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PREFACE TO THE FIRST EDITION

I have tried to write an elementary, yet coherent, account of nuclear
physics suitable as an introduction to this field. The book is elementary
in the sense that the reader is assumed to have had no previous exposure
to atomic and nuclear physies. It is supposed that he has had a two-year
college course in physics covering approximately the material contained
in Sears’ books: Mechanics, Heat, and Sound; Electricity and Magnetism;
and Optics, in the Addison-Wesley Physics Series. It is also assumed that
the reader is familiar with the differential and integral calculus; a one-
year course in general chemistry would be helpful, if not essential. This
book should therefore be useful in an advanced undergraduate course in
nuclear physics, to engineers interested in the large-scale applications of
nuclear physics grouped together under the name “nuclear engineering,”
or to anyone else with the indicated preparation who might be interested
in nuclear physics.

The concepts and techniques of nuclear physics are not elementary in
the sense that they are easily mastered. They have evolved through a
great deal of experimental and theoretical research and cannot be expressed
or explained in simple nontechnical terms. I have tried, therefore, to show
how our present knowledge of atoms and nuclei has been developed, and
how some of this knowledge is applied. In treating the experiments that
yield information about atoms and nuclei and the ways in which these ex-
periments are interpreted in terms of theory, I have tried to avoid both the
devil of experimental complication and the deep blue sea of mathematical
detail. The emphasis is on the principles underlying the experiments and
on the experimental results rather than on the apparatus, on the physical
ideas rather than on the details of the calculations. Thus, derivations have
been included when they involve straightforward applications of physieal
principles in terms of mathematics not beyond the integral calculus.
When it is necessary to use the results of more advanced methods, such
as quantum mechanics, the details of the derivations are omitted; but the
physical ideas contained in the results are discussed in some detail and
related to the experimental data.

The plan of the book is based on the advice of the King of Hearts:
“Begin at the beginning,” the King said gravely, “and go on till you come
to the end: then stop.” The need for a reasonable limit on the size of the
book makes it necessary, however, to define the beginning and end arbi-
trarily and to leave some things out on the way. The first part of the
book, consisting of the first seven chapters, is devoted to the background
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vi PREFACE

of nuclear physics and begins with the chemical foundations of atomic
theory. The second part, Chapters 8 through 17, treats the physics of
the nucleus in a way that seems to me to be logical, yet consistent with
the elementary nature of the book. The third part, Chapters 18 through
22, deals with special topics and applications and includes neutron physics
and nuclear fission, which do not fit conveniently into the scheme of the
second part and at the same time lead into the most spectacular application
of nuclear physics—‘nuclear energy.” The subjects of charged-particle
accelerators and isotope separation, although not really nuclear physies,
are closely related to important branches of this field; they are included
for this reason and because they form, along with nuclear energy, the
main part of nuclear engineering. I have not discussed such subjects as
cosmic rays, mesons, and nuclear moments because I think that they
need a more advanced treatment than the material covered.

I have included, for several reasons, a large number of literature refer-
ences. For the skeptical or curious reader, the references will supply the
experimental and theoretical details omitted from the text, as well as
proofs of results that are stated without proof. A more important reason
for including these references stems from the fact that atomic and nuclear
physics are recently developed fields, and the original literature is more
readily available than that of classical physics. The student can read for
himself the original papers and books of the pioneers in this field—Ruther-
ford, Bohr, Millikan, Moseley, Aston, Chadwick, Fermi, and others. The
articles in which the basic discoveries were first published give, more than
any textbook can, a feeling for the imagination and beauty inherent in
modern physics. The current literature adds a feeling for the gradual, and
sometimes painful, accumulation of experimental and theoretical infor-
mation, and for the problems which have yet to be solved.

This book has been developed from the notes for a course of lectures
given at the Brookhaven National Laboratory. I am indebted to col-
leagues who attended the lectures or used the notes for many valuable
comments and suggestions, and to many workers in the field of nuclear
physies for permission to cite and use their published results. Above all,
I find it hard to express adequately my indebtedness and gratitude to
Jean Harless for her unfailing patience, good humor, and skill in preparing
the manuscript.

IrviNg KaPLAN
Eqst Patchogue, New York
June, 1954



PREFACE TO THE SECOND EDITION

I have tried to bring the book up-to-date and to improve the presenta-
tion of the material. The rapid accumulation of information during the
past seven years has made it necessary to change many of the numbers
and some of the ideas, while the use of the book as a text, by friends and
colleagues as well as by myself, has resulted in many suggestions for im-
provement and clarification.

For the convenience of those who used the first edition, the major
changes are listed. Section 2-8, on the detection and measurement of
radiation, has been expanded. In the treatment of special relativity, in
Chapter 6, derivations of the Lorentz transformation equations and of
the formula for the variation of mass with velocity have been included.
Section 7-9 has been added to Chapter 7, in which the Schroedinger
equation is applied to the problem of a particle in a one-dimensional box;
it is hoped that this addition will help the student develop a little more
insight into some of the elementary ideas of wave mechanics. Two new
" sections have been added to Chapter 14: Section 14-8 deals with the
neutrino and its detection; Section 14-9 with symmetry laws and the
nonconservation of parity in beta-decay. The last two sections of Chap-
ter 15, dealing with gamma-decay, nuclear energy levels and isomerism,
have been completely rewritten. A short section, 16-7, on the limitations
of the compound nucleus theory has been added to Chapter 16. In Chap-
ter 17, the treatment of nuclear models has been extended; in particular,
the shell and collective models are discussed in somewhat more detail
than in the first edition, and the optical model for nuclear reactions is
introduced. A short section, 17-4, on the nuclear radius has been added.
Chapter 19, on nuclear fission, has been modernized to include material
which was classified at the time the first edition was written but is now
part of the open literature. Corresponding changes have been made in
Chapter 20, with the result that some of the elementary properties of
nuclear reactors can be introduced in a more satisfactory way; a short
section on controlled thermonuclear reactions has also been added. To
compensate in part for the new material, Chapter 22 on isotope separation
has been dropped; this subject seems to attract little interest in courses
in nuclear physics, and is now treated thoroughly in other books. Finally,
I have tried to improve the problems by adding to them and by replacing
some of the “substitution” problems by ‘“thought” problems.

I am indebted to many friends, colleagues, and students who have
pointed out errors and suggested changes, and I regret that I cannot list

v



viii PREFACE

them individually because of the lack of space. I have, however, exer-
cised the author’s privilege of disregarding some advice and criticism, and
have only myself to blame for the shortcomings of the revised book.

I am indebted to Rachel Sprinsky for her invaluable assistance in the
preparation of the manuscript.

IrviNg KaPLAN

Cambridge, Mass.
January, 1962
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CHAPTER 1

THE CHEMICAL FOUNDATIONS OF ATOMIC THEORY

The foundations of modern atomic theory were laid in the late 18th
and 19th centuries in the attempt to understand the chemical properties
of matter. Two of the fundamental quantities of atomic and nuclear
physics—atomic weight and atomic number—had their origins in the
correlation of the results of chemical experiments and in the systemization
of the properties of the chemical elements. The laws of chemical combina-
tion were unified at the beginning of the 19th century by Dalton’s atomic
theory, which introduced the concept of atomic weight. The develop-
ment of methods for determining the atomic weights of the elements and
the investigation of chemical reactions were major contributions of 19th
century chemistry. The systemization of the atomic weights and prop-
erties of the elements then led to the formulation of the periodic system
and to the concepts of atomic number and atomic structure.

1-1 The laws of chemical combination.| The experimental information
which gave rise to the atomic theory of matter can be summarized in a
few basic laws. The first of these was deduced from investigations such
as those of Lavoisier, who showed that when tin is made to react with
air in a closed vessel, the weight of the vessel and its contents before and
after heating is the same. This constancy of the weight, which has been
found to be true for all chemical reactions, is expressed in the law of con-
servalion of mass, which states that the mass of a system is not affected by
any chemical change within the system.

It was found that when various metals are oxidized in excess air, one
part by weight of oxygen always combines with 1.52 parts by weight of
magnesium, 2.50 parts of calcium, 1.12 parts of aluminum, 3.71 parts of
tin, 3.97 parts of copper, and so on. If, as turns out to be more convenient,
the weight of oxygen is taken to be 8, the following combining weights
are obtained.

Oxygen Magnestum  Calcium Aluminum  Copper Tin
8 12.16 20.04 8.96 31.76 29.68

The same combining weights are obtained when the oxides are prepared

by methods other than simple oxidation. These experimental results,

and many others like them, are expressed by the law of definite propor-

tions, which states that a particular chemical compound always contains

the same elements united together in the same proportions by weight.
3



4 CHEMICAL FOUNDATIONS OF ATOMIC THEORY [caap. 1

It was also found that two elements can combine to form more than one
compound. For example, at least five distinct oxides of nitrogen are
known in which the relative proportions by weight of nitrogen and oxygen
are listed in the table.

Nitrogen Oxygen
14 8§8=1X8
14 16 = 2X 8
14 24 = 3X8
14 32 =4X8
14 40 = 5X 8

The different weights of oxygen which can combine with the same weight
of nitrogen are integral multiples of 8. Results of this kind are sum-
marized by the law of multiple proportions, which states that if two ele-
ments combine to form more than one compound, the different weights of
one which combine with the same weight of the other are in the ratio of
small whole numbers.

The further study of the quantitative relations between the elements
led to a fourth law of chemical combination. The law of reciprocal pro-
portions states that the weights of two (or more) substances which react
separately with identical weights of a third are also the weights which
react with each other, or simple multiples of them. In other words, if
each of two substances A and B combines with a substance C, then A and
B can combine with each other only in those proportions in which they
combine with C, or in some simple multiple of those proportions. This
law is illustrated by the reactions which take place between oxygen and
sulfur, oxygen and zinc, and sulfur and zinc. Thus, 8 parts by weight
of oxygen combine with 8.015 parts of sulfur to form an oxide of sulfur,
and with 32.69 parts of zinc to form an oxide of zinc; in the formation
of zinc sulfide, 65.38(= 2 X 32.69) parts of zinc combine with
32.06(= 4 X 8.015) of sulfur.

Another generalization deduced from the analysis of chemical compounds
is that of the combining weight or chemical equivalent of an element.
This concept was touched upon in the discussion of the oxides of various
metals in connection with the law of definite proportions. Consider a
number of chemical compounds such as those tabulated on the next page.
If oxygen = 8 is taken as the standard, the amount of each of the other
elements which combines with this standard amount of oxygen can be
calculated. Thus, 28.53 parts by weight of oxygen combine with 71.47
parts of caleium, and

28.53:8 = 71.47:z, or z = 20.04 for calcium,
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Compound Percent Percent
1. Calcium oxide Calcium 71.47 Oxygen 28.53
2. Water Hydrogen 11.19 Oxygen 88.81
3. Hydrogen chloride Hydrogen 2.76 Chlorine 97.23
4. Magnesium chloride Magnesium 25.53 Chlorine 74.47
5. Silver chloride Silver 75.26 Chilorine 24.71
6. Silver iodide Silver 45.94 lodine 54.06

where 2 is the amount of the element, in this case calcium, which combines
with 8 parts of oxygen. From the experimental data for water,

88.81:8 = 11.19:x, or z = 1.008 for hydrogen.

In hydrogen chloride, if the weight of hydrogen is taken as 1.008, that of
chlorine is 35.45; in magnesium chloride, if the weight of chlorine is 35.45,
that of magnesium is 12.16. When this procedure is continued, it is found
that a number can be assigned to each element which represents the number
of parts by weight of the given element that can combine with 8 parts by
weight of oxygen or 1.008 parts by weight of hydrogen.

Ozxygen Calcium Hydrogen Chlorine Magnesium  Silver  Iodine
8 20.04 1.008 35.45 12.16 107.88  126.9

The value obtained for magnesium by the above indirect process is the
same as that obtained earlier from data on the direct oxidation of mag-
nesium. The numbers obtained for the different elements are called the
combining weights or equivalent weights of the elements.

The four laws of chemical combination, conservation of mass, definite
proportions, multiple proportions, and reciprocal proportions, together
with the concept of combining weights, summarized the basic experi-
mental facts of chemical combination as known about 1800, and led to
the atomic hypothesis proposed early in the 19th century by Dalton.

|1-2 Dalton’s atomic hypothesis.| Dalton’s atomic hypothesis was
proposed (I803) to account 1or the facts expressed by the laws of chemical
combination and was based on the following postulates:

1. The chemical elements consist of discrete particles of matter, atoms,
which cannot be subdivided by any known chemical process and which
preserve their individuality in chemical changes.

2. All atoms’of the same element are identical in all respects, particularly
in weight or mass; different elements have atoms differing in weight.
Each element is characterized by the weight of its atom, and the combining
weights of the elements represent the combining weights of their respective
atoms.




6 CHEMICAL FOUNDATIONS OF ATOMIC THEORY [caaP. 1

3. Chemical compounds are formed by the union of atoms of different
elements in simple numerical proportions, e.g., 1:1, 1:2, 2:1, 2:3.

It is easy to show that the laws of chemical combination can be deduced
from these postulates. Since atoms undergo no change during a chemical
process, they preserve their masses, and the mass of a compound is the
sum of the masses of its elements; the result is the law of conservation
of mass. Since all atoms of the same element are identical in weight,
and a compound is formed by the union of atoms of different elements in
& simple numerical proportion, the proportions by weight in which two
elements are combined in a given compound are always the same, giving
the law of definite proportions.

Consider next the case in which two elements A and B can form two
different compounds. Suppose that the first compound contains m atoms
of A and n atoms of B, and that the second compound contains p atoms
of A and g atoms of B. If a is the weight of an atom of A, and b is the
weight of an atom of B, then the first compound contains ma parts of
A and nb parts of B, and one part of A combines with nb/ma parts of B.
Similarly, in the second compound, one part of A combines with gb/pa
parts of B. Hence, the weights of B combined with a fixed weight of A

are in the proportion
n .9

;l : '5 , or np.mq.

According to the third postulate, n, m, p, and ¢ are all small integers;
the products np and mgq are therefore also small integers and the weights
of B combining with a fixed weight of A are in the ratio of two small
integers. This treatment can be extended to any number of compounds
formed by two elements, giving the law of multiple proportions. Similar
arguments lead to the law of reciprocal proportions. Compounds of
the elements A and B are formed according to the scheme m atoms of
A and n atoms of B. Compounds of the elements A and C contain p atoms
of A and g atoms of C, and compounds of the elements B and C contain
z atoms of B and y atoms of C. If g, b, and c are the weights of the atoms 4,
B, and C, respectively, then one part of A combines with nb/ma parts of
B, and gc/pa parts of C. It follows that

mg b,
np ‘¢
In the compound formed by B and C, the proportion by weight of B and
Ci
is v b
zb:ye, or .-
z'¢

Hence,

I
|

]l
3
s13

a
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Since, by the third postulate, all of the quantities in the last equation
are small integers, then y, z are the same as g, n or small integral multiples
of them. This is the law of reciprocal proportions.

The laws of chemical combination have thus been deduced from Dalton’s
postulates, and the latter form the basis of an atomic theory of matter.
Dalton’s theory was incomplete, however, because it provided no way of
determining even the relative weights of the atoms of the different elements.
This difficulty arose because Dalton had no way of finding out how many
atoms of each element combine to form a compound. If W, and W are
the weights of two elements which combine to form a compound, then

Wi _ md,
Wz - ’ngAz’

where A, and A, are the atomic weights and n; and ny are the whole
numbers of atoms of each element which enter into combination. When
the ratio n;:n, is known, the value of the ratio W;:W, can fix only the
ratio of the atomic weights. To apply his theory, Dalton was forced to
make arbitrary assumptions; he assumed, for example, that if only one
compound of two elements is known, it contains one atom of each element.
Water was regarded as a compound of one atom of hydrogen and one
atom of oxygen, the existence of hydrogen peroxide being unknown at
the time. Dalton’s assumption was simple, but wrong, and led to many
difficulties in the application of his atomic theory to the rapidly growing
field of chemistry.

| 1-3 Avogadro’s hypothesis and the molecule. | One of the difficulties

met by the atomic hypothesis arose as a result of studies of the combining
properties of gases. Gay-Lussac showed (1805-1808) that when chemical
reactions occur between gases, there is always a simple relation between
the volumes of the interacting gases, and also of the products, if these
are gases. When the reacting gases and the products are under the same
conditions of temperature and pressure

1 volume of hydrogen - 1 volume of chlorine

~—3 2 volumes of hydrogen chloride;
2 volumes of hydrogen + 1 volume of oxygen

—> 2 volumes of steam;
3 volumes of hydrogen + 1 volume of nitrogen

— 2 volumes of ammonia.

It follows that if elements in a gaseous state combine in simple proportions
by volume, and if the elements also combine in simple proportions by
atoms, then the numbers of atoms in equal volumes of the reacting gases
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must be simply related. Dalton assumed that equal volumes of different
gases under the same physical conditions contain an equal number, say n,
of atoms. Under this assumption, when 1 volume (n atoms) of hydrogen
reacts with 1 volume (n atoms) of chlorine, then 2 volumes (27 “compound
atoms”) of hydrogen chloride are formed. Every atom of hydrogen and
chlorine must then be split in half to form two compound atoms of hydrogen
chloride, a result which contradicts that postulate of Dalton’s hypothesis
. according to which atoms cannot be subdivided by any chemical process.

Avogadro (1811) showed that the difficulty could be resolved if a dis-
tinction is made between elementary atoms and the small particles of a gas.
He assumed that the latter are aggregates of a definite number of atoms,
and called the aggregates molecules in order to distinguish them from the
elementary atoms. He then postulated that equal volumes of all gases
under the same physical conditions contain the same number of malecules.
This hypothesis made it possible to interpret Gay-Lussac’s law of com-
bining volumes in terms of the atomic hypothesis. Assume that each
molecule of hydrogen or chlorine consists of two elementary atoms, and
suppose that 1 volume of hydrogen or chlorine contains » molecules.
These molecules react to form 2n molecules of hydrogen chloride, each
molecule containing one atom of hydrogen and one atom of chlorine.
Although the atoms cannot be split so that one atom of hydrogen or
chlorine enters into the composition of two molecules of hydrogen chloride,
one molecule of hydrogen and one molecule of chlorine can be divided
between two molecules of hydrogen chloride. In this way, Avogadro's
hypothesis allowed Gay-Lussac’s law to be reconciled with Dalton’s
atomic hypothesis. The detailed analysis of many reactions between
gases has shown that the molecules of the gaseous elements hydrogen,
oxygen, chlorine, and nitrogen contain two atoms; the inert gases helium,
neon, argon, krypton, and xenon have one atom per molecule.

1-4 Molecular and atomic weights of gaseous elements.| The relative
molecular weights of gaseous substances can be determined from measure-
ments of relative densities. The relative density of a gas is defined as
the ratio of the weight of a given volume of the gas to that of an equal
volume of a standard gas measured at the same temperature and pressure.
In view of Avogadro’s hypothesis, it is possible to write for any gaseous
substance

Molecular weight of gas _ Weight of any volume of gas
Molecular weight of standard gas ~ Weight of equal volume of standard

_ Density of gas .
" Density of standard gas
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TaBLE 1-1
MovrecuLAR WEIGHTS OF Gasrous ELEMENTS
. Molecular weight
Density,
g/l at M (hydrogen) | M (oxygen) | Molecular weight

Element | N.T.P. =2 = 32 M (oxygen) = 32*
Hydrogen | 0.08988 2.000 2.013 2.016
Oxygen 1.42904 31.816 32.000 32.000
Nitrogen 1.25055 27.828 28.000 28.016
Fluorine 1.696 37.738 37.977 38.00
Chlorine 3.214 71.52 71.97 70914
Helium 0.17847 3.971 3.996 4.003
Neon 0.90035 20.034 20.161 20.183
Argon 1.7837 39.690 39.942 39.944
Krypton 3.708 82.510 83.03 83.7
Xenon 5.851 130.19 131.02 131.3

* Corrected for deviations from ideal gas laws.

The choice of the standard gas is arbitrary and may be, for example,
hydrogen, oxygen, or air. If hydrogen is chosen as the standard, and if
its atomic weight is arbitrarily taken to be unity, the relative molecular
weight of a gas is

Molecular weight = 2 X density of gas relative to that of hydrogen,

since a molecule of hydrogen contains two atoms. When the relative
molecular weight of a gaseous element has been determined in this way,
its relative atomic weight can be determined when the number of atoms
per molecule is known.

The results for some molecular weight determinations based on this
method are shown in Table 1-1. The densities of the gases are given in
grams per liter measured under standard conditions (0°C and 760 mm
mercury pressure, abbreviated as N.T.P.). The third column gives the
molecular weight relative to that of hydrogen taken as 2. Oxygen, with
its molecular weight arbitrarily taken as 32, may also be used as a standard,
and the molecular weights relative to this standard are given in the fourth
column. High-precision work on the combining volumes of gases has
shown that there are slight deviations from Gay-Lussac’s law which have
been traced to deviations from the ideal gas laws. When corrections are
made for these deviations, the results of the fifth column are obtained for
the molecular weights relative to that of oxygen taken as 32. Of the
gaseous elements listed, hydrogen, oxygen, nitrogen, fluorine, and chlorine
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are diatomic and their relative atomic weights are half of the molecular
weights; the relative atomic weights of the inert gases are the same as
their molecular weights.

| 1-5 The standard atomic weight. | It has been emphasized that the
values of the molecular and atomic weights determined from density
measurements are relative, not absolute, values. For practical purposes,
it is necessary to fix a standard for atomic weights, and this standard is
taken as oxygen with an atomic weight of 16 and a molecular weight of
32. The choice of oxygen was based on the criterion of convenience.
Oxygen is a useful standard for chemists because nearly all the elements
form stable compounds with oxygen, and it was thought that the determi-
nation of the atomic weight of an element should be connected with the
standard as closely as possible. Hydrogen was sometimes used as a stand-
ard, but it forms very few compounds with metals which are suitable for
atomic weight determinations; consequently hydrogen was rejected in
favor of oxygen.

The choice of the value of the atomic weight of oxygen was based on
the desire for convenient values for the other atomic and molecular weights.
Experimental evidence shows that 1.008 parts by weight, say grams, of
hydrogen combine with 8 gm of oxygen. It has also been found that
two atoms of hydrogen combine with one atom of oxygen to form one
molecule of water. Hence, 1.008 gm of hydrogen contain twice as many
atoms as 8 gm of oxygen. A possible choice for the atomic weight of oxygen
is its combining, or equivalent, weight, 8 units. If this choice were made,
then 1.008 (of the same units) would be the weight of two atoms of hydro-
gen, and the atomic weight of hydrogen would be 0.504. Now, hydrogen is
the lightest of all the elements. If the standard is chosen so that the
atomic weight of hydrogen is equal to or greater than unity, there will be
no element with an atomic weight smaller than unity. The choice of 16 for
oxygen makes the atomic weight of hydrogen equal to 1.008, and also leads
to relative weights of heavier atoms and molecules which are not incon-
veniently large. The atomic weight of oxygen is then equal to twice the
equivalent or combining weight. In general, the atomic weight of an
element is a small integral multiple of the equivalent weight, and this integer
is called the valence of the element:

Atomic weight

—————————— = Valence.
Equivalent weight alence

The equivalent weight and the valence are useful because their values can
be determined by chemical methods and lead to the determimation of
atomic weights.
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TasLE 1-2

Tae Aromic WEIGHT oF CARBON As Founp
FROM THE RELATIVE DENSITIES OF CARBON COMPOUNDS

Relative Weight of carbon
density, Molecular in one molecular
Compound Hydrogen = 1 weight weight of compound
Methane 8 16 12
Ethane 15 30 24 = (2X 12)
Alcohol 23 46 24 = (2X 12)
Ether 37 74 48 = (4 X 12)
Benzene 39 78 72 = (6 X 12)
Carbon monoxide 14 28 12
Carbon dioxide 12 44 12

|_1-6 Atomic weights of nongaseous elements. | The method of relative
densities can be used to find the approximate atomic weight of a non-
volatile element which has gaseous compounds. The molecular weights
of as many volatile compounds of the element as possible are found from
the relative densities. The weights of the particular element in the molec-
ular weights of the various compounds are found by chemical analysis.
These weights must be integral multiples of the atomic weight and if the
number of compounds used is large enough, at least one of the weights of
the element present in the molecular weights of its compounds will prob-
ably be the atomic weight itself. The smallest weight of the element
present in one molecular weight of all its known volatile compounds is
assumed to be the atomic weight of the element relative to oxygen == 16.
In the case of carbon, the results of Table 1-2 are obtained, and the atomic
weight of carbon is taken to be 12. The values given in the table are ap-
proximate; more refined measurements and corrections for deviations
from the ideal gas laws must be made in order to get accurate values of
the stomic weight. In general, accurate values of the molecular and atomic
weights are found from careful chemical analysis of the compounds, and
the relative density measurements are used only to decide between various
-possible molecular weights.

