CHAPTER

2

. THE
CONFIGURATION
OF THE

ATOM:
RUTHERFORD’S
MODEL

For example, if you’re doing an experiment, you should report everything that you
think might make it invalid—not only what you think is right about it . . . . If you
make a theory, for example, and advertise it, or put it out, then you must also put
down all the facts that disagree with it, as well as those that agree with it.

Richard Feynman'

2.1 THE BACKGROUND
2.1.1 The Discovery of the Electron

In 1833, Michael Faraday put forward his laws of electrolysis, from which it was
deduced that every mole of univalent ions of any element always contains the
same amount of unbalanced electric charge. This quantity, the Faraday constant
F (for its value see Appendix III at the end of this book), was first determined by

' From Surely You're Joking, Mr. Feynman!, Bantam Books, New York (1986), p. 311; used with
permission of W. W. Norton & Co., Inc., New York.
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Faraday from experiments. Remembering that A. Avogadro in 1811 proposed
that there is a constant number, N4, of atoms or molecules per mole of a sub-
stance, one can infer from F that there exists a smallest unit of electric charge. A
mole is defined such that there are N4 = 6.023 x 10®* (Avogadro’s number)
atoms or molecules in one mole of a substance. Jumping ahead, the mole is
also defined as a gram-atomic or gram-molecular weight of a substance; for
example, 4 grams of the isotope *He is a gram-atomic weight of helium or 28
grams of N is a gram-molecular weight of N, where, as we shall see, atomic and
molecular weights are related to the number of protons and neutrons in the atom
or molecule. Thus, an electric charge consists of some elementary unit or “atom”
of electricity (e = F/N,).

However, such a deduction, or inference, was only made as late as 1874 by
G. J. Stoney. He pointed out that the charge of an ion was an integral multiple of
an elementary charge and he calculated the approximate value of that elementary
charge using Avogadro’s number. Stoney suggested in 1881 the name “electron”
for the smallest unit of electric charge.

Nevertheless, it was J. J. Thomson” who established experimentally in 1897
the actual existence of a new particle, named the electron, which carries the basic
unit of negative charge. Figure 2.1(a) is a photograph of Thomson and his dis-
charge tube, and Fig. 2.1(b) is the tube shown schematically as taken from his
original work. Cathode rays are emitted by the cathode C, accelerated toward the
positive potential on A, focused into a beam with velocity v on passing through
slits A and B, then passed between two metallic parallel plates D and E, and
finally strike the screen, which has a scale on it on the right. An electric field may
be applied between D and E, and a magnetic field perpendicular to the electric
field can be created by coils located outside the tube. When an electric field E is
applied, the point at which the rays strike the screen will be deflected from point
P, to point P,. This deflection shows that the cathode rays are electrically (and in
fact, negatively) charged. Let e be the charge on each particle. Now, let us further
apply a suitable magnetic field H perpendicular to the plane of the figure, so that
the mark will return to point P,. Then we know that the Lorentz force (Hev) and
the electric force (eE ) are equal in magnitude and opposite in direction. Hence we
may deduce the velocity of the rays as v = E/H.

When the electric field is removed, the path of the beam will become a
circular arc, since the magnetic field is perpendicular to the velocity. Let the radius
of the arc be r. The centrifugal force on the particles will be mv?/r, with m
denoting the mass of the particles. This force must be balanced by the Lorentz
force Hev. From this equality, the ratio of ¢/m may be deduced, since the velocity
v has been obtained from E/H.

Before J. J. Thomson’s work, the history of the study of cathode rays had
already lasted several decades. So why had such a simple experiment as
Thomson’s been postponed to the last years of the nineteenth century? The crucial

% J. J. Thomson, Phil. Mag. 44 (1897) 293.
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Py
(b)
FIGURE 2.1

(a) J. J. Thomson and his discharge tube. (b) Thomson's tube shown schematically.

point was the attainment of a high vacuum. (The reader can estimate how high the
vacuum must be to ensure the success of Thomson’s experiment.) When Thomson
began his work, vacuums that could be obtained were not very high. So he
observed no deflection at all. At that same time, the noted physicist H. R.
Hertz, the discoverer of electromagnetic waves, had done experiments similar to
Thomson's. He also observed no deflection and made the incorrect conclusion
that cathode rays were not charged.

Actually, Thomson may be rightly called “the first man to open the gate
leading to elementary particle physics.” The reason is not so much that he deter-
mined the value of e/m, but rather that he was courageous enough to break with
the traditional concepts and to propose the actual existence of a new very low-
mass particle, the electron, for the first time.

