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FIGURE 28-5 'Thought
experiment for observing an
electron with a powerful light
microscope, Al least one photon
must scatter from the electron

(transferring some momentum to it)

and enter the microscope.
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Thus you won’t know its future position. The same would be true, but to a
much lesser extent, if you observe the Ping-pong ball using light. In order to
“see” the ball, at least one photon must scatter from it, and the reflected
photon must enter your eye or some other detector. When a photon strikes
an ordinary-sized object, it does not appreciably alter the motion or position
of the object. But when a photon strikes a very tiny object like an electron,
it can transfer momentum to the object and thus greatly change the object’s
motion and position in an unpredictable way. The mere act of measuring
the position of an object at one time makes our knowledge of its future
position imprecise.

Now let us see where the wave—particle duality comes in. Imagine a
thought experiment in which we are trying to measure the position of an
object, say an electron, with photons, Fig. 28-5. (The arguments would be
similar if we were using, instead, an electron microscope.) As we saw in
Chapter 25, objects can be seen to an accuracy at best of about the wave-
length of the radiation used. If we want an accurate position measurement,
we must use a short wavelength, But a short wavelength corresponds to high
frequency and large momentum (p = i/A); and the more momentum the
photons have, the more momentum they can give the object when they
strike it. If we use photons of longer wavelength, and correspondingly smaller
momentum, the object’s motion when struck by the photons will not be
affected as much. But the longer wavelength means lower resolution, so the
object’s position will be less accurately known. Thus the act of observing
produces an uncertainty in both the position and the momentum of
the electron. This is the essence of the uncertainty principle first enunciated
by Heisenberg in 1927,

Quantitatively, we can make an approximate calculation of the magnitude
of this effect. If we use light of wavelength A, the position can be measured at
best to an accuracy of about A. That is, the uncertainty in the position measure-
ment, Ax, is approximately

Ax = A

Suppose that the object can be detected by a single photon. The photon has a
momentum p, = h/A. When the photon strikes our object, it will give some
or all of this momentum to the object, Fig. 28-3. Therefore, the final x momentum
of our object will be uncertain in the amount

h
Ap, = —
Py A

since we can’t tell beforehand how much momentum will be transferred. The
product of these uncertainties is

(Ax)(Ap,) = h.

The uncertainties could be worse than this, depending on the apparatus and the
number of photons needed for detection. A more caretul mathematical calcula-
tion shows the product of the uncertainties as, at best, about

h
(Ax)(ap,) = o— (28-1)

This is a mathematical statement of the Heisenberg uncertainty principle, or, as
it is sometimes called, the indeterminancy principle. It tells us that we cannot
measure both the position and momentum of an object precisely at the same
time. The more accurately we try to measure the position, so that Ax is small,
the greater will be the uncertainty in momentum, Ap, . If we try to measure the
momentum very precisely, then the uncertainty in the position becomes large.
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