Approximate values of the atomic weights of solid elements which have
few, or no, volatile compounds can be found with the aid of the rule of
Dulong and Petit. According to this rule, the product of the atomic
weight and the specific heat is roughly the same for many solid elements.
When the specific heat is expressed in calories per gram, the numerical
value of the product is usually between 6 and 7, with an average of about
6.4. If the specific heat of a solid element is measured, an approximate




12 CHEMICAL FOUNDATIONS OF ATOMIC THEORY [cHaP. 1

TaBLE 1-3

AromMic WeicHTS OF CoMMON ELEMENTS RELATIVE To OXYGEN = 16
Element Atomic weight Element Atomic weight
Aluminum 26.98 Lead 207.21
Barium 137.36 Mercury 200.61
Boron 10.82 Nitrogen 14.008
Calcium 40.08 Oxygen 16.000
Carbon 12.011 Potassium 39.100
Chlorine 35.457 Silicon 28.09
Copper 63.54 Silver 107.880
Fluorine 19.00 Sulfur 32.066
Gold 197.0 Uranium 238.07
Hydrogen 1.0080 Zinc 65.38
Iron 55.85

value of the atomic weight is found. This value can then be used to
determine which of the different values represented by the combining
proportions by weight is the best choice for the atomic weight. For ex-
ample, the specific heat of copper is 0.095 cal/gm. By the rule of Dulong
and Petit,
64
0.095
is the approximate atomic weight of copper. Chemical analyses of com-
pounds of copper with oxygen show that 63.6 and 127.2 parts of this
element combine with 16 parts of oxygen. Since 67.3 is much closer to
63.6 than 127.2, there can be little doubt that 63.6 is the atomic weight of
copper. More refined chemical analysis gives the value 63.54.
Various other methods have been developed for determining accurate

values of molecular and atomic weights, and a list of the presently accepted
values of the atomic weights of some of the elements is given in Table 1-3.

= 67.3

1-7 Weights and sizes of atoms and molecules. | When the standard
or atomic and molecular weights has been chosen, 1t is possible to calcu-
late the volume occupied at standard temperature and pressure by a gram-
molecular weight of a gas, that is, by the number of grams of gas numeri-
cally equal to the molecular weight ; this volume is called the gram-molecular
volume or molar volume. Since the atomic weight of hydrogen is taken to
be 1.008, its molecular weight is 2.016, and a gram-molecular weight of
hydrogen is 2.016 gm. The density of hydrogen (Table 1-1) is very nearly
0.09 gm/liter at N.T.P., so that the gram-molecular volume is
2.016

m = 22.4 liters.
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Experiments with a large number of gases have shown that the same
volume, 22.4 liters, is occupied by one gram-molecular weight, or mole; of
any gas at N.T.P. According to Avogadro’s hypothesis, this volume con-
tains the same number of gas molecules regardless of the chemical nature of
the gas. It follows, therefore, that the gram-molecular weights of all
gases at N.T.P. contain the same number of molecules; this number is
called the Avogadro number or Avogadro’s constant. Its value has been
determined by several independent methods, with results which agree
very well; one method will be described in Chapter 2. The accepted value
at present is 6.0249 X 1023, This number is also the number of atoms in a
gram-atomic weight of a gaseous element, and hence of any element. The
weight in grams of a single atom or molecule can be found by dividing the
gram-atomic or gram-molecular weight by the Avogadro number. The
weight of the lightest atom, hydrogen, is 1.67 X 10724 gm, while that of
the heaviest naturally occurring element, uranium, is 3.95 X 10722 gm.

An estimate of the sizes of molecules and atoms can be made by con-
sidering water, which has a molecular weight of 18 and a density of one
gram per cubic centimeter. One gram-molecular weight of water occupies
18 cm® and contains 6.0 X 10%% molecules. If the water molecules were
cubic in shape so that they packed together without any free space, the
volume of a single molecule would be 3 X 10723 cm®. If the molecules are
assumed to be spherical, their volume is about one-third smaller, or
2 X 10723 cm3. The radius of a water molecule is then given by the
relation

$mrd = 2 X 10723 cm?,

or

r= 17X 10"%em.

Values of the radii of gas molecules can also be calculated with the aid of
the kinetic theory of gases from measured values of the viscosity, the
diffusion constant, and the thermal conductivity. The radii of hydrogen
and oxygen molecules obtained in this way are 1.37 X 1072 ¢cm and 1.81 X
1078 em, respectively, and are quite close to the value of the radius of the
water molecule given by the above rough calculation. Similar values, in
the neighborhood of 1 X 108 e¢m to 3 X 1078 e¢m, are obtained for the
molecular radii of most of the common gaseous elements and compounds.
Since the number of atoms per molecule of these substances is small,
10~® cm may be taken as the order of magnitude of atomic radii.

An estimate of the atomic radius of a solid element can be made from the
atomic volume, that is, the volume of a gram-atom of the element, at the
melting point. In the solid phase at the melting point, the atoms are
closely packed and the distance between them is not much greater than the
atomic dimensions. Solid lead, at its melting point, has a density of 11

gm/cm® and its atomic volume is 18.9 cm®. The volume per atom is
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3.15 X 10723 cm®, and if the atom is assumed cubical (no free space), the
atomic dimension would be about 3.2 X 1078 cm. If the lead atom is
assumed to be spherical and the space between atoms is taken into account,
the radius is about 1.6 X 108 em. With better methods for determining
the atomic radius, the following values have been obtained for some of the
solid elements.

Carbon: 0.77 X 108 ¢cm Cesium: 2.6 X 10~8 cm
Aluminum: 1.45 X 10~8 ¢cm Tin: 1.4 X 10~8 cm
Sodium: 1.9 X 10~8 cm Bismuth: 1.5 X 10—8 ¢m

These values are similar to those obtained for the atomic radii of the gaseous
elements. They indicate that atoms have dimensions of the order of 1078
cm regardless of the atomic weight, since elements of low, intermediate,
and high atomic weight are included in the list. Cesium is the atom with
the largest radius.

1-8 The periodic system of the elements.| As information about the
chemical and physical properties of the elements was accumulated, it
became apparent that there are similarities in the properties of certain
groups of elements, and attempts were made to classify the elements
according to such similarities. . The most successful attempt was that of
Mendeléeff, who proposed his periodic law in 1869. This law may be
summarized in the following statements made by Mendeléeff.

1. The elements, if arranged according to their atomic weights, show a
periodicity of properties.

2. Elements which are similar as regards their chemical properties
have atomic weights which are either approximately the same (e.g., plat-
inum, iridium, osmium) or which increase regularly (e.g., potassium,
rubidium, cesium).

3. The arrangement of the elements or of groups of elements in the
order of their atomic weights corresponds with their valences.

4. The elements which are the most widely distributed in nature have
small atomic weights, and all the elements of small atomic weights are
characterized by sharply defined properties.

5. The magnitude of the atomic weight determines the character of an
element.

6. The discovery of many yet unknown elements may be expected,
for instance, elements analogous to aluminum and silicon.

7. The atomic weight of an element may sometimes be corrected with
the aid of knowledge of the weights of adjacent elements.

8. Certain characteristic properties of the elements can be predicted
from their atomic weights.




1-8) THE PERIODIC SYSTEM OF THE ELEMENTS 15

Mendeléeff’s general conclusions have been verified and extended.
Among the properties which show the kind of periodic variation noted by
Mendeléeff are atomic volume (atomic weight/density), thermal expan-
sion, thermal and electrical conductivity, magnetic susceptibility, melting
point, refractive index, boiling point, crystalline form, compressibility,
heats of formation of oxides and chlorides, hardness, volatility, ionic
mobility, atomic heats at low temperature, valence, and others.

Mendeléeff constructed a table in which the elements were arranged
horizontally in the order of their atomic weights and vertically according
to their resemblances in properties. The early tables were imperfect,
sometimes because of errors in the atomic weights, and because of ignorance
of the inert gases. In spite of these imperfections, Mendeléeff was able
to predict the discovery of certain elements, as well as the properties of
these elements. Modern versions of the periodic table, such as that shown
in Table 1-4, have rectified these errors. The table consists of a number
of horizontal rows called periods, containing 2, 8, 8, 18, 18, 32, and 18
(incomplete) elements, respectively. In each period there is a definite and
characteristic gradation of properties from one element to the next. The
vertical columns, labeled by the Roman numerals I to VIII and by the
letter O are called groups. Groups I to VII are each divided into sub-
groups; the subgroup on the left side of the column is usually called the
“a” subgroup, that on the right side the “b” subgroup. In each subgroup,
the elements have similar properties, although there is a steady but gradual
variation with increasing atomic weight. The alkali metals constitute the
subgroup la, the alkaline earth metal§ 2a, oxygen-like elements 6a, halo-
gens 7a, and inert gases group O. Within a group, similarities of a minor
character exist between the members of the a subgroup and those of the
b subgroup.

For four pairs of elements, the order assigned in the periodic table
departs from that of the atomic weights, argon and potassium, cobalt and
nickel, tellurium and iodine, thorium and protoactinium. In each case
the order, as determined by the atomic weights, is reversed so that these
elements may fall into the places which correspond to their properties.
This was done for the first three pairs by Mendeléeff himself, who believed
that the accepted values of the atomic weights were inaccurate. Later
research has shown that the chemical atomic weights were not seriously
in error, and that the real property underlying the periodic classification
is the atomic number, to which the atomic weight is approximately pro-
portional.

The basis of Mendeléeff’s classification of the elements, namely, the
requirement that the elements should be arranged in the order of increas-
ing atomic weight, offered no explanation of the different features of the
periodic table. So far as was known in Mendeléeff’s time, atoms of dif-
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ferent elements had nothing in common and were unrelated. Since the
properties of an element are the properties of its atoms, it was difficult
to see why, for example, lithium, sodium, and potassium atoms should
have similar properties; it was evident that the atomic weights alone
could not explain the features of the table. The periodicity of the prop-
erties of the elements stimulated speculation about the structures of the
atoms of different elements. The gradual changes of properties from
group to group suggested that some unit of atomic structure is added in
successive elements until a certain portion of the structure is completed,
a condition which occurs, perhaps, in the inert gases. Beginning with the
element following an inert gas, a new portion of the structure is started,
and so on. Speculations like these introduced a new idea, that of the
structure of atoms. But before this idea could have any real physical
meaning, experimental information bearing on the possible structure of
atoms was needed. The methods and techniques of classical chemistry
could not supply this information, but new discoveries and techniques in
the field of physics opened the way to the understanding of atomic struc-
ture and the atomic number.
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ProBLEMS

1. Show how the five oxides of nitrogen listed below illustrate the law of
multiple proportions.

Percentage composition

Compound Nitrogen Oxygen-
Nitrous oxide 63.63 36.37
Nitric oxide 46.67 53.33
Nitrous anhydride 36.84 63.16
Nitrogen tetroxide 30.44 69.56
Nitric anhydride 25.93 74.04

2. The molecular weights of the five oxides listed in the above problem are
44.02, 30.01, 76.02, 46.01, and 108.02, respectively; calculate the atomic weight
of nitrogen from these data and the data of Problem 1.

3. A certain element X forms several volatile compounds with chlorine, and
the lowest weight of the element is found in a compound which contains 22.54%,
of X and 77.46%, of chlorine. One liter of this compound at N.T.P. weighs 6.14 gm.
If the atomic weight of chlorine is 35.457, find (a) the equivalent weight of X,
(b) the approximate molecular weight of the compound, (c) the approximate
atomic weight of X, (d) the valence of X, (e) the exact atomic weight of X,
(f) the exact molecular weight of the compound. Which element is X? What is
the compound?

4. Chemical analysis shows that platinic chloride contains 48.8 parts of plati-
num combined with 35.46 parts of chlorine. The specific heat of platinum at
room temperature is 0.0324; what is the atomic weight of platinum?

5. A metal forms a chloride which contains 65.571%, of chlorine, The specific
heat of the metal is 0.112. Find (a) the approximate atomic weight of the metal,
(b) the equivalent weight, (c) the valence, (d) the exact atomic weight. What
is the compound?

6. The Handbook of Chemistry and Physics, published by the Chemical Rubber
Company, Cleveland, Ohio, contains tables of various properties of the elements.
From information contained in the Handbook, calculate the atomic volumes of
the solid elements, and plot the values obtained as a function of the position of the
element in the periodic table. Plot the melting points of the solid elements as a
function of position in the periodic table. What periodic properties are observed
in the two figures?

7. In 1947 it was announced that one of the long-lived radioactive products of
the fission of U235 was a new chemical element different from any other elements
then known. The new element formed a volatile oxide whose vapor density was
9.69 times that of oxygen gas at the same temperature and pressure; the oxide
contained 36.29%, of oxygen by weight. What is the molecular weight of the oxide?
What is the combining weight of the new element? Where does the new element
fit into the periodic system? What element would it be expected to resemble in
chemical properties? What is the approximate atomic weight of the new element?



CHAPTER 2

ATOMS, ELECTRONS, AND RADIATIONS

|2—1 Faraday’s laws of electrolysis and the electron.| It was seen in
the first chapter that the combining properties of the elements can be
interpreted in terms of an atomic theory of matter. From the work of
Faraday on the electrolysis of aqueous solutions of chemical compounds,
it appeared that electricity is also atomic in nature. Faraday discovered
two laws of fundamental importance.

1. The chemical action of a current of electricity is directly proportional
to the absolute quantity of electricity which passes through the solution.

2. The weights of the substances deposited by the passage of the same
quantity of electricity are proportional to their chemical equivalents.
Careful measurements have been made of the amount of electricity needed
to liberate one equivalent weight of a chemical substance, say 107.88 gm of
silver, 1.008 gm of hydrogen, or 35.46 gm of chlorine. This amount is
96,490 coul or one faraday, and is denoted by F.

Faraday inferred from his experimental results that one and the same
amount of electricity is associated in the process of electrolysis with one
atom of each of these substances. He thought of this charge as carried
by the atom, or in some cases by a group of atoms, and he called the atom,
or group of atoms, with its charge, an ton. The current in an electrolytic
process results from the movement of the ions through the solution, nega-
tive ions moving toward the anode and positive ions toward the cathode.
Faraday’s results implied that there is an elementary unit, or atom, of
electricity. This idea, however, did not seem to fit in with other elec-
trical phenomena such as metallic conduction, and both Faraday and
Maxwell hesitated to accept the idea of the atomic nature of electricity.
In 1874 Stoney ventured the hypothesis that there is a “natural unit of
electricity,” namely, that quantity of electricity which must pass through
a solution in order to liberate, at one of the electrodes, one atom of hydrogen
or one atom of any univalent substance. He suggested the name electron
for this quantity, and tried to calculate the magnitude of the electronic
charge. Stoney’s calculation was based on the fact that one faraday of
electric charge liberates the number of atoms in one gram-atom of a uni-
valent element; this number is just Avogadro’s number N, so that
F = Nge, where e represents the electronic charge. From the known
value of F and the rough value of N available at the time, Stoney obtained:
e = 0.3 X 10710 electrostatic unit of charge (esu). Although this is only

of the presently accepted value, it served to indicate the order of mag-
nitude of the electronic charge.

19
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Faraday’s experiments alone yield no certain information about the
quantity of electricity represented by one electron, but they do give pre-
cise information about the ratio of the ionic charge to the mass of the atom
with which it is associated in a given solution. For hydrogen, this ratio is

em _ 96490 coul _ 96490 X 3 X 10° esu

my 1.008 gm 1.008 gm
= 2.87 X 10" esu/gm.

| 2-2 The conduction of electricity in gases.| Under normal conditions
a gas is a poor conductor of electricity, but if ionization can be produced
in the gas, it becomes a conductor; x-rays, discovered by Roentgen in
1895, provided a convenient means of producing ionization. Following
this discovery, the mechanism of gaseous conduction and the nature of
gaseous ions were investigated on an increased scale by many workers.
Theoretical and experimental studies were made of the mobility of gaseous
ions and the coefficient of diffusion of these ions. As a result of these
studies, the value of the quantity of electric charge associated with one
cubic centimeter of a gas could be calculated. This quantity can be
written as ne,, where n is the number of molecules of gas per cubic centi-
meter under some standard conditions of temperature and pressure, and
¢, is the average charge on a gaseous ion. The value of ne, was found to
be 1.2 X 10'? esu for air at 15°C and 760 mm of mercury. The volume
occupied by one gram-molecular weight of gas under these conditions is

224 X 10* (§) em® = 2.36 X 10* em®.

273

The total amount of electric charge associated with one gram-molecular
weight of gas is then

1.2 X 10" 22X 2.36 X 10! cm® = 2.83 X 10" esu.
Now, the amount of electricity carried by the univalent ions in one gram-
molecular weight of a salt in solution is one faraday:

F = 96,490 coul = 2.90 X 10'*esy,

which is very close to the value found for the ionized gas. If the mole-
cules of the gas are assumed to be singly ionized, they seem to carry, on
the average, the same charge as that carried by univalent ions in solution.
This result also points to the existence of a unit electrical charge.

|2—3 Cathode ray#. The experimental proof of the independent exist-
ence of particles of negative electricity followed from the study of the
conduction of electricity in rarefied gases. When a gas is enclosed in a
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Fie. 2-1. Diagram of a tube for the production of cathode rays.

glass tube with two electrodes to which a sufficiently high potential is
applied, electricity flows through the gas, which becomes strongly illumi-
nated. When the pressure of the gas is reduced below 0.1 mm of mercury
the illumination gradually disappears. At very low pressures, of the order
of 10* or 10~° mm of mercury, a fluorescent glow appears on the wall
of the glass tube opposite the cathode. The presence of the glow was
correctly attributed by early workers to rays from the cathode, and these
rays were called cathode rays. A schematic diagram of a tube for the pro-
duction of cathode rays is shown in Fig. 2-1; C is the cathode, A is the
anode, and 7 is a side tube through which the gas can be exhausted.

The cathode rays were found to have several interesting properties.

1. The rays travel in straight lines. When screens S, and S», pierced
with holes, are put into the tube, the glow is confined to a spot D on the
end of the tube; or, if a body is placed in the path of the rays, it casts a
shadow on the fluorescent part of the glass. From the geometrical rela-
tions it can be inferred that the rays travel in straight lines.

2. The rays can penetrate small thicknesses of matter. When a “win-
dow” of thin aluminum or gold foil is built into the end of the tube struck
by the rays, the passage of the rays through the foil is shown by the pres-
ence of luminous blue streamers in the air on the far side of the foil.

3. The rays carry a negative electric charge. When the rays are caught
in an insulated chamber connected to an electroscope, the electroscope
becomes negatively charged.

4. The rays are deflected by an electrostatic field. When two parallel
plate electrodes with their planes parallel to the path of the rays are intro-
duced into the cathode-ray tube, the rays are deflected toward the posi-
tively charged plate.

5. The rays are deflected by a magnetic field. When an ordinary bar
magnet is brought up to the cathode-ray tube, the fluorescent spot opposite
the cathode moves in one direction or another depending on which mag-
netic pole is presented to the rays.

6. The cathode rays carry considerable amounts of kinetic energy.
When a metal obstacle is placed in the path of the rays, it can quickly
become incandescent.
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Frg. 2-2. The apparatus of J. J. Thomson for measuring the ratio e/m for
cathode rays.

The only reasonable interpretation of these experimental facts is that the
cathode rays consist of negatively charged particles.

Thomson, in his fundamental experiments (1897), confirmed the view
that the cathode rays consist of negatively charged particles and determined
the ratio charge/mass = e/m for the particles. For these experiments,
the tube of Fig. 2-1 was modified so that the rays could be made to pass
through an electrostatic field. In the apparatus shown schematically in
Fig. 2-2, a potential difference of a few thousand volts is maintained
between the anode A and the cathode C. A narrow beam of rays from
the cathode passes through a slit in the anode and through a second slit
in the metal plug B. The end of the tube is coated on the inside with a
fluorescent material and the point of impact of the cathode-ray stream
appears as a bright spot. Inside the tube are two metal plates D and D’
between which a vertical electric field can be set up. By means of an
external electromagnet, a magnetic field can be established, perpendicular
to the plane of the diagram, within the region indicated by the dotted
circle. If the electric field is upward (D’ positively charged), and if there
is no magnetic field, the cathode-ray stream is deflected downward. The
electric and magnetic deflections can be made to cancel each other by the
proper adjustment of the electric and magnetic fields.

Suppose that the cathode rays consist of negatively charged particles
of charge e and mass m, and let E be the magnitude of the electrostatic
field, and H that of the magnetic field. If the electric and magnetic fields
are so adjusted that their effects cancel, and the particle stream passes
through the tube without being deflected, then the electric force on the
particles must be equal in magnitude and opposite in direction to the
magnetic force. The electric force is given by eE, and the magnetic force
by Hev, where v is the velocity of the particles.* Then,

E
= H ,
* Superscript numbers in parentheses refer to the references at the end of the
chapter.

eE = Hev, or v 2-1)



2-3] CATHODE RAYS 23

Py,

Fie. 2-3. The deflection of cathode-ray particles in an electrostatic field.

and this experiment can be used to measure the velocity of the cathode-ray
particles. If E, ¢, and H are expressed in electromagnetic units, the velocity
has the units centimeters per second.

Next, the magnetic field is removed and the deflection of the particles
caused by the electrostatic field is measured as shown in Fig. 2-3. In this
diagram, the distance PP, is the deflection caused by the electrostatic
field as observed on the fluorescent screen; D and D' are the parallel plates
as before, and [ is the length of the plates. As the particles traverse the
field, they are subjected to a vertical acceleration in a direction parallel
to that of the field during the time interval I/v, so that the velocity pro-
duced in the vertical direction is (eE/m) (I/v). The horizontal velocity of
the particles is not changed by the field. On leaving the field, the velocity
of the particles has the components v in the horizontal direction and
(eE/m) (I/v) in the vertical direction. Hence, if P; is the deflected posi-
tion of the ray, P Py/MP, is the ratio of the vertical and horizontal
velocities:

PPy _eE L
MP, T m v2’

or
e PiPy 0® _
m-MPl 7l (2-2)

In Eq. (2-2), the quantities I, M P, and E are known from the experimental
setup; the deflection PP, is measured, and v is known from the experi-
ment in which the effects of the electric and magnetic fields cancelled
each other.

Thomson’s experiments showed that the cathode-ray particles move
with very high speeds—of the order of a tenth of the velocity of light.
For e/m, he found the value 1.7 X 107 emu/gm or, since 1 emu of charge
= 3 X 10'%esu, e/m = 5.1 X 10'7 esu/gm. This value was independent
of the cathode materials which he used (aluminum, iron, and platinum),
and of the gas (air, hydrogen, and carbon dioxide) in the discharge tube.
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The value of ¢/m for the cathode-ray particles is about 1800 times as
large as that found for hydrogen ions in electrolysis. If the cathode-ray
particles were assumed to have the same mass as the smallest atom,
hydrogen, they would have to carry a charge 1800 times as large as that
on a hydrogen ion. Furthermore, since the value of ¢/m is independent of
the materials in the cathode tube, and materials with different ionic masses
were used, it would be necessary to imagine some mechanism which would
make the charge on the particles directly proportional to the mass. If, as
an alternative, the charge on the particle is assumed to be the same as that
on the hydrogen ion, then the mass of the particle is about 1/1800 of that
of the hydrogen ion. The latter assumption seemed more reasonable to
Thomson, who therefore considered that the cathode-ray particles are a
new kind of negative corpuscle. Later work proved that Thomson's con-
clusion was correct.

2-4 The electron : the determination of its charge. | Thomson’s experi-
ments on cathode rays demonstrated the independent existence of very
small negatively charged particles, but the assumption that the charge on
one of these particles is the same as the charge on a univalent ion in solu-
tion and on a gaseous ion in a conducting gas presented a basic problem.
Although the assumption seemed logical, a proof of the equality of the
charges was needed. The direct way to solve this problem would be to
measure the charge on the particles. This direct measurement could not
be made because of the great speed of the cathode-ray particles, but other
sources of similar negatively charged particles were available. Toward
the end of the 19th century it was found that when ultraviolet light falls
on certain metals, negatively charged particles with small velocities are
emitted (the photoelectric effect). Thomson determined the value of e¢/m
for these particles and found it to be practically the same as that for the
cathode-ray particles. The same result was obtained for the negatively
charged particles emitted by an incandescent filament (the thermionic
effect). In view of the constancy of ¢/m for the negatively charged parti-
cles produced in different ways, it was concluded that all of these particles
are identical. There still remained, however, the problem of proving
experimentally that the charge on the different particles (monovalent
electrolytic and gaseous ions, photoelectric particles, thermionic particles)
is the same.

Several measurements of the charge were made around 1900, and their
results may be summarized briefly as follows. For the average charge on
an electrolytic ion, the value of 2 X 1071° esu was obtained, based on an
improved but still approximate value of the Avogadro number; later work
(1905-1908) gave a value of 4.25 X 10710 esu. The average charge on
gaseous ions was found to lie between 3 X 107!? esu and 5 X 10710 esu,
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and similar values were found for the photoelectric particles. Experi-
mental evidence of this kind pointed to the identity of the various negative
electrical charges, and this view was gradually adopted. The term electron
was applied to the negative particles themselves, rather than to the mag-
nitude of the charge, and this usage has become general. The work on
cathode rays and on the photoelectric and thermionic effects also indicated
that electrons are a constituent part of all atoms, and the electron was
regarded as a fundamental physical particle. In all of the experimental
work discussed so far, either values of e¢/m or of the average charge of the
various particles were measured. Although it was difficult to argue
against the conclusion that electrons exist and have a certain elementary
unit of charge, the correctness of this conclusion had not been proved
experimentally beyond any doubt. The final proof of the atomic or
particulate nature of electricity and the first really precise determination
of the value of the electronic charge was supplied by the work of Millikan
(1909-1917).

