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Preface

Enormous strides have been made in the first half of the twentieth
century toward the unification of many branches of physics and chem-
istry, once regarded as quite unrelated and distinct, into one body of
well-organized knowledge. This unification is probably nowhere bet-
ter reflected than in the history of the progress made toward improv-
ing the precision and consistency of our knowledge regarding the
values of the fundamental physical constants and conversion factors.
The number and the precision of the established theoretical relation-
ships connecting these constants have also increased phenomenally.
In fact a history of progress on the constants during the first half of
the iwentieth century is not very different from a history of physics
itself during that period.

This book has been writlen with two primary objectives: (a) to
give a complele survey of the present status of our knowledge of the
fundamental constants and conversion factors of the physical sciences
and to describe the modern precision experiments from which that
knowledge is at present directly drawn, and (b) to present an account
of the evolution of our knowledge of this subject through various
degrees of experimenlal precision and theoretical sophistication in
sufficient detail Lo permit the reader to appreciate the breadth and
firmness of the enlire experimental foundation. A substantial frac-
tion of the world-wide research effort of physicists and chemists dur-
ing the last half cenlury has in fact been required to build that
foundation. Most of the earlier and less precise experiments must of
course be reviewed rather bricefly. Care, however, has been taken to
provide ample reference to the original sources so that the reader
can look up omitted details for himself. The book has been written
both for physics students at the graduate level and for professional
physicists. No mathematical preparation beyond that required for
graduale work in physics is presupposed.

The analysis of the data on the values of the atomic constants has
relied heavily on the theory of least squares. Many physicists feel
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vi PREFACE

quite unfriendly to the application of this branch of statistical theory
to physical data. The famous Dutch physicist, H. A. Kramers, once
said, “The theory of errors and least squares is like love—one cross
word can spoil it alll’ Nevertheless, we see no escape from it which
is not subject to even worse objections. Actually most of the mistrust
of least squares and error statistics, if carefully examined, is in realily
mistrust of the data to which these doctrines are applied rather than
mistrust of the doctrines themselves. Two examples will illustrale this:

It is related that a certain statistician sent 10,000 questionnaires
to a randomly selected list of American cilizens, requesting of each
one their best estimate of the height of the Queen of Siam. Each report
was also to be accompanied with the estimated standard deviation
of the data furnished. Many of the answers attached error measures Lo
the individual estimates as large as =50 per cent, but the statistician
conscientiously took a weighted average of these data using, in accord
with the accepted principles of error statistics, weights made inversely
proportional to the square of the associated error estimate of each
datum. Because of the very large number of independent eslimates
he came out with a height good to 0.5 per cent! There was only one
trouble with the whole procedure—Siam didn’t have a queen.

The second example concerns a certain retired sea caplain who made
his home in a secluded spot on the island of Zanzibar. As a sentimen-
tal reminder of his seafaring career he still had his ship’s chronometer
and religiously kept it wound and in good operaling conditlion. Every
day exactly at noon, as indicated on his chronometer, he observed the
ritual of firing off a volley from a small cannon. On one rare occasion
he received a visit from an old friend who inquired how the captain
verified the correctness of his chronometer. “Oh,” he replied, “there is
a horologist over there in the town of Zanzibar where I go whenever [
lay in supplies. He has very reliable time and as I have fairly frequent
occasion to go that way I almost always walk past his window and
check my time against his.” After his visit was over the visilor
dropped into the horologist’s shop and inquired how the horologist,
checked his time. “Oh,” replied he, *‘there’s an old sea caplain over
on the other end of the island who, T am told, is quite a fanalic about.
accurate time and who shoots off a gun every day exactly al noon, so
I always check my time and correct it by his.”

We are indebted for this last story to Professor Gieorge Ilarrison
of the Massachusetts Institute of Technology. Beyond the obvious
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moral conlained in both stories thal no amount of statistics or repli-
cated observations will yield reliable results from unreliable data, we
believe the second yarn has a further value in that it may conceivably
add a new word 1o our terminology, namely, “‘the Zanzibar.” To com-
mit a ‘“Zanzibar” should henceforth convey a clear meaning Lo the
reader of this book. It is a kind of error which he may be sure we have
carnestly sought to avoid.

In an analysis of data, which may be based on least squares or any
other analytic criterion, it is of utmost importance Lo assign weight
to each dalum in a consistent and equitable manner. The error meas-
ure associated with the result of an experiment is thercfore just as
important as the result itsel{. Furthermore the basis for the quotation
of error measures must be uniform throughout. There are of course
several such measures; e.g., probably error, “confidence limits” of
error, standard error, mean absolule error. Because the root-mean-
square, or slandard error has a simple law of propagalion which is
nol shared by other error measures except for the Gaussian, or normal,
distribution, we have adopted it throughout this book. The meson
data of Chapter 4 are an exception (o this rule. Particularly with re-
gard Lo meson lifelimes the literature is not clear whelher probable
errors or slandard devialions are quoled, and the experimental data
do nol juslify considering the assigned error mecasurcs as more than
qualilative indications of accuracy. The choice that we shall use the
standard crror is, in some part, distincl from the question of how the
accuracy of a measurement is (o be determined. Standard errors either
can be estimated from an analysis of the experimental situation and
knowledge of how cach component contribules Lo the uncerlainty of
the resultant, measurement, or can be determined cmpirically by re-
pealing the experiment several times and observing the distribution
of the results. This latter method can, however, only detect the ran-
dom crrors of the experiment but cannot identily syslemalic errors.
In practice both methods are combined, and the final assigned crror
is often strongly influenced by the experimenter’s considered. opinion
of the results. If the experimenter is honest and unbiased there is no
objeclion to this. In general each experiment musl be finally reviewed
by the analyst, who adds his considered opinion in an effort to place
all the experiments on a more nearly unilorm basis.

Whereas the precision of most of the experiments considered in this
book is measured in parts per hundred thousand or parts per million,
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the subject of the masses and lifetimes of mesons (Chapter 4) is hardly
out of the early survey stage. The modern concepts of mesons and the
recognition of the true complexity of the mass spectrum of fundamen-
tal particles is less than ten years old. The discussion of meson masses
is therefore a subject unto itself. The errors involved are a factor of
one thousand times larger than those associated with the “classical’”
atomic constants, and in many of the experiments there are certainly
unidentified systematic errors. The situation is much less certain and
much more fluid than the remainder of the book and is subject Lo al-
teration and modification much more rapidly. The field is at present so
active thal anew analysis would be required with each new issue of the
Physical Review! The data are presented here as a tabulation of cur-
rent results and as a possible source of material for future more de-
tailed analysis. The table of Least-Squares Adjusted Values (Table
8-7) therefore omits all reference to mesons and hyperous in order 1o
avoid giving an unwarranted aura of finality to the data. The data
presented in Chapter 4 are summarized in Table 4-17.

Some readers accustomed to the MKS system of units may be dis-
appointed to discover that our table of output values is not expressed
in these units. All the disciplines of physics and chemistry meet and
are represented in the fundamental constants and the truth is that
the MKS has not been generally adopted in all these domains. One
hesitates to express the normal mole volume of an ideal gas in cubic
meters per kilogram molecule. Kilogram-molecule units for the gas
constant, Avogadro’s number, or the Faraday constant would seem
equally unfamiliar and likely to be misunderstood. The MKS system
is primarily an engineering system which may soon completely re-
place the FPS (or English) system. Its primary utility lies in the field
of electrical engineering and classical electromagnetic theory. We
have retained the cgs units because of their wide use in all fields of
physics and chemistry. Those who prefer other systems of unils may
easily convert.

We wish to express our gratitude to the numerous research workers
in many parts of the world (far too large a number to list here) who
have been so kind as to keep us informed of their newly oblained re-
sults at the earliest possible moment. We are much indebted to Pro-
fessor John Tukey of Princeton for much valuable advice and discus-
sion on the topics of error statistics and least squares. We owe a great
debt to Raymond T. Birge, whose pioneer work in this field of en-
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deavor laid the foundation on which we have subsequently built. He
was one of the first men to perceive the need for making from time to
time broad general surveys and assessments of the state of our knowl-
edge of the physical constants. His first paper of this kind published
in 1929 set a noteworthy example of painstaking, careful research,
based on a great many sources of information and carried out over a
very broad range of research fields in physics and chemistry. The task
was a severe one not only becausc of its sheer size but because there
were huge discrepancies between sources of information and an enor-
mous amount of patient effort was required to distinguish truth from
error and lo ferret out mistakes and oversights in this chaos. His
kindly and constructive criticism and encouragement have been of
inestimable value over a long period of years. It therefore is a pleasure
to be able to express our homage and gratitude by dedicating this
book to Professor Raymond T. Birge.

