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COULOMB'S ELECTRICAL MEASUREMENTS

~Experiment No; 14

I. BACKGROUND

The study of electricity in the latter half of the 18th century
can be viewed in the light of two major influences, One was the re-
finement, with increasing mathematical sophistication, of the princi-
ples and methods of Newtonian mechanics, their general acceptance,and
ever-widening attempts to apply them, The other was the great surge
in experimental exploration of-electricity and the development of elec--
trical technique, which reached a climax in the mid-century with the
development of electrical machines, the discovery of the Leyden-jar
and the demonstration of atmospheric electricity and the electrical nature
of lightning. For the most part the subject had been in the hands of
the experimenters - many amateurs - and in particular physicians, and

its continued exploration broadened the range of phenomena, and brought  .

electricity into the domains of chemistry, physiology and medicine,
From the few isolated and arcane phenomena known at the beginning of
the century, the subject had in 50 years so grown that in 1767, Joseph
Priestly could write:

"The electric fluid is no local or occasional agent in
- the theater of the world, Late discoveries show its
presence and effects are everywhere, and that it acts
a pr1nc1p1e part in the grandest and most interesting
scenes in Nature," (V)

Inevitably the attempt would be made to bring an agency with such
ubiquitous manifestations, albeit often exotic ones, within the domair
of the apparently universal principles of mathematical philosophy.

The challenge was a clear one; but who woulddare, or was able, to
accept it? ' ' '

Hardly the great mathematical philosophers of the &ay! Some may
- have been ignorant of, or dlSlntersted in the subject others may have
shared Euler s feellngs : : ' '

"The subject almost terrifies me.- The variety it presents
is immense, and the enumeration of facts serves to confound
rather than to instruct...What occult powers of nature are
capable of producing effects so surprising...The greatest
part of Natural Philosophers acknowledge the1r 1gnorance

in this respect,,," (@A)

On the other hand, few of those who experimented with electricity
were sufficiently well-versed in Newtonian philosophy or fluent in
mathematics to attempt to° bridge the gap that lay between the formal-



theoretical and the practical-experimental., If they theorired at.
all, they limited themselves, perhaps wisely, to empirical, ad-hoc
theories limited to the domain of electrical phenomena per se ,

Even the simpler manifestations of electricity, the forces between
electrified bodies and the distribution of the electric fluid between
conductors and insulators, presented, as we can now appreciate, prob-
lems requiring subtlety of concept and refinement in analytical tech-
nique far beyond that attained in 18th century electricity,

The scientific academies and societies must have frequently brought
together the investigators of diverse talents, interests, and occupations::
but this alone was not sufficient to bring about & unified understanding
of electricity. This could only be done by genius of a high order, or
some rare combination of insight and experience, Two attempts to com-
bine the experimental-practical with the theoretical-analytical are
outstanding: those of Henry Cavendish (1731-1810) and Charles Coulomb
(1736-1806), :

The significance of Coulomb's- work or the esteem in which it was
held, is amply testified by the adoptlon (in 1881) of the coulomb as
- the unit of electriccharge, and the virtually universal reference to
the law-of-force in electrostatics as '"Coulomb's Law', With such attri-
butions Coulomb's name has become almost synonymous with electrostatics,
and Coulomb's experiments with its empirical basis. But, as 1s so

common in science, the lapse of time has idealised the achievement and S.-

its history -- what Coulomb actually did, as distinct from what Couloub's
name signifies, Cavendish's contributions to electricity are, today,
almost forgotten, But it is hard to believe, despite their subtlety,
their forbiddingly austere siyle of presentation, and their only partial
publication (1771, 1777), that Cavendish's work did not provide inspira-
tion to some of his contemporaries, Coulomb included,

Coulomb's own experimental work in electricity, and the experience,
talents, and attitude he brought to this subject are the focus of dig-. =
cussion here. Cavendish's contributions are treated separately (Experl-
ment No, 13).

(1) Joseph Priestley, Tﬁéwﬁistéfy”aﬁd”Préééﬁf Sfétérofuﬁléctricify
(lst Edition 1767, 3rd Edition 1775, Johnson Reprint 1966),
Vol, I, Page xiv, : ,

(2) Leonhard Euler (1707-1783), Letters to a German Princess, Vol, II.
. Page 85 (1761),




II. CHARLES AUGUSTINE COULOMB

1. C. A, Coulomb(ly

Charles Augustine Coulomb was born a few years earlier
and died a few years later than Henry Cavendish, His scientific
activity spanned precisely the same period - the last third of
the 18th century. Both made outstanding contributions to the
electrical science of their day, although for both electricity
was but one of a much wider range of interests one which occupied -

. their attention for but a few years., Formally their alms and

achievements were quite similar:.by a combination of theory and
experiment to transform electricity from what must have seemed

at best a qualitative science into a quantitative one; to replace
the spectacular and theatrical by the intelligible and analytical,
vet there is no evidence that Coulomb and Cavendish ever mel or
communicated with each other; neither makes any direct reference

in his writings to the work of the other!¥ They lived and worked in
worlds apart, as different in character as their own personalities,
and not simply the France of Louis XVI versus the England of

George III, Cavendish's was the world of philosophical-contempla-

tion, of investigation and measurement, Nature in all its workings
and manifestations wholly absorbed his interests and attention, to
the exclusion of the affairs of men. Coulomb's world and life

was one of public works and practical affairs, of planning, design-
ing, executing and constructing, and of understanding in order to
utilize. TFor Coulomb it is the artifact or the machine, more
often than Nature itself that is studied. 1In man's handiwork -
rather than God's - he sees Nature already civilired and orderly,
and thus more amenable to analysis by his instruments and regula--
tions and his laws. Coulomb was first and remained foremost an
engineer, one of the greatest of his age, devoted to practice and
dedicated to service: service to his colleagues, his profession,
his country, and finally to science,

Born in 1736 in provincial France of good bourgeois stock -

"une famille de magistrats' associated with law, finance and polities -

Coulomb spent most of his early years in Paris where his father,

a petty government official,was stationed. This allowed him to

enjoy some schooling at the exclusive Collége Mazarin, an institu-
tion which boasted an observatory and a good reputation for mathe-
matics, to attend lectures at the Collége Royal de France, and so

to deveop what would become his lifelong aptitude for mathematics.

At the age of 20 Coulomb returned with his family to their tradition-
al country home, at Montpellier, andthere for a couple of years his .
interest in science and mathematics was further nurtured at that

(I)Notes and references:to this section follow, pp.'20-22;
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city's Societé Royale de Science (the second royal society of
science to be founded in France - in 1706), The prospects of a
quiet provincial life, one with modest opportunities for cultural
and scientific activity did not seem to satisfy Coulomb's energies
_and ambitions, or his need for some solid professional occupation.
He decided on a career in military engineering -~ in the Corps du
Génie, and so in 1758 he returned to Paris to prepare himself for
the rigorous entrance examination to the School of Military Engin-
eering at Merieres, at that time the foremost technical school in
Europe. Two years of disciplined training and wide-ranging instruc-
tion - which included much mathematics and some science, as well
as engineering design, manual crafts, and hard practical construc-
tion work, and Coulomb, aged 25, graduated as lieutenant in the
Corps, with a fair record and some evidence of a flair for mathe-
matics, but with little to mark him out from others who enjoyed
similar educational opportunities.