Millikan’s experiments will be discussed in some detail because of their
fundamental place in modern physics. The earlier experiments on the
determination of the electronic charge were based on the fact that elec-
trically charged atoms (ions) act as nuclei for the condensation of water
vapor. Water vapor was allowed to condense on ions, forming a cloud,
and the total charge carried by the cloud was measured with an electrom-
eter. The number of water drops in the cloud was calculated by weigh-
ing the water condensed from the cloud and dividing by the average
weight of a single drop. This average weight could be found by measuring
the rate of fall of the drops through the air, because the weight of a drop
and its rate of fall were known to be related through Stokes’ law of fall.®
The total charge on the cloud divided by the number of drops gave the
average value of the charge per drop. This method involves several assump-
tions: (1) that the number of ions is the same as the number of drops,
(2) that Stokes’ law, which had never been tested experimentally, is valid,
and (3) that the drops are all alike and fall at a uniform rate not affected
by evaporation. These assumptions were all questionable, and their
validity had to be tested in careful experiments.

The above method, used by Townsend (1897) and Thomson (1896),
was improved by Wilson (1903), who formed water clouds between two
parallel plates which could be connected to the terminals of a battery.
The rate of fall of the top surface of the cloud was first determined under
the influence of gravity. The plates were then charged so that the droplets
were forced downward by both gravity and the electric field, and the new
rate of fall was measured. When the two rates were compared, a value
of the electronic charge could be obtained. In Wilson’s method, it was
not necessary to assume that the number of drops is equal to the number
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of ions. Only the rate of fall of the top of the cloud was observed and,
since the more heavily charged drops were driven down more rapidly by
the field than the less heavily charged ones, the actual experiments were
made on the least heavily charged drops. Wilson obtained the value
3.1 X 1070 esu, but the other assumptions remained, and there was con-
siderable uncertainty in this result.

Millikan improved Wilson’s method by using oil drops, thus avoiding
errors caused by evaporation. He also noticed that a single drop could
be held stationary between the charged plates by adjusting the voltage on
them so that the weight of the drop was just balanced by the electrostatic
field between the plates. From the relationship between the forces, the
value of the charge of the electron could be obtained. In addition, while
working with balanced drops, Millikan noticed that occasionally a drop
would start moving up or down in the electric field. Such a drop had
evidently picked up an ion, either positive or negative, and it was possible
to determine the change in the charge carried by a drop without regard to
the original charge on the drop.

The essential parts of Millikan’s apparatus are shown in Fig. 2—4;
P, and P, are two accurately parallel horizontal plates, 22 ¢m in diameter
and 1.5 cm apart, housed in a large metal box to avoid air currents. Oil
is sprayed in fine droplets from an atomizer above the upper plate and a
few of the droplets fall through a small hole in the plate. A beam of light
is directed between the plates, and a telescope is set up with its axis trans-
verse to the light beam. The oil drops, illuminated by the light beam,
look like tiny bright stars when viewed through the telescope, and move
slowly under the combined influence of their weight, the buoyant force of
the air, and the viscous force opposing their motion. The oil droplets in
the spray from the atomizer are electrically charged, probably because of
frictional effects; the charge is usually negative. Additional ions, both
positive and negative, can be produced in the space between the plates by
ionizing the air by means of x-rays. If the upper plate is positively charged
to a potential of about 1000 volts, and the lower plate negatively charged,
there is a uniform electric field between the plates, and there is an electric
force on the droplet which affects its motion.

When a spherical body falls freely in a viscous medium, it accelerates
until a terminal velocity is reached such that the net downward force on
the body equals the viscous force. The latter is proportional to the terminal
velocity of the particle, and

mg = ky,, (2-3)

where m is the apparent mass of the body, g the acceleration due to gravity,
k a proportionality constant, and v, the terminal velocity of free fall. If,
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Fic. 2-4. Millikan’s oil drop experiment.

in addition, the body carries a charge ¢ and is subjected to the action of
an electric field of intensity E, a new terminal velocity vg is reached,
given by

gE — mg = kv, (2-4)

when the field acts counter to gravity. The ratio of the velocities is

— mg .
vg ¢E — mg

5y

(2-5)

The charge ¢ is then

_mng (ve + vE) .
q = E vv (2_6)

1t is evident that ¢ can be evaluated if m and E are known and if the ratio
(v, + vE)/v, is observed experimentally. The main difficulty lies in the
determination of m, the mass of the drop, which is too small to be meas-
vred directly.
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It is now possible to settle a fundamental question, namely, that of
the atomic nature of electricity. If there is a real unit charge e, then
the charge ¢ on an oil drop must be some integral multiple of e. Suppose
that a measurement is made, such as that leading to Eq. (2-6), and that
the charge on the drop then changes from ¢ to ¢’ because another ion is
caught. Then ¢ is given by

_ mg vy + vE) _
q’—E-———v‘ 2-7

Experimentally, ions supplied by the ionization of the air by x-rays can
be caught by an oil drop while under observation, and the behavior of a
single drop carrying different charges can therefore be observed in the
same electric field E. The change in charge is

Aq=¢_q=%ﬂi_@. (2-8)

Millikan found, in many such experiments, that Ag was never smaller
than a certain minimum value, and that all values of Ag were exact integral
multiples of this value. By taking the least common divisor of all the
values of Ag for a large number of changes of charge on the same drop,
Millikan obtained the smallest value of the change in charge, and he identified
this value with Stoney’s electron. Millikan’s results provide direct proof
that the elementary electric charge, the electron, is not an average charge,
but rather that all electric charges on ions have either exactly the same
value or else small, exact integral multiples of this value. If this value is
denoted by e, then ¢ = ne, where n is & small integer. Millikan also
showed, by studying drops carrying positive ions, that the elementary
unit of positive charge has the same magnitude as that of the negative
electronic charge, and that all static charges both on conductors and
insulators are built up of units of the electronic charge.

The precise evaluation of the electronic charge depends, as has been
noted, on the mass of the oil droplet. The mass can be obtained when
the value of the proportionality factor k¥ in Eq. (2-3) is known, and k is
given by Stokes’ law of fall. From the equations of hydrodynamics,
Stokes derived a theoretical expression for the rate of fall of a spherical
body in a viscous medium,

gma’g(p — p') = 6wnay,, (2-9)
or
_2g g
vﬂ-g n (P P), (293)

where a is the radius of the body, p the density of the body, p’ the density
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of the medium, 5 the viscosity of the medium, and v; the terminal or
equilibrium rate of fall of the body. Equation (2-9) represents the balance
between the gravitational and viscous forces on the body and can be
applied to the fall of an oil drop in air. The value of v; is measured ex-
perimentally, and a is given by

1/2
o= [9 ___'79_2_] , (2-10)

2 g0 — o)
so that

4 3/2 1 1/2
m = $ma®(p — p') = g(g > (p — p,) © o (2-1)

When the expression for m is inserted into Eq. (2-6) for the charge on an
oil drop, the result is

3/2 1/2
g=en = 231(%) [q G 1 p,)] (@ ‘E”E) o112 (2-12)

In the last equation, e, has been written for g because the charge on the
oil drop has been proven to be an integral multiple of the electronic charge.
If many observations of the quantity (v, 4 vg) are made for changes of
charge on the drop, the greatest common divisor, denoted by (v, + v£)e,
should correspond to the value of the electronic charge, denoted tem-
porarily by e;, so that

4 9 3/2 1 1/2
e = %’(?") [q(p = p')] Codpsl, e @

Millikan found that the value of e; was constant for large drops, but
increased as the drops grew smaller. Careful studies then showed that
Stokes’ law in the form Eq. (2-9a) does not hold for the free fall of very
small drops. It is necessary in this case to replace Eq. (2-9a) by

_2g ( _b_)
vﬂ“gﬂ P) 1+pa:

where p is the pressure of the air, a is again the radius of the drop, and
b is an experimentally determined constant. The electronic charge is
then given by the expression:

P S
T+ G/paPr2’

or _
_ 4w (99 3/2[9 1 ]112 (v + v5)o N
°T '37(2) G =) FitGpapnt - @MW
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Millikan obtained the value e = 4.774 X 107! esu, which was accepted
for some years. Later determinations of e by means of indirect but highly
precise methods gave results which disagreed with Millikan’s value. The
discrepancy was caused by an error in the value of the viscosity of air
used by Millikan. The use of more recent data for this parameter leads to
the value ¢ = 4.8036 & 0.0048 X 107'® esu, which agrees well with
the values of e obtained by other methods.

The constants e, F, and N, together with other quantities which will
be met later, are called the fundamental constants of physics because of
their great importance. The measurement of these constants is one of the
basic problems of physics, and many highly precise methods have been
developed for measuring them. The constants are often related, for ex-
ample, F = Nge; and statistical methods have been developed for the
analysis of the experimental results. This analysis yields best values of the
constants which are consistent with the entire body of present knowl-
edge; ® a partial list of these values is given in Appendix II. The follow-
ing best values have been obtained for constants which have been discussed
so far:

e = (4.80286 = 0.00009) X 10~ 10esy,
e/m = (1.75890 =+ 0.00002) X 107 emu/gm
= (5.27305 + 0.00007) X 107 esu/gm,
m = (9.1083 + 0.0003) X 1028 gm,
F = (2.89366 + 0.00003) X 10'* esu/gm-equivalent weight
= (96521.9 = 1.1) coul/gm-equivalent weight.

The Avogadro number is
Ny = (6.02486 + 0.00016) X 102%/gm-mole.

The mass of an individual hydrogen ion, which is usually referred to as a
proton, is
My = (1.67239 £ 0.00004) X 10724 gm,

and the ratio of the mass of the proton to that of the electron is
Mua/m = 1836.12 + 0.02.

The values quoted for ¢/m and m are correct provided that the speeds
of the particles are very small compared with the speed of light. It will
be seen in Chapter 6 that the mass of the electron increases with its speed;
the value given above for the mass of the electron is called the rest mass
and is often denoted by my.
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| 2-5 Positive rays.l The fact that rays consisting of negatively charged
particles are produced in a gas discharge tube suggested that rays of
positively charged particles are also formed. Rays of this kind were
discovered by Goldstein (1886), who observed that when the cathode of
a discharge tube was pierced by narrow holes, streamers of light appeared
behind it. He assumed that the luminosity was caused by rays which
traveled in the opposite direction to the cathode rays and passed through
the holes in the cathode. These rays, which were called canal rays, were
deflected by electric and magnpetic fields, and from the directions of the
deflections it was concluded that the rays consist of positively charged
particles. This result gave rise to the more generally used term positive
rays.

As in the case of the cathode rays, it was possible to measure the velocity
and charge-to-mass ratio of the positive-ray particles by means of the
deflections in electric and magnetic fields. The results were quite dif-
ferent from those for the cathode-ray particles. Both the velocities and
the e/m values were found to be much smaller than those for electrons.
The value of e/m was found to depend on the atomic weight of the gas
in the discharge tube, and to decrease with increase in atomic weight. The
largest value of ¢/m was obtained for hydrogen and was very close to the
value obtained in electrolysis. These results suggested that the positive
rays are streams of positive ions produced by the ionization of atoms or
molecules in the strong electric field of the discharge tube. The positive
ion is formed by the removal of one or more electrons from the neutral
atom, and the mass of the ion is practically the same as that of the atom.
Hence, any measurement of the mass of positive-ray particles should yield
direct information about the masses of atoms of elements or molecules of
compounds. Furthermore, this information should refer to the atoms or
molecules individually rather than give average values for a large number
of particles. It is for this reason that the accurate measurement of the
masses of positive-ray particles is of great importance in modern physics.
In fact, measurements of this kind resulted in the proof of the existence
of isotopes and in the determination of isotopic weights.

The subject of positive rays will be treated in greater detail in Chapter 9
in connection with the determination of isotopic masses and abundances.

2-6 X-rays.| In 1895, Roentgen discovered x-rays, which are produced

when a beam of cathode rays strikes a solid target. He found that the
operation of a cathode-ray tube produced fluorescence in a screen covered
with barium platinocyanide and placed at some distance from the tube.
The effect was traced to radiation coming from the walls of the cathode-
ray tube. In studying the properties of this new type of radiation,
Roentgen noticed that if materials opaque to light were placed between




32 ATOMS, ELECTRONS, AND RADIATIONS fcuap. 2

the tube and the screen the intensity of the fluorescence decreased but
did not disappear, showing that x-rays can penetrate substances which
are opaque to ordinary light. It was also found that the x-radiation can
blacken a photographic plate and produce ionization in any gas through
which it passes; the last property is used to measure the intensity of the
radiation. The x-rays were found to travel in straight lines from the
source and could not be deflected by electric or magnetic fields, from
which it was concluded that they are not charged particles. Later work
showed that x-rays can be reflected, refracted, and diffracted, and there
is convincing evidence that these rays are an electromagnetic radiation
like light but of much shorter wavelength.

X-rays have turned out to be a valuable tool in atomic research and a
great deal of information about atomic structure has been obtained from
studies of the scattering and absorption of x-rays by atoms, as will be
shown in Chapter 4.

2-7 Radioactivity: alpha-, beta-, and gamma-rays.l In 1896, Becquerel
discovered that crystals of a uranium salt emitted rays which were similar
to x-rays in that they were highly penetrating, could affect 2 photographic
plate, and induced electrical conductivity in gases. Becquerel’s discovery
was followed by the identification by the Curies (1898) of two other radio-
active elements, polonium and radium. The activity of radium as meas-
ured by the intensity of the emitted rays was found to be more than a
million times that of uranium,

Radioactive
material

Fig. 2-5. The three radiations from radioactive materials and their paths
in a magnetic field perpendicular to the plane of the diagram (schematic).
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It can be shown, by means of experiments in magnetic fields, that there
are three kinds of radiations from naturally occurring radioactive sub-
stances. In these experiments a collimated beam of rays is supplied by a
small piece of radioactive material at the bottom of a long groove in a lead
block, as shown in Fig. 2-5. A photographic plate is placed some distance
above the lead block, and the air is pumped out of the chamber. A weak
magnetic field is applied at right angles to the plane of the diagram, and
directed away from the reader. When the plate is developed, two distinct
spots are found, one in the direct line of the groove in the lead block, and
one deflected to the right. The undeviated spot is caused by neutral rays
called 7-rays; the spot to the right is caused by rays of negatively charged
particles, called g-rays. If the weak magnetic field is replaced by a strong
one in the same direction, the undeviated spot is again found together with
a spot deflected to the left; the latter is caused by positively charged
particles called a-rays. In the strong field, the path of the B-rays is bent
so much that it doesn’t reach the plate. The need for a strong field
indicated that the mass of the positively charged particles is much
greater than that of the negatively charged particles. The different
electrical properties of the radiations are shown schematically in Fig. 2-5.

It has been shown that all three radiations are not emitted simultane-
ously by all radioactive substances. Some elements emit o-rays, others
emit S-rays, while 7-rays sometimes accompany one and sometimes the
other. The activity of a given material is not affected by any simple
physical or chemical process, such as change in temperature or chemical
combination with nonradioactive substances. These results, together with
Mme. Curie’s demonstration that the activity of any uranium salt is
directly proportional to the quantity of uranium in the sait, showed that
radioactivity is an atomic phenomenon.

The B-rays, being regatively charged particles, could be deflected in
electric and magnetic fields, and their velocities and e/m values were
measured. The results, although somewhat more complicated than in
the case of cathode rays, showed that the g-rays consist of swiftly moving
electrons and differ from cathode rays only in velocity. The §-rays from
radium were found to have velocities up to within a few percent of that
of light, while cathode rays usually have velocities considerably less than
half that of light. The e/m values of the S-particles were of the same
order of magnitude as those of the cathode-ray particles, but decreased
with increasing velocity of the particles. Even before the Millikan oil-
drop experiment, it was considered that electric charge is atomic in nature
and should not vary with velocity, and it was concluded that the mass
of a f-particle increases with the speed with which the particle is moving.
The value of e¢/m for the slower 8-particles was found to be almost identical
with that obtained for cathode-ray particles. The g-rays are much more
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penetrating than a-rays, being able to pass through one millimeter of
aluminum, whereas the «-rays are completely stopped by 0.006 cm of
aluminum or by a sheet of ordinary writing paper. The ionization density
produced in a gas by S-rays is much less intense, however, than that pro-
duced by a-rays.

Alpha-rays, because of their positive electrical charge, can be deflected
by electric and magnetic fields, and their velocities and e/m values deter-
mined in the usual way. The velocities range from about 1.4 X 10° to
2.2 X 10° cm/sec, or less than {4 of the velocity of light. The value of
e/m is close t0 4820 emu/gm = 1.45 X 10'* esu/gm, or just one-half of
the value, 2.87 X 10'* esu/gm, for the singly charged hydrogen ion. It
is evident that if the a-particle had the same charge as the univalent
hydrogen ion, its mass would be twice that of a hydrogen ion or atom.
If the a-particle carried a charge twice that of the hydrogen ion, its mass
would be four times as great and would correspond closely to that of the
helium atom, which has an atomic weight of 4 units. The exact nature
of the a-particle could not be determined until either its charge or mass
could be measured separately. Rutherford showed, in an ingenious experi-
ment, that when a radioactive substance emits a-rays, helium is produced.
A small quantity of radon, a gaseous radioactive element, was sealed in
a small glass tube with extremely thin walls, so thin that the a-rays emitted
could pass through them into an outer glass tube, while the radon was kept
in. The outer tube was provided with electrodes, and the spectrum pro-
duced on passing a discharge was observed at regular intervals. After
a few days it was found that the spectral lines of helium appeared; control
experiments showed that ordinary helium gas could not penetrate the
thin-walled tube, proving that the helium was produced from the a-rays.
Thus, the a-particles must be helium ions and, since their mass is 4 times
that of a hydrogen ion, the charge on an a-particle must be twice that on
the univalent hydrogen ion. The a-particle is, therefore, a doubly ionized
helium atom.

The charge on an a-particle was also determined separately by counting
the number of a-particles emitted in a known time interval from a known
weight of radioactive material, and at the same time measuring the total
positive charge emitted. It will be shown in the next section that methods
have been devised for counting individual a-particles. Two independent
experiments, in which different counting methods were used, gave
9.3 X 10710 esu and 9.58 X 1071° esu, respectively, for the a-particle
charge, and these values are very close to twice the electronic charge.

The v-rays, which are not defiected by electric or magnetic fields, have
been shown to consist of electromagnetic waves, and are therefore similar
in nature to light and x-rays. The 7-rays are roughly 10 to 100 times
as penetrating as the g-rays, but produce less ionization than do the §-rays.
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The ionization produced by a-, 8-, and Y-rays is roughly in the order
10,000, 100, and 1, a useful rule of thumb.

The detailed chemical study of the radioactive substances has shown
that each such substance is an element, and that its radioactivity is
caused by a spontaneous disintegration of radioactive atoms into other
atoms. This process occurs according to definite laws. The transformation
of one atom into another atom with the emission of either an a-particle
or a B-particle, led to the idea that the atoms of the chemical elements
are complex structures built of smaller particles. The study of atomic
structure became an important branch of physics with the main object of
discovering the laws according to which atoms are built up. The dis-
covery of natural radioactivity, together with the discovery of x-rays and
the proof of the independent existence of the electron, provided new and
powerful methods for attacking the problem of atomic structure.

2-8 The detection and measurement of radiation.| The study of radio-
activity and the successful use of radiations as research tools or for other
purposes depend on the quantitative detection and measurement of radia-
tion. The quantities most often needed are the number of particles (e.g.,
electrons, protons, a-particles) arriving at a detector per unit time and
their energies. When a charged particle passes through matter, it causes
excitation and ionization of the molecules of the material. This ionization
is the basis of nearly all of the instruments used for the detection of such
particles and the measurement of their energies. Similar instruments can
be used for uncharged radiations (x-rays or Y-rays) because these impart
energy to charged particles, which then cause ionization. The different
types of instrument differ in the material within which the ionization is
produced and in the way in which it is observed or measured. Many instru-
ments are based on the production of ionization in a gas. It is necessary, in
this case, to separate and collect the positive and negative ions because, if
these remained close together, they would recombine and no electrical in-
formation as to their presence could be obtained. The separation and collec-
tion of the ions requires the presence of an electrostatic field, and different
instruments result depending on whether the field is small, large, or inter-
mediate in magnitude. The ionization may also be produced in a liquid
or in a crystal. When it is produced in a gas supersaturated with vapor
or in a photographic emulsion, the tracks of the particles can be made
visible. When particles strike certain liquid or solid materials called
phosphors, which have the property of luminescence, part of the energy
used up in molecular excitation and ionization is re-emitted as visible or
ultraviolet light. Sometimes this light can be observed by eye, or it may
be detected by means of more sensitive devices.
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We shall consider some of the commonly used detection methods be-
cause of their great importance in nuclear physics, although a detailed
treatment is beyond the scope of this book. Such treatments are given in
some of the references at the end of the chapter.

The scintillation method. It was found, about 1900, that radiations,
especially a-particles, can produce luminescence in zine sulphide, barium
platino-cyanide, and diamond. This luminescence, when produced by
a-particles, is not uniform, but consists of a large number of individual
flashes, which can be seen under a magnifying glass. Careful experiments
have shown that each a-particle produces one scintillation, so that the
number of a-particles which fall on a detecting screen per unit time is
given directly by the number of scintillations counted per unit time. A
screen can be prepared by dusting small crystals of zinc sulfide, con-
taining a very small amount of copper impurity, on a slip of glass. The
counting can be done with a microscope with a magnification of about
30 times, and good precision can be obtained, but with difficulty. This
method was especially useful for counting a-particles in the presence of
other radiations, because the zinc sulfide screen is comparatively insensi-
tive to 8- and Y-rays.

The visual scintillation counter has the disadvantages that the flashes
are quite weak and can only be seen in a darkened room, and that visual
counting is limited physiologically to about 60 scintillations/min and is
very tedious. Nevertheless, the method was used in many of the basic
experiments of nuclear physics between 1908 and about 1935 when it was
replaced by electrical methods.

Since 1947, the use of scintillation counters has been revived and greatly
extended because of the discovery of new phosphors which are also sensi-
tive to 8- and 7-rays, and the development of highly efficient photo-
multiplier tubes. The phosphors include: inorganic salts, primarily the
alkali halides, containing small amounts of impurities as activators for
luminescence, for example, sodium or potassium iodide activated with
thallium; crystalline organic materials such as naphthalene, anthracene
and stilbene; and solutions of organic compounds such as terphenyl dis-
solved in xylene. The photomultiplier tube, which replaces the microscope
and observer, converts the scintillations from the phosphor into amplified
electrical pulses which can be counted or otherwise analysed with suitable
electronic equipment. The modern scintillation counter can detect and
record many millions of flashes per second and can be used with intense
radiations.

A schematic diagram of a photomultiplier tube is shown in Fig. 2-6.
Light from the phosphor strikes the cathode, which is usually made of
antimony and cesium, and ejects electrons (photoelectric effect). The tube
has several electrodes called dynodes to which progresssively higher
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F1a. 2-6. Photomultiplier tube (schematic).

potentials are applied. The photoelectrons are accelerated in the electro-
static field between the cathode and the first dynode, which is at a positive
potential relative to that of the cathode, and strike the dynode. The
accelerated electrons impart enough energy to electrons in the dynode to
eject some of them. There may be as many as ten secondary electrons
for each electron which strikes the dynode. This process is repeated, and
the electron current is amplified as the electrons are accelerated from
dynode to dynode. The output current, or pulse, at the anode may be more
than a million times as great as the current originally emitted from the
cathode. Each particle incident on the phosphor produces a pulse, and
the pulses are fed to an electronic system where they are counted. Elec-
tronic systems have also been developed which measure the energy of the
incident particles; the resulting instrument is called a scintillation
spectrometer.

A schematic diagram of a scintillation detector is shown in Fig. 2-7.

The electroscope. It has been mentioned that many of the instruments
used for the measurement of radiation depend for their operation on the

Light reflector
Light pipe

Photomultiplier
tube

Electronic
counting system

Phosphor

High-voltage
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Fie. 2-7. Schematic diagram of a scintillation detector.
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Fia. 2-8. Diagram of an a-ray electroscope.

ionization of a gas. A given sample of radioactive substance emits a
definite number of a-, $-, or Y-rays per unit time. The number of ions
which these rays can produce in air or in another gas at a fixed tempera-
ture and pressure is directly proportional to the number of particles. Hence
the extent of the ionization is a direct measure of the amount of radio-
active substance. One of the first and simplest instruments used in work
on radioactivity is the electroscope, an example of which is shown in
Fig. 2-8. This instrument is a condenser, one of whose elements is the out-
side case; the other element ends in a pair of gold leaves. When the two
elements are connected across a battery, they become oppositely charged
and the gold leaves (A and A’) separate because of the electrostatic
repulsion of their like charges. If the battery is removed and the gas in
the condenser is ionized by a radioactive substance, gaseous ions migrate
to the oppositely charged elements of the condenser. The net charge on
the elements and the potential difference between them decrease, and the
leaves collapse to the position B, B’. The rate of collapse of the gold
leaves is 8 measure of the rate at which the gas in the chamber is ionized
and hence of the intensity of the ionizing radiation.

