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Professor Dr Lise Meitner FMRS

Born 7th November 1878
Died 27th October 1968

A great scientist who never lost her humanity or humility
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THE PROTON SPLITTO S

\%
(Variations on an old Danish theme)

A play in one scene to celebrate the
70th birthday of

Oskar Klein

Take a photon ... :

How?

ell, take a weak light source and open a shutter long enough to
"let out one photon.

But how do you know? You may get two, or nonel

Is it single photons of visible light you want?

Yes.

Then I can help you; 1 have a generator for single photons of
the sodium resonance line. A beam of slow sodium atoms is
crossed by a beam of yellow sodium light, which excites some of
them. Those which emit a photon toward you are deflected onto
a hot tungsten ~ire by their recoil, ionized and recorded by an
electron multiplier. The output pulse tells us that a photon is
on the way.

Won"tit be gone before we observe the pulse?

There are lenses and mirrors to send the photon on a detour of
300 km, '""hieh gives.you one millisecond notice.

Pine. So we take aphoton .-

Can youmake sure you have one?

There is no need; my generator is quite reliable.
Still, one ought to be able to make sure there is a photon.

One could record it with a photomultiplier ..

Not with any certainty”.

True; the best photocathodes have only about 30°/o0 efficiency.
But with some semiconductors one can get close on 100°/o. There
is some noise, but with deep cooling...

Alright; let us say we have a perfect photon detector. So we
can make a photon, know when it will come, and verify that, it

has come. But in verifying we kill it".



A,

I know. Still, it seems | may at last say ’take a photon”’.

It behaves essentially like a particle: it starts from a point,
it travels along a line, it ...

Surely not? Light consists of waves; you can at best create a
wave packetl And after travelling 3CO km ...
Let me give you the scale of my apparatus. My lens has a
diameter of 1 meter; over 300 km the wave spreads only a few cms;
the second lens is a little larger to alio?- for that, and it

forms an image just as small as the original source, only a few
wavelengths in size. The spread is ...

Essentially nil, 1 agree. But where does the photon pass through
those large lenses of yours?

I don’t care; somewhere. Just let me take my photon from the
focus of C’s second lens. We can consider this as our photon
source, and ~e know-we have 1 millisecond.warning-when the photon
is coming.

Alright, we’ll let you take a photon. “That will you do with it?

I shall split it with a half-silvered, mirror.

But that doesn’t split the photon; it is either reflected, or
transmitted, the chances being half and half.

So the photon travels either in the direction 1lor 2?

Sure. |If you were to place photon detectors inboth beams, either
one or the other would record the.ﬁﬁoton-

G-ood. Now please note that | have provided angle mirrors. (Fig.-I)
which cause both beams to return and to be recombined.

I see. You have built an interferometer similar to Michelson’s.
If your two distances are exactly alike then the re-united beam
will go*to the detector 3, not 4, it | ’ve got the phase shifts
right. .
Correct. Prom that 1 conclude that the photon has been split,

that it is present in both beams 1 and 2. There is no element of

chan.ce. We need both parts of the photon to be sure it 'MTill be



recorded at 3 and not at 4.
D. But how do you account for the fact that of two photon detectors
placed in 1 and 2, only one - at random - will record the photon?
A It must be the detectors that introduce the randomness.
D. You mean that when one detector happens to report the photon, the

other one is precluded from doing so?

A Yes.
D. Even though the other half of the photon passes through it?
Al No. Surely the other half no longer exists; itmusthave been

destroyed when the photon was spotted in the first beam. Only one
photon was produced by C"s source, and a photon can only be absorbed
and detected once.

B, Isn’t that the “reduction of the wave packet"?

C. Yes, but what does it mean? How can the observation of a photon
in one place destroy the other half of the photon?

D, There 1is no split photon; there is only a wave.

C. I must protest; my generator surely makes photons, one at a time.
We agreed to that at the beginning.

F. Let me try to remember what I was taught. The xvave associated
with one photon is not real; it is merely a mathematical tool
which allows us to compute the probability that a photon will be
observed at a given place. 1t is a description of our knowledge
that a single photon has entered our interferometer and passed
through a half-silvered mirror. Once we know that the photon has
been observed in one of the beams the probability that it should
be found, in the other becomes nil.

A. Just as the chance for a horse to win a race becomes nil when
another horse has won it?

F, A bit like that.