In fact, A. Schuster (professor of physics at Manchester University in
England, a position later occupied by Ernest Rutherford) had already in 1890
studied the deflection of cathode rays in a hydrogen discharge tube. He calculated
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that the charge/mass ratio of the cathode ray particles was over a thousand times
larger than that of hydrogen ions, but he did not dare believe his own result. It
was absurd to him to conclude that “the mass of a cathode ray particle is less than
a thousandth of the mass of a hydrogen atom.” Were atoms not indestructible?
How could one break off such a small piece? So he incorrectly assumed that a
cathode ray particle weighed about the same as an atom but that its charge was
much larger than that of a hydrogen ion.

In 1897, W. Kaufmann also did similar experiments. He determined the e/m
ratio much more accurately than had Thomson the same year. Kaufmann’s value
differed from the modern value by only about 1 percent. Moreover, he observed a
velocity dependence of the e/m value. This fact would be explained by Einstein’s
theory of relativity in 1905; that is, the mass of a body increases with an increase
in its velocity as discussed in Chapter 1. But Kaufmann, too, did not dare to
publish his results until 1901, since he also did not believe that cathode rays
actually consisted of such tiny particles.

Unfortunately these scientists were so committed to the then held world
view that they could not see new insights when these new insights were right in
front of their faces. As we shall see, even several Nobel Laureates observed but
overlooked discoveries that led to Nobel Prizes for others because their results did
not fit the then current scientific views. Someone like J. J. Thomson was needed to
break with the then universally accepted scientific view put forth by J. Dalton that
atoms were the smallest indivisible units of matter and to draw the correct con-
clusion that there exist particles much smaller than atoms.?

2.1.2 The Charge and Mass of the Electron

Less than two years after his determination of e/m,, Thomson separately deter-
mined the charge and the mass of the electron. He noticed that electric charges
behaved as nuclei for condensation in a saturated vapor. From measurements of
the number and total charge of the droplets, the average electronic charge was
calculated. He obtained a value of 3 x 10~!° esu.

As is well known, the first accurate determination of the electronic charge
was done in 1910 by R. A. Millikan, when he did his famous “oil-drop experi-
ment.” After repeated work over a number of years, Millikan obtained a value of
4.78 x 10~"%esu (1.59 x 10~'° C). This value was taken as the most reliable one
until 1929, when it was found that there was an error of about 1 percent. This
arose from an error in the determination of the viscosity of air. The modern value
of this quantity is

e = 1.602176487(40) x 10°C

3 For the life and work of J. J. Thomson, see E. Segre, From X-Rays to Quarks, Freeman, San
Francisco (1980); R. P. Crease and C. C. Mann, The Second Creation, Interlink Publishing
Group Inc. (1997).
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with an accuracy of three parts per ten million. The number 49 in parentheses
indicates the error in the last two figures, which means (33 + 49).

Above all, Millikan found that electric charge is quantized; that is, any
charge can only be an integral multiple of e, and e is the smallest charge that
any object can have. In the next chapter, we will discuss in more detail the concept
of quantization. This concept occurs not only in quantum physics but also in
classical physics, but it plays no dominant role in the latter. Why is electric charge
quantized and why that particular value? These are really very deep questions that
are still quite open today. With the probing of the structure of matter into deeper
levels, the “oil-drop experiment” has been repeated to search for fractional
charges.*

From the experimental values of e/m and e, the electronic mass may be
deduced to be

m, = 9.10938215(45) x 107" kg

Moreover, from Faraday’s laws of electrolysis, we may find the quantity of elec-
tricity needed to dissociate one mole of hydrogen (i.e., the Faraday constant).
Then we may calculate the charge-mass ratio e/m, of the H ion (which was named
the “proton” by Rutherford in 1914). With e/m, and e/m,, we may derive the
ratio between the mass of the proton and the mass of the electron:

Do — 1836.15267247(80)
€
This ratio is one of the two most important dimensionless constants in atomic
physics (the other one being the fine structure constant o, see Chapter 3). It is this
constant that determines the most fundamental characteristics of atomic physics,
and indeed of our universe. Were this ratio of the order of magnitude of 1 (or, if e
were a factor of 10 greater), our physical world would have an utterly different
appearance. Why this ratio has the value it has instead of another one cannot be
answered at present. This constant still cannot be derived yet from primary (a
priori) physical principles.
From the values of m,/m, and m,, we can obtain

m, = 1.672621637(83) x 107" kg

The mass of the lightest atom is nearly the same as this value, while the masses of
the heaviest atoms are some 250 times larger. It is obviously inconvenient to
measure the masses of atoms in kilograms, more absurd than measuring the
weight of a human body in tons. In the world of atoms, we use an ‘“‘atomic
mass unit” u. It is agreed internationally to take the mass of the isotope of carbon
with six protons and six neutrons, '°C, as exactly 12 u. From this we may deduce

m, = 1.00727646677(10)u

In a rough approximation, this may be taken as one atomic mass unit (1 u).