On entering the service, Coulomb is first posted to the
paval base at Brest , but shortly thereafter, early in 1764, he is
ordered to the French colony of Martinique, in the Carribean, to
assist in the planning and rebuilding of the military fortifica-
tions of the island. Here for nine years, often in the most de-
manding circumstances and debilitating conditions, Coulomb ac-
quired great practical experience in the management of both men
and materials, and was afforded endless opportunities of putting
to the stern and exacting test of practical accomplishment the
theory of his earlier training. It was here at Martinique, despite
the exigencies of the work, the inhospitable climate, and the
jnereasing burden of responsibility,'that Coulomb found opportunity-
to develop and test many of his ideas on the mechanics of materials
and structural foundationsj to begin to formulate what was, at that
time, the barely nascent science of soil-mechanics. It was here
that he develops and discloses his conviction that the academic
laboratory experiment, oversimplified in form and unrealistic in
scale, is no match for the direct full-scale test demanded by -
real practice. He acquires great skill and wide experience in a
variety of mechanical problems, and his characteristic style takes
gshape. It is a direct, forceful attack - whether experimental or
mathematical - on the problem at hand.

1n 1773 Coulomb returns to France, as a military engineer
of wide experience, solid accomplishment and high reputation; but
also with a renewed interest in science. His aspiration is to enter
the scientific community with its splendid center at Paris. 1In
traditional manner he submits to the Académie his first substantial
scientific memoir. The subject is real mechanics: the bending of

beams, the strength of masonery arches and piers, and the structure
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of foundations; but the aim is to analyse the problems in terms
of more theoretical principles and concepts: of statics, friction
and cohesion. And the analytical procedures are, for practical
engineering of his day, relatively novel: the calculus of maxima

“and minima. Already, in this first memoir,is stamped the hallmark

of all Coulomb's later work: the urge, which later becomes a passion —
and a habit, to express his findings as . mathematical formulaeor
laws. His procedure takes one of two forms, of which it is the
first that is here in evidence., On the basis of some formulated
concepts or premises - for example the basic nature of frictionm,
or fracture - he calculates theoretically what is to be expected

in practice, or what the best practice should be. The formula is

then tested by practical experience; or by experiment - test and
measurement of a specially constructed artifact which simulates
practice. As Coulomb's interests turn increasingly from engineer-
ing to science, the confrontation of theory with experiment. is more
often reversed. TFirst the phenomena are examined and measured, prac-

tically or experimentally; then the results of the measurements are.

cast in the form of a mathematical law, or shown to be in accord
with one. Both these procedures - the test of theory by "experiment
and the empirical generaliraions of systematic observations, (which
for Coulomb, as for others, represent a distinction between how
conclusions are presented as often as how they are reacheq)~are_
commonplace in all science, What so clearly distinguishes Coulomb's
style is his irresistable passion to find and formulate the mathe-
matical law or formula in every conceivable circumstance, whether

it be some profound universality or some incidental complexity,
whether in abstract science or in practical engineering - even when
he is analysing the daily toil performed by working men, Coulomb's
faith in mathematical order, and his ability to find it, seem
limitless. '

His scientific efforts are not unrewarded: in 1774 he is _
elected "correspondent" of the Académie. But he is no less an S
officer of the Corps, energetically devoted to public affairs. At
the same time as he is preparing his memoir on the best method of
making magnetic compass-needles in competition for an Academie
prize (awarded in 1777)Y® he is also preparing for Minister Turgot
a memoir on the reorganization of the Corps du Genie in accord with
ideals - an army at peace engaged in public works - inspired by
the Roman example! In the following years he writes memoirs on
rolling and slidin% friction (1781) and on the elastic torsion of
metal wires (1784),4%hi15t at the same time serving on commissions
dealing with canals in Brittany, hospital reform, public health
planning, and relief maps. In 1781, still an officer of the Corps,
he is elected Member of the Académie; and in 1784 he is appointed
Commissioner ("Intendant") of the Waters and Fountains of the King.
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It is in this period and the few years following that Coulomb,
though continuing his public duties and even adding to them
innumerable administrative chores in the Académie, becomes mainly.
preoccupied with science, and makes his contributions to magnetism
and electricity with which his name is so commonly linked.

I}
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2, - From Engineer to Scientist

In Coulomb's two-prize memoirs - on magnetism in 1777 and
torsional elasticity in 1784 - one sees both the change from
Coulomb the engineer to Coulomb the scientest and the full devel-
opment of the invariable and unmistakeable Coulomb style. The
work on magnetism declares itself as utilitarian - even altruistic -
"to serve humanity and one's country". In a loftily worded preface
Coulomb accepts the appeal (by the Academle) "to physicists and
geometers', to perfect that unique instrument, the compass needle,
which_guides the passage of ships by making out, even when placed
at the center of a vast and undifferentiated horiron, the true
direction, This propensity for the grand entrance is also part of
Coulomb's style ( and, perhaps, of the time and place). When he
turns from proclaiming magnetism's global importance, it is to
the announcement of the two '"fundamental principles" of the subject;
an imposing and resounding formulation of what was hardly a sensa-
tional departure from the general view of magnetism. The analyses
that follow are characteristically Coulomb's: magnets of different
- length, shape and weight, single and grouped together, are studied,
and some curious and detailed empirical generalirations are made.

A profound inquiry into the nature of magnetism is neither the
primary aim nor the outcome, Better compass needles ("Bussoles'')
are the objective. '

But there are other rewards, or by-products, of these inves-
tigations., An examination of the adverse effects of friction at
the pivot supporting the magnetic needle, and of the possible wayc
in which these could be reduced, leads Coulomb to eliminate the
pivot entirely, to replace it by a suspension of a very fine wire
or a halr or strand of silk, His attention turns from the magnet
needle itself to the thread which supports it; indeed the magnetic
forces, whose "fundamental principles'" are now assumed to be under-
stood, may be exploited to study the mechanical properties of these :
fine threads. He is impressed by the extreme sensitivity of which _
a "balance" constructed on the torsional principle is.capable, .He :
returns repeatedly to the practical problems with which the inquiries
began, his respect for practical detail - even trifles - is unfailing:
he rarely fails to mention that the almost torsionless silk threads
he uses are taken dlrectly from the cocoon ("telqu'ilsort du cocon"),
(at other times it is the hair of an Angora goat) But the 1ntere5t
is no longer so explicitly wutilitarian: he is intrigued now by the
instrumental possibilities - to serve science as much as "country
and humanity',

Coulomb's carefully constructed suspended magnets, made as
he proudly declares by his own hands - virtually without any assis-
tance - seem to enjoy a fair success, at least locally., They are




installed in the Paris observatory and used for some years to

record the variations of the Earth's magnetism, However there :

are some instrumental irregularities, due to vibrations or draughts; .

or, as Coulomb is led to suspect, electricity (a magnet needle

suspended by a silk thread is, incidentally, electrically insulated),

‘This is, interestingly, the first mention by Coulomb (in 1782) of S
any concern with electricity, the subject which is soon to become

his central interest. His reaction to this suspected electrical - e
disturbance is revealingly characteristic: it is to take forthright

steps to eliminate it, or its consequences,on the basis of his

surmise, rather than to explore the phenomenon and establish its

nature beyond doubt, He is as vigorous in his attack on detail as

on principle; and he is not given to remaining in a state of

uncertainty for long. '