If the radioactive substance emits a-, 8-, and Y-rays, they all contribute
to the ionization but, since the a-rays are by far the strongest ionizing
agents, the instrument is really an a-ray electroscope. A S-ray electro-
scope is made by placing an aluminum sheet about 0.01 cm thick over the
active material to absorb all of the a-rays, and the ionization observed is
then caused by the 8- and 7-rays. Since the Y-rays are much weaker
ionizing agents than the g-rays, the collapse of the leaves is caused almost
entirely by the g-rays. To measure v-ray activity alone, the radioactive
sample must be surrounded by enough material (2 or 3 mm of lead) to
absorb completely the «- and f-rays. Sometimes the entire electroscope
is built of, or surrounded by, lead and the sample is placed outside the
instrument. Electroscopes bave been developed which are much more
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Fig. 2-9. Schematic diagram for pulse operation of a gas—ﬁlled chamber.

sensitive than the one just described. For example, the Lauritsen elec-
troscope has as its moving element a very fine metal-coated quartz fiber.
The movement of the fiber is observed through a microscope with a scale
in the eyepiece.

Electrical instruments: tonizalion chamber, proportional counter, and
Geiger-Mueller counter. Each of these three detectors is based on the pro-
duction of ionization in a gas and the separation and collection of the
ions by means of an electrostatic field. The differences in the three
systems can be explained with the aid of Fig. 2-9, which shows a cylindri-
cal conducting chamber containing a central conducting electrode located
on the axis of the chamber and insulated from it. The chamber is filled
with a gas at a pressure of one atmosphere or less. A voltage V is applied
between the wall and the central electrode through the resistance R
shunted by the capacitor C; the central electrode is at a positive poten-
tial relative to that of the chamber wall.

We suppose that some ionization occurs in the gas because of the passage
of a charged particle. Each ion pair consists of a positive ion and an
electron and we want to know, for a given initial ionization, how many
ion pairs are collected, or how many electrons reach the central electrode
as the applied voltage is varied. To make the discussion less abstract, we
assume first that 10 ion pairs are formed, corresponding to curve a of
Fig. 2-10 where curves of total ion collection are plotted as functions of
applied voltage. For convenience, the logarithm to the base 10 of the
number of ion pairs n has been used as the ordinate. The discussion is
based on that of Wilkinson (see general reference at end of chapter). If
there is no voltage across the electrodes, the ions will recombine, and no
charge will appear on the capacitor. As the voltage is increased, say to a
few volts, there is competition between the loss of ion pairs by recombina-
tion and the removal of ions by collection on the electrodes. Some elec-
trons, less than 10, will reach the central electrode. At a voltage V of,
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Fra. 2-10. Curves of total ion collection versus applied voltage to illustrate
ionization, proportional, and Geiger-Mueller regions of operation of electrical
radiation detection instruments.
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perhaps, 10 volts the loss of ions by recombination becomes negligible,
and 10 electrons reach the central electrode; log » reaches the value
unity. As V is increased, n stays constant at 10 until a voltage V; is
reached which may be some tens or hundreds of volts depending on the
conditions of the experiment. The region between V; and V3, in which
the number of ion pairs collected is independent of the applied voltage
and the curve is horizontal, is called the Zonization chamber region.

When the voltage is increased above V,, n increases above 10 because
of a phenomenon called gas muliiplication or gas amplification. The
electrons released in the primary ionization acquire enough energy to
produce additional ionization when they collide with gas molecules, and n
increases roughly exponentially with V. Each initial electron produces a
small “avalanche” of electrons with most of these secondary electrons
liberated close to the central electrode. If 100 ion pairs are formed ini-
tially, curve b results; it is parallel to curve a in the ionization chamber
region and is separated from it by one unit on the log n scale. The be-
havior of the two curves above V, is interesting. IFor some range of volt-
ages, up to V3, each electron acts independently and gives its own
avalanche, not being affected by the presence of the other electrons. The
initial 100 electrons always yield 10 times more final electrons than do the
10 initial electrons, and curves a and b continue parallel with a difference
between them of one unit on the log n scale. Between Vj, and V3, the
number of ion pairs collected is then proportional to the initial ionization.
This is the region of proportional counter operation.

Above V3, the gas multiplication effect continues to increase very
rapidly, and, as more electrons produce avalanches, the latter begin to
interact with one another; the positive-ion space charge of one avalanche
inhibits the development of the next avalanche. The discharge with 100
initial electrons is affected before the one with 10 initial electrons and
increases less rapidly than the latter; curves a and b approach each other
and eventually meet at V4. The region between V3 and V, is the region
of limited proportionality. Above V, the charge collected becomes in-
dependent, of the ionization initiating it, and the curves a and b become
identical. The gas multiplication increases the total number of ions to a
value that is limited by the characteristics of the chamber and the ex-
ternal circuit. The region above V4 is the region of Geiger-Mueller counter
operalion. It ends at a voltage V5 where the discharge tends to propagate
itself indefinitely; V5 marks the end of the useful voltage scale, the region
above being that of the continuous discharge.

If the initial ionization is large, say 10% ion pairs, curve c is obtained.
It is similar to curves a and b, and parallel to them between V2 and V§;
the proportional counter region ends sooner, at Vj instead of at V.
Thus, the extent of that region depends on the initial ionization,
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As a result of the behavior of the ions of the gas in the electrostatic
field, three detection instruments have been developed.

1. The ionization chamber, which operates at voltages in the range V;
to Vs, is characterized by complete collection, without gas amplification,
of all the electrons initially liberated by the passage of the particle. Sub-
ject to certain conditions, it will give a pulse proportional to the number
of these electrons. Figure 2-9 is a schematic diagram of a chamber which
could be used as an ionization chamber between 10 volts and 200 volts,
approximately. The numbers in Fig. 2-9 would be appropriate for a counter
with an outer cylinder 1 ¢cm in radius, a wire central electrode 0.01 cm
in radius, and filled with gas to a pressure of a few centimeters of Hg (e.g.,
argon at about 6 cm of Hg plus a little alcohol). The counter length would
be about 10 cm.

The electrodes of an ionization chamber may also be parallel plates.
A schematic diagram of an instrument of this type is shown in Fig. 2-11.

2. The proportional counter, which operates in the voltage region V to
V3, is characterized by a gas multiplication independent of the number of
initial electrons. Hence, although gas multiplication is utilized, the pulse is
always proportional to the initial ionization. The use of this counter
permits both the counting and the energy determination of particles
which do not produce enough ions to yield a detectable pulse in the region
V, to Va. The proportional counter, therefore, offers advantages for
pulse-type measurements of beta radiation, an application for which
ionization chambers are not sensitive enough.
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Fia. 2-11. Schematic diagram of a parallel plate ionization chamber (Re-
printed by permission from W. J. Price, Nuclear Radiation Detection. McGraw-
Hill, 1958.) :
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Fic. 2-12. Diagram of a Geiger-Mueller counter tube.

3. The Geiger-Mueller counter, also known as Geiger, or G-M, counter,
which operates in the voltage region V4 to Vj, is characterized by the
spread of the discharge throughout the entire length of the counter, re-
sulting in a pulse size independent of the initial ionization. It is especially
useful for the counting of lightly ionizing particles such as g-particles or
v-rays. The G-M counter usually consists of a fine wire (e.g., tungsten)
mounted along the axis of a tube which contains a gas at a pressure of
about 2 to 10 cm Hg. The tube may be a metal such as copper, or a metal
cylinder may be supported inside a glass tube as in Fig. 2-12; a mixture
of 909, argon and 109, ethyl alcohol is suitable. A potential difference,
which may be between 800 and 2000 volts, is applied to make the tube
negative with respect to the wire.

Geiger-Mueller counters have been designed for the measurement of
a-, -, and Y-rays, as well as x-rays. In the form described, they are useéd
mainly for 8- and Y-rays, in part because of the difficulty of making tubes
with windows thin enough to be penetrated by a-rays. The principle of
the Geiger-Mueller counter was first used by Rutherford and Geiger in
1908 to count a-particles, with the object of determining their charge.
The instrument that they used, the Geiger point counter, is shown sche-
matically in Fig. 2-13, and instruments like it are still used to detect
a-particles. It has a smooth fine point P at the end of a fine wire supported
inside a tube T by an insulating plug. The tube contains dry air at atmos-
pheric pressure, and the particles enter through a thin foil window W.

Thin window
[ Metal cylinder

—lill

Fi1e. 2-13. Diagram of a Geiger point counter.
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In other respects, the operation of this counter tube is similar to that of
the Geiger-Mueller counter. By comparing the activity of a radioactive
substance as measured with a Geiger point counter and with a zine sulfide
screen, Rutherford and Geiger showed that each a-particle that strikes the
screen causes one scintillation, a fact which increases the usefulness of
the screen for quantitative measurements.

In the electrical instruments discussed, a particle causes a small amount
of ionization. The ions, either multiplied in number or not, are collected
and produce a voltage pulse which may be as small as 10 microvolts. An
electronic pulse amplifier accepts these small voltages and amplifies them
to a level usually in the range of 5 to 50 volts. The amplified voltage
pulses must then be counted in some way so that their rate can be measured.
For very slow rates (less than about one per second), the pulses can be
made to operate a relay-type recorder. For large rates, mechanical devices
either fail completely or miss many counts. The response of an ionization
chamber can be made sufficiently rapid so that a-particles arriving at
intervals of 10~ sec or less can be detected and the counting must then
be made very efficient. A scaling unit, or scaler, is an electric device which
selects precisely every mth pulse and passes it on to the recorder. The
scaling ratio is usually a power of 2 or 10 and very high counting rates
can be achieved with the aid of a scaler. The number of pulses indicated
on the counter per unit time multiplied by the appropriate factor of the
scaler gives the number of a-particles entering, per unit time, the space
between the electrodes in the ionization chamber. Other electronic devices
are also available for measuring the magnitude of the pulse, which gives
the energy of the incident particle. Thus, it is often desired not only to
record the occurrence of a pulse but, also, to sort pulses according to their
size (by means of an electronic discriminator circuit) or to sort them
according to the time intervals during which they arrive (by means of an
electronic timing circuit). The detector then forms part of a circuit with
appropriate electronic instrumentation. Scintillation detectors, of course,
also require electronic instrumentation.

The cloud chamber. One of the most important instruments for basic
research on radiations is the cloud chamber. This instrument, first used
in 1912, is based on the discovery by C. T. R. Wilson (1897) that ions
act as nuclei for the condensation of supersaturated water vapor. There
are two types of cloud chamber differing in the method used for obtaining
supersaturation. In the expansion chamber, ¥ the gas, saturated with
vapor, is made to expand by the quick motion of a piston. The expansion
is adiabatic and lowers the temperature. The cooling is more than sufh-
cient to overcome the effect of the increase in volume, and the air becomes
supersaturated with water vapor. If an ionizing ray enters the chamber,
the ions formed act as nuclei for the condensation of the vapor, and the
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Fi1e. 2-14. A simple expansion cloud chamber.

path of the ray appears as a thin track of fog. In most expansion chambers,
the gas-vapor mixture is air with water, or argon with ethyl alcohol, at
atmospheric pressure.

A simplified diagram to indicate the principle of the expansion chamber
is shown in Fig. 2-14. A cylinder of glass C is closed at one end by a glass
window W and at the other end by a metal piston P to form the chamber.
A small amount of water in the chamber keeps the air saturated. When
the piston is pulled down, the air becomes supersaturated as described
above and, in the presence of ionizing radiation, fog tracks are formed.
The tracks can be illuminated by light L from the side and viewed or photo-
graphed through the window. The ions can then be removed by means
of an electric field between the piston and the metal ring B. The piston
is returned to its original position and the chamber is ready for another
burst of radiation.

The Wilson cloud chamber makes it possible to study the behavior of
individual atoms, to photograph the actual paths of ionizing radiations,
and to analyze at leisure the complicated interactions which may take
place between charged particles and individual atoms. Many modifica-
tions of the original cloud chamber have been made. For example, in order
to obtain large numbers of photographs, automatic arrangements have
been made so that the expansion can be repeated rapidly and photographs
taken continuously on motion picture film. If two stereoscopic pictures are
taken simultaneously, the path of the particle in space can be reconstructed.

When a cloud chamber is placed between the pole pieces of an electro-
magnet, it is possible to distinguish between positively and negatively
charged particles. From the curvature of the path of a particle in the
magnetic field, the sign of the charge and the magnitude of the momentum
of the particle can be determined.
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Fra. 2-15. Tracks of a-particles in air. The top photograph shows a com-
plete track; the bottom photograph is an enlargement of the end portion of
a track showing two deflections caused by collisions with atoms of the air.
[Reprinted by permission from Rutherford, Chadwick, and Ellis, Radiations from
Radioactive Substances. Cambridge University Press (Macmillan Co.) 1930.)

Different particles produce different types of tracks. Thus, heavy,
slow particles such as a-particles produce broad, densely packed, straight
line tracks with an occasional sharp, small angle bend, especially near
the end of the track. Slow electrons produce narrow, beaded, tortuous
tracks, while fast particles, both light and heavy, produce narrow, beaded
straight tracks. Tracks of a-particles in air are shown in Fig. 2-15. The
top photograph is that of the complete track of an a-particle from radon;
the bottom photograph is an enlargement of the end portion of a track
showing two deflections caused by ¢ollisions with atoms of the air.

The diffusion cloud chamber ¢ operates by the diffusion of a con-
densable vapor from a warm region, where it is not saturated, to a cold
region, where it becomes supersaturated. The vapor is usually methyl or
ethyl alcohol. Air is satisfactory for the gas at pressures from 20 em Hg
to 4 atmospheres, and hydrogen from 10-20 atmospheres. A schematic
diagram of a diffusion chamber is shown in Fig. 2-16. The vapor is in-
troduced at the top, the warm end, and diffuses downward continuously
through a region in which a steady vertical temperature gradient is
maintained by cooling the bottom of the chamber. The diffusion chamber
is continuously sensitive, unlike the expansion chamber, which is sensitive
only for a short time interval after the expansion. This property, together
with its relative mechanical simplicity, gives the diffusion chamber ad-
vantages over the expansion chamber. The latter, however, is still used
in a large portion of serious cloud-chamber work because of the greater
experience with it and because of certain other desirable properties which
it has.

Photographic emulsions. An ionizing particle traveling through the emul-
sion of a photographic plate leaves a track containing a number of develop-
able silver bromide grains. Special photographic emulsions, called nuclear
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Fie. 2-16. Schematic diagram of a diffusion cloud chamber.

emulsions, have been developed. They are distinguished from optical
emulsions in their high silver bromide content, which may be as much as
four times as great as in photographic plates, in the grain size, and in the
thickness of the emulsion. Like the cloud chamber, the photographic
plate, upon development, records the path of the particle, and a variety
of information can be obtained from the study of the tracks. Counting
of the individual paths gives a measure of the number of particles entering
the plate, and study of the detailed structure of the tracks yields informa-
tion about the mass, charge, and energy of the particles. The photo-
graphic emulsion offers advantages over the cloud chamber in that the
emulsion is solid so that the tracks are short, and its sensitivity is perma-
nent rather than restricted to infrequently repeated short intervals. On
the other hand, the cloud-chamber expansions can be controlled by means
of a counter and can be made to record specific events. An emulsion is
limited in the chemical elements which it can contain.

Finally, other instruments such as the bubble counter and the Cerenkov
detector have been developed for use with particles of very high energy
(they are discussed in the book by Price listed in the references).
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ProBLEMS

1. Take 1 faraday as 96,500 coul and the valences of chromium, copper,
indium, iron, mercury, nickel, and silver as 6, 2, 3, 3, 2, 2, and 1, respectively.
Show first that 1 amp-hr corresponds to 0.03731 chemical equivalents. Then
calculate (a) the number of grams of each element deposited by 1 amp-hr of
charge, (b) the number of coulombs of charge needed to deposit 1 mg of each
element, (c) the charge in esu associated with 1 gm of each element.

2. In an attempt to measure the value of the charge-to-mass ratio of cathode
rays, a Thomson apparatus with the following dimensions was used:

distance from condenser plates to screen = 32.0 cm,
length of plates = 8.0 cm,
distance between plates = 2.75 cm.

When the potential across the plates was 1100 volts and the magnetic field
strength was 12.50 gauss, the cathode rays passed through the apparatus without
being deflected. When the magnetic field was turned off, the rays were displaced
19.5 e¢m, on striking the screen, from their undeflected path. What was the
speed of the rays? What value was obtained for ¢/m?

3. With the apparatus of Problem 2, the potential across the plates was
changed to 1350 volts. What magnetic field was needed to keep the beam
from being deflected? What displacement of the beam was observed when
the magnetic field was turned off?

4. When cathode rays with a speed » move in a direction perpendicular to
a uniform magnetic field of strength H, their path is a circle of radius R given
by the relationship Hev = mv?/R. Show that the value of ¢/m can be obtained
from the equation e/m = E/H2R, where E/H = v. In the experiment of
Problem 2, suppose that the electric field is turned off instead of the magnetic
field. What is the radius of the path of the cathode rays?

5. Another measurement of e/m for cathode rays was made by means of
two experiments. In the first, the cathode rays passed between condenser
plates 1 cm apart, with a potential of 730 volts across them. The effect of the
electric field was just balanced by a magnetic field of 28 gauss. In the second
experiment, the rays were bent into a path of 12.00 cm radius by a magnetic
field of 12.50 gauss. What was the speed of the rays? What was the value
obtained for ¢/m?

6. In experiments with cathode rays, the source often emits rays with a wide
range of speeds, but only rays with a particular speed are desired. How could
the Thomson apparatus be modified to serve as a velocity filter, i.e., to permit
only the passage of rays with a certain desired speed? In the apparatus of
Problem 2, suppose that the potential across the plates is fixed and that the
magnetic field strength can be varied; how would you obtain a monoenergetic
beam of rays with a speed of 2.0 X 10° cm/zec?

7. A uniform, radially directed, electric field of magnitude E is produced in
the space between parallel plates which are closely spaced, concentric, cylindri-
cal sections of mean radius B. Show that the kinetic energy of a particle of
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charge g, mass M, and speed v, moving in the space between the plates is 4¢ER.
Why does such a system provide an energy filter for charged particles? If the
mean radius is 10 cm, what field strength is needed to permit a beam of cathode
rays with a speed of 1.0 X 10° ecm/sec to pass through the filter?

8. In one of his experiments, Millikan observed the motion of an oil drop in
a constant electric field. As the drop captured or lost ions, the time needed
for it to traverse a given distance, 0.5222 cm, changed. Eight successive time
intervals noted were, in seconds, 12.45, 21.5, 34.7, 85.0, 34.7, 16.0, 34.7, and 21.85.
Explain, with the aid of Eq. (2-8), how these data show that the electric charge
on an ion is an exact integral multiple of an elementary charge.

9. An oil drop of radius 2.76 X 10~* cm and density 0.9199 gm/cm3 falls in
air at 23°C and 76 cm Hg. Under these conditions, the viscosity of air is 1.832
X 10~ cgs and its density is 0.0012 gm/cm3. Calculate the rate of fall, first
from the uncorrected Stokes formula, then from the corrected formula; in the
latter, the constant b is 0.000625 (cm) (cm Hg).

10. An oil-drop measurement of the charge on the electron was done under the
following conditions:

distance between the condenser plates = 1.60 cm,
potential difference across the plates = 5085 volts,
air temperature = 23°C,

pressure = 76 cm Hg,

density of oil = 0.9199 gm/cm3,

radius of oil drop = 2.76 X 10—¢ cm.

The speed of free fall of the drop was 0.08571 cm/sec. The greatest common
divisor (v, 4 vg)o measured for the rise of the drop through a certain fixed
distance was 0.005480 cm/sec. Calculate (a) the uncorrected value e; of the
electron charge, (b) the corrected value e.



CHAPTER 3

THE RUCLEAR ATOM

| 3-1 The Thomson atom.l The discovery of radioactivity, together
with Thomson’s proof of the independent existence of the electron, pro-
vided a starting point for theories of atomic structure. The fact that
atoms of a radioactive element are transformed into atoms of another
element by emitting positively or negatively charged particles led to the
view that atoms are made up of positive and negative charges. If this
view is correct, the total negative charge in an atom must be an integral
multiple of the electronic charge and, since the atom is electrically neutral
under normal conditions, the positive and negative charges must be
numerically equal. The emission of electrons by atoms under widely
different conditions was convincing evidence that electrons exist as such
inside atoms. The first modern theories of atomic structure were, there-
fore, based on the hypothesis that atoms are made up of electrons and
positive charges. No particular assumptions could be made about the
nature of the positive charges because the properties of the positive par-
ticles from radioactive substances and from gas discharge tubes did not
have the uniformity shown by the properties of the negative particles.

Two important questions then arose: (1) how many electrons are there
in an atom, and (2) how are the electrons and the positive charges arranged
in an atom? Information about the first question was obtained experi-
mentally by studying the way in which x-rays interact with atoms, and
this problem will be treated in some detail in the next chapter. It will
suffice, for the present, to state that early experiments of this kind indi-
cated that the number of electrons per atom is of the order of the atomic
weight. It was known that the mass of an electron is about one two-
thousandth of the mass of a hydrogen atom, which has an atomic weight
very close to unity. Hence, the total mass of the electrons in an atom
is only a very small part of the mass of the atom, and it was logical to
assume that practically the entire mass of an atom is associated with the
positive charge.

In the absence of information about the way in which the positive and
negative charges are distributed in an atom, Thomson proposed a simple
model. He assumed that an atom consisted of a sphere of positive elec-
tricity of uniform density, throughout which was distributed an equal
and opposite charge in the form of electrons. It was remarked that the
atom, under this assumption, was like a plum pudding, with the negative
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electricity dispersed like currants in a dough of positive electricity. The
diameter of the sphere was supposed to be of the order of 10~% cm, the mag-
nitude found for the size of an atom. With this model, Thomson was
able to calculate theoretically how atoms should behave under certain
conditions, and the theoretical predictions could be compared with the
results of experiments. It became clear when this comparison was made
that Thomson’s theory was inadequate; but the failure of the Thomson
model in the particular case of the scattering of a-particles proved to be
most profitable because it led to the concept of the nuclear atom. This
concept is fundamental to atomic and nuclear physics, and the scattering
of a-particles will therefore be discussed in some detail.

When a parallel beam of rays from a radiocactive substance or from a
discharge tube passes through matter, some of the rays are deflected, or
scattered, from their original direction. The scattering process is a result
of the interaction between the rays of the beam and the atoms of the
material, and a careful study of the process can yield information about
the rays, the atoms, or both. The scattering of a-particles was first
demonstrated by Rutherford, who found that when a beam of a-particles
passed through a narrow slit and fell on a photographic plate, the image
of the slit had sharply defined edges if the experiment was performed in
an evacuated vessel. When the apparatus contained air, the image of the
slit on the photographic plate was broadened, showing that some of the
rays had been deflected from their original path by the molecules in the
air. Alpha-particles are also scattered by a very thin film of matter such
as gold or silver foil. When a beam of particles passes through a small
circular hole and falls on a zinc sulfide screen, scintillations are seen
over a well-defined circular area equal to the cross section of the beam.
If a very thin foil is placed in the path of the beam, the area over which
the scintillations occur becomes larger, and its boundary is much less
definite than in the absence of the foil, showing again that some of the
particles have been deflected from their original direction.

The scattering of charged particles such as a-particles can be described
qualitatively in terms of the electrostatic forces between the particles and
the charges which make up atoms. Since atoms contain both positive
and negative charges, an a-particle is subjected to both repulsive and
attractive electrostatic forces in passing through matter. The magnitude
and direction of these forces depend on how near the particle happens to
approach to the centers of the atoms past which or through which it
moves. When a particular atomic model is postulated, the extent of the
scattering of the a-particles can be calculated quantitatively and compared
with experiment. In the case of the Thomson atom, it was shown that
the average deflection caused by a single atom should be very small. The
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mean deflection of a particle in passing through a thin foil of thickness ¢
should be, according to Thomson’s theory,"

¢m = O(mna’p)'?, 3-1)
where 6 is the average deflection caused by a single atom, n is the number
of atoms per cubic centimeter, a is the radius of the atom in centimeters,
and ¢ is the thickness of the foil in centimeters. If the scatterer is a gold
foil 4 X 1075 em thick, and if @ is assumed to be 108 ¢m, then ¢,, turns
out to be about 308. The scattering of a-particles by a thin foil, according
to the Thomson theory, is the result of a relatively large number of small
deflections caused by the action of a large number of atoms of the scatter-
ing material on a single a-particle. This process is called compound, or
multiple, scattering.

