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i1 Quantal Interference

a We have seen that quantum mechanics can only find probabilities and not
[ certainties. Now we must find out how to work with these probabilities.”

by “ We will do this by examining the results of several experiments performed

with a new instrument, the interferometer (also called an analyzer loop).
The interferometer is a Stern-Gerlach analyzer followed by plumbing
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| l‘ mg I that recombines the paths of atoms leaving from either exit. The design
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I above is represented by the simple figure below. An interferometer must be

<

constructed in such a way that the two branches are absolutely identical,
| ””':1: ; whence it is impossible to tell by examining the outgoing atom which of the
Py two branches it went through. For example, the two branches must have
" exactly the same length, because otherwise it would take an atom more

o time to traverse the longer branch. Because of this precise construction,

1“ * This book presents the standard description of quantum mechanics. Other descriptions — notably
that of David Bohm — are also possible. But, as required by the Einstein—Podolsky—Rosen effect,
all of the viable alternative descriptions are either probabilistic or non-local or both.
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9.1 Experiment 9.1: Branch a is blocked 65

A when an atom leaves the interferometer it is in exactly the same state
S as it was when it entered. This holds regardless of the interferometer’s
I orientation. '

. Thus the interferometer is an instrument that does nothing at all! The
outgoing atom is the same as the incoming atom. It is hard to see
why anyone would want to build one. Of course it can be made to do
something useful by blocking one of its two branches. For example, in the
interferometer below the lower branch is blocked, so it behaves just like
a vertical Stern—-Gerlach analyzer with its bottom exit blocked: not all of
the incoming atoms will go out, but each one that does has m; = +mg.

]

I will describe several experiments using the apparatus sketched below.
In all cases the input atom has m, = +mjp (it has been gathered from the
+ exit of a vertical analyzer not shown in the figure). The atom passes
through a horizontal interferometer, and then it is analyzed with a vertical
analyzer. An atom leaving the — exit of the vertical analyzer is considered
output, while an atom leaving the + exit is ignored.

input L\) ]
a / | Toutput

1 ‘ intermediate

9.1 Experiment 9.1: Branch a is blocked

If branch a is blocked, then:

The probability of passing from input to intermediate is
The intermediate atom has m, = —myp.

The probability of passing from intermediate to output is %

The overall probability of passing from input to output is % X % = %.
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66 9 Quantal Interference

9.2 Experiment 9.2: Branch b is blocked

If branch b is blocked, then the experiment proceeds exactly the same as
experiment 9.1, except that the intermediate atom has my = +mg.

9.3 Experiment 9.3: Neither branch is blocked

Analysis A. (Using the laws for compound probability.)
The atom goes from input to output either through branch a or

through branch b.
It goes through branch a with probability ‘—i, or through branch b

with probability %, so the overall probability of passing from
1

input to output is % + % = 3.
Analysis B. (Using the fact that an interferometer passes atoms un-
changed.)

The probability of passing from input to intermediate is 1.
The intermediate atom has m, = +mgp.

Any such atom leaves the + exit of the vertical analyzer, so ...
The overall probability of passing from input to output is 0.

A monumental disagreement! Which analysis is correct? Experiment
confirms the result of analys1s B, but what could possibly be wrong with
analysis A? Certamly +3 1= 1s correct, certainly the rule for compound
probability (which is embodled in the second sentence) is correct. The
only possible error is in the first sentence: “The atom goes either through
branch a or through branch b.” This common-sense assertion must
be wrong! Indeed, if the atom passed through branch a then at the
intermediate stage it would have a definite value of m, = +mp, but we
know that this intermediate atom has a definite value of m, so it can’t have
a definite value of my. The interferometer, which seemed so useless just a
moment ago, is in fact an extremely clever way of correlating the position
of an atom with its my: if my = 4mp, then the position is in branch
a; if my = —mp, then the position is in branch b. Since the incoming
atom lacks a definite value of my, it must lack a definite position as well.
The English language was invented by people who did not understand
quantum mechanics, so it doesn’t have an accurate concise way to describe
what is going on in this experiment. The best approximate phrase is “the
atom goes through both branches”.