B. But if it is only a matter of probability that the photon is
observed, might it not be missed by both detectors?

F, Let us assume vko detector in beam 1 is nearer the splitting



mirror than the one in beam 2. Then if it records the photon

it modifies the wave - which only represents our knowledge - so
that 2 has nothing to detect. But if detector 1 remains silent

at the critical time, then the wave iIn beam 2 gets strengthened

so that the photon is sure to be recorded there.

Which detector affects the wave if they are the same distance from
the mirror, to within the length of the wavetrain? And anyhow, if
the wave represents our knowledge it can only become modified by
something that we come to know. What if we don’t look at the first
detector but merely arrange for its signal to be recorded?

There will still be an even chance - just as if the first detector
wasn’t there - that the second detector will report the photon.
Yes; but it will not report the photon in those cases where a

later inspection of the first detector shows that it had, unknown
to us at the time, recorded the photon. Does the present behaviour
of the second detector then depend on the future state of our
knowledge about the first one?

No. We must interpret knowledge in a wider way. Fhen one of the
detectors records the photon, then the way it went is ’known~’
though you and 1 may not know it.

This is getting ever more implausible: the knowledge stored in

one box of electronics is said to affect a wave elsewhere - without
signalling! - and so the behaviour of another box. \rhy not admit
that the photon, on meeting the half-silvered mirror, takes a

snap decision, at random, whether to go through or be reflected?

Because then you can’t account for the interference. |If you were
sure that half the photons travel along one path you could block
up the other path and merely halve your intensity. But you know
that if you block one path you destroy the interference: you then
observe as many photons in detector 4 as in 3, Thereas with both
paths open all the photons arrive at 3.

Wouldn’t the wave account for the interference? There is both the



wave and the photon. The wave gets split while the photon is
either transmitted or reflected.

But if we block one path with a detector and find the photon

has gone that way, then you still have a wave travelling along

the other path; a futile little wave without a photon? Unless

you “reduce it", and then we are back to where we were.

Can’t one spot the photon without absorbing it?

Certainly, lor instance, a transparent block of mass M, thickness
a and refractive index n will move forward by the amount

s - a(n - DHj.,cX) TThen a photon of wavelength X passes through
it. That displacement is small, but ...

I know. However, such a block causes a phase shift of 2>r(n - Da/X.
IT this is to be less than 1, so that the interference is not
destroyed, we must make a(n - 1) less than X/2/r, and the displacement
s becomes less than h/Kc, the "Compton wavelength™ of the block.
Heisenberg won’t let you measure to that accuracyl

But must the phase shift be small? Couldn’t we make it where
N is a large integer? That would not affect the interference,

and the displacement would be s - nh/Mc, which can be measured.
True. But we still cannot hope to know the velocity of the block
to better than kip/M = &M = c/N, and the associated. Doppler
effect gives again an uncertainty of 1 in the phase shift; so we
are no better off.

Look, all this has been threshed out in Copenhagen, in the “thirties.*
IT you spot the photon you ruin the phase.

I think I see a way around that. Let me suspend the half-silvered
mirror so that we can measure its momentum

That has all been disposed of. If you measure the momentum of

the mirror to within b/X, the momentum of a single"” photon, Its
position is uncertain by X, and that ruins the interference.

No, wait, 1 have a new trick. | propose to suspend my mirror with

a half-period equal to the time the photon takes to go out and back



again along an arm of the interferometer. |If it deviated by

+d from its equilibrium when the photon first arrived it will
deviate by -d when the photon returns. Thus d has no effect

on the phase, and the interference ~ill not be ruined: it will
happen just as if the mirror had been fixed in its equilibrium
positionl |

Ingenious. Ho"rwill you measure the momentum transfer?

Well, 1 just measure the momentum before the photon enters and
again after it has been recorded at 3. The mirror will have

been pushed one way if the photon "as reflected at first and
transmitted on the way beck, and the other way if it followed

the other path.

But in the latter case the push comes half a period later than

in the first; and the outcome is the same whether you push a
pendulum now in one direction or half a period later in the
opposite. So your measurement does not tell you which path the
photon has taken*.

Ingenious. | fear you are right. So | must do one of my momentum
measurements while the photon is in the interferometer, and that
spoils the interference.

Still, you have designed a means of observing where the photon is,
without doing anything to it; does that not prove that the photon
really is in one beam, and not split?

Einstein said something like that. .-

You have not really observed where the photon is, merely by
suspending the mirror; you must measure its momentum.

But the momentum is in the mirror, ad. | can measure it or not,
as | wish; surely that does nothing to the photon*.