E. Ricaarp CoHEN
Kenners M. CrowE
Jesse W. M. DuMonp

August, 1957
Canoga Park, Berkeley, and Pasadena, California
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CHHAPTER 1

Introduction

1.1 OUTLINE AND OBJECTIVES

Our knowledge of the constants of physics has been greatly im-
proved in the 25 years between 1930 and 1955, partly by reason
of the development of new methods of measurement and the per-
fecting of new physical techniques and partly by the important
advances in our understanding of the physical world achieved
through research. Microwave resonance methods and atomic beam
techniques are examples of important technical improvements
which have contributed much since 1940. Our understanding of
atomic and nuclear physics by reason of the development of the
quantum theory through successive stages of refinement has greatly
clarified relationships having to do with the interaction of elec-
trons and radiation. Much stimulus for improvement has come
during this period from critical studies of the physical constants
undertaken by various authors who at various times have reviewed
the consistency of the many experimental results in an cffort to
establish the most reliable values. The first of these reviews was a
remarkable paper (1) by Raymond T. Birge in 1929 which opened
this era of critical examination and improvement.

The accuracy of our knowledge of such constants as Avogadro’s
number, the electronic charge, Planck’s constant, the velocity of
light, or the fine structure constant of Sommerfeld has been greatly
improved by new techniques which bear little relationship to the
carlier and perhaps intuitively more direct measurements such as
Millikan’s oil-drop experiment or the studies of Brownian motion.
Such earlier methods had great value for the progress of science and
still possess historical importance for their role in the discovery
and logical development of the concepts of atomic physics. They
will be reviewed here because we cannot have faith in what we now
know unless we see the path by which that knowledge was won.

1



2 THE FUNDAMENTAL CONSTANTS OF PHYSICS

But the earlier pioneer methods are now so greatly surpassed in
accuracy by the more modern though frequently less direct meth-
ods that, although the earlier results are not inconsistent with the
later ones, these alone are significant today in determining the
numerical values of the physical constants.

Because of this situation this tract will concern itself with three
objectives: (1) a brief introductory outline of the system of phys-
ical units and the standards set up to maintain them; (2) a sketch
of the history of the progress of our knowledge of the general phys-
ical constants with special emphasis on the atomic constants, giving
brief descriptions of both the earlier methods employed and the
more modern methods now in use for their evaluation; (3) a de-
tailed study as of 1955 of the status of our knowledge of the phys-
ical constants and a least-squares evaluation to obtain the best
compromise values consistent with the entire body of present
knowledge. These final output results are tabulated at the end of
this text.

1.2 PHYSICAL CONSTANTS AS UNITS

When the science of physics was in its infancy arbitrary units
were chosen, such as the kilogram, the meter, and the second; and
standards were set up to maintain them. Although the motivation
was commercial as well as purely scientific, no science of physical
measurement could have been developed without this step. One
of the important fruits of physical research has been the discovery
that Nature herself has fundamental units such as the charge on
the electron, the rest mass of the electron, Planck’s constant of
action, the speed of light.

In this connection it may be well to restate a postulate which
R. C. Tolman clearly recognized but which is frequently overlooked
or tacitly assumed. We shall call this the ‘“postulate of the repro-
ducibility of proper quantities.” By this is meant that when a
quantitative property of some fundamental system, such as the
mass of a particular atom or one of its characteristic wavelengths,
is observed in a Lorentz frame in which that system is at rest
(called the “proper frame’” of the system), we postulate that the
same result will always be obtained. Nothing in our framework of
well-established physical observations seems at variance with this
postulate, and we shall therefore make it.

The thought lies close at hand that since Nature supplies us with
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reliable and invariable units it might be well to abandon the earlier
and more arbitrary artificial units completely. The convenience,
the accessibility, and in many cases the superior precision of the
arbitrary units make their complete abandonment extremely im-
probable in the foreseeable future. No one will care to check the
accuracy of an ammeter by counting the number of electrons which
flow in unit time through its windings. In spite of the very satis-
factory accuracy which has recently been attained in measuring
many of the natural constants, the artificial arbitrary standards
of the cgs system are still superior in accuracy. The statement is
true save perhaps for one exception—the meter bar, which, since
the supplementary definition of the meter in terms of the wave-
length of a certain line in the spectrum of cadmium in 1927, is no
longer to be considered as a primary standard of length.

Even if such important practical considerations were ignored,
we do not as yet know enough to select wisely the natural constants
on which to base such a system. In the present state of our knowl-
edge of physics there is in fact a great embarrassment of choice as
regards natural constants that might be adopted as units of measure-
ment. The mass of any one of a dozen or more “fundamental par-
ticles’”” might be chosen to replace the kilogram. As units of length
any one of the famous hierarchy of four present themselves: The
Rydberg wavelength, R, = 4wao/a; the Bohr radius, ay = h?/
(4m*me?); the Compton wavelength, h/(mec) = 2wraay; and the
Lorentz radius of the electron, r¢ = a®ao. The speed of light could
be combined with any one of these fundamental lengths to furnish
a fundamental unit of time. Almost the only physical magnitudes
about which there would be little doubt as to choice arc the unit of
electrical charge and the unit of velocity. For these the electronic
charge and the velocity of light would certainly be indicated. Our
present arbitrary standards, however, still afford a precision for
defining velocity and charge many orders of magnitude superior to
the accuracy with which the velocity of light and the electronic
charge have been determined.

It is proper then to begin by outlining the base of our system of
physical measurements in terms of its units, standards, and funda-
mental constants.

REFERENCE
L. R. T. Birge, Rev. Mod. Phys., 1, 1 (1929).



CHAPTER 2

Arbitrarily Defined Physical Units and Standards

2.1 LENGTH, MASS, AND YOLUME

In its original conception the meter was intended to be defined
as one ten-millionth of the earth’s quadrant on the meridian through
Paris, and all units of volume were to be derived from it. It was
planned that the unit of mass, the kilogram, should be identical
to the mass of a cubic decimeter of water at its maximum density.
The units of length and mass are, however, now defined independ-
ently of these conceptions.

The meter is defined as the distance between two engraved lines
on a certain platinum-iridium bar, kept at the International Bureau
of Weights and Measures at Sévres near Paris, Irance, when the
bar is supported in a definitely specified manner at the tempera-
ture of melting ice and at standard atmospheric pressure (760
millimeters of mercury). A supplementary definition of the meter
in terms of the wavelength of a certain line in the spectrum of red
cadmium light was adopted in 1927 by the Seventh (ieneral Inter-
national Conference on Weights and Measures. The definition was
based on the work (1) of Benoit, Fabry, and Perot in 1913 and is as
follows:

1 meter = 1,553,164.13 wavelengths (2-1)

The conditions of temperature, pressure, and humidity together
with many specifications regarding the light source which cmits
the line must be fulfilled for the definition of equation (2-1) to hold
accurately.

Several spectral lines emitted by various isotopically pure sub-
stances, Hg'%, Kr%, Xe'® or Cd" have been studied and are recom-
mended by different proponents as preferable to the cadmium red
line of the present definition. However, as of 1955 no international
action had yet been taken to replace that standard, since the best
choice was not entirely clear (3).

4



PHYSICAL UNITS AND STANDARDS 5

The kilogram is independently defined as the mass of a definite
platinum-iridium standard, the International Prototype Kilogram,
also kept at the International Bureau of Weights and Measures.
The liter is defined as the volume of a kilogram of water, at standard
atmospheric pressure and at the temperature of its maximum
density, approximately 4°C. On a level of sufficient precision this
is an ambiguous definition, since it does not specify the isotopic
constitution of the water. The meter is the fundamental cgs unit
of length and area and of such volumes as are based on linear meas-
urements. Note, however, that, since the liter is defined independ-
ently of the meter, a conversion factor relating the cubic deci-
meter to the liter must be established by physical measurement.
Henning and Jaeger (2) have obtained a result which Guillaume
(2a) has corrected upward 1 ppm in 1927. We adopt this value
with somewhat increased standard error® because of the ambiguity
of unspecified isotopic constitution.

1 liter = 1000.028 + 0.004 ¢m? (2-2)

Thus the maximum density of water is
8, = (1.000028)~! = 0.999972 = 0.000004 kg-dm—3 (2-3)

It was once customary to define 1 cc as liter/1000, whereas 1 cm?
is liter/1000.028, but because of the frequent confusion of c¢¢ with
cmd, the Joint Committee for the Standardization of Scientific
(lassware recommended in 1924 that the designation ml (for milli-
liter) be used in place of ce.

2.2 TIME

The second is the fundamental unit of time. To quote a recent
report (3a) by K. (. Crittenden on the actions taken at the Tenth
General Conference on Weights and Measures in Paris, October
1954, ‘“the second will presumably be defined [by the standing
International Committee without waiting for another conference]
as the fraction, 1/31,556,925.975 of the tropical year 1900.0.”
Techniques now exist for controlling the frequencies of electrical
oscillations by means of the natural frequencies of vibration of cer-

* Throughout this book we shall quote uncertainties in terms of the roof-

mean-square or “standard error.”” This, for reasons which we shall explain in
Scetion 7.3, is preferred rather than the “probable error’” or “mean absolute error.”
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tain molecules of which the ammonia molecule is one example.
The three hydrogen atoms of the ammonia molecule form an equi-
lateral triangle; the nitrogen atom is situated equidistant from the
three hydrogen atoms but not in the same plane, so that the mole-
cule has a tetrahedral structure. There are, however, two stable
positions for the nitrogen atom, one on either side of the plane of
the hydrogen atoms. Under suitable conditions the nitrogen atom
may be made to oscillate back and forth between these two posi-
tions and the frequency of this oscillation may be very accurately
measured and maintained.