This conclusion seems patently absurd. Actually it is correct, and it
seems absurd only if one thinks of an atom as being like a marble, only
infinitely smaller and infinitely harder. In fact an atom is no more a
small hard marble than an atom’s magnetic needle is a pointy stick. These
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classical ideas are simply wrong when applied to very small objects. But
I don’t expect you to take my word for it. Let’s perform an experiment
in which we actually look at the two branches to see whether the atom is
going through branch a, branch b, or both branches.

94 Experiment 9.4: Watching for atoms

In this experiment neither branch is blocked, but we train a powerful
lamp on each branch to see whether the atom passes through branch a or
through branch b. Inject an atom into the apparatus — a moment later
we see a glint of light at branch b: the atom is going through branch b.
Another atom, a glint at b again. Then a glint at a, then b again, then at
a, etc. Never do we see, say, two weak glints, one at a and the other at b.
“Ah ha!” you say, “So much for your metaphysical nonsense, Mr. Styer.
Our observations show that the atom is going either through branch a or
through branch b, and never through ‘both’, whatever that may mean.”

True. But now look at the probability of passing from input to output.
For unwatched atoms (experiment 9.3), that probability is zero. For
watched atoms (experiment 9.4), that probability is % If an atom is
watched, then it does go either through branch a or through branch b,
analysis A is correct, and half the atoms do leave the output! In fact, when
the glint is seen at branch a then the intermediate atom has my = +mp, as
can be confirmed by replacing the vertical Stern-Gerlach analyzer with a
horizontal one: an atom that causes a glint at branch a will always leave
through the + exit of a horizontal analyzer, while one that causes a glint
at branch b will always leave through the — exit.

Clearly a “watched” (or “observed”) atom behaves differently from an
unwatched atom. Much silliness has been written concerning the subject
of precisely what constitutes an observation. Suppose, for example, that
we train the lamps on the interferometer but turn our backs and don’t
look for the glints. Have the atoms been watched or haven’t they? What
if’ the glints are watched by cats rather than by human beings? Such
questions are most easily answered by considering a parallel experiment.
Suppose we turn our backs on the glints but record them on a movie.
Now suppose the movie is played back, to either a human or a feline
audience, one hour after the experiment is finished. Certainly by this time
it is too late to change the way atoms exit from the vertical analyzer! In
fact the significant question is not whether someone actually sees which
branch an atom takes, but whether it is, in principle, possible to determine
which branch an atom takes, regardless of whether any human actually
takes advantage of that possibility. (Sometimes the term “registered” is
used instead of “observed” or “measured” to emphasize that no human
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68 9 Quantal Interference

involvement is required.) From this perspective, the blocks in experiments
9.1 and 9.2 are simply ways to determine which branch the atom took:
if the atom emerges while branch a is blocked, then it must have taken
branch b. (I warn you, however, that it is not always easy to decide
whether or not an observation is “in principle possible”, nor to uncover
the exact moment at which an observation is made.)

Perhaps you think that the “problem” with experiment 9.4 is that the
atoms are being disturbed by the intense light. An atom is a tiny thing,
after all, and perhaps the blast of light is simply pushing it around
uncontrollably. This thought inspires the next two experiments.

9.5 Experiment 9.5: Watching for atoms at branch a only

t

In this case the intense light is trained only on branch a, so it cannot
possibly disturb an atom that passes through branch b. As an atom passes
through the interferometer there is either a glint at a, which means that
the atom has passed through branch a, or else there is no glint at all,
which means that the atom has passed through branch b. Since it is
possible to determine which branch the atom passed through, the results
are exactly the same as those of experiment 9.4.

9.6 Experiment 9.6: Watching for atoms with dim light

Although the light is dimmer, the glints are exactly the same! (This is
because each glint corresponds to exactly one photon.) When the light
is dim, however, some atoms pass through the interferometer without
producing a glint at all. Careful analysis of the experimental results
shows that an atom which produces no glint behaves just as if it were in
experiment 9.3 (unwatched atoms), while one which does produce a glint
behavés just as if it were in experiment 9.4 (watched atoms).

