron microscope more powerful?

THE MARVELOUS BIOLOGICAL SYSTEM

The biological example of writing information on a
small scale has inspired me to think of something that
should be possible. Biology is not simply writing infor-
mation; it is doing something about it. A biological sys-
tem 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!

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 of writing that I was mentioning before, in which I
had everything down as a distribution of metal, is per-
manent. Much more interesting to a computer is a way of
writing, erasing, and writing something else. (This is usu-
ally because we don't want to waste the material on which
we have just written. Yet if we could write it in a very
small space, it wouldn't make any difference; it could just
be thrown away after it was read. It doesn't cost very
much for the material.)

MINIATURIZING THE COMPUTER

I don't know how to do this on a small scale in a prac-
tical way, but I do know that computing machines are
very large; they fill rooms. Why can't we make them very
small, make them of little wires, little elements—and by
little, I mean little. For instance, the wires should be 10
or 100 atoms in diameter, and the circuits should be a few
thousand angstroms across. Everybody who has analyzed
the logical theory of computers has come to the conclu-
sion that the possibilities of computers are very interest-
ing—if they could be made to be more complicated by
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