In an experiment, it is convenient to count the number of a-particles
scattered through a certain angle. Rutherford showed that the number
of a-particles N, scattered through an angle equal to, or greater than,
¢ should be given by

2

N‘ — Noe—(ﬂém) , (3_2)
where N is the number of particles corresponding to ¢ = 0, and ¢,, is the
average deflection after passing through the foil. It was found experi-
mentally by Geiger ‘® that when a gold foil 4 X 10~% cm thick was used,
the most probable angle of deflection of a beam of a-particles was about 1°.
If this value is used for ¢,, in Eq. (3-2), it can be seen that the probability
that an a-particle is scattered through a large angle becomes vanishingly
small. For example, the number of a-particles which should be scattered
through an angle of 10° or more is

N10° = Noe—loo = 10_43N0.

Geiger found that the scattering agreed with that predicted by Eq. (3-2)
for very small angles, that is, for very small values of ¢, but the number of
particles scattered through large angles was much greater® than that pre-
dicted by the Thomson theory. In fact, one out of about every 8000
a-particles was scattered through an angle greater than 90°, which means
that a significant number of a-particles in a beam incident on a foil had
their directions changed to such an extent that they emerged again on
the side of incidence. The experimental scattering of a-particles at large
angles could not possibly be reconciled with the theoretical predictions
based on multiple scattering by a Thomson atom, and it was necessary to
look for a better model for the atom.

3-2 Rutherford’s theory of the scattering of alpha-particles. | Ruther-

ford ™" (1911) proposed a new theory of the scattering of a-particles by
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matter; this theory was based on a new atomic model and was successful
in describing the experimental results. Rutherford suggested that the
deflection of an a-particle through a large angle could be caused by a
single encounter with an atom rather than by multiple scattering. Photo-
graphs of the tracks of a-particles in a cloud chamber showed that a-par-
ticles often traveled in & straight line for a considerable distance and then
were deflected suddenly through a large angle. Rutherford’s suggestion
was in agreement with this kind of experimental evidence. For large
angle scattering to be possible, it was necessary to suppose that there is
an intense electric field near an atom. Rutherford proposed a simple
model of the atom which could provide such a field. He assumed that
the positive charge of the atom, instead of being distributed uniformly
throughout a region of the size of the atom, is concentrated in a minute
center or nucleus, and that the negative charge is distributed over a sphere
of radius comparable with the atomic radius. On this model, an a-particle
can penetrate very close to the nucleus before the repulsive force on it
becomes large enough to turn it back, but the repulsive force can then
be very large, and can result in a large deflection. At the same time, when
the a-particle is near the nucleus, it is relatively far from the negative
charges, which are spread over a much larger volume, so that the attractive
forces exerted on the a-particle by the electrons can be neglected. For
purposes of calculation, Rutherford assumed that the nuclear and a-par-
ticle charges act as point charges and that the scattering is caused by the
repulsive electrostatic force between the nucleus and the a-particle. If
the magnitude of the a-particle charge is 2¢ and that of the nucleus is
Ze, where Z is an integer, and if r is the distance between the two charges,
the magnitude of this force is o7
e

F = 5 (3-3)

In his first calculation, Rutherford treated the case of an atom suffi-
ciently heavy so that the nucleus could be considered to remain at rest
during the scattering process. With the above assumptions, the calcula-
tion of the orbit of the a-particle is reduced to a familiar problem of classical
mechanics, that of the motion of a highly energetic particle under a repul-
sive inverse square law of force.® The orbit is one branch of a hyperbola
with the nucleus of the atom as the external focus,* as shown in Fig. 3-1,
and the formula for the deflection can be derived from geometrical and
physical relationships.

The first step in the derivation of the Rutherford scattering formula is
to write down some useful geometrical relationships. In Fig. 3-1, the

* This statement is proved in Appendix IV, where a second derivation of the
Rutherford scattering formula is given which contains certain points of special
interest.
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Fia. 3-1. The scattering of an a-particle by the Rutherford nuclear atom.

origin of the coordinate system is taken at the center of the hyperbola,
one of whose branches is the path of the a-particle. The initial path of
a particle, when the latter is far from the nucleus, is along 40, one of
the asymptotes of the hyperbola; the perpendicular distance from the
nucleus, situated at the external focus z = ¢, to the line OA is called the
impact parameler and is denoted by p. The a-particle, on nearing the
nucleus, is deflected through the angle ¢ and approaches the asymptote
0A’. The vertex of the orbitisat z = — a, while that of the second branch
of the hyperbola is at z = a. The equation of the hyperbola is, from
analytic geometry,

2 2
X
y 1,

a2 - c2 — g2 - (3—4)

where a is the major semiaxis of the hyperbola. It can also be seen from
the figure that p> = ¢* — a2, so that p is the minor semiaxis. The eccen-
tricity € is defined as the ratio € == ¢/a, and the angle between the r-axis
and the initial direction of the a-particle is denoted by 8. The angle of
deviation ¢ is then equal to # — 26 radians. Now, let s denote the dis-
tance of the nucleus from the vertex of the orbit of the a-particle; the
magnitude of s is

=c¢+a= c(l-{—%): c(1 + cos 6).
Also, ¢ = p/sin 6, so that

1+ cosd 9
s=—p—(-——:i;l—0-—)-=pcot§~ (3-5)

The next step is to find a relationship between the impact parameter
p and the scattering angle ¢, which can be done by applying the laws of
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conservation of energy and angular momentum. According to the former,
the sum of the kinetic energy and the potential energy is constant. When
the a-particle is at a great distance from the nucleus, its potential energy,
which is inversely proportional to this distance, is practically zero. If
the velocity of the a-particle is V at this large separation, which is assumed
to be infinite, its total energy is equal to its initial kinetic energy, MV2/2,
where M is the mass. This energy must also be equal to the total energy
of the a-particle when it is just at the vertex of the hyperbola. If the
velocity at this point is Vo, then

2
vt = puvi 4 e (3-6)

The second term on the right represents the potential energy of the
a-particle, at the vertex of its orbit, in the electric field of the nucleus.
If the last equation is divided through by 3MV? and if a new quantity b
is introduced, b = 4Ze?/MV?2, the result is

Ve _ b
Vs = 1 p (3-7a)
When the expression for s from Eq. (3-5) is inserted into the last equation,
Ve _,_b _sing g
ve =1 p (1 + cos 0) (3-7b)
It follows from the law of conservation of angular momentum that
MVp = MV, (3-8)
or
Yo_p_ _sing
V s 1+cost’
and
Vi _ _ sin®8 1 —cosf
VZ (1+cos2 1+ cosé (3-9)
When this value for (V/V)? is put into Eq. (3-7), it is found that
_ b tan 0’ (3-10)
2
and, since ¢ = m — 20,
L _
P=3 cot 5 (3-11)

Equation (3-11) is the desired relation between the impact parameter
and the scattering angle.
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It is now possible to calculate the fraction of the a-particles scattered
through a given angle ¢. Suppose that the beam of a-particles is incident
perpendicularly on a thin foil of material of thickness ¢, containing n
atoms per unit volume. It is assumed that the foil is so thin that the
particles pass through without any significant change in velocity and
that, with the exception of a few particles which are scattered through a
large angle, the beam passes perpendicularly through the foil. Then the
chance that a particle passes within a distance p of a nucleus is

g = mpint. (3-12)

A particle which moves so as to pass within a distance p of the nucleus is
scattered through an angle greater than ¢, where ¢ is given by Eq. (3-11).
Hence the fraction of the total number of a-particles deflected through
an angle greater than ¢ is obtained by inserting for p, from Eq. (3-11),
and

g = }mntb? cot? g . (3-13)
Similarly, the probability of deflection through an angle between ¢ and

¢ + d¢ is equal to the probability of striking between the radii p and
p + dp, and is given by

dg = 2mpnt dp.
Then,
dg = }mntb? cot g cosec’ g d¢
_ 2 ¢ 3¢
= }mntb” cos 5 cosec” o de¢
= }7nib® sin ¢ cosec? —g de. (3-14)

In the experiments made to test the theory, the scattering was deter-
mined by counting the number of a-particles incident perpendicularly on
a constant area of a zinc sulfide screen placed at a distance R from the
foil. The fraction of the scattered a-particles falling on an element of
area of the screen at a distance R is given by

dq _ nib? cosec*(¢/2) ]
2TR2sin ¢ do 16R2

(3-15)

If now, Q is the total number of a-particles incident on the foil, and if
Y is the number of a-particles scattered to unit area of the zinc sulfide
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screen placed at a distance R from the foil and at an angle ¢ with the
original direction of the particles, then

- Qntb® cosec’(4/2) .

Y 16R2

(3-16)

According to Rutherford’s theory, the number of a-particles falling on
a unit area of the zinc sulfide screen at a distance R from the point of
scattering should be proportional to

1. cosec* (¢/2), where ¢ is the scattering angle,

2. t, the thickness of the scattering material,

3. 1/(MV?%)?2 or to the reciprocal of the square of the initial energy of
the a-particle,

4. (Ze)?, the square of the nuclear positive charge.

3-3 The experimental test of the Rutherford scattering theory.|
Rutherford’s nuclear theory of the scattering of a-particles was tested
point by point in 1913 by Geiger and Marsden.'® The dependence of
the scattering on the four quantities listed at the end of the last section
will be considered in order.

1. The dependence of the scattering on the angle of deflection. The effect
of varying the angle of deflection ¢ was studied in the apparatus shown
schematically in Fig. 3-2. In the diagram, R represents a radioactive
substance which is the source of the a-particles, F is a very thin foil of
scattering material, and S is a zinc sulfide screen rigidly attached to a
microscope M. The source and foil were held fixed, while the screen
and microscope could be rotated in an airtight joint, varying the angle
of deflection. The entire apparatus was enclosed in a metal box which
could be evacuated. The number of a-particles reaching unit area of
the screen in a chosen time interval was obtained by counting the scintil-
lations. In the experiment, the angle ¢ was varied while all of the other
variables in Eq. (3-16) were held constant. The number of scintilla-
tions counted, N, is proportional to ¥, or to cosec* (¢/2); hence, the ratio
N /cosec* (¢/2) should be constant for a given foil under the conditions
of the experiment.

The results of two sets of experiments, one with a silver scattering foil,
the other with a gold foil, are given in Table 3—-1. The first column gives
the values of the angle ¢ between the direction of the incident beam of
a-particles and the direction in which the scattered particles were counted;
the second column gives the corresponding values of cosec* (¢/2). Col-
ums ITI and V give the observed numbers N of scintillations for silver
and gold respectively; columns IV and VI show the value of the ratio
N/cosec* (¢/2). The variation in the value of the ratio is very small
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Fig. 3-2. Apparatus of Geiger and Marsden for testing the angular depend-
ence of a-particle scattering.(®

TaBLE 3-1*

THE DEPENDENCE OF THE SCATTERING OF ALPHA-PARTICLES
ON THE ANGLE OF DEFLECTION

1 11 11 v v \'4¢
Silver Gold
Angle of Number of Number of
deflection scintillations N scintillations N
¢ cosect(¢/2) N cosect(¢/2) N cosect(¢p/2)
150° 1.15 22.2 19.3 33.1 28.8
135 1.38 274 19.8 43.0 31.2
120 1.79 33.0 18.4 51.9 29.0
105 2.53 47.3 18.7 69.5 27.5
75 7.25 136 18.8 211 29.1
60 16.0 320 20.0 477 29.8
45 46.6 989 21.2 1435 30.8
375 93.7 1760 18.8 3300 35.3
30 223 5260 23.6 7800 35.0
22.5 690 20,300 294 27,300 39.6
15 3445 105,400 30.6 132,000 38.4
30 223 5.3 0.024 3.1 0.014
225 690 16.6 0.024 8.4 0.012
15 3445 93.0 0.027 48.2 0.014
10 17,330 508 0.029 200 0.012
7.5 54,650 1710 0.031 607 0.011
5 276,300 | ......... | ..... 3320 0.012

* From Geiger and Marsden.(®
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compared with that of cosec* (¢/2), for angles between ¢ = 15° and
¢ = 150°. For smaller angles, it was found desirable to reduce the
number of scintillations counted; the value of the ratio was practically
constant between ¢ = 5° and ¢ = 30°. The results for the smaller
angles can be compared with those of the larger angles by noting that in
the case of the gold foil, the number of scintillations was reduced by
about 2500. When the results are fitted to those for the larger angles,
it is clear that the value of the ratio changes little over the entire range
of values of ¢, while the value of cosec* (¢/2) varies by a factor of 250,000.
The deviations of the ratio from constancy were thought to be within the
experimental error and it was concluded that the theory predicts the
correct dependence of the scattering on the angle of deviation.

2. The dependence of the scattering on the thickness of the scattering material.
The dependence of the scattering on the thickness of the scattering material
was tested by fixing the angle of deflection and using foils of different
thicknesses and also of different materials. The results of several experi-
ments are shown in Fig. 3-3, in which the number of particles per minute
scattered through an angle of 25° is plotted as ordinate and the thickness ¢
of the scattering foil is plotted as abscissa. The thickness of the foil is
expressed in terms of the equivalent length of path in air, that is, the
thickness of air which produces the same loss in energy of the a-particles
traversing it as that produced by the material being studied. The equiv-
alent path length in air often serves as a useful standard for comparison

160,
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Fig. 3-3. The variation of the scattering of a-particles with the thickness
of the scattering material.(®
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in work with e-particles. The straight lines show that for any one element,
the number of particles scattered through a given angle per unit time is
directly proportional to the thickness of the foil, in agreement with the
theory.

3. The dependence of the scattering on the energy or the velocity of the
a-particles. According to the Rutherford scattering formula, the number
of a-particles scattered through an angle ¢ should be inversely propor-
tional to the square of the energy of the particles, or to the fourth power
of the velocity. In a series of experiments, Geiger and Marsden varied
the velocity of the a-particles from a given source by placing screens of
mica between the source and the scattering foil; the thicker the screen,
the slower were the particles which reached the scattering foil. The
velocities of the particles were determined by finding how far they traveled
in air. This distance, called the range of the a-particles, could be deter-
mined in several ways, which will be discussed in Chapter 13. The range
R was known to be related to the velocity by the empirical formula,

R = aV?, (8-17)

where a is a known constant. When the velocity of the a-particles which
passed through a given thickness of mica screen had been obtained in this
way, the scattering through a known angle was measured by counting
the number N of scintillations. The product NV* should be constant
when V is varied. The results of a typical experiment are shown in
Table 3-2. The fourth column gives the number N of scintillations per
minute under fixed conditions, when a-particles of the ranges given in
the second column were used. The relative values of 1/V* are given in the

TaBLE 3-2*

THE VARIATION OF ALPHA-PARTICLE SCATTERING WITH VELOCITY

Number N
Number of Range of Relative of
sheets a-particles values of scintillations
of mica (cm) 1/V* per minute NV*
0 5.5 1.0 24.7 25
1 4.76 1.21 29.0 24
2 4.05 1.50 33.4 22
3 3.32 1.91 44 23
4 2.51 2.84 81 28
5 1.84 4.32 101 23
6 1.04 9.22 255 28

* From Geiger and Marsden.®
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third column. The product NV* given in the last column is very nearly
constant over the range of values of V studied, showing that the scattering
varies inversely as the fourth power of the velocity, as predicted by
Rutherford’s theory.

4. The dependence of the scaltering on the nuclear charge. The scattering
angle, the thickness of the scatterer, and the velocity of the incident
a-particles are quantities which could be measured directly and their
effect on the scattering determined. The nuclear charge, unlike the other
parameters, could not be measured directly, and a direct comparison
between theory and experiment could not be made in this case. It is
evident from Eq. (3-16), however, that the value of Z can be found by
counting the number of a-particles in the beam incident on the scattering
foil and the number in the scattered beam under fixed geometric condi-
tions. Some information about Z could also be obtained from experi-
ments on the scattering by different foil materials. From these two types
of experiments it was found that for elements heavier than aluminum,
the positive charge Ze on the nucleus was approximately 34e, that is,
Z =~ A/2, where A is the atomic weight and e is the electronic charge.
These experiments were not accurate enough to provide a reliable determi-
nation of the nuclear charge Z. It was not until 1920 that Chadwick,”
using improved scattering techniques, succeeded in measuring the nuclear
charge with good precision. For platinum, silver, and copper foils, he
obtained

copper: Z = 29.3 & 0.5,
silver: Z = 46.3 + 0.7,
platinum: Z = 774 + 1.

These results are not precise enough to determine unique, integral values
of Z, but, as will be seen in the next chapter, they agree well with the
values 29, 47, and 78 for the three elements, obtained by an entirely inde-
pendent method. Thus, all four tests of the Rutherford scattering theory
were met successfully and constitute the earliest if not the greatest single
piece of experimental evidence for the nuclear model of the atom.

| 34 Some characteristics of the atomic nucleus| The remarkably
good agreement between the predictions of Rutherford’s theory and the
experimental results was interpreted as establishing the correctness of
the concept of the nuclear atom. Since 1913 the atom has therefore been
considered to consist of a minute, positively charged nucleus around which
is distributed, in some way, an equal and opposite negative charge in
the form of electrons.

So far, the atomic nucleus itself is a vague concept. It has been described
as “minute” or “very small” and has been treated mathematically as a
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point; at the same time, it is supposed to contain practically all of the
mass of the atom. It is clear that quantitative information is now needed
about the size of the nucleus. The first information of this kind was
obtained from the experiments on the scattering of a-particles; it came
from the consideration of the distance of closest approach of an a-particle
to a nucleus, and of the range of validity of the Coulomb force law.

For any hyperbolic orbit, the distance of closest approach is s, the dis-
tance from the vertex of the hyperbola to the nucleus as given by Eq. (3-5).
The smallest value that s can have is that for a head-on collision, when
the a-particle is deflected through an angle of 180°. In such a collision,
the velocity of the a-particle at the turning point is just zero. It follows
from Eq. (3-7a), that for ¥V to vanish, s must be equal to b; furthermore,
since Vo can never be negative, this is the smallest value which s may have.
Hence, the quantity b, defined by

4Ze*

bZW’

(3-18)

gives the closest distance which an e-particle of velocity V can approach
to a nucleus of charge Z. The magnitude of this distance can be estimated
by calculating a typical value of b. Consider the case of a copper nucleus
bombarded by a-particles from radon. Copper has an atomic weight of
63.5; if the results of Geiger and Marsden for Z as given by scattering
experiments are used, then Z for copper is approximately half of 63.5,
or 32. An a-particle has a mass four times that of the hydrogen atom,
or 4 X 1.67 X 10724 gm; the velocity of an a-particle from radon is close
to 1.6 X 10? cm/sec. With e = 4.8 X 1071 esu, the result for b is

4(32)(4.8)210—2°

—_ —~ —12
= W6Na10~24)(1L.6)3(i018) ~ L7 X 107 "em.

b

The above calculation depends on the assumption that the Coulomb
force law between the a-particle and the nucleus is still valid at such small
distances from the nucleus. The validity of this assumption was borne
out by the agreement between the Rutherford scattering theory and the
results of the experiments of Geiger and Marsden. By using faster
a-particles, Rutherford and others extended the experiments to see how
close to the nucleus the 1/r% force law holds. The results showed that for
silver the Coulomb law held down to 2 X 10™'2 ¢cm, for copper down to
1.2 X 1072 ¢cm, and for gold down to 3.2 X 1072 ecm. It might be ex-
pected that if an a-particle approaches more closely to a nucleus, the inverse
square law would eventually break down. If this happens, the forces
between the a-particle and the nucleus should begin to change very rapidly
with the distance, and the scattering of a-particles should depart widely
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from the predictions of the theory. If the nucleus is defined as the region
of deviation from the Coulomb force law, then for the elements mentioned,
the radii of the respective nuclei are smaller than the distances listed.
Thus, the nuclei of these elements are about 107!2 ¢m in radius, and are
indeed very small compared with an atom, with its radius of 1078 cm. It
will be seen in later chapters that other methods of estimating values of
nuclear radii give results in good agreement with that just obtained.

It is seen from Eq. (3-18) that for a-particles of a given energy the
distance of closest approach is proportional to the nuclear charge Z. On
the basis of the finding that Z was approximately proportional to the
atomic weight, it was expected that a-particles might come closer than
1072 e¢m to light nuclei, and that it might be possible to find departures
from the Coulomb force law. Theoretical and experimental studies showed
that such departures from the inverse square law do indeed exist.”® In
the case of aluminum, the inverse square law was found to break down at
about 6 to 8 X 107!% ¢m, with similar results for other light elements.
The deviations from the inverse square law scattering showed that very
close to the nucleus, the repulsion was smaller than that calculated from
the Coulomb force alone. These results provided the first evidence of
the existence of a nonelectrical, specifically nuclear force.

The study of the scattering of a-particles has continued to be an im-
portant source of information concerning the atomic nucleus.® 1%V By
1935, data had been collected on the elastic scattering of a-particles from
most of the light elements through aluminum. In each case departures
from Coulomb scattering were observed. With the aid of newer theoreti-
cal methods, these data could be used to make quantitative estimates of
nuclear radii. It was shown ® that the data could be interpreted in a
consistent way if the radius of the nucleus is assumed to be approximately
proportional to the cube root of the atomic weight, that is, if

r = T()Alla,

where A is the atomic weight, and rq = 1.4 to 1.5 X 103 cm. This
property will be discussed further in Chapter 13.
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ProBLEMS

1. A beam of a-particles (kinetic energy 5.30 Mev) from polonium, of in-
tensity 10,000 particles/sec, is incident normally on a gold foil of density 19.3
gm/em® and 1 X 1075 ¢cm thick. An a-particle counter with an aperture 1 cm?
in area is placed at a distance of 10 cm from the foil in such a way that a line
from the center of the counter to the center of the area at which the beam strikes
the foil makes an angle of ¢ degrees with the direction of the beam. Calculate
the number of counts per hour for ¢ = 5, 10, 15, 30, 45, and 60°.

2. Repeat the calculation of Problem 1, but with 8.00-Mev a-particles.

3. Repeat the calculation of Problem 1 with a silver foil instead of a gold foil.
The density of silver is 10.5 gm/cm3.

4. In the setup of Problem 1 a copper foil 1 X 10=5 cm thick and of density
8.90 gm/cm?® is used instead of the gold foil. When ¢ = 10° the counting rate
is 820 counts/hr. Calculate the atomic number of copper from these data.
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5. What is the distance of closest approach of 5.30-Mev a-particles to nuclei
of the following elements: gold, silver, copper, lead, and uranium? How close
would 7.00-Mev o-particles come to the same nuclei?

6. Show that the fraction of a-particles scattered through an angle between
90° and 180° is given by } ntxb%. What fraction of the a-particles of Problem 1
are scattered through an angle greater than 90°?

7. What is the general expression for the distance of closest approach of a
positively charged particle to a nucleus? What is the distance of closest approach
of a 2-Mev proton to a gold nucleus? How does this distance compare with
those for a deuteron and an a-particle of the same energy?

8. A beam of protons of 5-Mev kinetic energy traverses a gold foil; one
particle in 5 X 108 is scattered 50 as to hit a surface 0.5 cm? in area at a distance
10 cm from the foil and in a direction making an angle of 60° with the initial
direction of the beam. What is the thickness of the foil?



CHAPTER 4

X-RAYS AND ATOMIC STRUCTURE

The work of Geiger and Marsden on the scattering of a-particles con-
firmed Rutherford’s concept of the nuclear atom, and showed that the
number of elementary positive charges on the atomic nucleus is approx-
imately equal to half of the atomic weight. This number must be the
same as the number of electrons in the atom, because the atom is electrically
neutral. Independent evidence for the number of electrons in the atom
was supplied by the pioneer work of Barkla on the absorption and scatter-
ing of x-rays by matter. The relationship between the nuclear charge
and the position of an element in the periodic table was determined by
Moseley’s work on the characteristic x-ray spectra of the elements. The
study of atomic properties by means of x-rays, with the work of Barkla
and Moseley as examples, has been one of the most fruitful sources of
information about atoms, and will be discussed in the present chapter.
In order to do so, it is necessary to review some of the properties of x-rays
in somewhat greater detail than was done in the second chapter.

| 4-1 Some properties of x-rays.l X-rays are produced when swiftly
moving electrons strike a solid target. According to classical electro-
dynamics, a moving charged particle emits electromagnetic radiation
when it is accelerated; the sudden stopping of an electron gives rise to a
pulse of radiation which takes the form of x-rays. In practice, x-rays
are sometimes produced in a low pressure, gas-filled cathode-ray tube in
which a metal anticathode is situated opposite the cathode. The anti-
cathode serves as a target for the electrons emitted from the cathode
and as the source of x-rays. In the more frequently used Coolidge tube
(Fig. 4-1), the cathode is a wire which is heated to such a temperature
that it emits thermoelectrons. The tube is evacuated until there is no
appreciable amount of gas remaining, so that all of the current through
the tube is carried by the thermeelectrons. The anticathode is usually
a metal of high atomic weight such as tungsten, because the energy carried
by the x-rays from heavy metals has been found to be greater than the
energy of the x-rays from light metals.