97 s measurement magical?

How can the behavior of an atom depend upon whether or not it is
being watched? Can’t watching happen without the atom being af-
fected? No. The only way to observe/measure/watch a system is to
influence/disturb/alter it in some way. Consider, for example, a ball
tossed upward in a room with ceiling lamps. If the lamps are off, the ball
will ascend to a certain height. If the lamps are on, then the light will press
down on the ball and it will attain a somewhat lower height. This effect
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9.8 Understanding 69

is negligible if the ball is a baseball’ but important if the ball is an atom,
because it is much easier to push an atom around than a baseball. (Notice
that it is the presence of light, not of watchers, in the room that makes
the difference. Once again, the important issue is whether the observation
is possible in principle, not whether a person — or a cat — happens to
take advantage of that possibility.)

This is not to say that all questions concerning quantal measurement —
and concerning its sister subject, the classical limit of quantum mechanics
— are completely solved and pat. They are not. Consider the question of
the Stern-Gerlach analyzer vs. the Stern—Gerlach interferometer. In the
first device, the atom emerges from one exit or the other but not both. In
the second device, the atom goes through one branch or the other or both.
But the front half of an interferometer is exactly the same as an analyzer!
How does the atom “know” that in the interferometer the two branches
will ultimately be recombined ?* Questions like these are far more subtle
than they appear, and are the subject of current investigation. Although
measurement is not magical, it still holds mysteries.

9.8 Understanding

Whenever I lecture concerning the topic of this chapter, students approach
me afterwards and say “I followed the lecture, but I just don’t understand
it.” When I delve into exactly what is disturbing these students, it usually
turns out to be one of two conceptual roadblocks: either the student
simply finds that this behavior is unfamiliar and unexpected, or else (s)he
is seeking a mechanism which underlies the behavior.

This behavior certainly is unexpected, but that doesn’t mean that it is
wrong. If you were born in orbit in a space station and landed on earth
for your sixteenth birthday, then you would find gravitational attraction
unfamiliar and unexpected. But it is not wrong to feel that way. Indeed
gravity truly is a mysterious force! Many people feel more comfortable
with a new phenomenon if it is given a name. The strange attraction of
remote bodies is called “gravity”. Perhaps it will comfort you to know
that the strange phenomenon described in this chapter is called “quantal
interference”.

T Indeed, the effect is small enough that many people don’t know it exists. However, all science
fiction buffs have read stories about spaceships driven by the sunlight reflected from huge
gossamer sails.

* This is the content of the so-called “Schrodinger’s cat” paradox.

¥ Another discussion of the meaning of “understanding” in science is given by R.P. Feynman
in QED: The Strange Theory of Light and Matter (Princeton University Press, Princeton, New
Jersey, 1985), pages 9-10.
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What is the mechanism that underlies quantal interference? People ask
this question thinking that there is some explanation of the sort: “An atom
is made up of two bricks held together with a rubber band, and when
the rubber band hits the wall of branch a then the two bricks oscillate
back and forth and ...”. But an atom is not made up of bricks and
rubber bands. Instead bricks and rubber bands are made up of atoms!
The Einstein-Podolsky—Rosen arguments show that no local deterministic
mechanism, no matter how intricate, can lead to the results of quantum
mechanics. As far as anyone knows, there is no mechanism. This is simply
the way the universe works.
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9.10 Sample problem

In the apparatus sketched on the next page, atoms with m; = +mp
are passed through a horizontal interferometer (number 1) then a vertical
interferometer (number 2). If all branches are open, 100% of the incoming
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Fig. 9.1. Two interferometers. (Sample problem on page 71.)

atoms exit from the output. What percentage of the incoming atoms leave
from the output if the following branches are blocked? (The atoms are
not observed as they pass through the interferometers.)

(a) 2a (d) 1b

(b) 2b (¢) 1band 2a

(c) 1a (f) 1aand 2b
Solution

Only two principles are needed to solve this problem: First, an atom
leaving an unblocked interferometer leaves in the same state that it was in
when it entered. Second, an atom leaving an interferometer that has one
branch blocked leaves in the state specified by the branch through which
it passed, regardless of what its entry state was. Use of these principles
gives the solution on page 73. Notice that in changing from situation (a)
to situation (¢), you add blockage, yet you increase the output!