It is,then,to the mechanics and physics of elasticity and
torsion, rather than the further exploration of magnetism or
electricity that Coulomb's study of the compass needle first leads.
Here Coulomb is fully at home, By timing the oscillations of well-
defined objects suspended by wires and threads of different materials
and of various lengths and thicknesses, he arrives empirically at
the general law for torsional force exerted by a twisted fibre,

He recognizes the great merits of the new instrument, based on the
principles he has discovered, for other physical investigations,
and he applies it tc an examination of the frictional resistance
of fluids to the motion of solid bodies, Mechanics of materials,
friction, elasticity - these are the subjects at the core of
Coulomb's interest and experience; and notwithstanding his earlier
skepticism as to the value of laboratory experiments he now has in
his hands the ideal instrument for them: his torsion balance. And
as always it is application as much as understanding that attracts
and interests him; much of his subsequent research are to be ex-
ploitations of the potentialities of this instrument he has devised
and perfected, '
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3. The Fundamental Law of Electricity and Magnetism.

In 1785, one year after his prize memoir on torsion and
the torsion balance, Coulomb presents to the Academy his first:
memoir on ElectricitylsJApart from the accidental encounter al-
ready mentioned, there is little evidence from his published works
or the course of his career, that Coulomb had, before 1785, de-
voted any efforts to the study of electrieity or evinced ~any
particular interest in these phenomena, Now, from the outset, he
seems to regard electrical forces as essentially feeble (not surprising- -
i1y for one who has built military fortifications!), and consequent-
ly an ideal subject for investigation by his most sensitive torsion
balance, This is, in any case, how he introduces to the Académie
his first work on electricity. He has established the laws of
torsion: he has so perfected the torsion balance tha <it is capable.
of measuring a force as small as 1/10,000 of a grain,ghe has demon-
strated its value in the study of fluid friction; and now he
presents before the Académie ', ..an electric balance constructed
according to. the same principles: it measures with the greatest
precision the electric state and force of a body, no matter how
weak its degree of electricity." Now the study of "weak" electricity
has some real advantages: bodies weakly electrified are more easily
maintained in a constant state of electrification than those strongly
electrified, and therefore more suitedto precise and reliable .
measurement, Whether .the study of weak electricity could provide _
a sufficiently broad basis from which to generalire about electricity
at any level, whether there might be hidden subtleties associated
particularly with weak electricity - as indeed there areﬁ” these
were matters that could only be revealed by a thorough investigation
of electrical phenomena themselves, But it was not so much Coulomb's
aim to explore electricity as to measure it; to measure the forces
with the "greatest precision', even if, electrically, what was
being measured could not be specified with precision at all. Not
surprisingly it is with the general principle that he starts. The
first application of the torsion balance is to demonstrate '"The
Fundamental law of electricity", which is stated &t the outset; thus:

"The replusive force between two small metal spheres
electrified similarly, is proportional to the
inverse square of the distance between their centers."

It can hardly be conceived thatthe announcement of such a "fundamental
law" of force was, in 1785, greeted either as a great surprise or a
sensational discovery., Just 100 years earlier Newton, in his monu-
mental Principia had laid down the pattern to be followed. The
fundamental law of interaction was to be established from experiment
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or observation, and then the laws of mechanics could be applied.
For Newton it was the universal gravitational force that dominated
the phenomena to be explained, and the inverse-square law the uni-
versal law of force between any pair of particles, The immense
success of the Newtonian method ~ as well as the particular form

of the gravitational law, especially in the realm of celestial
mechanics -~ egtablished it as the unrivalled prototype. For those
who followed Newtonian principles, as Coulomb certainly did, what B
could be more acceptable than Newton's own law? And indeed there
were already many observations and measurements, of both magnetic
and electric phenomena, although nothing as conclusive as the
precise astronomical measurements, that had led Michell (1750),
Lambert (1758), Priestley (1767) and Cavendish (1771), amongst others
to propose that-the same inverse-square law of gravitation applied
also to magnetism and electricity. There are, of course, some very
different problems, practical and conceptional, in eliciting the
law of force for electricity or magnetism and that for gravitation.
The "law' expresses the dependence of the force on the separation
of two interacting "elements'. For gravity any (small) piece of
matter is the element, and the attractive force is propertional to
the invariable "quantity of matter' (the mass) in each element -

an intuitive if not  too precisely formulated concept, But what
were, and what was the measure of, the corresponding "elements'" -
the more ephemeral and elusive something - of electricity and -
magnetism? To formulate the verifiable, fundamental law of force ?
implies not only that the elements can be identified and in some
sense recognized, but also that this can be done in a unique and
unambiguous way. Otherwise might not the law depend on how the
‘elements were defined and identified? These were subtleties not

- easily or readily scrutinized in Coulomb's day., The appeal of
Newton's inverse-square law was almost irresistable; and it seemed
possible to conceive a distribution of elements consistent with

the law and with the observed phenomena, It was perhaps as much

a question of tailoring the facts to suit the law as vice versa,

_ Coulomb, his concern with "the fundamental law" notwithstanding,
~delves into these subtleties no more deeply than might be expected

at that time. He tacitly accepts his "small electrical spheres"

as equivalent to his "élements', and if he regards this only as an .
approximation, he does not examine its validity in relation to his
aspiration for 'the greatest possible precision'. He does not,
indeed, present his findings as a discovery of a new law: he calls
it a “"détermination" of the law - the presentation of measurement

which confirms a law which he, as others, more than suspected before
the experiments were begun. Certainly his faith in its exactness

far exceeds the evidence of his experiments, For he reports measure-

ment of the force at only three distances, and the agreement with
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the inverse-square law is far from perfect,(a deviation of some
127 in one of the threel) What Coulomb stresses repeatedly is

the sensitivity of his torsion balance ~ which is quite a different
matter from its precision. And even if the mechanical precision

were attained, this would be no guarantee that the electrical

state of the objects he is examining could be specified and main-
tained with adequate certainty, Coulomb is not unaware that his
measurements fall short of his ideal, Amongst other disturbing
features he recognizes the gradual loss of electricity from his
charged metal spheres during the course of his measurements - a
phenomenon he subsequently examines in some detail, But he is
content to observe that ",,,if [I] one wished for a greater pre-
cision...one should, by a preliminary observation, determine the
law of diminution of the electric force between the two spheres,
and use this result to correct the observation.,,"