A similar type of atomic clock makes use of the transitions in
caesium between the hyperfine structure energy levels caused by
the interaction between the electronic and nuclear spins. This
hyperfine structure is the same phenomenon as that discussed in
Section 6.7 in connection with the measurements of hyperfine
structure splitting in hydrogen. The measured frequency of the
central line of the hyperfine Zeeman pattern extrapolated to zero
field is (3b)

v = 9192631830 = 10 cycles sec™*

This represents an accuracy of one part in a thousand million and is
by far the most aceurate physical magnitude which has been meas-
ured.

A time standard based on this caesium resonance was suggested
by H. Lyons (3¢) and an early model was built at the United States
National Bureau of Standards. A somewhat different type has been
described by Zacharias, Yates, and Haun (3d). An improved res-
onance clock has recently been constructed at the National Physical
Laboratory, Teddington, England, by Fssen and Parry with which
the above-quoted resonance frequency was determined. A photo-
graph of this remarkable equipment appears as the frontispicce of
this text.

These atomic clocks can furnish a more uniform standard of time
than can be obtained from the rotation of the earth. The carth’s
rotation is known to have variations in rate of the order of 1 part
in 108 by means of comparisons with sidercal time standards. The
fact that the second is defined in terms of the tropical year at the
epoch 1900.0 indicates implicitly that the International Clommittee
at the Tenth General Conference of 1954 was aware of the variability
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of the year and that techniques exist whereby this variation can be
measured. Hence the existence of time standards more accurate than
the revolution of the earth in its orbit is implied. Without such
standards it would be meaningless to refer the year to the epoch
1900.0 in preference to a current determination (i.e., epoch 1950.0
or 1956.0). There is another, and perhaps more compelling, reason
for using atomic standards in place of astronomical ones. The
unit of time can be determined by astronomical observation only
after several years and hence we have our standards only in retro-
spect. The advantage of an atomic standard is that it enables fre-
quency standardization to be cffected in a few minutes, and the
information can then be made available throughout the world al-
most instantaneously by utilizing the network of standard fre-
quency transmission. At present the ‘“Atomic Clocks” are used only
to maintain a standard which is defined in tecrms of astronomical
data; ultimately the unit of time will probably be defined directly
in terms of the frequency of such atomic oscillations, but as yet
(1955) no such action has been taken.

2.3 TEMPERATURE

The history of the mecasurcment of temperature and the refine-
ment of this concept from the carly subjective stage based on sensa-
tions of hot and cold to the present definition of the absolute Kelvin
or thermodynamic scale of temperature is outlined in many texts
on thermodynamies. As an outgrowth of this history and the prac-
tical requirement of defining a number of convenicnt fixed points
in different ranges of temperature for the purpose of calibrating
thermometers we have two scales of temperature, namely, the In-
ternational and the Kelvin, absolute, or thermodynamic scales.
The reader should refer to the Smithsonian Physical Tables (4) or
to the Journal of Rescarch of the Nattonal Burcaw of Standards (5)
for the details of the definition of the 1948 International Tempera-
ture Scale. This is defined in terms of the platinum resistance ther-
mometer and the clectromotive force of a thermocouple over speci-
fied lower temperature ranges and in terms of Planck’s black body
law of radiation and certain fixed points at higher temperatures.
The justification for such a scale is its convenience and reproduci-
bility. The effort has been to define the International Temperature
Scale in such a way as to make it as necarly as possible proportional
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to Kelvin's absolute thermodynamic temperature scale. That tem-
perature scale is the one which would result if the measurements
could be made with a gas thermometer employing an ideal gas.
It is the fundamentally significant physical scale and is independent
of the properties of any particular substance. Kelvin himself urged
that this absolute scale of temperature be defined by assigning a
numerical value to the temperature of a single fixed point instead
of the earlier method which defined two fixed points—the freezing
and boiling points of water. With these earlier definitions the tem-
perature of absolute zero is a matter of experimental determination,
as in the centigrade or Fahrenheit scales. The Tenth General Con-
ference on Weights and Measures in October 1954 decided (3a) “to
define the thermodynamic scale of temperature by means of the
triple point of water as fixed fundamental point, by assigning to it
the temperature 273.16° Kelvin exactly.” This yields a new thermo-
dynamie scale of temperature numerically slightly different from
the earlier one such that the best value of the ice point is 273.1500 =
0.0002° X instead of 273.16° = 0.01° K as formerly. The reason for
the choice of the triple point of water rather than the ice point is
the fact that it is uniquely defined without need for specifying a
pressure. The reason for the change in the numerical definition is
asserted to be that it achieves a better coincidence between the
thermodynamic and International scales. As a result of this change,
however, the centigrade degree is no longer exactly equal to the
Kelvin degree and we have 1° (Centigrade) = 0.999964 == 0.000036°
(Kelvin), and the boiling point of water is 100°C = 373.1464 =+
0.0036°K.

Studies of the absolute temperature of the ice point or the triple
point of water have been made by Joule and Thomson (6) using
their porous plug method, by Chappuis (7a), Berthelot (7h),
Henning and Heuse (7c¢), and Roebuck (7d). R. T. Birge (see
reference 1, Chapter 1) has summarized and critically examined
these experiments in his 1929 review. More recently Roebuck and
Murrill (8a), Beattie (8b), and Keesom and Tuyn (8¢) have re-
viewed the entire situation including their own work on the tem-
perature of the ice point. All such measurements involve the de-
termination of empirical constants to describe the departure in the
behavior of the working gas in a gas thermometer from that of an
ideal gas in terms of which the thermodynamic scale is conceived.
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2.4 ELECTRICAL UNITS

Up to January 1, 1948, two systems of electrical units, the “‘inter-
national” and “absolute” systems, coexisted for much the same
practical reasons as the two temperature scales described in the
preceding section.

The International Conference on Electrical Units and Standards
of 1908 resolved that the magnitudes of the fundamental electrical
units should be determined on the [absolute] electromagnetic sys-
tem of measurement so as to be consistent with the physical cgs
system of mechanical units. (In this absolute system an ampere is a
unit of current such that given a circular coil of 1 cm radius a unit
magnetic pole placed in its plane at the center would experience a
force of 1 dyne for each radian of arc of the coil in which the cur-
rent flows. Two magnetic poles each of unit strength separated by
1 em exert on each other a force of 1 dyne. The absolute volt and
ohm are defined so that the familiar formulas EI and RI? will
yield the power in watts, i.e., 107 erg sec™..)

At the same time, however, this conference recommended—‘“as
a system of units representing the above [absolute electromagnetic
¢gs units] and sufficiently near to them to be adopted for the pur-
pose of electrical measurements’’—the adoption of the International
Ohm, Ampere, and Volt. The International Ohm was defined as the
resistance of a column of mercury of specified physical dimensions.
The International Ampere was defined in terms of the silver de-
posited per unit time on the cathode of the silver voltameter, in
spite of the fact that it had been clearly shown that silver voltame-
ters of various types might give consistently different results. The
International Volt was defined such that 1 International Ampere
flowing through 1 International Ohm would require 1 International
Volt to maintain it. Under such circumstances 1 International
Watt was by definition dissipated in the resistance. As might be
anticipated, the International Watt did not turn out to be exactly
equivalent to 107 erg sec™! of the cgs system.

The international system of units in its final form was maintained
for 37 years, 1911 to 1948. Actually, in practice the International
Units were maintained in the standardizing laboratories of various
countries by mecans of banks of standard cells and banks of stand-
ard resistance coils which had been initially intercompared by the
International Technical Committee and then carried by cach dele-
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gate back to the laboratories of the different countries. Only very
infrequently indeed were the official definitions of the International
Ohm and Ampere in terms of the mercury column and the electroly-
tic deposition of silver resorted to as a means of reestablishing the
units. This was done only when suspicion arose of a drift in the
mean value of the bank of resistors or of the bank of standard cells
in a particular country. Thus in an operational sense the standards
that were really maintained during this 37-ycar period were the
ohm and the volt. With steady improvement in the precision of
electrical measurements the advisability of rcturn to the absolute
cgs electromagnetic system of units became increasingly evident.