Yes, it does; it spoils the interference. AILyou have done is

to share the information about the position of the photon between
the photon and the mirror so that it c?n be extracted from either

of them. Your particular suspension insures that the information



is automatically lost again, the moment the photon, by interference
between the two paths, gets directed to detector 3.

If the mirror had not been suspended in that ray but just left
floating, then the momentum transfer would have measured the
photon’s position?

Not necessarily. 1 think I could construct a mechanism by which
you could make the mirror go to where the suspension Twuld have

taken it, if you so decide before the photon returns. All 1 need

We"ll believe you. But once | have reflected a low-energy photon
from the mirror so as to determine its velocity by Doppler shift,
then the measurement is done?

Not necessarily. 1 might construct a system of mirrors to send
back the low-energy photon and return its momentum to the mirror.
But when is the measurement done?

I think any reversible process can be reversed. But 1 would regard
myself as beaten if you have let the system interact irreversibly
with say, a semicond/uctor, a photographic grain, or a retina.

That makes sense. After all, to observe is to create information;
and information is a state - in a machine or an organism - which
extends from a certain time into the future. |Irreversibility is the
very essence of information, (i must read up what Brillouin

®""rote about that.)

But don’t we sometimes obtain information without irreversible
interaction? For iInstance, when the detector in beam 1 reports
nothing we know that the photon is in beam 2.

Yes; but the detector has to be there, in beam 1; the presence

of an irreversible system is essential.

What if 1 place a piece of black paper into one beam? Then we
destroy the interference without getting any information in return.
Not necessarily; you could measure the temperature of the paper
before and after.

But what if 1 don’t?



Oh well, information can get lost if you are careless.

But, information aside, what does the photon do in my inter-
ferometer; does it get split, or doesn"t it?

You mustn®"t say "information aside'". Quantum theory is about
information. «All it does is to tell you how to use available
information to make the best possible predictions about future
information.

You mean, about what is going to happen?

If you agree to use the worfei "to happen”™ only for irreversible
processes.

Surely something happens to the photon inside the interferometer;
so quantum theory must be incomplete.

I don"t feel that. Quantum theory is logically consistent, and
it allows you to make all the predictions that you can test.
Photons and waves are models that allow you to use your imagination
instead of using the full theory, but they cannot completely replac
it.

Couldn"t one have a model that covers both photons and waves?
Something more complex, perhaps multidimensional, of which our
present concepts are merely flat projections?

Plato"s cave. Well, produce such a model, and we"ll discuss it
next time.

But there are some even more awful difficulties which today we

haven®t even touched on. Take two photons ...

CURTAIN

O.R. Frisch, June 1964.



Tungsten
wire

Sodium
atoms



SEPTEMBER 26 1963 THE

Experiment

LISTENER

459

The Magnetic Proton

By O. R. FRISCH,

Dr Frisch is Jacksonian Professor of Physics at the University of
Cambridge, and the author of ‘Meet the Atoms: - and : Atomic
Physics Today -

N 1930, when | was twenty-six, | went to Hamburg to

work under Professor Otto Stern. My status was about that

of a junior lecturer, but I gave no lectures; my German

title was Herr Assistent, which made it clear that my job

was to assist Stern in his researches. The work was planned
Stern; | had a knack for designing equipment, so he usually
let me have my way in a good many details, although we
carefully discussed it all beforehand. We had two good mechanics;
under my supervision they built the various components, which
| then tested and assembled with the help of a glassblower.

Perfecting the Apparatus

When all was ready, after six months or so, Stern would come
into the room in high spirits, preceded by his cigar; he would
sit down by the table with a large notebook, write down the
date, and begin the first measurements to see if the apparatus
performed as it should. Stern had always worked out exactly
what to expect; so if there were any shortcomings, he could
usually diagnose the reasons quickly. It might then take days
or weeks to modify the apparatus, and in the meantime he worked
with one of his other three assistants, or made plans for future
experiments. After several months of repeated modifications the
apparatus was finally considered good enough for the measure-
ments it was meant for; Stern usually did most of the measure-
ments himself, and all the calculations. Then the work was
written up and published in the Zeitschrift fuer Physik, the
apparatus was scrapped, the table scrubbed, and | began to
assemble the next apparatus.