He also tells us that this diminution is small, because he o)
"only needed two minutes to make the three measurements reported'!
How modest, then, would have been the time or effort required to
repeat the measurements ten or even one-hundred times; to change
the sequential order of the observation, so that, in one way or
another, much of the error and uncertainty might have been elim-
inated#0lCould it be that such thorough measurements were made, .
but that a frugality of style or a need for brevity compels him
to omit such "details"? Hardly so, for elsewhere in his memoirs,
where he is reporting detailed observations of complex situations,
where the issues are immeasureably less significant than ''the
fundamental law of electricity", he regales us with dozens of
observations and tables of data. In these complex situations the
"law" cannot be forecast in advance: if a law is to be found, it
has to emerge from the measurements, With the fundamental law it
seems otherwise.! Yet a few hours - or at most days - of careful
thorough measurement with his excellently constructed instrument
might have sufficed to show Coulomb that the law of force between
two sphereswas not precisely the simple inverse-square law; although
perhaps consistent with such a law in the case of two ideal infi-
nitely small spheres. He did not lack technique, nox ability, nor
the aptitude for persevering effort - as his travails at Martinique
amply testified - which such a thorough scrutiny demanded. But
was this his purpose? Was it not rather - as he himself declared
to the Académie , to display "immediately, before one's eyes, the
law of electrical repulsion"?uuAnd here, perhaps, lay the true
merit of his "demonstration',
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Despite its mechanical versatility and sensitivity, Coulomb's
favorite instrument - his torsion balance - was not well suited
to the examination of the force between unlike charges, which is (2
attractive in contrast to the repulsive force between like chargees. )
For this purpose he turns to a method similar to the already familiar
magnetic technique of observing the oscillations of a torsion-free
pivoted compass needle as a measure of the magnetic forces acting
on it. In place of the magnetic needle it is a suitably electrified
body he uses, and instead of the pivot, a suspension - his own
favorite silk thread straight from the cocoon, Remarkably his reported
observations are limited, once again, to just three measurements;
again the consistency with the fundamental law is far from strik-
ing, and again the irregularities are attributed to loss of elec-
tricity during the few minutes required to complete the measure-
ments. This time Coulomb can quote some of his own measurements
of this phenomenon of electrical loss, and use these to "correct"
his observations. The discrepancy is explained, But as in the
previous experiments, the circumstances are not as ideal as - .
Coulomb assumes; and the critical reader of this memoir might well
wonder whether faith in the inverse-square law truly rests on the
evidence of the measurements {37 "

With his technical mastery and experience with his new )
instruments, Coulomb returns (1787) to the examination of magnetism
which had engaged his efforts ten years earlier, ©Now it is to
demonstrate the same fundamental inverse-square law of force that

he had demonstrated for electricity. The mechanical problems pre-
sent no difficulty, Here the important issue is to recognize, and
“in a sense isolate, the '"elements'" of magnetism. . Unlike electri-
city, magnetism ~ or the impalpable magnetic fluid, as it was con-
ceived - could not be concentrated on small point-like objects: it
did not come that way. Indeed if the magnetic fluid, like plus

and minus electricity, = was regarded as occuring in two forms: '
Boréal (North-like) and Austral (South-like), then it was well

* known, (Coulomb had himself categorically asserted it as a basic
principle in his earlier magnetic work), that all magnetic objects
comprise exactly equal amounts of the two fluids. The artifice
which Coulomb - as others before him - used to surmount this diffi-
culty was to use long needle-like magnets ( as were used for compass
needles), where a concentration of the separate boréal and austral
fluids occured at the opposite ends, or this at least was how
matters were commonly interpreted, The two ends, or 'poles" as-
they were traditionally designated, appeared then to act as
centers-of- force, and were thus amenable to treatment as "elements'
for the purpose of establishing a Newtonian-like law of force between
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them. "Actually Coulomb, like Lambert before him, made a more
elaborate assesment of the location of the '"poles'", replacing
the notion of a simple pole with an extended distribution of
magnetic fluid falling off in density from each extremity of
the magnetic needle,

This conceptional separation of two sorts of magnetic fluid
might well be regarded as an uncertain procedure - even of dubious

validity in principle. William Gilbert, in 1600, would surely have

castigated such attempts to separate in such two parts his essen-
tially integral "verticity", But then he was not, as was Coulomb,
determined to embrace the magnetism within the framework of the
Newtonian system - forces acting between point-like pairs of
particles, For Coulomb the validity and applicability of such

a scheme was accepted, a priori - and justified a postiori, He
could show that all his magnetic measurements were consistent with
this scheme, and with the very same inverse-square law of force
between the particles: or at least that with some postulated (and
not unreasonable!) distribution of magnetic fluid in his magnetic
needles consistency between this law of force and the observation
was attainable. The Newtonian costume fitted - or at least
magnetism could be squeezed into it, Needless to say Coulomb's
was not the first demonstration of this feat; though it may well
have been the clearest, je e ————— e —— s szrrmmE
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4, Exploration of Eleétricity(ls)

With the basic general principles of electricity (and mag-
netism) now established in the Newtonian pattern, the task now
was to apply them to particular, generally more complex, clrcum~
stances, both to illustrate their explanatory power and to provide
further confirmation - if such be needed - of their essential
validity, It was a program much as Newton himself had laid down

in the Principia:

" from the phenomena of motions to investigate the
forces of nature, and from these forces to demonstrate
the other phenomena,,," ‘

For Coulomb this took the form of examining the distribution of
electricity on bodies of variegated sizes and shapes, - mainly
spheres and cylinders, and in various combinations.g)The task was
two-fold: from the fundamental laws the distribution of electricity
could ~ in principle - be calculated; with the well-developed
instruments and technique, and again assuming the validity of the
inverse-square law of force, these distributions could be measured,
Experiment could check theory - or was it the converse? Coulomb's
instrumental techniques are quite adequate for such an investiga-
tion; but his mathematical sophistication is hardiyuptothe tasks
he sets himself, which are not always the most judicious or imag-
inative he might have chosen, For example having examined the
distribution of electricity over two conducting spheres in contact
(a), he continues with three (b), four (c), up to twenty-four ().
Needless to say there is some rather crude guess-work in his

Y T

mathematical analysis, but experiment and theory always agree, at
least as well as is expected., Beyond these particulars some 'gen-
eralizations, not entirely novel, are presented; for example - that
the (excess) electricity (or electric fluid) on a charged conductor
always lies on the surface; that the distribution of electricity on
a conductor, or its partition between different conductors in con-
tact depends only on their geometry, and not on the particular
materials (elder-wood or copper - it makes no difference!); and
that the density of electricity on the surface of a large conductor
can be ascertained by a sampling procedure in which a small flat
conductor is brought into contact with the larger one, and then
removed. These generalirations are all inferred from the funda-
mental laws; and subsequently confirmed by experiment. There is
no discord - between experiment and theory, complete harmony. There
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are not even surprises. - The closest he comes to the discovery of
something new, or unpredictable is perhaps in his examination of
the rate of loss of electricity in different atmospheric condi-
tions. Inevitably it is a "law'" he is seeking and a law that he
finds: that the rate of loss of electricity is, other things being
equal, proportional to the cube of the quantity of water in the
atmosphere!{ (One more "law" to be added to dozens he has already
found in mechanics, elasticity , fluid-friction as well as elec-
tricity and magnetism.) Otherwise in Coulomb's electricity every-
thing appears if not predictable, at least not unexpected, and to
fall obediently in place. L : | 3

Could it really be that all the mystery and magic of elec-
tricity had now gone, that all could be explained -~ in principle
at least - by the fundamental law? Remarkably in Coulomb's
electrical writings thereis mlya single referepce to the work of
others - their experiments or their theories (¥’ Coulomb could hard-
ly have been unaware of the many manifestations of electricity
that lay beyond the immediate range of his "fundamental' theory,
even if his own experiments - or rather measurements - - had
steered clear of such mysteries or complexities.  Coulomb was not
looking for surprises; but could he, one might ask, have recognired.
and responded to the unexpected had it occured within his own

realm of experimentation? This is certainly one hall-mark of the

experimenter. We need not only conjecture, In one instance
Coulomb should have been surprised! His analysis of his charge
sampling procedure is faulty; his conclusion is wrong, by a factor
of two (™ Yet in his experimental test of this procedure - which