The history of this development and the eventual establishment
of the electrical units in the absolute cgs system is well described in
a circular of the U. S. National Bureau of Standards (9). The ob-
jective was chiefly accomplished in the United States and in England
by the work of physicists at the National Bureau of Standards and
at the British National Physical Laboratory. An important tech-
nical part of the problem involved the construction of coils of wire
of very accurately established geometrical dimensions to be used
either as self inductances, as mutual inductances, or as clements of
precision current balances. During the period of coexistence of the
two systems of units, conversion factors between the international
and absolute units were frequently determined with ever-increasing
precision. The techniques of establishment of the absolute units
having finally advanced to a point where they compared favorably
in precision with the reproducibility and constancy of the Inter-
national Units (based on intercomparisons of standard cells and
resistors), definite action was taken by the International Com-
mittee in October 1946 to abolish the International Units as of
January 1, 1948, and to adopt the absolute system for the certifica-
tion of all standard cells and resistors. In this action the following
ratios were fixed as those governing the change:

1 mean international ohm = 1.00049 absolute ohms (2-4)
1 mean international volt = 1.00034 absolute volts (2-5)

Because of small drifts which had occurred with time, slight dif-
ferences existed between the International Units as maintained in
Washington and the Mean International Units referred to in equa-
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tions (2-4) and (2-5). These differences were established by inter-
comparisons at the International Bureau in Sévres at or near the
time of the change of units (January 1, 1948), and the ratio of the
old units as certified by the National Bureau of Standards prior to
January 1, 1948, to the absolute units used after that date are
given in Table 2-1.

In interpreting the results of precision measurements involving
the electrical units care must therefore be used to ascertain in what
terms the standard cells and resistors were certified, since these may
differ depending on where and when they were certified.

Table 2-1. Ratios of Washington International Klectrical Units (as Certified
Prior to 1948) to Absolute lilectromagnetic Units

1 U.S. international ohm 1.000495 absolute ohms (2-6)
1 U.S. international volt 1.000330 absolute volts (2-7)
1 U.8. international ampere 0.999835 absolute ampere (2-8)

0.999835 absolute coulomb (2-9)
1 U.S. international henry 1.000495 absolute henries (2-10)
1 U.S. international farad 0.999505 absolute farad (2-11)
1 U.S. international watt 1.000165 absolute watts (2-12)

1 U.S. international coulomb

/1 1

2.5 STANDARD ATMOSPHERE

The Tenth General Conference on Weights and Measures in
£

October 1954 ruled (3a) that the unit known as “normal atmospherie

pressure’’ is to be accepted “for all purposes” as

1atm = 1,013,250 dynes cm™2 (2-13)

So defined this is a conventional constant, with no error. The
earlier definition adopted in 1927 by the International Commission
of Weights and Measures (10), ‘““the pressure due to a column of
mercury 760 mm high, having a mass of 13.5951 g ¢cm™* subject to
a gravitational acceleration of 980.665 c¢m sec~? and equal to
1,013,250 dyne ¢cm™’ is equivalent to that of (2-13) but is decidedly
open to objection. As R. T. Birge points out (sce reference 1,
Chapter 1), no temperature is specified in the 1927 definition and
the word “mercury’” is technically superfluous. The definition is
operationally open 1o even more severe eriticism, since it specifies
no simple method for reducing to standard atmospheres an actual

barometer reading at an actual observed temperature. Since p, ¢,
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and h are specified in the definition, the atmosphere is uniquely
defined as (13.5951)(980.665)(76.0) dyne em™2 or 1013250.144354
dyne em™. Since the result of measurement is completely defined
in the definition, the definition is not only operationally poor but
operationally impossible—a measurement of the value of the
atmosphere is meaningless. If the result is not the one quoted in
the definition (or implied by it), it is wrong!

Geiger and Scheel’s Handbuch der Physik (11) gave a definition
of the normal atmosphere as

A, = H.p,(Hg)s,(H.0)g, = 1.01325, X 10° dyne cm=? (2-14)
in which

H, = height of normal barometer = 76.000 ¢m.

on = normal specific gravity of Hg (at 0° C, A,), referred
to air-free water of maximum density.
8,(H.0) = maximum density of water.

g» = normal gravity (as adopted by the Fifth General Con-
ference 1913);
= 080.665 cm sec.

R. T. Birge remarks (see reference 1, Chapter 1) that because it
is operationally explicit the definition of equation (2-14) ‘“‘secms
preferable in spite of international agreement to the contrary.”
In his 1941 review (12) of the physical constants R. T. Birge, on
the basis of later work on p,(Hg) (equation (2-14)) arrived at a
slightly lower value for A, (defined according to his preference as
in the equation (2-14) of (1.013246 + 0.000004) X 10° dyne em™2.
Small differences in p, for natural mercury from different sources
are not surprising since minute amounts of impurity may be present
and variations in its isotopic constitution may also contribute a
small amount of variation.

Birge’s two values of 4,, as he prefers to define it, agree with the
definition by international convention to within a few parts per
million. The only physical constants in our Tables 8-6 and 87
dependent on the definition of the normal atmosphere are the gas
constant, Ro; the Boltzmann constant, & = Ro/N; the four radia-
tion and thermal constants dependent on R, or k; the Sackur-
Tetrode constant (dependent on In R*?); and the multiplier of the
(curie constant)* to give magnetic moment per molecule, (3k/N)t.
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None of these constants are known at present with sufficient ac-
curacy to warrant concern over the slight differences in the de-
fined values of 4,.
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CHAPTER 3

Classical Measured Constants and Units

3.1 NEWTONIAN UNIVERSAL CONSTANT OF
GRAVITATION, G

This constant gives the gravitational attractive force, @, exerted
between two unit masses separated by unit distance. If M =
(4/3)7R*D is the mass of the earth, R being its radius and D its

mean density, then g, the acceleration of gravity at radius, R will
be

g = G@M/R? (3-1)

Since both g and R can be determined, the determinations of G
fall into two large classes: (1) Determinations of M with calculation
of G from equation (3-1) or (2) direct determinations of G by measur-
ing the gravitational force between two masses in the laboratory.
The second method leads to the more accurate results.

Attempts to estimate M, the mass of the carth, have been of two
kinds: () The mass of a mountain and the position of its center
of gravity are determined from the density of its constituent rock
and a survey of its shape. The deflection of a plumb line away from
the vertical by reason of the attraction of the mountain is then de-
termined. This was done, for example, by astronomical observations
of the direction of the plumb line on two sides of the mountain in
a determination in 1775 by Maskelyne, British Astronomer Royal
on Mount Schiehallion in Perthshire. The estimated average density
of the mountain was 2.5 g em™, and the difference in direction of
the two plumb lines was 12 sec of are. From these results the carth’s
mean density was calculated to be 5.0 ¢ cm~*. This results in a value

G =74 X 10-8 dyne cm? g2 (3-2)

(2) In 1854 Airy made precise determinations of g, the acceeleration
of gravity, by means of a pendulum at the top and bhottom of a
14
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mine shaft. Let g; and ¢. be these two values. By this means he was
able to compare D, the mean density of the earth, with d, the density
of the swrface constituents in the layer above his lower point of
observation, and since d could be estimated from density deter-
minations on samples of rock, D could be computed. If h is the
depth below the surface at which g, is measured it can be shown
that, to first approximation,

=i nfg 3 (3-3)

The value of d was found to be 2.5 g cm™ and D, the mean density
of the earth, was caleculated to be 6.5 g em~3. This results in a value

G = 5.7 X 108 dyne ¢cm? g (3-4)

In view of the difficulties of estimating the mean density of a moun-
tain or of an extended layer of the earth’s crust from a few samples
of rock it is not surprising that the above values are correct to only
about 10 or 15 per cent.

Direct determinations of by measuring the gravitational force
attracting two masses in the laboratory have been made by two
methods called static and dynamic.

1. In the static method the force of attraction of a stationary
mass for a movable mass is measured cither by the steady deflec-
tion of a torsion fiber or by the additional angular deflection of the
beam of a chemical balance when a large massis placed at a measured
distance, close underncath a weight suspended [rom one arm of the
balance. Many corrections in such experiments for the gravitational
forces excrted by the stationary mass on other parts of the moving
system are required, and very great care to climinate air conveetion
currents is necessary. Table 3-1 containg some results obtained in
this way.

2. In the dynamic method, undoubtedly the most accurate of
all, two masses in the shape of spheres situated at cither end of a
straight horizontal rod of light material are suspended by a torsion
wire or fiber attached to the eenter of the rod. Two heavy stationary
masses in the shape of spheres or cylinders with their centers of
gravity in the same horizontal plane as that of the rod are arranged
so that they can be placed in cither of two positions: (a) with all
four centers in line horizontally, and (b) with the horizontal line
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joining the stationary masses, perpendicularly bisecting the line
through the centers of the masses on the suspended rod. In posi-
tion (a) the gravitational force supplies an additional restoring
force to that of the suspension. In position (b) the gravitational
forces reduce the restoring force. There will thus be a change in the
period of free oscillation of the suspended system depending on the
position of the stationary masses, which if determined yiclds a value
of @, provided the masses and their complete geometry are ac-
curately known. Corrections for the forces exerted on the oscillating
bar are required. Probably the best determination not only by this

Table 3-1. Measurements of @, the Newtonian Universal Constant of Gravitation

G X 108
Date and Experimenter Method of Measurement  dyne cm? g2
1798 H. Cavendish (1a) Static torsion balance 6.754 4= 0.041
1878 Cornu and Baille Static torsion balance 6.618
1881 von Jolly Chemical beam balance 6.465
1891 Poynting (1b) Chemical beam balance 6.6984
1895 Boys (lc) .Static torsion balance 6.6576
1896 Braun Dynamic torsion balance  6.658
1896 Eolvos Static torsion balance 6.66
1898 Richarz and Krigar-Menzel —Chemical beam balance 6.684
1901 Burgess Dynamic torsion balance  6.64
1930 Heyl (1d) Dynamic torsion balance  6.670 == 0.005
1942 Hey) and Chrzanowski (le)  Dynamie torsion balance 6

.670 == 0.005

method but of all determinations made to date is that of Heyl and
Chrzanowski at the U. 8. National Burcau of Standards (le) in
which they obtained

G = (6.670 == 0.005) 10~® dyne em? g2 (3-8)

It is this value which, following R. T. Birge (sce reference 12,
Chapter 2), we adopt for recommendation.