One of the most important properties of x-rays is, of course, their strong
penetrating power. The extent to which a beam of x-rays will penetrate
into a substance depends on the nature of the x-rays as well as on that of

67
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Fia. 4-1. Coolidge x-ray tube.

the substance, and to some extent x-rays can be characterized by their
penetrating power in a given material. A rough differentiation may be
made into soft rays, which have only small penetrating power and are
easily absorbed, and hard rays, which have relatively high penetrating
power. A distinction may also be made, on the basis of their absorption,
between homogeneous and heterogeneous x-rays. The absorption of a homo-
geneous radiation can be described by the formula

I = Ipe™, 4-1)

where I, represents the observed intensity of the beam incident normally
on the absorbing material, I is the intensity after passing through a thick-
ness d, and u is a constant, called the absorption coeffictent, which depends
on the absorbing material and on the radiation but is independent of
the initial intensity of the x-rays. The absorption equation (4-1) is
valid only for homogeneous x-rays, and really defines what is meant by
homogeneous x-rays. It does not hold, for example, for the radiation
from an ordinary x-ray tube. In that case, no constant value of u is
obtained. With increasing thickness of the absorber the value of u con-
tinually decreases, and finally approaches a limiting value. The variation
of u with thickness of the absorber indicates that the x-rays from the tube
are heterogeneous and only become approximately homogeneous when
the softer radiations are filtered out of the beam.

The process of absorption of x-rays is complicated and involves several
phenomena closely connected with the properties of atoms. When a
beam of primary x-rays coming from the anticathode of an x-ray tube
falls on a plate of some chosen element, part of the radiation goes on
through the plate, while the rest is transformed into heat, or into radia-
tion of another sort. The rays going out from the plate consist in part
of primary x-rays, the transmitted beam, and in part of rays excited by
the primary beam and called collectively the secondary radiation. Figure
4-2 ig a schematic representation of what happens. The secondary radia-
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and emitting
plate

F1a. 4-2. Interaction between x-rays and matter.

tion contains four distinct, important types of radiation: (a) scattered
x-rays, (b) characteristic x-rays, (c) scattered S-rays, (d) characteristic
B-rays. The B-rays are not of interest for the present and will be discussed
in a later chapter. The x-rays of the secondary radiation have turned out
to be a fruitful source of information about atoms.

The scattered x-rays have very nearly the same absorption coeflicient
in a given material as the primary rays; they seem to be primary rays
which have merely had their direction changed by the material through
which they pass, and their character is independent of the nature of the
absorbing and scattering material. Since the primary rays which come
from an x-ray tube are heterogeneous, the scattered radiation is also
heterogeneous provided the absorbing plate is not too thick.

The characteristic x-rays are so called because they are typical of the
material of the plate and, in addition, are homogeneous. They always
have the same properties for a given chemical element, independently of
the hardness of the primary rays; the necessary condition that the radia-
tion shall appear at all is, however, that the primary radiation shall have
a certain minimum hardness. Barkla and his co-workers, during the
early years of the 20th century, made detailed measurements of the
absorption coefficients of the characteristic x-radiation from various
elements. They found that the elements have, in general, two types of
characteristic radiation which differ greatly in their absorption coefficients.
These are called the K- and L-radiations; the K-radiation is the harder
and may have an absorption coeflicient several hundred times smaller
than that of the L-radiation. The characteristic K- and L-radiations
of the different elements can be compared in terms of their absorption
coefficients in aluminum. The absorption coefficient for each of the
radiations decreases with increasing atomic weight; in other words, the
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characteristic radiation of the elements increases in hardness with increas-
ing atomic weight.

With the above information about x-rays as background, we can now
consider some of the experiments with x-rays which added to the knowl-
edge of atomic structure.

4-2 The scattering of x-rays by atoms and the number of electrons

per atom. The scattering of the primary x-rays by a material plate was
treated by Thomson on the basis of the classical theory of electrodynarnics.
According to this theory, radiation incident on a charged particle which
can move freely exerts a force on the particle; the latter is accelerated
and emits electromagnetic radiation. When a beam of x-rays strikes
the atoms in the plate, the latter are accelerated. The electrons, because
of their small mass, are accelerated much more strongly than are the
atomic nuclei, and the radiation produced by the latter may be neglected.
The electrons seem to abstract energy from the primary beam and re-ra-
diate, or scatter it, as a secondary beam. The process takes place in such
a way that, for elements of relatively low atomic weight and x-rays of
moderate hardness, the scattered and incident radiations differ only in
direction. The magnitude of the energy scattered by a free electron was
calculated by Thomson,' and can be written as

Z2\2
I= -85’5 (fu?) I, (4-2)

Here, I is the intensity of the primary radiation and has the units of
energy per square centimeter, but I denotes the entire scattered energy.
The quotient I/1, must have the dimensions of an area; it is often denoted
by ¢o, and is called the classical scallering coefficient for a free electron.
Of the incident radiation that falls on unit area of a surface drawn per-
pendicular to the beam, a fraction ¢, is scattered, and the electron may
be said to scatter as much radiation as falls on an area equal to ¢9. For
this reason, ¢y is also called the classical cross section for scatlering by a free
electron. If the values e = 4.80 X 10~ esu, m = 0.911 X 10~2%7 gm,
and ¢ = 3.0 X 10° cm/sec are inserted, then

2 2
$0 = %’I (—"eﬁ) = 6.65 X 107 2% ¢cm?. 4-3)

If ¢¢ is regarded as the effective cross section of the electron, then the
effective radius of the electron is given by

8 1/2 82
a= (5) — = 4.60 X 1073 em. (4-4)

me2
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The effective radius of the electron is therefore of the same order of magni-
tude as the radius of the lighter nuclei. The quantity e?/mc? = 2.82
X 107'3 cm is usually referred to as the classical radius of the electron.

When a beam of x-rays passes through a thin sheet of material, some of
the energy is removed from the beam, and the intensity of the beam is
reduced. If there are n electrons per atom, and N atoms per unit volume,
and if it is assumed that all of the electrons scatter independently, then
the fractional diminution —AI/I of the incident beam in going a distance
Az is given by

Since ¢, is independent of z, both sides of this equation can be integrated
directly giving, for the intensity I of the beam after traversing a thickness
z of the material,

I = Ige~"N%o=, (4-6)
It follows from the last equation that

1 I

n= — m‘lnn'

#7)

In Eq. (4-7), N and ¢¢ are known, and z is the chosen thickness of the
scatterer; I, and I can be measured experimentally, for example, with
ionization chambers. Hence, n, the number of electrons per atom, can
be found from measurements of the scattering of x-rays.

Experiments of this type were performed by Barkla and his collab-
orators;*® actually, other processes besides scattering were present in
these experiments, but the necessary corrections could be made. Barkla
found that within certain limits of hardness of the x-rays, the scattering
could be represented by

nNe¢o = 0.2p, (4-8)
independently of the hardness and of the scattering material. In Eq. (4-8),
p is the density in grams per cubic centimeter.

Hence, with the known value of ¢,

aN = 3.0 X 10%%.

Now, the number of atoms per cubic centimeter of an element is
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where N, is Avogadro’s number = 6.02 X 10?3 atoms per gram atomic
weight, and A is the gram atomic weight of the element. Then,
nNop

nN = =0 = 3.0 x 10%3p,

and

2=2 (4-9)
that is, the number of electrons per atom is very close to half the atomic
weight.

This result must be considered to be approximate for several reasons.
First, it has been assumed that the laws of classical electromagnetics hold,
an assumption which is valid only within certain limits of hardness of the
x-rays and for scattering materials of low atomic weight. Second, the
relationship (4-8) is approximate. For these reasons, the result that
the number of electrons is half the atomic weight was a useful qualitative,
or at best semiquantitative, result. It was, however, in agreement with
the equally semiquantitative results for the charge on the nucleus obtained
from a-scattering measurements. The fact that two completely inde-
pendent methods gave the same result was a strong argument for its
validity. The strongest evidence came from Moseley’s work on x-ray
spectra, but before that work could be done, some additional information
was needed on the optical properties of x-rays.

4-3 The diffraction of x-rays and Bragg’s law.| Early-work on x-rays
indicated that they are electromagnetic radiations with wavelengths
several thousand times smaller than those of visible light. Hence, the
methods of ordinary spectroscopy could not be used to measure the wave-
length or frequencies of x-rays. In 1912, von Laue and his co-workers
discovered that crystals act as gratings for diffracting x-rays. Diffraction
oceurs because ordinary x-rays have wavelengths between 103 and 10~
cm, while the average distance between atoms in a solid is between 10~7
and 107® em. Furthermore, in a crystal there must be some atomic or
molecular unit arranged in a regular repeating order which results in the ob-
served crystal symmetry. The properties of x-rays and crystals result in
conditions analogous to those which occur when visible light traverses an
optical grating—regularly spaced discontinuities separated by distances
several times the wavelength of the incident radiation. It is possible,
therefore, to use the diffraction of x-rays by a crystal to make quantita-
tive measurements of the wavelengths of x-rays. The way in which this
could be done was shown by Bragg.

Following Bragg,*'® suppose that a train of monochromatic x-ray
waves strikes a crystal which consists of a regular arrangement of atoms
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F16. 4-3. The reflection of x-rays by crystal planes, illustrating the deriva-
tion of the Bragg equation.

or molecules. The crystal acts as a series of parallel reflecting planes, as
in Fig. 4-3. If the incident or glancing angle 6 has the appropriate rela-
tionship to the distance d between the reflecting planes and to the wave-
length A of the incident waves, the reflections from the various planes
reinforce each other and the resulting reflection is exceptionally strong.
The reflections are then said to be in phase. But if the angle 8 does not
satisfy the condition for the different reflections to be in phase, the latter
interfere with one another and the resulting beam is weak. As the angle
of incidence is changed, a series of reflections is seen which show alternate
maxims and minima of intensity, and the diffraction caused by the reflec-
tion of x-rays from crystal planes becomes apparent.

The condition for obtaining reflection maxima for x-rays, the Bragg
equation, can be derived by referring to Fig. 4-3. Consider a ray which
meets two successive crystal planes at O, and O; respectively, and let a
line drawn from O, perpendicular to the planes cut the first plane at O.
Draw 0P, and O,P; representing rays reflected from the two planes, and
draw aOb perpendicular to 0,P; and OzP; to represent a wave front of
the reflected beam. There will be reinforcement if the path 0,03b taken
by waves scattered at O is longer than the path 0,a for waves scattered
at 0, by an integral number of wavelengths. Let Oc be perpendicular
to 0,02; then O;a = O;c and the difference in path is cO2b = 2d sin 9.
The condition that there be a reinforced reflected beam is then

n\ = 2d sin 6, (4-10)

where n is an integer. If the difference in path length is equal to one
wavelength, then there will be a reflected beam at the position 6, which

satisfies the condition
A = 2d sin 6;. (4-11)
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F16. 4-4. Diagram of a Bragg x-ray spectrometer.

This beam gives the reflection or spectrum of the first order. If the differ-
ence in path length is 2, 3, ..., 1 wavelengths, then reflections of the
second, third, . . ., 7th orders will be found at the positions @y, 6,, . . . , 6;.

These considerations formed the basis for the design, by Bragg,'®:®
of an x-ray spectrometer. A schematic diagram of this instrument is
shown in Fig. 44. The x-rays from a tube are collimated into a narrow
beam by the slits S; and S; cut in lead plates, and then impinge on the
crystal ¢, which acts as a diffraction grating. The angular position of
¢ is read by means of a vernier. After diffraction, the x-rays enter an
ionization chamber D, filled with methyl iodide, which absorbs x-rays
strongly. The electrometer E records the intensity of ionization in the
chamber.

The validity of Bragg's law, Eq. (4-10), was shown by an experiment
in which the glancing angle 6 was varied; the angle between the ionization
chamber and the primary beam was kept equal to 26 in order to receive
the beam reflected from the crystal, and the ionization was measured as
a function of 6. The results of such an experiment are shown in Fig. 4-5.
It is seen that instead of varying uniformly with the glancing angle, the
ionization passes through peaks at certain sharply defined angles; the
three peaks A;, B;, and C, represent x-ray spectrum lines. Secondary
peaks, A3, B;, and C;, are seen at angles whose sines are twice those of
the angles corresponding to the first order reflections. According to
Eq. (4-10), A,, By, and C; are lines of the first order spectrum, while
Ag, Bs, and C; belong to the second order spectrum. Not only are the
angles at which the lines of the second order spectrum are seen just what
they should be according to Eq. (4-10), but their relative intensities also
are in the same ratio as those of the corresponding lines in the first order.
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F16. 4-5. The first x-ray spectrum (Bragg, ®).

The spectral lines are superimposed on a continuous spectrum represented
by the partially dotted line in the figure.

The x-ray spectra obtained in this way are characteristic of the target
from which the x-rays are emitted, as is shown by the fact that if the anti-
cathode in the x-ray tube is changed, an entirely different line spectrum
is obtained. On the other hand, if the crystal is changed but the target
is kept the same, the same lines appear with about the same relative
intensity, but the angles at which they appear are changed, showing that
the-grating spacing d between the layers of atoms is different for different
crystals.

When the grating spacing d is known accurately, the wavelengths of
the spectrum lines can be measured with good precision. The grating
spacing of the sodium chloride crystal can be calculated, because x-ray
studies of this crystal show that the sodium and chlorine atoms occupy
alternately the corners of the elementary cube of the lattice. Then, on
the average, to every atom there corresponds a volume d® with mass pd?,
where p is the density, equal to 2.165 gm/cm?. Also, one gram-mole of
NaCl weighs 58.454 gm and contains Ny molecules or 2N, atoms, where
Ny is the Avogadro number. The average mass per atom is then
58.454/2N ¢ gm; and

58454

3 58.454
T

3 = »
»oor & = 35 165)(6.025)105

and d = 2.820 X 10~% ecm. The wavelengths of x-ray lines can now be
measured accurately with ruled gratings and, with the known wave-
lengths, the lattice spacing of crystals can be determined experimentally.
The best value obtained in this way for NaCl is 2.8197 X 10~ ¢cm and is
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in good agreement with the calculated value. Crystals other than NaCl
can also be used and, in fact, calcite (CaCOj3) is now used as the standard
crystal; it has a lattice spacing of 3.03567 X 10~% cm

istic x-ray spes Moseley’s law The results dis-
cussed in the last sectlon showed that the dlﬂ'tactlon method could be ap-
plied to the analysis of the x-ray spectra of the elements, and the character-
istic radiations could be described quantitatively by the wavelengths
of the spectral lines. It was soon found that these radiations are more
complex than was supposed from Barkla’s absorption measurements,
but they could still be separated into a number of sharply defined lines.
The first systematic study of the x-ray spectra of the elements was made
by Moseley” in 1913-1914. He used an x-ray spectrometer with a
crystal of potassium ferrocyanide, and detected the reflected x-rays with a
photographic plate rather than with an ionization chamber. Thirty-eight
different elements were used as targets in his x-ray tube. Moseley’s
photographs showed that the spectral lines emitted by these elements
belonged to two different series which were identified with the K- and L-
types of characteristic radiation previously observed by Barkla. The
K-radiation was found to consist of two lines denoted by K, and Kj; this

M

Element
|

I'aSs;

Wavelength

F16. 4-6. Positions of the K, and K x-ray spectrum lines of a sequence
of elements as obtained by Moseley.
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result can be seen from Fig. 4-6, which also indicates the relative positions
in which these lines appeared in the photographic plates. The lines are
those of the first sequence of elements studied by Moseley, the elements
from calcium to copper, and it is clear that the wavelengths decrease in
a regular way as the atomic weight increases. The gap between the cal-
cium and titanium lines represents the positions of the lines of scandium,
which occurs between those two elements in the periodic system.and on
which no measurements were made. ‘

Moseley’s quantitative analysis of some of his experimental data on the
K,lines is shown in Table 4-1. The wavelengths of the K,-lines of a
sequence of elements are listed in the second column of Table 4-1. The
third column of the table gives the values of a quantity @x defined by the
relationship :

Qk = (v/#v0)"?, (4-12)

where v is the frequency of the spectrum line, equal to ¢/X, and c is the

TABLE 4-1
MOoOSELEY’'S MEASUREMENTS OF WAVELENGTHS OF THE K, LINEs
Wavelength, _ 12 | Atomic Atomic
Element X 108 em Qx = (v/v0) weight | number, Z
Aluminum 8.364 12.05 26.97 13
Silicon 7.142 13.04 28.06 14
Chlorine 4.750 16.00 35.457 17
Potassium 3.759 17.98 39.096 19
Calcium 3.368 19.00 40.08 20
Titanium 2,758 20.99 47.90 22
Vanadium 2.519 21.96 50.95 23
Chromium 2.301 22.98 52.01 24
Manganese 2.111 23.99 54.93 25
Iron 1.946 24.99 55.85 26
Cobalt 1.798 26.00 58.94 27
Nickel 1.662 27.04 58.69 28
Copper 1.549 28.01 63.54 29
Zinc 1.445 29.01 65.38 30
Yttrium 0.838 38.1 88.92 39
Zirconium 0.794 39.1 91.22 40
Niobium - 0.950 40.2 9291 41
Molybdenum 0.721 41.2 95.95 42
Ruthenium 0.638 43.6 101.7 44
Palladium 0.584 45.6 106.7 46
Silver 0.560 46.6 107.88 47
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velocity of light; »¢ is a constant, which represents a certain fundamental
frequency, important in the study of line spectra. If the frequency is
replaced by the wave number 7 (the reciprocal of the wavelength, 5 = 1/)),
Vo is replaced by another constant R, called the Rydberg constant, for which
Moseley used the value 109,720 em™!. The quantity Qx then becomes

Qx = (/3R)? (4-13)

The Rydberg constant will be discussed at greater length in Chapter 7 and
the basis for Moseley’s choice of the constant R will be shown. For the
present purposes it is enough to note that Qg is proportional to the square
root of the frequency of the K, line.

Moseley saw that @x increases by a constant amount in passing from one
element to the next when the elements are in their order in the periodic
system. Except in the case of nickel and cobalt, this order is the same as
the order of the atomic weights of the elements listed in Table 4-1.
Although, with this exception, the atomic weights increase, they do so
in a much less regular way than Qx. Moseley concluded that there is
in the atom a fundamental quantity which increases by regular steps
from one element to the next. He considered that this quantity could
only be the positive charge on the nucleus. It will be remembered that
the conclusion had been drawn from a-particle and x-ray scattering that
the number of unit charges on the nucleus of an atom is approximately
half the atomic weight. Moseley then noted that atomic weights increase
by approximately two units, on the average, in going from element to
element and this suggested to him that the number of charges increases
from atom to atom by a single electronic unit. Moseley concluded that
the experiments led to the view that the number of unit charges on the
nucleus is the same as the number of the place occupied by the element
in the periodic system, and that both of these numbers could be repre-
sented by a quantity which he called the atomic number.

Moseley extended his experiments as far as gold. In order to do so,
he worked with the lines of the L series because the wavelengths of the
K series of the heavier elements became too small for precise analysis.
His results for the L,-lines of a series of elements are shown in Table 4-2.
In this case, Moseley used the quantity @z, defined by

Q= (F/5HR)V?, (4-14)

instead of Qk, for reasons which will be explained in Chapter 7. The
same conclusions can be drawn from the variation of Q; as were drawn
in the case of Qk, so that experimental results were available for 38 elements
between aluminum and gold. On the basis of these results, Moseley
assigned a value of the atomic number to each element from aluminum to
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TABLE 4-2

MoOSELEY’S MEASUREMENTS OF WAVELENGTHS OF THE L, LINES

~ Wavelength, _ | Atomic Atomic
Element X 108 ¢cm Qu = (/o) weight | number, Z
Zirconium 6.091 32.8 91.22 40
Niobium 5.749 33.8 92.91 41
Molybdenum 5.423 34.8 95.95 42
Ruthenium 4.861 36.7 101.7 44
Rhodium 4.622 37.7 102.91 45
Palladium 4.385 38.7 106.7 46
Silver 4170 39.6 107.88 47
Tin 3.619 42.6 118.70 50
Antimony 3.458 43.6 121.76 51
Lanthanum 2.676 49.5 138.92 57
Cerium 2.567 50.6 140.13 58
Praeseodymium 2471 51.5 140.92 59
Neodymium 2.382 52.5 144.27 60
Samarium 2.208 54.5 150.43 62
Europium 2.130 55.5 152.0 63
Gadolinium 2.057 56.5 156.9 64
Holmium 1.914 58.6 164.94 66
Erbium 1.790 60.6 167.2 68
Tantalum 1.525 65.6 180.88 73
Tungsten 1.486 66.5 183.92 74
Osmium 1.397 68.5 190.2 76
Iridium 1.354 69.6 193.1 77
Platinum 1.316 70.6 195.23 78
Gold 1.287 714 197.2 79

gold. Aluminum, the first element in the periodic system studied by
Moseley, was assigned the atomic number 13, because 12 elements were
known to precede it in the system.

The order of the atomic numbers turned out to be the same as that of
the atomic weights except where the latter were known to disagree with
the order of the chemical properties of the elements. For example, cobalt
has a greater atomic weight than nickel, but its chemical properties are
such that it should precede nickel in the periodic system. The relative
wavelengths and values of Qx (Table 4-1) show that cobalt should indeed
precede nickel in the periodic system in spite of the discrepancy in atomic
weights. When elements were skipped in Moseley’s work, corresponding
gaps in the values of Qx or Q1 were found. Known elements were found
to correspond with all the numbers between 13 and 79 except for four
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numbers, 43, 61, 72 and 75, which corresponded to still undiscovered
elements. These missing elements have since been discovered and iden-
tified by their x-ray spectra. In addition, the atomic numbers of copper,
silver, and platinum turned out to be 29, 47, and 78, respectively. As
mentioned in Section 3-3, Chadwick, a few years later, obtained directly
from o-scattering measurements the values 29.3 + 0.5, 46.3 + 0.7, and
77.4 % 1, respectively.
It can be seen from Tables 4-1 and 4-2 that

Qk = (W/Pro)"* =2 — 1, (4-15a)
QL = (V/?gl’o) vz - Z — 74. (4—15b)

Thus, if the square root of the frequency, or the wave number, for either
the K, or L, line is plotted against the atomic number, a straight line should
result. The quantity @k, which is proportional to the square root of the
frequency of the K, line, is plotted against the atomic number in Fig. 4-7.
The points, represented by the dots in the figure, do indeed fall on a straight
line. When Qg is plotted against the atomic weight, the points (repre-
sented by crosses) show much greater scatter. Similar results are obtained
for the L, lines in Fig. 4-8. The figures show in a striking way that the
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Fi1e. 4-7. Moseley’s relationship between the atomic number and the square
root of the frequency of the K. line.
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correlation between the frequency of the characteristic x-ray lines and the
atomic number is much more satisfactory than that between the frequency

and the atomic weight.
The frequencies may also be expressed by the empirical formulas

1 1
K.: u=<ﬁ — §3> vo(Z — 1), (4-16a)
Lo v = (2 — L)ooz — 797 4-16b
Lo V= 32 T 32 vo(Z — 74)%; (4-16b)
in terms of the wave numbers,

Ko 7=(+ - 2Rz - 1)?

< T=A\{ 5 (Z - 1)7, (4-17a)
Le 7=(4 — L) Rz — 7.4

«. V= 33 32 Z — 74" (4-17b)

These relationships will be useful later for comparison with theory.
Moseley’s work has been extended to other elements, and the methods
of x-ray spectroscopy have been improved. Additional types of char-
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Fig. 4-8. Moseley’s relationship between the atomic number and the square
root of the frequency of the L, line.
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acteristic radiation have been found, such as the M and N series of lines,
which are even softer than the L-radiations. The conclusions reached
by Moseley have been confirmed, and atomic numbers have been assigned
to all of the chemical elements. The atomic number of an element is
the same as the number of unit charges on the nucleus, and is equal to
the number of electrons in the atom; it is also the same as the ordinal
number of the element in the periodic system. The identity of the latter
number with the nuclear charge number and the number of electrons had
been suggested by van den Broek® but could not be considered to be
proven until the work of Moseley. The fact that the position of an ele-
ment in the periodic system is more directly related to the atomic number
than to the atomic weight shows that the chemical properties are directly
related to the nuclear charge, and are not determined by the magnitude of
the atomic weight, as was thought by Mendeléeff.
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ProBLEMS

1. The intensity of a beam of x-rays is reduced to 909, of its initial value
in passing through a slab of beryllium 0.30 cm thick and of density 1.84 gm/cm3.
How many electrons are there per atom of beryllium (a) as calculated directly
from the attenuation, (b) as calculated from Barkla’s relationship, Eq. (4-8)?
(c) What is the value of the absorption coefficient?

2. A beam of x-rays is incident on a sodium chloride crystal (lattice spacing
= 2820 X 1078 cm; 1 X 10~8 ¢m = 1 angstrom). The first order Bragg
reflection is observed at a grazing angle of 8° 35'. What is the wavelength of
the x-ray? At what angles would the second and third order Bragg reflections
oceur?

3. The grating spacings of calcite, quartz, and mica are 3.036 A, 4.255 A, and
9.963 A, respectively. At what grazing angle would the first reflection of a
beam of 1-A x-rays be observed in rock salt, calcite, quartz, and mica, re-
spectively?

4. In his experiments, Moseley used a crystal of potassium ferrocyanide having
a grating spacing of 8.408 A. Find the positions of the first reflections of the
K x-rays of chromium, manganese, iron, cobalt, nickel, copper, and zinc, respec-
tively.