- was surely sensitive and precise enough to reveal such an error - ﬂ?)
he finds all is in order: the expected - albeit false - is confirmed.
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5. Reputation and Influence

Tn the seventh and last memoir in the series on Electricity

and Magnetism (1785-1789) Coulomb returns to magnetism - his long-.

abiding interestW¥ It is now the intrinsic nature of magnetism,
and its distribution, rather than the formal "fundamental' law

.

 of force that is his concern, He is particularly worried by one

puzzle posed by his two-fluid concept of magnetism (or indeed by.
any theory invoking magnetic fluids), Why if the fluids in a long
thin magnet are concentrated towards the extremities, is 1t not
possible, by breaking the magnet in the middle, to isolate ome
fluid from another? Experimentally this is never observed, All
magnets exhibit identically equal amounts of the two sorts of

fluid. Indeed this was the principle he had taken as his starting

point in 1777 - an inference based on the observation that all
magnets turn rather than move bodily under the (uniform) magnetic
influence of the earth. To resolve this dilemna, Coulomb pro-

‘poses what is perhaps his most orieinal "philosophical' idea:
g

that the two magnetic fluids are trapped in equal quantities in
every molecule of matter, The apparent bulk separation of the
magnetic fluids in a magnet is illusory - a consequence of the
separation of the fluids within each molecule. Any ordinary divi-
sion of matter does not split molecules, but only separates them,
‘and since each molecule contains an exact balance of the two
fluids, such a division camot upset the overall balance of the
fluids in each part. This concept, although eventually discard-
ed with the whole notion of magnetic fluids, was destined to have

"a considerable influence for several decades. It illustrates
Coulomb's deep feeling for a subject - magnetism - of which he had

long practical and experimental familiarity. His involvement with
electricity was more transitory; he seems to have been drawn into
it almost inadvertently ~ as much to demonstrate his instrumental
and analytical virtuosity as to explore the subject itself.

The end of Coulomb's scientific researches coincided more
or less with the end of the ancient regime. With its collapse,
Coulomb's numerous public offices and titles - associations with
61ld order - became dubious assets. In 1790, after nearly 30 years
in its service, he resigned from the Corps du Génie, 1In 1793, the
Acadenmie, in its cld form, was abolished; and Coulomb prudently
retreated from Paris to his property in the country, where for a
couple of years he managed, more successfully than some of his -
eminent contemporaries, to survive the excesses of the Terror.
Coulomb, who always appears as a most worthy, able and upright
public servant rather than a passionately principled one, seems
to have adjusted himself successfully to the changing political
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vicissitudes of the Revolution; never wholly divorcing himself

or being wholly removed from public service., In 1795 he returns
to Paris as a member of the Experimental Physics section in the
Institute - the newly formed successor to the Académie, There

are a few desultory scientific works of this period, but it is
mainly as an elder statesman of science that his remaining years
are spent. In 1802 he is appointed by First Consul Napoleén to
his last major public office as Inspector General of public in-
struction ~ a member of a commission which included the astronomexr

Delambre, the naturalist Cuvier, and the chemist Fourcroy,

Whatever influence Coulomb may have had inthis capacity on
French education, and through it on the development of science,
it seems more likely that the example of his life and career, his
achievements and his style of scientific work were of greater
impact. As an experimental seientist there seems little doubt
that his example inspired many who followed him; and the associa-
tion of his name with the basic law and the unit of electricity
bears witness to the high esteem of his contributions to that
science. . But it is much easier to affirm Coulomb's influence,
than to define precisely what Coulomb contributed -to science of
electricity or the art of experiment.

_ He is commonly credited with having played the major role

in transforming electricity from a gualitative into a quantitative
science, and thereby opened the path to its future development.ﬁq)
Yet when we turn to the major developments of electrical science
in the decades following Coulomb's work - and there were some
momentous ones - we find practically no reference to his work, no
emulation of his methods and little exploitation of his technique,
Some mathematical physicists, Coulomb's fellow countryman,Siméon-Denis
Poisson (1781-1840 ) in particular, did use Coulomb's experimental
results to test his more sophisticated mathematical formulation

of the same electrical phenomena ; but Coulomb's own theoretical
principles were of no great originality, nor were his methods
'seminal. Despite their ostensible precision and sensitivity,
Coulomb's electrical measurements did not lead to the discovery

of any new - certainly no surprising - electrical phenomena,
Sensitivity and precision of themselvesdid not suffice, unless
assiduously directed, to ferret out what lay below the surface;
what ,in electricity,were . gubtle manifestations still awaiting
exploration, This was not the thrust of Coulomb's work.

On the contrary it seems that Coulomb designed and deployed
his instruments to measure the electrical phenomena as they were
then known, or conceived to exist; and often enough what he measured
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was chosen to suit his instruments rather than the converse. But
above all it was the mathematical formula that he sought. To quan-
tify a physical relationship that was known to exist, rather than

to seek new physical relationships, seemed to be his overriding
passion., He was perhaps more fait%ful to his training as an engineer
than his aspirations as a scientist, In his scientific outlook
Coulomb was in many ways more a continuation of the 17th century

than a prelude to the 19¢h . His ambition might well have been,

what was later said of his countryman Andre-Marie Ampére (1775 - 1836 )~

to do for electricity what Newton had done for mechanics. But

the great triumph of the 17th century was in scientific explanation
rather than exploration. .The problems were age-old, the phenomena -
of the celestial motions, of falling bodies, of light and color -
were familiar ones, What the new principles, and more accurate
observation,supplied was the rational coherent interpretation -

and a pattern for the future., Coulomb followed this pattern, faith-
fully - perhaps too faithfully. For electricity was not simply to
be ordered and explained ; most of it had yet to be discoveread,

And Coulomb could hardly have conceived that what he was laying

out was not a comprehensive basis for the whole subject, but only

a recapitulation of its first chapter. '

To many of Coulomb's contemporaries, and especially those
not immersed in its detailed study, much if not all of electricity
appeared mysterious - &s much a spectacle as a science, 1t was
here perhaps that Coulomb provided a major service, He demon-
strated how much could be made, or made to seem, orderly and quan-
titative. Electricity (and magnetism) need not be any less ratiomal,
.or systematic or precise than the more familiar mechanics. Perhaps
there were still mysteries in electricity. But the practical,
orderly Coulomb was not looking for mysteries:‘heVW&sﬁmo;e'concern-
ed to dispel than to reveal them. By using methods which were.
direct and rational, and readily appreciated as such (especially
by those not privy to the arcane particulars of etectricity), by
exploiting his mechanical experience and his practical genius
he was able to make electricity appear not only intelligible, but
even orderly and respectable. He made electricity - as he himself
saw it - jntelligible to the non-electricians. Creating order and
intelligibility in what is known can be a great step towards dis-
covering the unknown; but it is no substitute for it. ' '