In one particular experiment we measured the magnetism of
the proton (the hydrogen nucleus). Basically it was simple. You
take a stream of hydrogen molecules, all flying through a vacuum
in the same direction; then you place a strong magnet nearby
and measure how much the molecules are deflected; that tells
you how strongly magnetic they are. About ten years before,
Stern had shown that this kind of experiment could be done:
he had measured the magnetism of silver atoms, working with
Walter Gerlach. He realized that this technique of studying
streams of atoms all flying in the same direction—or ‘atomic
beams ' as we call them briefly— could be used for a variety of
problems; so when Stern was given a professorship at Hamburg
University in 1925 he decided to concentrate on developing the
atomic-beam method. The school he built up has now spread
to all the corners of the world; although Stern is now in retire-
ment, in California, to his many pupils he is still the well-beloved
grandfather.

Why the Electron Spins

At first, it was thought that the magnetism of the silver atom
was caused by its outermost electron going round in a circle;
an electron going in a circle would be an electric current and
would turn the atom into a tiny electromagnet. But by 1924
it had become clear that that view was wrong; the magnetism
of the silver atom came from the fact that the electron spins
very fast about its own axis, like a spinning top. This raised
the problem of why the electron should keep spinning— why did
it not run down?—but four years later, in 1928, Paul Dirac
showed, by a purely mathematical argument, that the electron
had to spin if it was to fit in both with the quantum theory
and with the relativity theory. What is more, he was able to
work out the strength of its magnetism, and the figure he got
was exactly what Stern and Gerlach had observed.

In those days, everybody thought that matter was made of

F.R.S.

just two building bricks: the negatively charged electrons, which
in some manner form the outside of the atoms, and the positively
charged protons inside the atomic nuclei. Protons can also be
found by themselves; the nucleus of the hydrogen atom— the
lightest of all—is just a single proton. The proton was known
to be almost 2,000 times heavier than the electron, but it had
the same amount of electric charge and the same spin. So it
was reasonable to assume that it would obey Dirac’s theory,
l]Mst as the electron does. In that case its magnetism would be
smaller than that of the electron, about 2,000 times smaller
because it was 2,000 times heavier; that followed from Dirac’s
theory.

To Otto Stern that was a challenge. The method he had used
on silver atoms would have to be made 1,000 times more sensi-
tive if it was to measure the magnetism of a proton, but he
felt it could be done. No other way of doing it seemed feasible,
and so he set about developing the required techniques. When
I joined him in 1930 he was almost ready; but first | spent
over a year helping him in another experiment, in which he
showed the wave properties of atomic beams by placing a crystal
in their way and studying the reflections. Stern had planned
to measure the magnetism of the proton with another assistant,
and he had actually set him to work on a similar experiment
to gain experience; but that experiment ran into unexpected
difficulties and took much longer than he had planned. So in
the end Stern decided it was to be me who should help him
with the magnetism of the proton.

Increasing Sensitivity

It is not, as a rule, possible to make a method a thousand
times more sensitive in a single step; rather you have to try
to improve all the factors that matter one by one, and each
by as much as you can. First, there was the magnet. It had to
create a field with a strong gradient, weak on one side of the
beam, strong on the other. In their experiment with the silver
atoms, Stern and Gerlach had used a specially-made electro-
magnet with poles close together— horseshoe fashion—and one
pole shaped as a knife edge. They had placed it with that
knife edge along the atomic beam; then some atoms were pulled
towards the knife edge, others were pushed away, depending on
how they happened to be oriented as they went by.

The first thing we did was to build a magnet with poles
much closer together, to get an even stronger gradient; and |
spent many days building a microscopic spring balance for mea-
suring that magnetic gradient, in a space hardly wide enough
for a toothpick. We also made the knife edge longer so that
each molecule should spend more time in the deflecting field;
but there we were limited because we did not want to lose too
many of our molecules by collisions with air molecules in our
imperfect vacuum (for vacuum pumps were not as good in those
days as they are now). But in spite of all those improvements,
the deflection we expected was still extremely small, only about
one or two thousandths of an inch. So we had to use very
fine beams of hydrogen molecules. They entered the apparatus
through a fine slit at one end, and then they had to pass through
two more narrow slits: these stopped all of them except those
few that happened to be travelling in just the right direction.
Finally, we had to improve the instruments with which we
detected those few molecules at the other end of our apparatus;
we did this by letting the molecules pass into an enclosure, and
measuring the change in pressure, using delicate manometers
which | designed specially for that job.

Hydrogen gas— which you can buy in cylinders— consists of
molecules, and each molecule is a pair of hydrogen atoms stuck
together. We could have broken them up into single atoms, but
single atoms would have been useless for our purpose: they