5, Calculate the frequencies and the wave numbers of the K, lines listed in
Table 4-1.

6. Technecium is one of the new elements discovered among the products
of the fission of uranium. The wavelength of the K, x-ray line from this element
has been determined by measuring the glancing angle as 7.0° for first-order
Bragg reflection from a cleavage face of NaCl. What is the wave length of the
x-ray? What is the atomic number of technicium?

7. The K, line for copper has a wavelength of 1.5412 A as measured with a
ruled grating. The first-order Bragg reflection from a cleavage face of NaCl
is found in an experiment at an angle of 15° 53'. What is the lattice spacing of
NaCl? Find Avogadro’s number, given that the density of NaClis 2.164 gm/cm?
and the molecular weight is 58.454.

8. The wavelength of the L, x-ray lines of Ag and Pt are 4.1538 A and
1.3216 A, respectively. An unknown substance emits L, x-rays with a wave-
length of 0.966 A. With these data, and with the known atomic numbers 47
and 78 for Ag and Pt, respectively, determine the atomic number of the unknown
substance.



CHAPTER 5

THE QUANTUM THEORY OF RADIATION

5-1 The failure of classical physics to describe atomic phenomena. |

In the first four chapters, the fundamental experiments bearing on the
problem of the nature of atoms were discussed. These experiments were
interpreted in terms of certain concepts which form the basis of present
ideas of atomic structure. In 1913, an atom was supposed to consist of
a positively charged nucleus about 1072 e¢m in radius, surrounded by
electrons distributed over a volume about 10~® ¢m in radius. The charge
on the nucleus was known to be Ze, where Z is a positive integer and e is
the magnitude of the electronic charge; the number of electrons was known
to be equal to Z because the atom is electrically neutral under normal
conditions. Moseley’s work showed that the number Z is also equal to
the atomic number, which represents the position of the element in the
periodic system. In this system, the elements are ordered according to
their properties, so that the latter are directly related to the nuclear charge
and the number of electrons in the atom. To describe in detail how these
properties depend on the nuclear charge, a more detailed model of the
atom was needed, and it would be expected that such a model would
include a description of the way in which electrons are arranged in the
atom.

Attempts were made to construct a theoretical atomic model on the
basis of classical physics, but they all failed, and it was realized eventually
that classical physics (Newtonian mechanics, Maxwellian electromagnetics,
and thermodynamics) could not explain or describe atomic phenomena.
This failure may be illustrated by means of two elementary examples.
The first example is that of an atom consisting of stationary positive and
negative charges. Consider an atom consisting of a nucleus with two
positive elementary charges and with two electrons somewhere outside
the nucleus. If the electrons are each at a distance a from the nucleus,
and 2a from each other, the repulsive electrostatic force between the
electrons is e¢2/4a?; each electron is attracted to the nucleus by a force
equal to 2¢2/a?, eight times as great as the repulsive force. Hence, the
electrons would fall into the nucleus and there would be no mechanical
stability. This example is a special case of a theorem which states that
an electric charge cannot be in equilibrium, at rest, under the action of
electric forces alone; and the example can be extended to any atom.

Suppose next that the electrons revolve in some way about the nucleus,
and consider for simplicity the case of a hydrogen atom which has one

84
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electron and a nucleus with one positive charge. Assume that the electron
revolves about the nucleus in a circular orbit of radius a, and that the
velocity of the electron is such that the attractive force between the
electron and the nucleus provides just the centripetal force required.
The system, nucleus and electron, should then be mechanically stable.
The electron, however, is subject to a constant acceleration toward the
nucleus, and, according to electromagnetic theory, the electron should
radiate energy. The energy of the system should then decrease; the elec-
tron should gradually spiral in toward the nucleus, emitting radiation of
constantly increasing frequency, and should eventually fall into the nucleus.
These predictions of classical physics are in strong disagreement with the
experimental facts. It had long been known that when the atoms of an
element are excited, in the case of hydrogen, for example, by passing an
electric discharge through the gas, and if the resulting light (radiation)
emitted by the element is dispersed by a prism, a line spectrum character-
istic of the element is observed. Hydrogen always gives a set of lines with
the same wavelengths, helium gives another set, sodium still another, and
80 on, in contrast to the prediction of the emission of radiation of increas-
ing frequency. Actually, there is no atomic catastrophe, and atoms seem
to last for a long time. Theory has again failed to account for the sta-
bility of atoms. Moreover, in spite of many attempts, classical physics
could not account for the characteristic optical spectra of the elements,
nor could it account for x-ray spectra.

After many attempts like those cited, it became apparent that the
description of atomic phenomena required a new kind of physical theory,
one which could describe atomic phenomena in terms of new, nonclassical
concepts. Bohr’s quantum theory of atomic structure was the first suc-
cessful attempt to fill the need, and although it eventually was found to
be unsatisfactory, it prepared the way for the modern, more successful
theory of quantum mechanics. The Bohr theory was based on the quantum
theory of heat radiation introduced by Planck in 1901 and applied to
light by Einstein in 1905. Planck’s quantum theory lies at the foundation
of present ideas about atoms and nuclei, and it would be futile to try to
continue into atomic and nuclear physics without first having some grasp
of the basic ideas of this theory. The quantum theory actually arose
from the failure of classical physics to explain some of the experimental
facts of thermal radiation. In particular, classical physics could not
explain the dependence of the intensity of the radiant energy emitted by
a blackbody on the wavelength of the radiation. To explain this phe-
nomenon, it was necessary to develop a theory for the emission of radiation
which was based on a concept entirely opposed to the ideas of classical
physics. The new concept, that of quanta or discrete corpuscles of energy,
must be applied to all problems involving the emission and absorption
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of electromagnetic radiation; but these are the basic problems of atomic
and nuclear physics, and this is the reason for the importance of quantum
theory in these fields.

The concept of quanta of energy is so different from classical physical
ideas that only a careful study of the problem of thermal radiation can
show the need for a quantum theory, and make clear what is meant by
quanta of energy. The problem of thermal radiation will therefore be
considered in some detail.

| 52 The emission and absorption of thermal radiation.| It is well
known that a hot body emits radiation in the form of heat. Thermal
radiation consists of electromagnetic waves and differs from visible light
and x-rays in having longer wavelengths. Thus, radiations with wave-
lengths between 7000 X 108 ¢cm and 4000 X 10~ ¢m are usually con-
sidered to be light, because the human eye can see these wavelengths.
The length 10~® cm is called the angstrom unit, and is abbreviated as A.
Waves longer than 7000 A and shorter than 0.01 cm are the infrared or
heat waves; wavelengths between 4000 A and about 50 A constitute the
ultraviolet radiation, and those shorter than 50 A but longer than about
0.01 A are usually classified as x-rays. Gamma-rays have still shorter
wavelengths.

At any temperature, the emitted heat energy is distributed over a
continuous spectrum of wavelengths, and this spectral distribution changes
with temperature. At low temperatures, the rate of radiation is small
and the energy is chiefly of relatively long wavelength (infrared radiation).
At temperatures between 500 and 550°C, bodies begin to radiate visible
light, which means that the distribution of energy among the different
wavelengths has shifted so that a large enough portion of the radiant
energy has wavelengths within the visible spectrum. As the temperature
rises, the fraction of visible radiation increases until at 3000°C, approxi-
mately the temperature of an incandescent lamp filament, the radiation
contains enough of the shorter wavelengths so that the body appears
“white hot.”

The consideration of measurements by Tyndall on the radiation from
hot platinum wires led Stefan (1879) to suggest an empirical rule that
can be written in the form

W = esT*, (5-1)

where W is the rate of emission of radiant energy per unit area and is
expressed in ergs per square centimeter per second, and 7 is the absolute
temperature in °K; W is called the total emissive power, or total emittance.
The quantity e is called the emissivity of the surface and has a value between
zero and unity, depending on the nature of the surface; o is a constant
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called the Stefan-Boltzmann constant. In 1884, Boltzmann derived Eq.
(5-1) from thermodynamics, and the equation is therefore known as the
Stefan-Boltzmann law. If a body of emissivity e, at the temperature Ty,
is surrounded by walls at the temperature 7', smaller than 7'y, the net
rate of loss of energy by the body is given by

Wiet = W(T? - Tg) (5_2)

Equation (5-2) is familiar because of its application to practical problems
of heat transfer. In the late 19th and early 20th centuries, physicists
were more concerned with the way in which the emissive power of a body
varies with temperature and wavelength. Their interest was concentrated
on “explaining” or “underztanding” the variation in terms of the funda-
mental concepts and theories of physics. By “explaining” or “under-
standing” is meant fitting the experimental information into the scheme
of existing physical theories or, if this cannot be done, modifying the
theories so that they include the experimental data. Although this interest
may not appear to be a matter of great practical importance, the difficulties
to which it led gave birth to the greatest revolution in physical thought
during the 20th century.

Physicists chose as the subject of their studies the thermal radiation
from a blackbody. To understand what is meant by the term blackbody
we first define the absorptivity of a body as the fraction of the radiant
energy, incident on the surface of the body, which is absorbed. A black-
body is, by definition, one with absorptivity equal to unity, i.e., a body
which absorbs all of the radiant energy falling upon it. A very simple
relation has been shown to exist between the absorptivity of a body and
its total emissive power. This relation, called Kirchhoff’s law, states
that the ratio of the emissive power to the absorptivity is the same for
all bodies at the same temperature, and is equal to the emissive power
of a blackbody at this temperature; this law holds for each wavelength,
and has been confirmed by experiment. It follows from Kirchhoff’s law
that no body can emit radiant energy at a greater rate than a black-
body, for the maximum value of the absorptivity, namely that for a black-
body, is unity, and any smaller value of the absorptivity necessarily implies
a smaller value of the emissive power. Hence, the blackbody, which is
the most efficient absorber of radiant energy, is also the most efficient
emitter. The emissivity of a blackbody,-the quantity ¢ in Eq. (5-1), is
equal to unity, and the total emissive power of a blackbody depends only
on the temperature and not on the nature of the body. The spectral
distribution of the energy radiated by a blackbody has, therefore, a special
interest.

A blackbody does not really exist in nature, but some substances such
as lampblack, flat black lacquer, rough steel plate, or asbestos board reflect



88 THE QUANTUM THEORY OF RADIATION [caaR. 5

only a few percent of the incident radiation and approximate a blackbody.
It has also been shown that the radiation coming out of the small opening
of an almost completely closed, uniformly heated, hollow enclosure, or
cavity, is a good substitute for the radiation of a blackbody. As a source
of blackbody radiation, an electric furnace may be used, consisting of a
long tube, preferably with blackened walls, heated by an electric current
flowing in a wire wound around the tube. The temperature of the central
part of the interior is measured with a thermometer of some kind. A
small hole is made through the wall and the radiation coming through the
hole is observed. The spectral distribution of the radiation can be analyzed
by means of an optical spectrometer with the photographic plate replaced
by some energy-measuring device. The radiations from the blackbody
are refracted by a salt prism which may be rock salt, quartz, or fluorite.
Salt is used instead of glass because glass absorbs too much infrared radia-
tion. The energy-measuring device may be a linear-type thermopile
connected to a galvanometer with high voltage sensitivity. The radiation
falling on one junction of the thermopile causes the temperature at that
junction to rise above that of the second junction, and the resulting electric
current causes a deflection of the galvanometer needle. The deflection
caused by the absorption of radiation in a given range of wavelength
depends on the emissive power of the radiator in that range. Hence, the
emissive power can be measured as a function of wavelength. Another
useful energy-measuring device is the line bolometer, which consists of a
blackened, very thin metal strip with electrical connections. This strip
is the receiver of the radiations, and is connected as one arm of a balanced
Wheatstone bridge. Radiation falling on the strip raises its temperature,
causing a change in electrical resistance, as measured by a sensitive bridge
galvanometer. The bolometer can detect very small changes in tempera-
ture and, therefore, very small differences in radiant energy, so that it is
a sensitive and useful instrument for measuring the spectral distribution
of thermal radiation.

When the emissive power of a heated body is measured as a function of
wavelength, at a fixed temperature, a curve like that in Fig. 5-1 is ob-
tained. The abscissa is the wavelength in microns (1 micron = 10™* cm).
The ordinates are relative values of the monochromatic emissive power, or
spectral emittance. This quantity, denoted by W,, is the emissive power
per unit range of wavelength, or the radiant energy emitted per unit area
per unit time in the range of wavelengths between A and A + d\. The
monochromatic emissive power is related to the total emissive power by

the equation
W= [" W d. (5-3)
0

It is seen from the figure that for very short and also for very long wave-
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lengths the monochromatic emissive power is very small. In the inter-
mediate wavelength range, it has a maximum value at a definite wave-
length X,,. Measurements made at different temperatures by Lummer
and Pringsheim (1899) yielded a set of curves like that of Fig. 52. The
curves are similar in shape, but as the temperature increases, the height
of the maximum increases and the position of the maximum is shifted in
the direction of smaller wavelengths or greater frequencies. The total
radiant energy for a given temperature is represented by the area between
the curve and the horizontal axis. This area increases as the fourth power
of the absolute temperature, according to the Stefan-Boltzmann law.
The experimental results contained in the curves of Fig. 5-2 are typical
of the phenomena which must be explained by theory.

5-3 The classical theory of thermal radiation.l Wien (1893) showed
that it was possible to predict some features of the spectral distribution of
thermal radiation from the laws of classical physics. His results will be
discussed in some detail in order to understand the difficulties which arose
and which could only be resolved by the quantum theory.
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In the theoretical treatment of the problem of radiation it is convenient
to use a quantity u,, called the monochromatic energy density, rather
than the monochromatic emissive power W,. The energy density repre-
sents, not the energy falling on one square centimeter per second, but
the energy contained in a cubic centimeter of volume. The energy density
and the emissive power are related geometrically in a simple way. If
radiation is propagated in a definite direction, the amount of it which will
strike unit cross section per second is the amount contained in a prism
whose base is 1 cm? in area and whose slant height along the direction of
propagation is the velocity of the radiation ¢. This amount is the volume
of the prism (c cos 4, if ¢ is the angle between the direction of propagation
and the normal to the surface) multiplied by the energy of the radiation
per unit volume. Hence, if the energy density is known, the amount of
light falling on 1 cm2/sec can be found by integrating over all directions
of propagation. The amount of radiation of a given wavelength falling
on 1 cm? of a body per second at a given temperature is equal to the
amount which 1 ecm? of surface of the body would radiate in one second
at the same temperature (Kirchhoff’s law). Since this amount is just
the monochromatic emissive power, the latter is proportional to the
energy density; the proportionality factor contains only geometrical
factors and the velocity of light, neither of which depends on wavelength
or temperature. We shall not need this relationship and shall therefore
not show it explicitly; it will suffice to remember that the monochromatic
energy density and the monochromatic emissive power can be used inter-
changeably so long as absolute values are not required. The energy
density can also be written as u, rather than u, to show that it can be
expressed in terms of the frequency rather than of the wavelength. By
definition, w%,dv is the radiant energy per unit volume in the frequency
range from v to v 4 dv; uadX is the radiant energy per unit volume in the
range of wavelength from A to A 4+ d\. Irequency and wavelength are
related by the expression

VA = ¢,

where ¢ is the velocity of light. Now, w,dv must be equal in magnitude
to w\d), since each frequency corresponds to one wavelength, and

d\
i’ (5—4a)

Uy = Ur

where the bars indicate the absolute magnitude of the quantity. The
absolute magnitude must be used because the energy density is positive.
From v\ = ¢, |[dr/dv] = A%/, and
X
Uy = ry Un. (5—1b)
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According to Maxwell’s electromagnetic theory of light, radiation in
an enclosure exerts a pressure on the walls of the enclosure which is pro-
portional to the energy density of the radiation. Wien, therefore, treated
the radiation as a thermodynamic engine to which the first and second
laws of thermodynamics could be applied. He considered radiation of
a single wavelength and analyzed the problem of what would happen to
this radiation in an adiabatic expansion of the enclosure that it occupied.
He found that the wavelength and temperature before and after the
adiabatic change would be connected by the relationship

T N
o= %' (5-5)
where T, Ao are the values of the temperature and wavelength of the
radiation before the adiabatic change, and 7T, A are the values after the

change. Equation (5-5) may be written in the more general form

AT = constant. (5-6)

This equation expresses the fact that if radiation of a particular wave-
length whose intensity corresponds to a definite temperature is changed
adiabatically to another wavelength, then the absolute temperature
changes in the inverse ratio. Wien also obtained another important
result, namely, that the monochromatic energy density and temperature
before and after the adiabatic change are connected by the relationship

w _ 10

Uy s ’ (5-7)

where the subscript zero again refers to conditions before the change.
Equation (5-7) may also be written in the more general form

—1;,—; = constant, (5-8a)
or, with the aid of Eq. (5-6),
u\® = constant. (5-8b)

In order that Egs. (5-6) and (5-8) hold simultaneously, uA® or u,/T®
must be a function of the product A\7':

wA® = Cf(A\T), (5-9)
or, c

where C is a constant and the function f(AT) is, as yet, undetermined.
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TABLE 5-1*
EXPERIMENTAL VERIFICATION OF WIEN’S DISPLACEMENT Law
Wavelength Maximum
Observed for maximum relative AT, um T 5,
temperature, densit densit d 1017
T deg. K energy density, energy density, cm-deg X
: : Am X 10% cm Unm
621.2 4.53 2.026 0.2814 2190
723 4.08 4.28 0.2950 2166
908.5 3.28 13.66 0.2980 2208
998.5 2.96 21.50 0.2956 2166
1094.5 2.71 34.0 0.2966 2164
1259.0 2.35 68.8 0.2959 2176
1460.4 2.04 145.00 0.2979 2184
1646 1.78 270.6 0.2928 2246

* From Preston, Theory of Heat.

Equations (5-6) and (5-7), or (5-10), constitute Wien's displacement
law. The reason for this name is that if the change from one temperature
to a higher one is supposed to take place by means of an adiabatic com-
pression, then, by Wien’s law, the new distribution curve (cf. Fig. 5-2)
is obtained from the first one by displacing each abscissa toward the origin
in the ratio of distances, A/Ag = T/T, and increasing the ordinate in the
ratio T%/T8. Thus, to a maximum (Wim)o OF (uam)o in the first curve
corresponds the maximum ordinate u,» of the second; and if A\, is the
abscissa of a maximum ordinate,

AT = constant = a,  wm/T® = constant = b.  (5-11)

These predictions can be compared with the experimental data of
Lummer and Pringsheim, shown in Fig. 5-2. The results of the com-
parison are listed in Table 5-1; the fourth and fifth columns of the table
give the experimental value of the products A,,T and u,T %, respectively.
It is evident that there is no significant variation in either product over
a wide range of values of the different quantities, and Wien’s displacement
law holds. The average value of the product obtained by Lummer and
Pringsheim was 0.2940 cm-deg. More recent and more precise experi-
ments give for the best value of this quantity, the Wien displacement
constant, the value 0.2884 4+ 0.0006 cm-deg. The relation (5-10) has
also been verified by the experiments of Lummer and Pringsheim. Since,
from Eq. (5-6), A\ = constant/T, Eq. (5-10) can be written as

u/T8 = C'f(AT), (5-12)
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F16. 5-3. The experimental verification of the displacement law for black-
body radistion. (By permission from F. K. Richtmyer and E. H. Kennard,
Introduction to Modern Physics, 4th ed. New York: McGraw-Hill, 1947.)

where C’ is a new constant. If the experimental values of the quantity
un/T® are plotted against the values of the product A7, a single curve
should result in accordance with the functional relationship (5-12); in
Fig. 5-3 is shown the composite curve obtained by combining the data
taken at three different temperatures. The theoretical prediction is seen
to be fulfilled, and a single curve serves to represent the spectral dis-
tribution of blackbody radiation at all temperatures. The problem of
the spectral distribution of blackbody radiation has therefore been reduced
to the determination of the single function f(AT) in Eq. (5-12)—the func-
tion that fixes the shape of the spectral distribution curve.

5—4 The failure of the classical theory of thermal radiation.l The
derivation of Wien’s law was based on thermodynamics and did not involve
the nature of the radiator or the mechanism of emission of thermal radia-
tion. Consequently, Wien’s law gives the general dependence of the
monochromatic energy density on wavelength and temperature. The
detailed, explicit form of the dependence is affected by the choice of a
model for the radiator. This choice is arbitrary, and any model can be
postulated which appears reasonable, leads to a distribution law of the
general form of Eq. (5-10) or Eq. (5-12), and agrees with experiment.

The first attempt to determine the function f(AT) was by Wien (1896),
who assumed that the radiation was produced by emitters or oscillators
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of molecular size, that the frequency of the radiation was proportional to
the kinetic energy of the oscillator, and that the intensity in any particular
wavelength range was proportional to the number of oscillators with the
requisite energy. With these assumptions, Wien derived the following
expression for the distribution:

w = 3% e, (5-13)

where ¢; and cg are constants. This distribution has the required general
form and was found to fit the experimental curves quite well at short
wavelengths, say from 1 to 3 X 10~* cm, but at longer wavelengths it
predicts values of the energy density which are too small. The distribu-
tion formula also fails at high temperatures because u, (and W,) should
increase beyond all limits when the temperature increases to an unlimited
extent, which is not the case in Eq. (5-13). The exponential function,
however, is so satisfactory at shor! wavelengths that any successful radia-
tion law must reduce approximately to such a function in this region of
the spectrum.

Another attempt to obtain a distribution law resulted in the Rayleigh-
Jeans formula. This formula was derived in & much more general way
than Wien’s expression, and was shown to be a necessary consequence of
classical dynamics and statistics. It was, therefore, just about the best
that classical physics could do. A brief outline of the ideas involved
follows. Consider a hollow cavity with perfectly reflecting walls and,
for convenience, assume that the cavity is rectangular. In such a cavity
there can be standing electromagnetic waves; these waves, in fact, con-
stitute the thermal radiation. If the average energy carried by each
wave is known, and if the number of standing waves with frequency
between v and ¥ + dv can be calculated, the energy density of the radia-
tion can be obtained. The number of waves has been calculated and is
equal to
8m’dy

NG dv = =5 (5-14)

The average energy carried by each wave can also be calculated. Each
standing wave of radiation may be considered to be caused by an electric
dipole acting as a linear harmonic oscillator with a frequency v. The
thermal radiation consists, then, of the electromagnetic waves emitted
by a large number of such oscillators. The number of these oscillators
with frequency between v and v + dv is given by Eq. (6-14) and each oscil-
lator has an energy € which may take on any value between 0 and oo.
There is, however, a certain average value € of the energy of the oscillator
that can be obtained from classical statistical mechanics. According to
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that theory, when the oscillators are at equilibrium, the value € for any
energy of the oscillator occurs with the relative probability e~¢/*”, where
k is Boltzmann’s constant. The average energy € is obtained by averaging
over all values of €, with this weight factor. Set 8 = 1/kT, for convenience;
then

o e de /m ,
e="2 = — —log| e de
/ e—-ﬂide dﬁ [i]
0
d 1 1
—log = = = = kT.
4 %8~ B
The energy density of the radiation is, then,
2
wdv = Nojeds = 87K 4y (5-15)

Equation (5-15) is the Rayleigh-Jeans formula, and may also be written
in the form

U\ = §"TIZZ . (5—16)

The Rayleigh-Jeans formula agrees well with the experimental intensity
distribution for long wavelengths; in this region the intensity of the radia-
tion increases with the square of the frequency, as in Eq. (5-15). For
large values of the frequency, i.e., small values of A\, however, the formula
fails. According to Eq. (5-16), the energy radiated by a blackbody in a
given range of wavelength increases rapidly as A decreases, and approaches
infinity as the wavelength becomes very small. The experimentally
observed radiation curve is in complete disagreement with this conclusion,
since for very small wavelengths the energy density (or monochromatic
emissive power) actually becomes vanishingly small. Furthermore, the
energy carried by all wavelengths would be

N ® 8mkT
/; u;d)\—/; Td)\,

and the integral is infinite for any value of T other than T = 0, which
would mean that the total energy radiated per unit time per unit area
is infinite at all finite temperatures. This conclusion is false, because
the total energy radiated at any temperature is actually finite. Hence,
the Rayleigh-Jeans formula also fails to account for the observed depend-
ence of radiation on temperature.
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5-5 Planck’s quantum theory of thermal radiation.| The problem of
he spectral distrbution of thermal radiation was solved by Planck in
1901 by means of a revolutionary hypothesis. Planck postulated that a
linear harmonic oscillator like that discussed in the last section does not
have an energy that can take on any value from zero to infinity, but can
only take on values equal to 0 or €, or 2¢; or 3¢, . . . , or neg, where €q is a
discrete, finite amount, or quantum, of energy and = is an integer. The
average energy of an oscillator is obtained in an analogous way to that
used in deriving the Rayleigh-Jeans law except that sums are used instead
of integrals. The average value is now

L T _onee e d SN pne d 1
g La=oltel O Nt G 1
mp €0 dp ¢ nE-O dg % 1 — ¢ P
€ge 0 € €

The energy density is then, with the aid of Eq. (5-14),

2
Uydv = N@)Edv = 8—1'; €o

& (5-17)

or
2
8wy €

€3 kT _ q (5-18)

Uy =

This formula must have the same general form as Wien’s law, Eq. (5-10),
and the temperature must appear in the combination AT, or T/v, or v/T.
Hence, €, must be proportional to v, or

€y = hV, (5_19)

where h is & new universal constant, called Planck's constant. Planck’s
distribution law for thermal radiation is therefore

8rhv® 1
=03 P ) (5-20)
or, in terms of wavelength,
8whe 1
= TE (@B _ ) ) (5-21)

It is interesting to compare Planck’s radiation law with the Wien dis-
tribution Eq. (5-13) and the Rayleigh-Jeans formula Eq. (5-15). At low
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frequencies, hv/kT <« 1, and the exponential function in the denominator
of Eq. (5-20) can be expanded. Then

_ 8w 1 _ 8m?
T e L+ (wET)+-- ] -1 8

and at low frequencies (long wavelengths) the Planck formula reduces
to the Rayleigh-Jeans formula (5-15), known to be valid at long wave-
lengths. At frequencies such that hv/kT >> 1, the 1 in the denominator
of Eq. (5-21) can be neglected in comparison with the exponential, and

KT + -,

8whe g—helBAT

Uy — G ’

which is Wien’s formula (5-13), known to be valid at short wavelengths.
Thus, Planck’s radiation formula reduces to forms that agree with experi-
ment at the extremes of the wavelength scale. In the intermediate wave-
length range, the Planck distribution gives a maximum value for the
energy density. The position of the maximum can be found from the
condition dua/d\ = 0, with u, given by Eq. (5-21). Omitting the details
of the calculations, we get the result

(5-22)
In Eq. (5-22), c is the velocity of light, k is the Boltzmann constant, and h
is Planck’s constant. Hence, the product A, T is a constant, in agreement
with experiment.