Table 3-1 lists most of the precision determinations of G.

The constant G is a very exceptional universal constant in that
no generally accepted theoretical formulas as yet relate it to any of
the other constants or magnitudes of physics. A. Iddington has
proposed a formula relating G to the total number of particles in
the universe and to the ratio ¢?/(m, + m,)?, where ¢ is the elec-
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tronic charge and m, and m. are the masses of electron and proton.
His formula also involved the exact whole numbers, 136 and 137,
which played a prominent role throughout Eddington’s theory.
Eddington’s ambitious attempt to construct a purely deductive
theory “based on epistemological principles and not on physical
hypotheses” by which he endeavored to compute the fundamental
constants of nature without appeal to experimental observations
can no longer be taken seriously. Eddington’s relatively simple
world picture assuming a closed universe with a finite constant
number of elementary particles and including explicitly only the
electron and the proton is certainly not in accord with our more
recent observations.

3.2 ACCELERATION OF GRAVITY

The acceleration of gravity varies from point to point on the
carth’s surface because of (1) the centrifugal force accompanying
the earth’s rotation, (2) departures of the earth’s figure from a per-
feet sphere, (3) local variations of density. The International
Gravity Formula giving the dependence of the acceleration of
gravity, ¢, at sea level on the latitude, ¢, is given (2) as

g = 978.0495

(3-6)
-[1 4+ 0.0052892 sin?¢p — 0.0000073 sin’2¢] cm sec?

The acceleration, g, falls off at the rate of —0.0003086 cm sec™? per
meter increase in altitude above sea level.

The standard value of gravity, or “normal gravity,” g., adopted
by the Fifth General Conference of 1913, was defined as (3)

g» = 980.665 cm scc? (3-7)

It corresponds nearly to the value of ¢ at latitude 45° and sea level.

Preliminary results of a precision redetermination of ¢ at the
International Burcau of Weights and Measures were reported at
the Tenth General Conference (see reference 3, Chapter 2) on
Weights and Measures, October, 1954. According to this new work
it appears that the “Potsdam value” of gravity in use for the last
50 years may have been too large by 24 ppm. What revisions in
the formula (3-6) may be required when definitive results of this
new work are available are at present unpredictable.
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3.3 NORMAL MOLE VOLUME OF AN IDEAL GAS;
GAS CONSTANT
The normal mole volume of an ideal gas is the volume occupied
by 1 g mole at 0°C under 1 atm pressure. R. T. Birge (see refer-
ence 1, Chapter 1) and later in more detail Birge and J enkins (4)

have given the theory connecled with the determination of this
constant.

For an ideal gas we have
pV = mE TO/M (3—8)

where p = pressure, V = volume, m = mass in grams, M = gram
molecular weight, Ty = absolute temperature of the ice point
(0°C), and Ry = gas constant per mole. If m/M =1andp = 1,
we get

V = Vo= R (3-9)

where V, is the normal mole volume in the units chosen. We shall
choose the conventional standard atmosphere of equation (2-13)
as the unit of pressure. Some care is required in reading the research
literature since it is customary for workers in the field of limiting
gas densities to express their experimental results in terms of the
45° Atmosphere, based on a definition of the atmosphere using the
value of g at 45° latitude in equation (2-14) rather than standard,
g, = 980.665 cm sec™> (g4s = 980.616 cm sec—?.) It must also be
recalled that there exist two scales of atomic weights, the chemical
and the physical scales, as will be explained in Chapter 4. We shall
use the physical scale of atomic weights in which the O isotope of
oxygen has the atomic weight 16 exactly.

A real gas satisfies equation (3-8) only at zero pressure. From
(3-8) and (3-9) we may write |

(pV)o = mVo/M (3-10)

an equation holding for a real gas, where (pV)y is the limiting value
of pV at zero pressure. Let us define the quantity, «, by

@EV)o/(PV)1 =1 — « (3-11)

where (pV)1 is the value of pV for 1 atm pressure. Let us also de-
fine three quantitics, L, L, and L as follows:

L=m/pV) Li=m/(pV)1 L. = m/(pV) (3-12)
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Since m/V = p = the gas density, we have L = p/p and L =
L, = pfor p = 1. Thus L, is the actual density at 1 atm and Liim
is the density the gas would have at 1 atm, if it were an ideal gas.
Both L and pV vary with p for a real gas and Liin, and (pV), are
the limiting values at p = 0 (obtained by cxtrapolation).

From equations (3-11) and (3-12)

Li/Lyw = (pV)o/(pV)1 = 1 — « (3-13)
From equations (3-10), (3-12), and (3-13)
V() = M/Llim = M(]. - C\{)/Ll (3-14:)

This equation is used to evaluate Vo. The values of (1 — «) and
L may be obtained in the same or in separate investigations.
Oxygen is always used as the gas to minimize the error in M. In
a method due to Cragoe described by Birge (sce reference 12, Chap-
ter 2) the behavior of pV/(pV);: over a wide range of pressures
(0 to 100 atm) is empirically fitted to a power law in the variable
(V4/V — 1) by least squares, and this expression is extrapolated
to zero pressurc by putting V = oo, from which Birge deduces

PV)o/(pV)1 = 1 — a« = 1.0009535 (3-15)

After a consideration of the work of several authoritics, Baxter and
Starkweather (1928) (5a), Batuecas (1935) (5b), Moles, Toral, and
LEseribano (1939) (5¢), and Cragoe (1941) (5d), Birge (sce reference
12, Chapter 2) arrived at the value

Vi = 22414.6 & 0.9 em® atm mole™! (chem. scale)  (3-16)
If one converts this to the physical scale of atomic weights using
Birge’s value of the conversion constant, r = 1.000272, one obtains
Vo = 22420.7 & 0.9 cin® atm mole™! (phys. scale)  (3-17)

3.4 GAS CONSTANT
By, the gas constant per mole follows directly from equation
(3-9) and the value of T, the ice point on the Kelvin scale. Using

for the latter the most recent (1954) definition in which Ty = 273.15°
K, we obtain

Ry = Vo/Ty = (8.31696 = 0.00034)

3-1
X 107 erg mole™! deg™! (phys. scale) (3-18)
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3.5 THE JOULE EQUIVALENT

Two factors for converting magnitudes expressed in units of heat
quantity (the calis°) to units of energy were distinguished by R. T.
Birge in his 1941 review (see reference 12, Chapter 2), depending
on whether the energy units were “international joules” or “abso-
lute joules.” The first, J'15, which he gave as 4.1847 4= 0.0003 int-
joule cal='j5, he called the “electrical joule equivalent,” while the
second, J 5, which he gave as 4.1855 £ 0.0004 abs-joule cal~'y;, he
called the “mechanical joule equivalent.” The distinction was re-
quired because of the difference between the unit of energy, the
int-joule on the International system of electrical units (Section
2.4) and the unit of energy on the cgs system, the abs-joule. For-
tunately, the abolition of the international units in 1948 makes the
distinetion no longer necessary save that it must be borne in mind
in analyzing determinations expressed in the earlier units. A new
distinction, however, is pertinent as regards the units of heat quan-
tity involved in this conversion factor. This comes about because of
a recommendation by F. D. Rossini (6) to define a unit of heat
quantity, the ‘“thermochemical calorie” at the cxact value:

1 thermochemical calorie = 4.1840 absolute joules  (3-19)

The thermochemical calorie is to be distinguished then from the older
unit, the 15° calorie defined in terms of the heat capacity of water
at 15°C.