4 See, for example, G. LaRue, et al., Phys. Rev. Lett. 46 (1981) 967.
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From the mass—energy relation (see Chapter 1) E = mc? given in Einstein’s
special theory of relativity, we may obtain

m, = 0.510998910(13)MeV /¢’
my, = 938.272013(23)MeV/c?
1 u = 931.494028(23) MeV

This is the usual method of expressing masses in energy units in microphysics,
where c is the velocity of light; sometimes even ¢? is omitted. Here MeV stands for
million electron-volts. One electron-volt is the energy acquired by a particle with a
unit charge ¢ when accelerated by an electric field across a voltage difference of
one volt. The relation between this and the common unit of energy, the joule, is

leV = 1.602176487(40) x 107°C x 1V
— 1.602176487(40) x 107'°J

As mentioned above, Kaufmann established experimentally that the ratio
e/m decreased as the velocity of electrons increased (published in 1901). This is
another example of how many of the consequences, including Lorentz space
contraction and FitzGerald time dilation, of Einstein’s special theory of relativity
were already known before Einstein gave these phenomena a physical basis. So,
the change in mass with velocity was understood in 1905 using the relativistic
mass formula
My
o= 2
o e
c?
where my is a particle’s mass when it is not moving (its rest mass), m is its mass
when its velocity is v, and c is the velocity of light in vacuum, as presented in
Chapter 1.
While the mass of an electron increases with increasing velocity, just as the
masses of other bodies do, the most precise experiments still show that the electric
charge of an electron never changes with its velocity.

2.1.3 Avogadro’s Constant

Avogadro’s constant gives the number of atoms in one mole of atoms or the
number of molecules in one mole of molecules. We shall show by the following
examples that this constant is the physical quantity that is an important link
between the macroscopic and the microscopic world.

By the definition of Avogadro’s constant, one mole of '2C atoms, thatis 12 g
of '2C, contains N, atoms of '>C. Then, the mass of every '>C atom, when
measured in grams, must be (12/N,) g. Now, this mass is defined to be 12u, so
the relation between u and grams will be 12u=12/N, g, that is,
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Ny

It may be derived from the value of N4 that

1u = 1.660538782(83) x 107 g

lu or lg=N,4u

Since the gram (g) is a macroscopic unit and the atomic mass unit (u) is a micro-
scopic one, the role of N4 is seen to be a bridge between the macro and the micro.
Note that u is smaller than the free proton or neutron mass because each gives up
mass to be bound in '*C, so m(*’C) < 6m, + 6m,.

Note that many fundamental constants are not mutually independent; the
relation between u/g and N, is an example. However, they may be independently
measured by experiments. Hence, to obtain a consistent set of constants from
experimental data, it is necessary to treat the experimental values and related
formulas with the least-mean-square method to obtain an optimal set of values.
As a result of incessant improvements in experimental measurements, there was a
new international “least-square adjustment” of constants and a new set of self-
consistent values given by the Committee on Data for Science & Technology of
the International Council of Scientific Unions (CODATA) in 2006 to replace the
previous set of 1986. All the constants used in this book are from the 2006 set (see
Appendix III). Measurements published later than 2006 will cause these constants
to be adjusted in order to be self-consistent.

Next, note that the relation between the Faraday constant F and electronic
charge e is

FZE’NA

Here F is a macroscopic and e is a microscopic quantity, and the bridging of e and
F is also through N4. Moreover, we have

R=kN4

where R is the universal gas constant, a macroscopic quantity, while k is the
Boltzmann constant, a microscopic quantity, and these two quantities are also
connected through N,.

Whenever we do any experiment to study some quantity in the microscopic
world, we will always deal consciously or unconsciously with Avogadro’s con-
stant, which acts as a bridge to the macroscopic world where our experiments
must be performed. When we derive a microscopic quantity from the measure-
ments of some macroscopic quantities, we need a bridge to go through, and the
constant N, may serve as such a bridge.

2.1.4 The Size of Atoms

What is the physical size of an atom? To answer this, let us try a simple estima-
tion. For any kind of atom #X, there are N4 atoms of X in 4 grams of those
atoms. Let the mass density of this substance be p(g/cm?); the total volume of 4




















































