For Coulomb, the great engineer, the master of mechanics,
and the upright public servant, it is always order and regularity
that is the aim. In his experiments and measurements it is always
the "law" that he is striving to confirm or to formulate: but his
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"laws" represent not so much something new, as the replacement
of what was vague and imprecise by what is exact, concise and
mathematical. In a well-ordered universe, as in a well-laid
‘plan or a well-designed machine, one does not seek the unknown -
one's aim is to eliminate 1it.
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For further particulars of Coulomb's life and work see
Gilmore,

Cavendish 's two major published papers on electricity
were one on general principles (1771), and the other on
the electric torpedo (1776 }. Coulomb's first memoir on
electricity appeared in 1785,

"Recherches sur la meilleure man?ére de fabriquer les
aiguilles animantéls™, Vol, IX Mémoires des Savants Etrangers

(1777). Reprinted. in Mémoires Relatifs a' la Physiques,
y
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""Recherches théoriques et experimentales sur 1a force de
torsion et cur 1'élasticitd des fils de métal’, Mém.de 1’
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Mémoires, 1884, Vol. I. pp. 65-103,

Mémoires sur 1'&1ectricitd et le magnetisﬁ. Memoire I.
Mem. Acad. Royale Sciences (1785). Reprinted 1in Memoires,
1884, pp. 107-115. Extracts from this first (and the second

mémoire) are given in English translation in: Magie, Source
Book in Physics. Harvard 1965, pp. 408-420, '

One grain  52.5 (approx) dynes force, OT 0.054 (approx)
gm, Mmass. '

For example, the whole range of contact phenomena, whose
exploration Volta was about to embark upon. :

Ref. 5) above. p. 114,

Tbid, p. 113.

See Experimental Notes. PP. 34-37,
Ref. 5) above. p. 111 |

Mémoire 11, 1785. Reprinted in Mémoires, 1884, pp. 116-125,
See also Experimental Notes, p. 37.

There are other factors which intrecduce deviations from
the simple inverse-square dependence, See p. 40,

Ref.  12). pp. 125-
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17)

Fifth Memoir (1787)'On the way in which the electric fluid
is distributed between two conductors in contact, ete.
Sixth Memoir (1788) ""Continuation of the investigation of
the distribution of the electric fluid between several
conductors, etc,,." Reprinted in Mémoires (1884) pp. 183-229
and pp. 230-272,

Third Memoir (1785) '"On the quantity of Electricity which
an insulated body loses in a given time; by contact with
air of greater or lesser humidity or via "ideoelectric"
supports, Reprinted in Mémoires (1884) pp. 147-172.

From measurements of the distribution of electricity between
a sphere (8" dia.) and a plane. circular disc (16" dia.) in
contact, Coulomb concludes: '

" ..it appears from this experiment that the electric fluid
distributes itself between the plane and the sphere.,"

He then goes on: Y,

"I have found from a great number of experiments, made with
much smaller planes than the preceeding ones, that this result
is always true; that is to say that no matter what the dia-
meter of the sphere and that of the plange, everytime the
plane is placed in contact tangentially with the globe, it
shares the electricity of the sphere in the ratio of the sum
of the two surfaces of extension of the plane to that of the
sphere. Experiment has given this result with high precision,
especially when the plane placed in contact has a diameter
very small in comparison with that of the sphere, so that
when one touches, for example, the sphere of 8" diameter,
with a small insulated plane of 6 lignes(about %'") diameter,
it takes on each of its surfaces an electric density equal

to that on the surface of the sphere, That is to say, this
small plane of 6 lignes diameter becomes charged with a quan-
tity of electricity double that of the portion of the globe

it has touched.'" (Ref, 15), p. 253)

Coulomb proceeds to give a wholly invalid "proof" of this fake

proposition (loc, eit., p. 254) and to assert that the result
is "found to be exactly in conformity with experiment]"

Later (loc.cit, pp. 269-270) he describes an example of
experiments to measure the charge induced on a small grounded
disc placed near a charged sphere, Using the incorrect
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theory of the "proof-plane” (above) he again finds that
theory 'wery exactly conforms with experiment!"

Seventh Memoir (1789) "On magnetism', Memoires (1884).
pp. 273-318, : ' ~

' gee for example W;“J:'Kiﬁg: The Quantificationuof,the Concepts

of Electric Charge and Electric Current., The Natural
Philosopher, 2, p. 105 (1963).

This is a brief reference to the one-fluid theory of Aepinus
(or "Oepinus'", in Coulomb's reference), By contrast in his

~ writings on magnetism, especially the earlier ones, there

are numerous references to Musschenbroik's treatise on the
subject, and scattered references to the work Aepinus, Le
Monnier and Van Swinden. ' -

Coulonib
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The Significance of Coulomb's

III. Work in the Development of Electricity

Although the sustaining interests of Coulomb's work are mechanics,
elasticity and magnetism, it is to the basic law of electrostatlcs,
neoulomb's Law', and to the unit of electric charge, "the Coulomb",
that he has given his name., Our concern here is not with an assessment
of Coulomb's own contributions to Electricity, or with any claims these
may have to originality or priority. It is rather with the way in which
Electricity, over a period of two centuries-~from Newton to Maxwell--was
transformed from the study of some bizarre phenomena on the fringe of
physics to a subject occupying a central role in the subject. Coulomb
stands roughlj mid-way in this development; and it is of interest Co
examine what part the ideas he exploited and methods he developed played
in this transformation of the 301ence of electrlclty

Coulomb's law is stated today typically as:

s
= A ?lwgi ;?

T L

which reads as the force between two point charges ("at rest") is propor-

12

tional to .the product of the magnitude of the charges (qlqz), and inversely
as the square of their separation, and is directed along the line joining
them (r]_2 is a unit vector in this dlrectlon) It is sometimes added that
this law applies to electric charges "in vacuo” (although this is an
unecessary and misleading stipulation): and the constant k is written
1/4wky; £, is the perm1tt1v1ty of free space, an empirical quantity.

In no real sense can one say that this law was '"'discovered" by
Coulomb; nor can one take at face value his clalm to have verified the
law--as far as the inverse~square dependence'is concerned-—"tses

exactement." That the force acted along'the line joining the "particles"

was a tacit assumption of obvious inspiration,made by all who developed

the theory of electricity along Newtonian lines. Likewise the assumption
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that the force was proportional to the charges was considered as self-
- obvious by Coulomb as well as those who preceded (and succeeded) him,™®
As for the qualification "in vacuo', whatever significance this has
belongs to a much later development. Indeed for Coulomb, and for some
of his contemporaries, the pressure of air played an essential role in
_preventing the charges from leaving the surface of the bodies which
held them! | E

Coulomb, like other investigators in the two or three decades pre-
ceeding him, assumed the inverse-square law, and showed that the results
of many of his measurements were roughly consistent with this law.

Amongst these measurements his was the most direct, albeit not the most
precise, demonstration of the law of inverse-squares.

