Each element has an arrangement of electron orbits unique to
that element. For example, the radii of the orbits for the sodium
atom are the same for all sodium atoms, but different from the radii
of the orbits for other kinds of atoms. When we consider all the ele-
ments, we find that each has its own distinct orbits.

The Bohr model of the atom solved the mystery of the atomic
spectra of the elements. It accounted for X-rays that were emitted
when electrons made transitions from outer orbits to innermost
orbits. Bohr was able to predict X-ray frequencies that were later
experimentally confirmed. He calculated the ionization energy of the
hydrogen atom—the energy needed to knock the electron out of the
atom completely. This also was verified by experiment. The Bohr
model accounted for the general chemical properties of the elements
and predicted properties of a missing element (hafnium), which led
to its discovery.

The Bohr model was impressive. Nonetheless, Bohr was quick to
point out that his model was to be interpreted as a crude beginning,
and the picture of electrons whirling like planets about the sun was
not to be taken literally (a statement to which popularizers of science
paid no heed). His discrete orbits were conceptual representations
of an atom whose later description involved a wave description. Still,
his planetary model of the atom with electrons occupying discrete
energy levels underlies the more complex models of the atom today,
which are built upon a completely different structure from that built
by Newton and other physicists before the twentieth century. This is
the structure called quantum mechanics. Figure 38.12 shows how the
model of the atom has evolved over time.

CONCEPT: What determines the radii of the electron orbits in
CHECK : the Bohr model of the atom?

CHAPTER 38

FIGURE 38.12 A

The model of the atom has
evolved over time. a. In the
Bohr model, the electrons
orbit the nucleus like plan-
ets going around the sun.
b. De Broglie's idea of a
wave following along an
orbit was an important
stepping stone toward the
current model. ¢. In the cur-
rent model of the atom, the
wave model, the electrons
are distributed in a “cloud”
throughout the volume of
the atom.

~think! —

What fundamental force
dictates the size of an
atom?

Answer: 38.7
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38.8 Quantum Physics

The more that physicists studied the atom, the more convinced

they became that the Newtonian laws that work so well for large
objects such as baseballs and planets (in the “macroworld”) simply
do not apply to events in the microworld of the atom. Whereas in
the macroworld the study of motion is called mechanics, or some-
times classical mechanics, the study of the motion of particles in the
microworld of atoms and nuclei is called quantum mechanics. The
branch of physics that is the general study of the microworld of pho-
tons, atoms, and nuclei is simply called quantum physics.

While one can be quite certain about careful measurements in
the macroscopic world, there are fundamental uncertainties in the
measurements of the atomic domain. For the measurement of mac-
roscopic quantities, such as the temperature of materials, the vibra-
tional frequencies of certain crystals, and the speeds of light and
sound, there is no limit in practice to the accuracy with which the
experimenter can measure. But subatomic measurements, such as the
momentum and position of an electron or the mass of an extremely
short-lived particle, are entirely different. In this domain, the uncer-
tainties in many measurements are comparable to the magnitudes of
the quantities themselves.

& The subatomic interactions described by quantum mechan-
ics are governed by laws of probability, not laws of certainty. This
notion is difficult for many people to accept. Even Einstein did not
accept this.’®

If you continue to study physics, you will likely encounter quan-
tum mechanics some time in the future. Scientists and philosophers
are still pondering the real meaning of quantum mechanics. It’s a
fascinating subject.

CONCEPT: What laws govern the interactions described by
CHECK: quantum mechanics?

38.9 Predictability and Chaos

When we know the initial conditions of an orderly system we can

make predictions about it. For example, in the Newtonian macroworld,
knowing with accuracy the initial conditions lets us state where a planet
will be after a certain time, where a launched rocket will land, and when
an eclipse will occur. In the quantum microworld, we can give odds
where an electron is likely to be in an atom, and calculate the prob-
ability that a radioactive particle will decay in a given time interval.

@ Predictability in orderly systems, both Newtonian and quantum,
depends on knowledge of initial conditions.



Some systems, however, whether Newtonian or quantum, are not
orderly—they are inherently unpredictable. These are called “chaotic
systems.” Turbulent water flow is an example. No matter how accu-
rately we know the initial conditions of a piece of floating wood as
it flows downstream, we cannot predict its location later downstream.
A feature of chaotic systems is that slight differences in initial condi-
tions result in wildly different outcomes later. Two identical pieces
of wood just slightly apart from each other at one time are vastly far
apart soon thereafter.

Weather is chaotic. Small changes in one day’s weather can
produce big (and largely unpredictable) changes a week later.
Meteorologists try their best, but they are bucking the hard fact of
chaos in nature. This barrier to good prediction first led the scientist
Edward Lorenz to ask, “Does the flap of a butterfly’s wings in Brazil
set off a tornado in Texas?” Now we talk about the butterfly effect
when we are dealing with situations where very small effects can
amplify into very big effects.

CONCEPT:
CHECK:

What determines predictability in orderly systems?

Chaos on the Slopes
If you and a friend, sit-
ting on snowboards at
the top of a perfectly
smooth ski slope, push
off from positions close
together with about
the same velocity, you'll
follow similar paths and
end up near each other
at the bottom of the
slope. This is orderly
behavior. Small differ-
ences in conditions at
the beginning result

in small differences in
conditions at the end.

LY

likely to result in large
differences in conditions
at the end—so much so
that you can't predict
where you'll end up.
Interestingly, chaos is
not all hopeless unpre-
dictability. If you and
your friend compare
notes after your rides
down the moguled
slope, you might find
that you had some very
similar experiences.
Maybe you skirted
around the sides of
many moguls in just the

But if the ski slope is full ——————
of hundreds of moguls

(bumps) you'll likely find, after bouncing and jounc-
ing down the slope, that you and your friend wind
up many meters apart—no matter how close your
initial conditions. This is chaotic behavior. Small
differences in conditions at the beginning are

- same way. Maybe you
never went straight over
the top of a mogul. So there is order in chaos.
Scientists have learned how to treat chaos math-
ematically and how to find the parts of it that are
orderly.
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