9.11 Problems

9.1 Terminology. Why are the phenomena described in this chapter better
called “atom interference” rather than “the interference of atoms”?

9.2 A different interference setup. If the apparatus sketched on page 65
were changed so that atoms leaving the — exit were ignored, and
atoms leaving the + exit were considered output, then what would be
the probability of an atom passing from input to output if (a) branch
a were blocked, (b) branch b were blocked, or (c) neither branch
were blocked.

9.3 Three interferometers. Atoms with m, = +mp pass through a horizon-
tal interferometer, then a vertical interferometer, then a horizontal
interferometer, as shown on page 74. What percentage of the in-
coming atoms leave from the output if the following branches are
blocked? (The atoms are not observed as they pass through the
interferometers.)
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branches input branch taken intermediate branch taken output probability of
blocked state through # 1 state through # 2 state input — output
none |{m, = +mp both m, = +mg a m; = +mp 100%
2a m; = +mpg both m, = +mpg 100% stopped at a none 0%
2b m, = +mp both m, = +mpg a m; = +mp 100%
_ 50% stopped at a _ _ 0
1a m, = +mp 50% pass through b my = —mp both my = —mp 50%
_ 50% pass through a _ _ 0
1b m; = +mp 50% stopped at b my = +mp both my = +mp 50%
_ 50% pass through a _ 25% stopped at a _ 0
1b and 2ajm; = +mp 50% stopped atb | "* T B | )50, pass through b |z = ~"B 25%
0, [
1a and 2b |m, = +mg 50% stopped at a my, = —mg 25% pass through a my = +mp 25%

50% pass through b

25% stopped at b
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Fig. 9.2. Three interferometers. (Problem 9.3.)

(a) 3a (d) 2b (g) 1b and 3b
(b) 3b (e) 1b (h) 1b and 3a
(¢) 2a (f) 2aand3b (i) 1b and 3a and 2a

(Note that in going from situation (h) to situation (i) you get more
output from increased blockage.)

9.4 Paradox?

(a) The year is 1492, and you are discussing with a friend the radical
idea that the earth is round. “This idea can’t be correct,” objects
your friend, “because it contains a paradox. If it were true, then
a traveler moving always due east would eventually arrive back
at his starting point. Anyone can see that that’s not possible!”
Convince your friend that this paradox is not an internal incon-
sistency in the round-earth idea, but an inconsistency between
the round-earth idea and the picture of the earth as a plane, a
picture which your friend has internalized so thoroughly that he
can’t recognize it as an approximation rather than the absolute
truth.

(b) The year is 1992, and you are discussing with a friend the radical
idea of quantal interference. “This idea can’t be correct,” objects
your friend, “because it contains a paradox. If it were true,
then an atom passing through branch a would have to know
whether branch b were open or blocked. Anyone can see that
that's not possible!” Convince your friend that this paradox
is not an internal inconsistency in quantum mechanics, but an

i inconsistency between quantal ideas and the picture of an atom

as a hard little marble that always has a definite position, a

‘;nmgu‘;ﬁu | l picture which your friend has intern.alized so thoroughly that he

il ‘Iﬂ' il can’t recognize it as an approximation rather than the absolute

e truth.

(If you cannot solve this problem now, then come back to it after
reading section 15.2, “What does an electron look like?”)

9.5 Definite position. “It is absurd,” Mr. Parker says, “to think that an
atom might not have a definite position. It’s not just atoms and
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9.11 Problems 75

positions, but anything must have a definite value for any of its
attributes.” You know that a glass prism splits white light up into its
component colors. Convince Mr. Parker that a prism doesn’t have a
definite color.

Misconceptions. In his book In Search of Schrédinger’s Cat, John
Gribbin describes an experiment similar to our interferometer ex-
periments, and concludes that “unless someone looks, nature herself
does not know which hole the electron is going through”. Which two
misconceptions are embodied in this sentence?