Coulomb's measurements have not infrequently been assessed as

the first quantitative examination of electricity, and indeed "Coulomb's
Law' as providing, essentailly, the definition of electric charge; but
this is an untenable position, Long before Coulomb's work, a funda-
mental law, and one so characteristic of electricity, had already been
proposed - by Franklin - and generally accepted. It is the Law of
Conservation of Charge: and it provided a basis - in principle and
practice - for comparing charges., To be suré the techniques of gauging
the absence , presence or amount of electrical charge appear crude -
shocks and sparks, but in the hands of the skilled (Franklin and
Cavendish, for example) could lead to quantitative inferences of remark-
able accuracy and generality. The law-of-force, insofar as it involves
the proportionality to the product of the electric charges, must be
shown to be consistent at least with the Law of Conservation, This is
neither logically nor experimentally trivial; but nor is it impracticable.
Coulomb nowhere explicitly indicates that he had addressed himself to
this problem. 1In the parallel case of magnetism, when he enunciates
the same inverse-sguare law, and the same dependence of the force on o
the product of magnetic fluid densities, he dismisses this later feature -
summarily: this "partie de cette proposition n'a pas besoin d'&tre
prouvée,™ !# But in fact, Coulomb's later work on the distribution of —
charge between conductors in contact would have led to inconsistencies
if the two methods of quantifying charge did not identify the same
entity -~ or if either law were invalidl But a thorough demonstration
of consistency - or the exposure of inconsistency would have required
. ecarefully chosen situations, meticulous honesty in observation and an

open-mindedness about the outcome which was not always the hallmark
of Coulomb's work, SR ' ' . o S

“Even if one assumes that Coulomb's law is the basic measure of electric
charge, the question of experimental consistency arises., For example J
one could check whether the force between the two charges is in any way i
influenced by the presence of a third. If so, proportionality would ?
not be possible, : 53

Al

#;Second Memoire, 1785, (Mémoires, 1884, p,130). .
Y



Experimentally, his major invention (or independent-development#)
was the torsion-balance, an instrument capable of measuring forces with
great precision and sensitivity, and one which has since been used
widely in all sorts of experimentation, There is no question of its
technical superiority over other instruments that were used in Coulomb's
day - as far as its mechanical features were concerned., But, as we
have seen, even if mechanical precision is attainable, this does not,
ipso facto;puarantee significant precision in an electrical experiment -
for it is just as essential for the electrical situation to be precise-
ly defined as for the mechanical forces to be precisely determined,

It is in their "electrical" features that Coulomb's experiments exhibit
their serious limitations. There is abundant evidence of Coulomb's
mechanical ingenuity, inventiveness and vituosity, compared with which
his electric techniques and analysis are relatively unsophisticated,

The most original of his electrical innovations is, perhaps, the 'proof-
plane" used to sample charge distributions; but this, although of con-
siderable value in demonstrating, semi-quantitatively, the implications
of electrical principles, is not the precursor of the methods of elec-

" trical meazsurement which were destined to play a major role in the de-
velopment of physics. - : '

Torsion-balances (and the method of oscillations) ,although capable
of quantitative deployment, suffer the limitation that they are only
capable of measuring the total charge, and that on conductors of simple
shape  (spherical) or small dimensions, and when these are far removed
from other bodies. They are not particularly suited for use as "electro-
meters', i.e, instruments which can register the state of electrification
of some arbitrary body, by means of a suitable electrical "connection”.
Indeed this type of measurement requires the development of the new
concepts of an (ideal) conducting wire; of electrical potential; and of

‘capacity. And it is only when these notions were developed - many decades

later - that precise electrical measurement, as an integral part of some
investigation, becomes a regular feature of physical experimentation,

(It is of course the equivalent of these very concepts - a wire, potential,

and capacity fin his terminology "a canal', '"the degree of electrifica-
tion", and "globular inches" ] that Cavendish had earlier introduced into
electricity; but his failure to publish his experimental work, which
demonstrated the great power of these concepts, must have deprived his
extraordinarily advanced ideas of much of their influence at the time.)

#John Michell had earlier developed the same instruments for measuring
the very small force between gravitating bodies, His ideas were commu-
nicated to Henry Cavendish, who later (1792) exploited them brilliantly
in his famous measurement of the gravitational constant.



Despite these limitations, a refined version of Coulomb's torsion
balance was used (in conjunction with an electrometer) as a means of
providing an absolute standard of charge , as late as 1854, in a funda-
mental investigation by Weber and Kohlrausch, Coulomb's detailed measure-
ments of charge distribution were also exploited a couple of decades
later by Poisson - in his exemplification of the more powerful mathe-
matical-analytical tools being developed to deal with electric and mag-
netic fields, and similar problems,

The contrast between Coulomb's methods and the earlier work of
Cavendish has been remarked on by Maxwell:

It is remarkable that none of Coulomb's experiments
coincide with any of Cavendish's. The method by which
Coulomb made direct measurements of the electrical
force at different distances, and that by which he
compared the surface charges on different parts of
conductors are entirely his own, and were not antici-
pated by Cavendish, On the other hand the very idea of
capacity of conductor, as a subject of investigation is
entirely due to Cavendish, and nothing equivalent to it
is to be found in the Memoires of Coulomb.® *

One might add that Coulomb never used the concept of a hyire" electrically
(to Coulomb a wire was a torsional suspension, to Cavendish an electrical
Meanal'!), without which the concept of "capacity" can hardly be exploit-
ed, Thus we may contrast two problems, both concerning charge distribu-
tion - the first (a) two spheres connected by a long "wire", investigated
by Cavendish; the second (b) two spheres in contact (Coulomb) .

o——C) o

(@ (6)

These examples typify the differences in the two approaches, and the
seminal value of the concepts they embody.

The influence of Coulomb's work - and it was certainly consider-
able - may be attributed as much to the particular time it was done as to
the originality of its discoveries or the fertility of its ideas, William
Snow Harris - who himsélf made important contributions to the subject -
writing in about 1840 - makes the fair comment that:

"cavendish had really anticipated all the great facts in
common electricity which were subsequently made known to
to scientific world through the investigations of the
celebrated Coulomb and other (French) philosophers..."

% The Electrical Researches of Henry Cavendish, Ed, J. C, Maxwell,
pp. ix/x. (Cambridge, 1879).
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Why, one may ask, then, was Cavendish's (published) work apparentiy'far
less influential than Coulomb's, published a decade or two later?

In Cavendish's day, Electricity was still largely in the hands
of amateurs and experimentalists: the style of its investigators was
almost exclusively descriptive and qualitative, Virtually in one stroke
Cavendish (only in the less abstruse matters had he been anticipated by
Aepinus) transformed the subject into a formal-mathematical system;
which, had Cavendish's ideas been widely accepted, would have removed
the subject far beyond the level of most of its practitioners. Also
in Cavendish's day the mathematical-philosophers, who might have been
capable of appreciating the formal subtleties of his work, displayed
little interest in what they imagined to be unintelligible complexities
of electricity. It was left, in a sense, for Coulomb to "popularize"
the quantitative-analytical approach to electricity which Aepinus and
Cavendish had founded.™

Cavendish's 1771 paper is written in a highly condensed, austere,
logical style, patterned after parts of Newton's Principia  (and about’ as
difficult to read!). By contrast, Coulomb's formal argumemts are inter-
gspersed amongst a great deal of less strenous matter =.practical details
of apparatus, tables of results, speculative rémards. and comments, which
make his memoirs far legs forbidding than Cavendish's paper. The problems
of electricity are contained in a milieu of much more familiar mechanical
ideas. Indeed one might say that Coulomb brought electricity into the
familiar terrain of mechanics - rather than introducing mechanics, as
and when necessary, into the domain of electricity. Coulomb's memoirs
are liberally sprinkled with mathematical calculations and arguments,
but these are mostly of a computational variety; nowhere does he serious-
1y attempt, or attain, the subtlety and logical abstraction that charac~
rerizes the whole sequence of Cavendish's argument, And in any case the

memoirs, containing as they do so much that. is descriptive and empirical -
could be read, and their main conclusions appreciated, even if the =