It can also be shown that Planck’s radiation law leads to the Stefan-
Boltzmann law. The total energy density is given by

® °°A 1 a
u—-ﬁ uxd)\—grch/; —(ec—h/';:ﬁ——ﬁ-xg.

This integral can be evaluated, and the resulting expression for  is

u = aT*, (5-23)
the familiar fourth power law, with
8 k!
a = 1—5' '0—353— . (5—24)

Equations (5-22) and (5-24) are two relations containing the three con-
stants, ¢, h, and k. In 1901, the value of ¢ was known quite well; also,
the experimental value of the product A.,,7 was known to be 0.294 from
the experiments of Lummer and Pringsheim (Table 5-1). The value of
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the constant @ was known from experimental studies of the Stefan-
Boltzmann law, @ = 7.061 X 107 % erg/cm3(°K)*. With the known
values of a, A, T, and ¢, Planck obtained

h = 6.55 X 10727 erg-sec,
and
k = 1.346 X 107'® erg/deg.

This was the first calculation of Planck’s constant, and the best, up to
that time, of Boltzmann’s constant. More recent and more precise ex-
perimental determinations of A and k by a variety of methods give

h = (6.62517 - 0.00023) X 10~2%7 erg-sec,
k = (1.38042 = 0.00007) X 10718 erg/deg.

When the above values are inserted into Eq. (5-20) or Eq. (5-21), the
shape of the spectral distribution curve is completely determined. Planck’s
distribution law can then be compared directly with experiment; this is
done in Fig. 54 for the case of blackbody radiation at 1600°K. The points
are the experimental results for the energy distribution at different wave-
lengths, and the solid line is the distribution according to the Planck
radiation law; the agreement is excellent over the entire wavelength range

T
1)
1
]
\
1
]

\ Rayleigh-
\ Jean’s law

Wi

_n 1 4 1 1
0 1 2 3 4 5 6
Wavelength (microns)

Fie. 5-4. .A comparison of the Planck, Wien, and Rayleigh-Jeans radiation
laws with experiment at 1600°K. The ordinate represents Wy on an arbitrary
scale, and the circles represent experimental points. (By permission from
F. K. Richtmyer and E. H. Kennard, Iniroduction to Modern Physics, 4th
ed. New York: McGraw-Hill, 1947.)
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of these experiments. For comparison, the theoretical predictions of the
Wien distribution (5-13) and the Rayleigh-Jeans formula (5-16) are also
included. These results are typical of those found over a wide range of
temperatures, and there is no doubt that the Planck radiation law is the
only one which satisfactorily accounts for the experiments.

The magnitude of the energy associated with a quantum of radiation
can be obtained as a function of wavelength. Equation (5-19) can also
be written
Then ¢, is given, in ergs, by

6.62 X 10727 x 3.00 x 10*°

_ 199 x 107"
- A

where X is expressed in centimeters. For a gamma-ray with a wavelength
of 1071° ¢m, the quantum is 1.99 X 10~ % erg. For a visible light quantum
with a wavelength of 5000 A = 5 X 10™° cm, the energy is 4.0 X 10™'?
erg. For a short radio wave, say A = 10 cm, the quantum is 1.99 X 1017
erg, and so on.

The revolutionary nature of Planck’s theory is contained in the postulate
that the energy of an oscillator can vary only in discrete jumps. If this
is so, then the emission and absorption of radiation must be discontinuous
processes. Emission can take place only when an oscillator makes a
discontinuous transition from a state in which it has one particular en-
ergy to another state in which it has another energy different from the
first by an amount which is an integral multiple of hy, where v is the
frequency of the emitted radiation. We are thus led to the idea that an
oscillator, or any other physical system capable of emitting electromagnetic
radiation, has, in general, a discrete set of possible energy values or levels;
energies intermediate between these allowed values never occur. The
idea of discrete energy levels will be seen to be a fundamental one in atomic
and nuclear physics, and is a consequence of Planck’s postulate of quanta
of energy. This idea is not an outgrowth of classical physics, but repre-
sents a radical, empirical modification of classical ideas, needed in order
to bring theory and experiment into agreement.

5-6 Quantum theory and the photoelectric effect. | The concept of
discrete energy states and quanta of energy was so different from the
classical ideas to which physicists were accustomed that Planck’s theory
met with strong opposition. The theory was successful, however, not
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only in explaining the phenomena of thermal radiation, but also in the
solution of other problems for which classical physics failed. One of
these problems was that of the photoelectric effect.

Hertz (1887) discovered that a metallic surface can emit electricity
when light of very short wavelength falls on it, and in 1898 Thomson
showed that the e¢/m value of the emitted particles was the same as that
for cathode rays. It isnow known, of course, that the particles are electrons.
The photoelectric effect was studied very carefully and the most im-
portant experimental results may be summarized as follows:

1. If light of a given frequency can liberate electrons from a surface,
the electron current is proportional to the intensity of the light.

2. For a given metallic surface, there is a smallest value of the frequency
for which the incident light can liberate electrons; light of smaller frequency
cannot eject electrons no matter how long it falls on the surface or how
great is its intensity.

3. Light of frequency greater than this eritical value causes the imme-
diate emission of electrons; the time interval between the incidence of
the light on the metallic surface and the appearance of electrons is not
more than 3 X 1072 sec.

4. The maximum kinetic energy of the emitted electrons is a linear
function of the frequency of the light which causes their emission, and is
independent of the intensity of the incident light.

These experimental facts could not be explained on the basis of the
classical electromagnetic wave theory of light. There was no way in
which a train of light waves spread out over a large number of atoms
could, in a very short time interval, concentrate enough energy on one
electron to knock it out of the metal. Furthermore, the wave theory of
light was unable to account for the fact that the maximum energy of
the ejected electrons increases linearly with the frequency of the light
but is independent of the intensity. In 1905, Einstein proposed a mecha-
nism for the photoelectric effect, based on Planck’s idea of quanta of energy,
that could account for the experiments. He assumed that the energy
emitted by any radiator not only kept together in quanta as it traveled
through space, but that a given source could emit and absorb radiant energy
only in units which are all exactly equal to hv. According to Einstein,
light itself consists of quanta or corpuscles of energy hr which move
through space with the velocity of light. This hypothesis is completely at
variance with the wave theory of light but, as will be seen, accounts suc-
cessfully for the photoelectric effect. With this hypothesis, Einstein
deduced his photoelectric equation

3mv? = v — A. (5-26)
This equation states that the maximum kinetic energy of the emitted
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electron is equal to the energy hv of the incident light quantum minus a
quantity 4 which represents the amount of work needed by the electron
to get free of the surface.

1t is evident that Eq. (5-26) agrees qualitatively with the experimental
facts. If the frequency is so small that kv < A, no electrons can be emitted,
so that the frequency has a threshold value, for a given metal, below which
no photoelectric emission can occur. The energy of the electrons varies
linearly with the frequency and is independent of the intensity. If the
frequency is above the threshold value, a light quantum striking the metal
and colliding with one of its electrons can give up all of its energy to the
electron and knock it out of the metal. But before the electron emerges,
it loses a part 4 of this energy needed to remove it from the metal. The
number of electrons ejected is proportional to the number of incident light
quanta and therefore to the intensity of the light falling on the metal.

Although the Einstein photoelectric equation accounted for the experi-
ments qualitatively, it was not verified quantitatively until 1916 when
Millikan performed a very beautiful experiment. He studied the effect
of light of a range of frequencies on sodium, potassium, and lithium.
The energy of the ejected electrons was measured by applying to the
metallic surface a positive potential just strong enough to prevent any
of the electrons from carrying a charge to an electrometer. If this potential
is equal to V volts, then the kinetic energy is given by

tmv? = Ve,

where ¢ is the electronic charge. Combining this relation with Eq. (5-25),
we get
Ve=h — A,
or
= (h/e)v — (A/e) - (5-27)

If the potential V is measured as a function of the frequency of the incident
light, the result should be a straight line with a slope whose magnitude
is h/e. The experimental results gave, in all cases, a good straight line,
a8 predicted by Einstein’s theory. Since the value of ¢ had already been
determined by Millikan, the value of A could be determined; it was found
to be in good agreement with the value obtained by Planck from the
measurements on blackbody radiation. Einstein’s photoelectric law has
also been found to be valid for the electrons ejected by x-rays and v-rays,
and there is no doubt of its general validity.

A quantum of light or, more generally, of radiation is also called a
photon; the photon may be described as a “bundle” or “particle” of radia-
tion. Thus, a photon of radiation of frequency v carries an amount hv
of energy.



102 THE QUANTUM THEORY OF RADIATION [cHaP. 5

The quantum theory was also applied successfully by Einstein (1907)
to the problem of the specific heat of solids and polyatomic gases, where
again there was experimental information which could not be explained
by classical theory. These applications of the quantum theory by Einstein
helped establish the theory, aided its acceptance, and laid the ground-
work for the application of quantum theory to the problem of atomic
structure.
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PROBLEMS

1. Calculate the total emissive power of a blackbody at the following temper-
atures: 0°C, 100°C, 300°C, 500°C, 1000°C, 1500°C, 2000°C, and 3000°C. The
Stefan-Boltzmann constant ¢ has the value 0.5669 X 10—* erg-cm~2-sec—!
(°K) . Give the results in terms of ergs and calories.

2. Suppose that the blackbody of Problem 1 is surrounded by walls kept at
a temperature of 0°C. Calculate the net rate of energy loss by the body to the
walls at each of the temperatures listed in Problem 1.

- 3. Derive, from Planck’s radiation law, the expression (5-22) for the wave-
length at which the radiation density has its maximum value. The best value
of the Wien displacement law constant is now thought to be 0.2884 cm-°K.
Calculate the value of A. Use k = 1.3804 X 10~!8 erg/°K and ¢ = 2.99793
X 10'° cm/sec.

4, Derive an expression for the total energy density in a blackbody enclosure
by integrating Planck’s distribution law over all possible values of the frequency.

Note that -
/ 2> dr _ﬁ
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The best value for the total energy density is given by a = 7.563 X 1015
erg/cm3. Calculate the value of k; use the values of k and c given in Problem 3.
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5. Calculate the frequency and the amount of energy associated with a
quantum of electromagnetic radiation at each of the following wavelengths:
1km, 1 m,1cm, 1 mm, 10~%cm, 5000 A, 1000 A, 1 A, 103 A, 10~!3 ¢m, 1015
cm. Give the energy in ergs and in electron volts.

6. The photoelectric work functions for samples of some metals are Ag,
4.5 ev; Ba, 2.5 ev; Li, 2.3 ev; Pt, 4.1 ev; Ni, 5.0 ev. (a) What is the wavelength
at the threshold in each case? (b) What is the maximum velocity of the ejected
photoelectrons in each case, when the samples are illuminated with ultraviolet
light of wavelength 2000 A? (c) What is the stopping potential, in volts, for
the photoelectrons of maximum velocity?

7. The first precise determination of A~ was made by Millikan, who measured
the energy with which photoelectrons are ejected as a function of the frequency
of the incident light. He found that the potential V needed to keep the electrons
from sodium from reaching an electrometer increased with frequency by
4.124 X 10715 volt/cycle/sec. What is the resulting value of 2? Note that 300
volts = 1 esu of potential, and use e = 4.803 X 1010 esu,

8. Show that the velocity of the fastest photoelectrons is related to the stop-
ping potential by the equation

Umax = 5.93 X 107 X /7,

where v,y is in centimeters péer second and V is in. volts.

9. Photoelectrons emitted from a photocell by light with a wavelength of
2500 A can be stopped by applying a potential of 2 volts to the collector. (a)
What is the work function (in ev) of the surface? (b) What is the maximum
wavelength that the light can have and eject any photoelectrons? (c) If an
electrometer is connected across the photocell, to what potential will it be charged
when ultraviolet light of wavelength 1000 A is used?

10. The emission of x-rays as a result of the incidence of high-speed electrons
on a metal surface, as in an x-ray tube, may be regarded as an tnverse photo-
electric effect. The maximum frequency of the emitted radiation is given by the
relation hv,, = eV, where V is the anode voltage. Show that A, (A) = 12395/V
(volts). What are the wavelength, frequency, and energy (in ev) of the x-rays
from a Coolidge tube operated at 50,000 volts? At 105 volts? At 5 X 10° volts?
At 108 volts?



CHAPTER 6

THE SPECIAL THEORY OF RELATIVITY

6~1 The role of the special theory of relativity in atomic and nuclear
physics. The second great theory of 20th century physics that is indis-
pensable to the development of atomic and nuclear physics is the special
theory of relativity proposed by Einstein in 1905. The first applications
of the relativity theory which will be met in atomic and nuclear physics
depend on two closely related ideas. One idea is that of the variation
of the mass of a particle with its velocity; the second is that of the pro-
portionality between mass and energy. The latter relationship, expressed
by the equation E = mc?, has achieved a certain degree of notoriety in
recent years and has even, on occasion, occupied positions of prominence
in the public press.

The mass-energy eyuation is used often in nuclear physics, and its use
should be accompanied by some understanding of its origin and meaning.
A real understanding of the relationship can come only from a careful
study of the relativity theory; but some familiarity with the ideas involved
in the mass-energy equation can be obtained from a short discussion of
the background of experiment and theory which ied to relativity. Such
a discussion should dispel some of the aura of magic that surrounds the
relativity theory and even its simplest applications, and should allow the
student to use mass and energy as interchangeable quantities without
feeling uncomfortable.

The theory of relativity may be introduced in either of two ways. One
way is to examine very carefully what is meant by such concepts as space,
time, and simultaneity and, as a consequence of this examination, to
modify the commonly accepted meanings of these ideas. This logical
process, together with certain postulates, leads to the special theory of
relativity. The theory can then be applied to physical problems to see
how it meets the test of comparison with experiment. The second method
is to consider certain problems which led to serious dilemmas in physical
thought at the end of the 19th century, and to see how these dilemmas
could be resolved only by the revolutionary ideas contained in the rela-
tivity theory. The second method is the one that will be adopted here
because it is more closely related to experiment and is less abstract than
the first method. Two problems will be considered; these are (1) the
ether and the problem of absolute velocity, (2) the problem of the in-
variant form of physical theories.
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[6-2 The ether and the problem of absolute velocity. | The interpre-
tation of the phenomena of the reflection, refraction, and diffraction of
light gave rise to the wave theory of light. The propagation of light
waves seemed to require a medium, just as water or sound waves cannot
be separated from their respective media. It was known from astro-
nomical data that light can pass through space practically devoid of
matter. For these reasons, physicists falt it necessary to postulate the
existence of a medium in which light waves could be propagated even
in the absence of matter. This medium, called the ether, was supposed
to be a weightless substance permeating the entire universe. Because of
the success of the wave theory of light in accounting for optical phenomena,
the ether gradually came to be accepted as a physical reality. The as-
sumption that there is an ether raised problems in connection with the
motion of material bodies. The ether was assumed to be stationary, and
a body such as the earth was supposed to move through it without pro-
ducing any disturbance. These assumptions were not contradicted by
astronomical evidence, and it was inferred that it should be possible to
determine the absolute velocity of a body, i.e., its velocity relative to the
stationary ether. Since the ether was supposed to be the medium for
the propagation of light, it was thought that the measurement of absolute
velocity should depend on the effect of motion on some phenomens in-
volving light. Thus, if light and the earth both move with definite veloc-
ities relative to the stationary ether, it should be possible to devise an
experiment, involving the propagation of light, from which the absolute
velocity of the earth could be deduced. Many such experiments were
proposed; the theoretical basis of the most famous one can easily be
derived. ‘

Suppose that the earth travels through the stationary ether with a
velocity v, and that light waves travel through the ether with a velocity c.
Consider a source, fixed on the earth, from which light is emitted. If the
direction of propagation of the light is the same as that of the earth’s
motion, the velocity of the light relative to the earth will be ¢ — v. If
the light travels in the direction exactly opposite to that of the earth’s
motion, its velocity relative to the earth is ¢ + v. The time taken for the
light to travel a certain distance L in the direction of the earth’s motion
is L /(¢ — v), while the same distance in the opposite direction will require
the time L/(c 1+ v). Therefore, if a ray of light were to travel a distance
L in the direction of the earth’s motion, and then be reflected back and
travel the same distance in the opposite direction, the time required would
be

L 2cL
= L + ©

c+v 'c—v  c2—y2
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Consider next a ray of light propagated in a direction perpendicular
to that of the earth’s motion (Fig. 6-1). While this ray travels a distance
L, equal to AB, the earth has moved from A to 4’, and the point B has
moved to B’. The actual path of the light ray is AB’. If the time required
is t, then AB’ = c¢t. In the same time interval, A has moved to A’ with
the velocity v, so that AA’ = vt. In the right-angled triangle AA'B’, we
have ¢%% = L% + v%2, or t3(c? — v?) = L2, ort = L/\/c? — v2. The
same length of time will be needed for the return trip, i.e., to A”’. Hence,
the time required to travel a distance L and back in a direction perpen-
dicular to that of the earth’s motion is

2L
Ve2 — p2

i1 =

The ratio of the times required is

t_ 2L V= vE _ 1

3 c2—p2 2L \/‘1—__(,,7/6_2)

It should, therefore, take longer for light to traverse the reflected path in
the direction parallel to that of the earth’s motion than to traverse the
same distance in the direction perpendicular to that of the earth’s motion.

From an experimental viewpoint, the difference between ¢, and ¢. is
important. This difference is

: 61

oL 1 1
4 — L= — [1 — (%)) \/1——_(—”’/0—“')] (6-2)

If we neglect terms of order higher than v?/c?, we may write

1 __ 1+”_2+...

1 — (v2/c2) 3 !
1 10?

—_— 142 4.
1 — (v2/c2) 2
Hence,
2L v 10?
‘"—‘l=7(l+25—1“§c—=+ )

L 2

=_E.z_2. (6-3)

The difference ¢;; — t1 and the ratio ¢;;/tL both depend on the quantity
(v/c)?. The orbital velocity of the earth is 30 km/sec, so that v/c = 10™*
and (v/¢)2 = 1078, and the effect should be difficult to detect.
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| 6-3 The Michelson-Morley experiment.| The theoretical relations
derived in the last section were tested experimentally by Michelson and
Morley (1887) who used an ingenious instrument, the interferometer,
shown schematically in Fig. 6-2. In the Michelson-Morley experiment,
light from a source  is divided into two perpendicular beams by a half-
silvered mirror P. One beam passes through P to a mirror S; and is
reflected back to P; the other beam is reflected by P to the mirror S; and
is then reflected back to P. The two reflected beams pass through P to a
telescope or photographic plate F. If the distances PS; and PSj are
equal, and if one arm of the interferometer is parallel to the direction
of the earth’s motion, the two light beams should arrive at F at slightly
different times, causing an interference pattern (interference fringes).
The position of the pattern should depend, according to Eq. (6-3), on the
absolute velocity of the earth and should be displaced from the position
corresponding to ¥ = 0 by an amount proportional to (L/c)(v%/c?). If the
interferometer is rotated through an angle of 90°, the arm which was
originally in the direction of the earth’s motion is now perpendicular
thereto, and the interference pattern should be displaced to the opposite
side of the position corresponding to v = 0. If the position of the pattern
is observed during the rotation of the interferometer, the fringes should be
shifted by an amount corresponding to the time interval 2(L/c)(v?/c?).
The frequency of the light used in the experiment is v, and its period
(inverse frequency) is T = 1/v. Then the ratio of the displacement to
the period is given by (2L/cT)(v?/c?). Since the wavelength A = ¢T, the
ratio of displacement to wavelength is given by (2L/\)(v%/c?).

In the experiment of Michelson and Morley, the path length L was
1.1 X 10% em, as a result of several reflections of the light beam. The
wavelength of the light used was about 5.9 X 10~% c¢m, and »*/¢? = 1078,
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on the velocity of the earth relative experiment: schematic diagram.

to the ether.
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Hence, (2L/N)(v?/c?) = [2(1.1)10® X 107%]/[5.9 X 1075 = 0.37. Thus,
when the interferometer was rotated through 90°, the interference fringes
should have been displaced by more than 4 of a wavelength. In the
experiment, a displacement of one-hundredth of this amount could have
been observed, but no significant displacement was observed in the original
experiment, or in many later repetitions. That is, there was no significant
difference between the rates at which the light traveled in the two direc-
tions at right angles to each other, and the Michelson-Morley experiment
showed that the ratio of the times of travel in Eq. (6-1) is unity. The
simplest interpretation of this result seemed to be that v, the velocity of
the earth with respect to the ether, is zero, a conclusion which led to serious
difficulties.?

The theoretical value of the ratio of displacement to wavelength was
derived by a simple and straightforward application of some of the funda-
mental ideas of classical physics, and this fact made it very difficult to
explain the negative result of the Michelson-Morley experiment. The
simplest explanation which could be proposed was that the earth carries
the ether with it, in which case the velocity of the earth relative to the
ether should be zero. This explanation was unattractive because every
moving body would presumably carry its own ether with it, and the
uniqueness of “the stationary ether” as the medium for the propagation
of light would disappear.

There were also experimental objections to the idea that the earth
carries the ether along with it. Suppose that in space there is an observer
who is looking at a light source on the earth, and that light waves from
this source are transmitted through the ether and eventually reach the
observer. If the earth, together with the ether, were moving toward
the observer, the velocity of the light waves from the source would appear
to be greater than if the earth were moving away from the observer. This
result follows from the general behavior of waves in a moving medium;
the velocity of the waves relative to a stationary observer should be
equal to the sum of the velocity of the waves in the medium and the
velocity of the medium. Thus, the velocity of light as measured by the
assumed observer would depend on the velocity of its source. This
conclusion is contradicted by all observations on the velocity of light,
especially by astronomieal studies of double star systems and stellar
aberration. The observed velocity of light is always the same regardless
of whether or not the emitting source moves, or how it moves. The
assumption that the earth carries the ether along with it led, therefore, to
a serious contradiction with experiment, and had to be rejected.

Fitzgerald (1893) introduced a hypothesis to account for the negative
result of the Michelson-Morley experiment while preserving the idea of
the stationary ether. He assumed that when a body travels in a direction
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parallel to that of the earth’s motion it contracts in length, becoming
shorter by the factor /1 — (v2/c2); he also assumed that no such con-
traction occurs in a direction perpendicular to that of the earth’s motion.
According to this hypothesis, the arm of an interferometer that is parallel
to the direction of the earth’s motion contracts in length from L to
L+/1 — (v2/c?), but the length of the perpendicular arm remains equal to L.
The light does not have to travel as far in the parallel direction as in the
perpendicular direction, and the difference is such as to make the theoretical
value of the shift of the interference pattern equal to zero. The contraction
in the length of one arm of the interferometer would not be observed,
because a measuring instrument placed along the arm would shrink in
the same way.

The Fitzgerald contraction seems absurd at first sight because it is
not the result of any forces acting on a body but depends only on the
fact that the body is in motion. Fitagerald’s hypothesis was purely
ad hoc, and its main object was to preserve the concept of a stationary
ether. Lorentz, who was at the same time trying to develop a consistent
electromagnetic theory of the electron, found the hypothesis useful in
his work and incorporated it into his theories, so that the hypothesis is
now known as the Lorentz-Fitzgerald contraction hypothesis. It had
previously been shown that under certain assumptions, the mass of an
electron could be expressed by the formula

mo = 2¢2/3r¢c?, (64)

where 7 is the radius of the electron when it is at rest, and e is its charge.
Lorentz assumed that a moving electron cont