Birge's 1941 evaluation of the Joule equivalent was based on three
experimental sources, Jaeger and Steinwcehr (1921) (7), Laby and
Hercus (1927) (8), and Osborne, Stimson, and Ginnings (1939) (9).
Laby and Hercus determined the “mechanical joule equivalent’
directly without electrical energy measurements, whereas the other
two investigations determined the thermal equivalent of a measured
amount of electrical energy. No new work of this kind that has been

done since 1941 is known to us, and we therefore adopt Birge’s
average value

Jis = 4.1854 £ 0.0004 abs-joule cal='y; (3-20)

with a scarcely significant modification of one unit in the last place
because of the change in the definition of the scale of absolute tem-
perature effected at the 1954 Tenth General Conference (Section
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2.3). The relation between Rossini’s thermochemical calorie and
J1:°%c of equation (3-20) is then

cali;°% = 1.00034 + 0.00010 thermochemical calories (3-21)

3.6 ELECTROCHEMICAL DETERMINATIONS OF
THE FARADAY

The Faraday, F, may be defined as that quantity of electricity
whose flow is associated in electrolysis with an amount of aggregate
chemical effect at each of the metallic-electrolytic boundaries in
the electrical circuit equal in magnitude to a total of 1 g equiv, W,
of the atoms or molecules entering into the reaction. If, as is fre-
quently the case, several electrochemical reactions occur simul-
taneously at an electrode, Faraday’s law will hold only if the total
number of equivalents which have entered into reaction are used
in the computation. If the product of one electrode in a cell is carried
by diffusion or other means to the other electrode, the product may
be wholly or in part restored to its original condition. Let us con-
fine our attention for the moment to the simple case of a pure reac-
tion at one electrode with which m grams of mass of a single reactant
alone are involved as the sole product.

If a charge, Q, is associated in the electrolysis with m grams mass,
then we shall have

F=Q/(m/W) =W/(n/Q) = W/E (3-22)

Here m/W is the number of gram equivalents of the substance
clectrolyzed. The electrolytic experiment consists in measuring
the mass, m, and the corresponding charge, Q. m/Q = E, is called
the electrochemical equivalent, i.e., the mass associated in the clec-
trolysis with unit charge. To obtain the Faraday, then, one must
know not only the measured electrochemical equivalent, E, but
also the gram equivalent, W, i.e., the quotient of the atomic or
molecular weight by the valence. If the substance is univalent, the
gram equivalent, W, is simply the atomic or molecular weight in
grams. The number of atoms or molecules in a gram equivalent
is N /v, where N is Avogadro’s number and v is the valence. Kach
atom or molecule carries a charge, ve, where e is the electronic charge.
Hence the total charge carried by 1 g equiv is ' = Ne. It is this re-
lationship between the Faraday and the two important atomic
constants, N and e, which accounts for our interest in measuring F.
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The value E is measured by means of an electrolytic cell, and the
mass actually liberated or deposited per unit charge passing through
the cell is unfortunately not in general exactly the true mass asso-
ciated with the charge. This difficulty was clearly evident in 1910
from the work of the International Technical Committee in their
efforts to establish a reliable procedure for reproducing the Inter-
national Ampere with the silver voltameter (see reference 9, Chap-
ter 2). In that device it is observed that “anode slime’ is formed at
the silver anode. To prevent this slime from getting to the cathode,
where it might cause an error in the weight of the deposit, several
arrangements have been used. In the Rayleigh form the anode is
wrapped in filter paper. In the Richards form a porous procelain
pot surrounds the anode to catch the slime while permitting the
current to flow in the electrolyte in the pores. In the Kohlrausch
form a glass cup catches the slime. In the Smith form a glass cylin-
der can be lowered at the completion of the run so as to fit tightly
on the upper edge of the cup and prevent any spilling of material
when the voltameter is disassembled. A siphon form was also tried
in which the two electrodes were in separate vessels. The work of
the committee showed clearly that voltameters of different types
might give consistently different results. For instance the silver
deposits in which filter paper was used were heavier by about 150
ppm. The 1910 committee was “of the opinion that the specifica-
tions for the silver voltameter should not be completed until further
experiments shall be made.” A great deal of work (10) was done at
the U. 8. National Bureau of Standards in response to this recom-
mendation. A number of sources of error were tracked down and
definite operating procedures for the silver voltameter were formu-
lated, but the specifications were never officially adopted.

A study of this work on the silver voltameter clearly shows that
the emphasis at that time was dirccted towards obtaining repro-
ducible values of the electrochemical equivalent rather than a meas-
urement of fundamental absolute significance for the purpose of
determining the Faraday. This was natural since the objective at
the time was to obtain specifications for a working procedure which
would empirically define the ampere with as much reproducibility
as possible. Three possible sources of error in the use of the silver
voltameter for an absolute precision determination of the [Faraday
can be cited. (1) The measured gain in weight of the cathode may
not be entirely due to deposited silver; there may be in the deposit
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“inclusions” of other matter from the electrolyte. (2) Some of the
deposited silver may redissolve in the electrolyte, or otherwise be-
come detached, before weighing. (3) The deposited silver may not
have quite the same isotopic constitution as that of ‘“natural”
silver on which the accepted value of the chemical atomic weight
of that element (the value used in computing the Faraday) is based.
When these voltameter experiments were performed isotopes had
not yet been discovered, and the atomic weight of a naturally oc-
curring element such as silver was thought to be an invariable
quantity. It is now known that electrolysis may well introduce an
appreciable change in isotopic constitution and thereby affect the
mean atomic weight. Silver has two isotopes of almost equal abun-
dance which differ in mass by about 2 per cent. This abundance
ratio is the most favorable one for producing a systematic error
through selective electrolytic separation. If in the cathode deposit
the ratio of the light to the heavy isotope content is greater by 1
per cent than it is in the solution, the deposit will be 46 ppm lighter
than if no such selective separation had occurred.

Todine, on the other hand, occurs naturally in only one stable
isotopic form, I'*7, and it is possibly significant that the electrolytic
Faraday determinations of G. W. Vinal and S. J. Bates made with
the “iodine coulometer” (developed by E. W. Washburn and further
perfected by one of his students, S. J. Bates) disagree with those of
the silver voltameter by an amount considerably greater than the
obvious experimental estimates of uncertainty would lead one to
expect. Not only is this true but the iodine results are in much better
accord with the consensus of the now considerably overdetermined
remaining relevant data on the atomic constants than are the silver
results. (See Section 8.3.) In view of the great advantages of the
iodine coulometer over the silver voltameter it is most surprising
that this method was not adopted in place of the electrolysis of
silver for standardizing and reproducing the coulomb and the ampere
by the International Technical Committee. These advantages,
listed by 8. J. Bates in his doctoral thesis, 1912 (11), werce later
fully substantiated by a study at the U. S. National Bureau of
Standards done in 1914 by 8. J. Bates and (. W. Vinal, entitled
“Comparison of the Silver and the Iodine Coulometers and the
Determination of the Value of the Faraday’’ (12). Bates in his thesis
explains the working of the iodine coulometer as follows:

“An aqueous solution of potassium iodide to which iodine has
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been added contains both iodide and tri-iodide ions. When a cur-
rent of electricity is passed through such a solution the reaction

I, +2(—) =3I~ (3-23)

takes place in the direction from left to right at the cathode and in
the reverse direction at the anode. Hence a cell in which the elee-
trodes are surrounded by such a solution should contain the same
total amount of “free iodine’ before and after the passage of an elec-
tric current. By separating the electrodes and the solutions surround-
ing them by a conducting solution of an iodide, the changes in the
amounts of ‘free iodine’ at the two eclectrodes can be determined
[by titration] and if the reaction is a perfectly clean-cut one, free
from all disturbing side reactions, the results at the two electrodes
should check each other. The iodine coulometer therefore contains
within itself the proof of its own correetness, for if it can be shown
that identical amounts of iodine are involved in the reactions at
both electrodes under varying conditions of concentration and cur-
rent density it will establish beyond question the fact that the anly
reaction, involving electricity, which oceurs at the anode is that ex-
pressed by the equation (3-23). In this particular the iodine coulo-
meter possesses an enormous advantage over the silver coulometer,
for, as is well known, no such quantitative proof of the nature of the
reaction is possible with the latter coulometer.”” Bates in his thesis
compared the results of eight runs with two iodine coulometers in
series and obtained an average deviation from the mean of each
pair of results of only 20 ppm. He also compared the equality of the
anode and cathode reactions in four runs and concluded, “The results
show that, within the limit of error of the analysis the same amount
of iodine is formed from iodide ions at the anode as is converted
tnto 10dide ions at the cathode.”

He continues, “The iodine coulometer is, therefore, cortainly free
from any constant source of error amounting to more than 0.002
pereent. The reproducibility of the reaction at the anode is all that
could be desired and fulfills all of the requirements necessary for a
trustworthy determination of the value of the Faraday within 0.005
percent.”’

In the Burcau of Standards comparison of the iodine and silver
coulometers by Vinal and Bates the arithmetic mean deviation from
the mean in six determinations of the ratio of iodine titrated to silver
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deposited was 85 ppm, whereas for the same runs the ratio of iodine
to quantity of electricity (as measured by standard cell and resist-
ance) showed an arithmetic mean deviation from its mean value of
79 ppm. The ratio of silver deposited to quantity of electricity
showed an arithmetic mean deviation from its mean value of 30
ppm. Thus the iodine coulometer was not quite as reproducible as
the silver in these six runs. The two most approved forms of the
silver coulometer, that of the porous cup and that of Smith, de-
veloped expressly to obtain high reproducibility, were used. How-
ever, the relative merits of the two coulometers for obtaining abso-
lute accuracy in the determination of the Faraday must be clearly
distinguished from their relative reproducibility. The Faraday
values obtained by the two coulometers have recently been re-
calculated by G. W. Vinal (1949) and later (1951) corrected by J. A.
Hipple for the new atomic mass of iodine with the following results:

Iodine Faraday = Ne’

= 0652.15 = 0.13 abs emu (g equiv)~! (phys. scale) (3-24)
Silver Faraday = Ne’
=90651.29 =+ 0.19 abs emu (g equiv)~! (phys. scale) (3-25)

The difference between these two results, 0.86 =4 0.23, is un-
comfortably large in comparison to its expected standard error.

It was the effort to achieve better consistency in the entire pic-
ture of the determinations bearing on the atomic constants which
first emphasized the above discrepancies and indicated that the
iodine value was more likely to be the truec one. As early as 1928
R. T. Birge (reference 1 Chapter 1) distinguished a systematic dif-
ference between what he called the ‘“spectroscopic’ and the “de-
flection” values of e/m, the charge-to-mass ratio for the electron.
He at first thought that ¢/m might be different depending on whether
the electron was “inside’” an atom or “‘in free space.” In reality his
so-called spectroscopic measurements of ¢/m amounted to deter-
minations of the ratio of the electronic and nuclear masses (by com-
parison of the Rydberg values for different light atoms), and a value
of the IFaraday constant had to be introduced to compute ¢/m from
the spectroscopic data. This constant did not enter in deriving ¢/m
from ‘“deflection’” measurements, however. Birge initially had pre-
ferred the silver value to the iodine value hecause of the great care
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which had been expended to make the method highly reproducible
and partly because it was then regarded as the basis for defining
the international coulomb. It was first pointed out (in 1940) by one
of the present authors that the apparent difference between the two
sets of values of e¢/m might stem from a systematic error in the
silver Faraday value—a suggestion which Birge (reference 12,
Chapter 2) immediately accepted as plausible.

The most recent adjustment of the atomic constants still supports
the view that the iodine value is more nearly correct than the silver
value. The true source of the discrepancy is still obscure, however,
in spite of two further investigations undertaken recently by A. I.
Scott of Reed College, Portland, Oregon (13) and by D. N. Craig
and J. I. Hoffman at the U. S. National Bureau of Standards (14)
in an effort to clarify the matter. The first of these comprised a
careful review of all methods to determine the amount of “inclu-
sions”” in the silver deposit of the silver coulometer and an attempt
to estimate inclusions by means of radioactive tracers. The second
was a redetermination of the Faraday with a coulometer employing
the electrolytic oxidation of sodium oxalate in a supporting solution
of sulfuric acid. The reaction

CO——2 CO. -+ 2(—) (3*26)

was carried out in a coulometer with a gold anode and a platinum
cathode, the anode and cathode vessels being connected electrically
through four siphons dipping into three beakers to isolate anode
and cathode solutions. A weighed quantity of sodium oxalate was
added to the anode vessel and, after the electrolytic oxidation, the
residual oxalate was determined by titration with KMnQ, As
Craig and Hoffman point out, the oxalate coulometer has the ad-
vantage that since a large fraction by weight of the measured sub-
stance, C:0,, is oxygen, the errors resulting from uncertaintics in
atomic weight are minimized.

Seventeen determinations of the Faraday, twelve with a small
and five with a large oxalate coulometer, were made with results
ranging from about 9652.6 to 9651.1 absolute emu per gram cquiva-
lent on the physical scale of atomic weights. The mean of their
oxalate values came out lower than the iodine Faraday. The dif-
ference,

0.8 = 0.32 abs emu (g equiv)~! (3-27)
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is still uncomfortably large relative to its expected standard devia-
tion. The difference hetween the mean of the oxalate values and the
silver values, on the other hand, is

0.06 =+ 0.36 abs emu (g cquiv)~* (3-28)

This very good agrecment could indeed be considered as a verifica-
tion of the silver value if no other information were available.
Actually, however, a study of the scquence of results obtained in
seventeen measurements by the oxalate method shows a decidedly
marked trend downward when the results are arranged in the tem-
poral order in which the measurements were performed. The first
two measurements are in good accord with the weighted mean of
the iodine values, whereas the mean of the last two measurements
yields a value more than 1 absolute emu lower. This downward
trend shows no suggestion of leveling off in the plot presented in
Craig and Hoffman’s paper (14). Such behavior strongly suggests
an experiment ‘“‘out of control.” The reason is obscure but the sus-
picion is inescapable.

Craig and Hoffman conclude that the errors from the electrical
measurements, and the determinations of mass of input oxalate
and residual oxalate by titration are negligible, as arc also crrors
from possible abnormal isotopic abundances of the carbon and oxy-
gen isotopes. To establish this, mass spectroscopic studies were made
of the carbon and oxygen used. Craig and Hoffman say that the
uncertainties in the equivalent weight and purity of the sodium
oxalate are their principal sources of crror.

Further work on the iodine coulometer is reported to bhe in prog-
ress at the Rockefeller Institute for Medical Research, New York,
New York, by D. A. MacInnes (15) using several improvements
depending on newly developed modern techniques.

The high Faraday value obtained with the iodine coulometer has
received support not only from indirect considerations of consistency
with independent information from other physical measurements
on the atomic constants but also from a direct measurement of the
charge-to-mass ratio for protons. This was done at the U. 8. National
Bureau of Standards as the result of two admirable pieces of pre-
cision measurement involving the new proton resonance techniques
which have revolutionized the stabilization and measurement of
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magnetic fields. This will be described in Sections 6.3 and 6.4; we
shall here only quote the result as

F = 9652.2 4= 0.3 abs emu g™! (phys. scale) (3-29)
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CHAPTER 4

Masses of Atoms and Mesons

4.1 MASSES OF CERTAIN LIGHT ATOMS BY NUCLEAR
REACTION ENERGIES

The atomic masses of light nuclei on the physical scale of atomic
masses have been obtained with great accuracy by the method of
measuring the energy balance in nuclear reaction energies. The
literature on this method has now become quite extensive (1). This
method at the date of writing is probably more accurate for de-
termining the relative masses of the lighter atoms than any mass
spectrographic method and far more accurate than any of the
older chemical methods. Consider a nuclear reaction

X+z—Y+y (4-1)

in which a bombarding particle, x, with measured kinetic energy,
T. reacts with a target nucleus, X (initially stationary). The final
products of the reaction are a nucleus, Y, with measured kinetic
energy, Ty, of mass, My, and a particle, y, with kinetic energy and
mass, T, and m,. Since mass and energy are relativistically equiva-
lent under the Finstein relation

(Mass) ¢ = Inergy (4-2)
the conscrvation of energy for the reaction (4-1) can be written
(Tz 4+ mac®) + (Mxe?) = (Ty + Myc?) + (Ty + myc?) (4-3)

The net gain, in total kinetic energy associated with the product
particles, relative to the total kinetic energy of the input or re-
actant particles is called the reaction energy balance or the @ of
the reaction.

Q=Ty+ Ty — T = (Mx + ms — My — m,)c* (4-4)

If Q is positive the reaction is said to be exothermic or exoergic,
20
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and the contrary reactions are called endothermic or endoergic.
Clearly a study of such reactions with precision measurements of
Q-values in terms of energy in electron volts affords a very sensitive
method of determining mass differences between particles of nearly
equal mass. The differences are relatively much smaller than the
masses so that very moderate precision in the Q-value measure-
ments is all that is needed to establish the masses with very high
precision. More than one nuclear reaction may well be needed to
yield enough simultaneous equations such as (4-4) to obtain the
mass difference between a pair of particles as, for example, the
neutron and the proton. However, a great number of nuclear re-
actions in the light elements have been precisely measured; so
many in fact that the available information on nueclear Q-values

Table 4-1. Atomic Masses and Mass Ratios of Certain Light Atoms and Nucleons

(Physical Scale).

Neutron n = 1.008982 =+ 0.000003 (4-9)

Hydrogen Atom H = 1.008142 = 0.000003  (4-10)
Deuterium Atom D = 2.014735 £ 0.000006  (4-11)
Atomic Mass of Proton M, = H-Nm = 1.007593 = 0.000003  (4-12)
Ratio, Hydrogen to Proton H/M, = 1.00054461 (4-13)
Atomic Mass of Deuteron My = D-Nm = 2.014186 == 0.000006  (4-14)
Ratio, Deuterium to Deuteron D/M; = 1.00027244 (4-15)

affords a high degree of overdetermination for establishing mass
differences of all the isotopes of all the light elements from the
neutron through sulfur (Z = 16). Since this includes O'¢, the isotope
which by definition has atomic mass exactly 16 on the physical
scale, the method affords an extremely precise set of atomic mass
values good to a few parts in a million for all these light nuclei.
This corresponds to determining the @-values of the reactions with
an accuracy of the order of 1 kv. Li, Whaling, Fowler, and Lauritsen
in an important study in 1951 used the Q-values of 57 different
nuclear reactions to establish a table of masses of 31 isotopes be-
tween Z = 0 (the neutron) and Z = 9 (fluorine). Van Patter and
Whaling (2) in 1954 list separately all the Q-valuc determinations
that have been made on no less than 474 nuclear reactions, About
600 independent @ determinations are tabulated by them. To the
date of this writing no evidence has appeared significantly discordant
with the mass values and their error measures as given by Li,
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Whaling, Fowler, and Lauritsen, though some work claiming
slightly smaller error measures has recently been published by
Wapstra (3). The precision of the mass values given by Li, Whaling,
Fowler, and Lauritsen is amply sufficient for the purpose we shall
make of them in determining the general constants of physics.
We therefore adopt the values given in Table 4-1, which are based
on the work of these authors combined with Nm, the atomic mass
of the electron, which is required in order to compute M, and M.,
the atomic masses of the proton and the deuteron.

Atomic mass of clectron, Nm = 0.000549 (physical scale) (4-5)

Information on the atomic mass of the electron is available from
two independent sources (4).

1. The isotopic shift in the spectrum of hydrogen and deuterium
caused by the effect known in German as the “mitbewegung des
kerns” leads to an evaluation of the atomic mass of the electron.
The wave number difference, #7p — ¥r, between the Ha and D«
lines of the Balmer series is easily shown to be related to the atomic
mass, Nm, of the electron* and to the atomic masses, i/ and D,
of the hydrogen and deuterium atoms by the formula

DH(ip — 5) _ DHA

Nm = i = D = Hyiy + Hb

4-6
DHA 6

= (D = Hix + DA

where A = 7p — ¥g.
If we can neglect HA < (D — H)ip; 1 < 3700, we have
DH A
D —H ip
Using the Li, Whaling, IFowler, and Lauritsen values for A and D,
a least-squares evaluation (4) of the data obtained by three inde-

pendent sources, Shane and Spedding (5), C. F. Robinson (6), and
R. C. Williams (7), leads to the atomic mass for the electron

(Nm)spees = (5.4895 == 0.0008) X 10— (4-7)

Nm =

* We reserve the letter, m, to designate the absolute mass of the electron in

grams; Nm is the atomic mass of the electron on the physical scale of atomic
masses.
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2. The atomic mass of the electron may also be determined from
a comparison of the “eyclotron frequency of the electron’ with
the ““cyclotron frequency of the proton.” Comparison of the results
of Gardner and Purcell on the cyclotron frequency of the electron
with those of Hipple, Sommer, and Thomas measuring the cyclotron
frequency of the proton in magnetic fields standardized in both cases
by the method of proton resonance leads to the mass ratio of elec-
tron to proton, m/M, = 5.44640 X 10—, and using 1.007593 for
the atomic mass of the proton we find

(N'm) icrowave = (5.48775 == 0.00013) X 10—+ (4-8)

which is smaller than (Nm)spees by 0.0018 4= 0.0008. We need not
be concerned with this discrepancy here, however, because for our
present purpose of calculating M, and M, only the first three digits
need be known accurately, as given in equation (4-5). We shall re-
turn in Chapter 6 to a fuller description of such microwave and
cyclotron resonance experiments.

4.2 MASSES AND PROPERTIES OF LIGHT MESONS

Since the prediction of mesons by Yukawa (8) and the discovery
of the mesotron in cosmic rays in 1933-1936 (9), there has been a
gigantic growth in the field of elementary particles. Not only does
the number of well-established unstable particles grow at an alarm-
ing rate, but also the number of basically new and more powerful
techniques for their production and study increases without ap-
parent limit. The available fluxes and energy ranges of these par-
ticles increase steadily. In fact, the sheer concentration of physicists
concerning themselves with these problems guarantees that the
new developments and the basic understanding of the clementary-
particle processes will be such that at any time it is hopeless to try
to summarize a very large part of the information. Merely the delay
in publication renders even a last-minute account obsolete by the
time it reaches the readers. On the other hand, there is a limited
number of what might be called the static propertics of the par-
ticles—their masses, mean lives, and modes of the decay processes,
spins, parities,* and charges, and perhaps their reactions when they

* The recent evidence on parity nonconservation in weak interactions is dis-
cussed in Sections 4.3¢ and 4.3g. The detailed consequences, both theoretical
and experimental, of this evidence cannot be completely evaluated at this time.
Although most of the effects in strong interactions must be negligible, the polariza-
tion effects may have been overlooked where the decay processes are involved.
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come to rest. However, the production processes and their inter-
actions will present a changing picture for a long time to come as
higher energies and higher fluxes become available through tech-
nical advances. For this reason the reader is urged to consult the
comprehensive study by Bethe and de Hoffmann of mesons and
fields (10), as well as the excellent reviews on interactions of pions
by Henley, Ruderman, and Steinberger (11) and by Gell-Mann
and Watson (12).

There are several properties of particles that can be exploited
to measure their masses. In general one selects a pair of easily
measurable quantities that have different functional dependences
on mass and velocity and that can be measured simultaneously—
a technique that is crudely analogous to electric and magnetic
analysis of particles in mass spectroscopy. Iixamples of what might
be selected are: () The velocity as measured by time of flight or by
the angle of its characteristic Cerenkov radiation. (2) The energy
loss, which is very closely a function of the charge and velocity only.
In a nuclear-emulsion track, the number of developed grains per
unit length, the gap count, and the relative opacity of the track,
each can be empirically related to the energy loss. Similarly, the
drop count or density or the width of a cloud-chamber track, and
the bubble density in a bubble-chamber track, are useful measures
of ionization loss. (8) The total range, which will be shown to be
proportional to the mass times a function of velocity and charge.
(4) The curvature or angle of deflection in a magnetic field, as
specified by the momentum and charge of a particle. (5) The mul-
tiple-scattering angle as observed in nuclear emulsion, which de-
pends on the quantity Z/pv, where the charge is equal to Ze.

These general propertics—which are, apart from velocity, all
basically eclectromagnetic interactions—have been combined in
all the possible combinations to identify various mesons, and a few
combinations have proved remarkably precise.

The conservation of charge in all reactions assures that the specific
charge on the meson will be an exact multiple of the electronic
charge. This equality will be assumed throughout the discussion.

In addition, the kinematics of the reactions that mesons undergo
furnish mass data. Recently, the mesic x-ray studies have developed
to the point where precise limits on the masses have been found.
These data will be reviewed.

A more or less arbitrary division is made between those rough,
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early measurements that served chiefly to identify a new particle,
and later, more precise mass measurements that may be regarded
as of quantitative value. Many of the earlier mass determinations
of the light mesons will, of course, be arbitrarily excluded; when
possible some hint of the cause of any discrepancy will be made;
for the most part, however, we shall concentrate on those measure-
ments with comparable errors.

a. Pion Mass—Momentum and Range

The best values of the m- and u-meson masses are obtained by a
method stemming basically from the earliest cosmic-ray measure-
ments, made with the cloud chamber by Brode and his collabora-
tors (13). The simultaneous measurements of the momentum by
curvature in a magnetic field and of the range in a known material
are sufficient to fix the mass. With a controllable source of pions
and their observation in nuclear emulsions, Gardner and Lattes
(14) were able to do substantially the same experiment by defining
the trajectories in the cyclotron field to fix the momentum of the
pions and determine the range in nuclear emulsion. The range can
be calculated from the energy-loss theory (15) and the composition
of the emulsion. To the accuracy obtainable by this experiment,
it is necessary to extend the emulsion proton range-energy measure-
ments (actually range-velocity measurements) to match the velo-
cities of the pions. This was done by Bradner et al. (16) in a sepa-
rate experiment, and the early published pion mass (17) included
the errors due to uncertainties in both experiments:

M, = (276 = 6) m
M, = (210 &+ 4) m

1l

(4-16)

In the following, we will refer to meson masses in electron-mass
units m.

In 1949, a group headed by Eugene Gardner began an experi-
ment to reduce the large errors by an ingenious successive approxi-
mation that would eliminate the specific dependence upon the
range-energy relations. This idea, chiefly due to W. H. Barkas,
is as follows: One uses for range-calibrating particles protons with
a velocity equal to that of the pions. These enter the emulsions in
the same bombardment as the pions (see Figure 4-1). To a very
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Figure 4-1. Plan view of the mass ratio experiment, from the work of Barka
et al. (21). Lither the proton target or the pion target is bombarded in two
exposures made on the same nuclear plate.

good approximation the energy loss in condensed materials is a
function only of the velocity of the particle. For a particle of ve-
locity » = B¢, and with charge Ze,

dE/dx = —Z¥(B) (4-17)

where the energy B = T 4 Mc* = yMe2, and v = (1 — 8~ i By
integrating the encrgy-loss relation to find the range & for the par-
ticle that has an initial energy E, one has

2 dE M b 38 dB M

Me? sz(léj - £ Jo f(ﬁ}— - 725 (7(:8) (4-18)

It follows that the quantity R/M is also a function of velocity only,
so that for unit charges, if P,/P, = M./M s

By _ gy = (L0 (P _ R .
m, = “B) =0 (M ,.> B ”(M,) =, (4-19)

It therefore follows that if one chooses the momentum ratio in pro-
portion to the estimated mass ratio, one obtains successively hetter
estimates from the ratio of the ranges. The convergenee 1o a sta-