* gQome 19th century writers, e.g. William Whewell, portray Cavendish-
Aepinus and Coulomb as the developers of alternative, rival, theories
(the one-fluid and two-fluid models). This distinction is not, however,
the really significant ome, Aepinus, to be sure, writes when the one-
and two-fluid controversies are still being bruited around; but by the
time of Cavendish, and later Coulomb, this issue has lost much of its
force. Cavendish adopts the language of the one-fluid model, and Coulomb
periodically avers his preference for the two-fluid, but in all the sub-
stantial work of the two authors - as Coulomb himself notices - the
results can be "interpreted' within the framework of either model. This
element in the difference between Cavendish's and Coulomb's approaches
is only a superficial one, ‘
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-mathematics were skipped! 1In the event, Coulomb seems to have convinced
many of his contemporaries of the viability of an analytical-mathematical
approach o electricity without requiring them to penetrate all its
subtleties,

There is not a little misunderstanding amongst historians of
science about the use of mathematics for computation, and the formulation
of a general quantitative principle as a basis of electrical theory. o
For example C. Singer (A Short History of Scientific Ideas, p. 354)gives
the grossly exaggerated description of Coulomb as '"the founder of the
mathematical theory of these subjects'" (electricity and magnetism); and
William Whewell, a century earlier (1848) asserts that 'the Coulombian
theory is probably assented to by all who have examined it, at least
in giving the laws of the phenomena' (History of the Inductive Sciences,
Vol. 2, Bk, XI, Chap. II). What laws? The law of conservation was
established earlier, the law of inverse-squares was essentially adopted,
and the principle that no force acts on the mobile electric charges in-
side a conductor was already well known and exploited., Such general
theoretical principles as Coulomb attempts to develop from these laws -
for example that charge must reside on the surface of a conductor - bear
a striking similarity to the earlier and much more profound analysis of
Cavendish® except that in attempting to give some of the subtler theorems
Coulomb shows that he appreciates the significance of the results with-
out grasping the subtlety of the argument, Where he attempts to extend
or apply some of Cavendish's theorems, for example in his 'theory' of
the proof-plane;. Coulomb's errors are striking! Nor are his basic
"philosophic' concepts on electricity particularly perceptive, Thus in
support of his preference for '"two-fluid" theory he writes:

"The supposition of two fluids is moreover in accord with

all those discoveries of modern chemists and physicists,

which have made known to us various pairs of gases whose

elasticity is destroyed by their admixture in certain '

proportions - an effect which could not take place with-

out something equivalent to a repulsion between parts of —
the same gas, which is the cause of its elasticity, and

an attraction between the parts of different gases, which

accounts for the loss of elasticity or combination.,"*

- This analogy is interesting, but hardly relevant to the issue of one- or
two~-fluids, where the question revolves around whether, in "ordinary"
electrical phenomena, one or two ''fluids" or "substances" are mobile, -
and not whether one or two such substances exist,

In sum Coulombbrought to electricity a direct, practicali:quanti—
tative (both mathematical and experimental) - rather than a "philosophical"

% Sixth Memoire, § XL. (1788). (Ref. 15 of p. 21; p.251.).
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approach, ' One is tempted to say an "engineering' approach; after all
Coulomb was primarily an engineer! He certainly played a very important
part in establishing the rational, quantitative theory of electricity,
but in the role of midwife rather than progenitor.

e
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By the end of the eighteenth century one can discern two main
lines of development of electrical science: the formal-mathematical

and the exploratory—éxperimental. The simple phenomena résulting from
the gross separation of electricity ("Macroscopic classical electro-
statics' in today's terminology) were sufficiently well understood in
principle--and_with Coulomb's work the principles were well confirmed--
to provide the basis for a formal theory. What was still lacking was
the requisite mathematical apparatus.to analyze any but the most

simple situations. Thus a great deal of the experimental data
accumulated by Coulomb could be interpreted by him only very crudely;
it was subject to precise analysis by Poisson some 25 yeérs'iater;;
(1811). Even then the theoretical-mathematical conceptsy used werer
still quite rudimentary. But over the next few decades, deriving their
inspiration from the analytical_methodé initiated by La Place in the
treatment of planetary bodies, Poisson, Green, Gauss; W. Thomson (Kelvin)
and others, refined the treatment of electrostatics (and other '"field
theories'--of gravitation, magnetism, etc,),until by the mid-nineteenth |
century there existed a quite sophisticated--both conceptually and :
‘mathematically--formal theory, capable of haﬁdling a great'variety of
problems. Especially important was the introduction of the concept of
potential, and its relation to force or "field"; this in turn made

possible the clear concept of electrical '"capacity'" and the relatibnship _
between quantity of charge, potential (difference), and electric

field (force). Pﬁysically, all fhis is derived from no more than the

basic inverse-square-law of force (with both attractibn and repulsion),

the principle of charge-conservation , and some simple idealized

properties of conductors and insulators; but the realization of what

even these few simple notions implied, was no trivial matter, Coulomb
attempted to exploit and develop them in a direct unsophisticated way;

in Cavendish's ideas and experiments we see in embryo most of the later
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and subtler concepts; buf only after many decades and the exertions
»f many was the power and range of these concepts fully realized. This
realization was important not only for the more skillful analysis of
the elementary "electrostatic" phenomena, but equally, if less dlrectly,
for the elucidation of many phenomena undiscovered, and barely
suspected by Franklin, Coulomb, Cavendish, and their contemporaries.

Far from being a complete, and completely formulated, subject

epitomized in a few laws and principles, we now know that, before

1800, electricity was just beginning. The new phenomena to be discovered

early in the nineteenth century: "galvanism," the "voltaic effect,"
electrochemistry, electromagnetism, etc. were all qualitatively 80
different from the older "frictional" or "ordinary' electricity, that
one of the major, recurrent tasks was to establish the essentially
Nelectrical” nature of each of these in turn; and since the actual
phenomena were so different, the formal and analytical apparatus
developed for ordinary electricity was only of very limited value in
interpreting them. How for example does one exploit knowledge of the -
inverse~square-law beteween charges, to interpret the twitching of
a frog's muscle, or the electricity set in circulation by the metals
and "moist conductors™ in a voltaic cell? 1In fact such electrical
concepts as would be useful here were the more subtle ones of potentlal
difference, electromotive force, current, resistance; rather than the
obvious ones of charge and mechanical (ponderomotive) force. It was
just because the Coulomb-Poisson approach was so direct, and appeallng,
for "ordlnary" electricity, that it had little direct influence on--or
value for--the unravelling of the new phenomena.

Let us look at one, characteristic example. Coulomb is very proud,
justly so, of his ability to measure extremely small forces and
thence extremely small electric charges, (small fractions of 1 e.s.u.;

i.e. in the range ].0"11 - 10-10 coulombs!). But to do so the charge
had to be "isolated" and placed on a very small isolated object--one

of the spheres in the torsion balance, where incidentally its typical
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"sotential™ would be hundreds (or thbusands) of volts, But the

subsequent development of electricity was not so much concerned with

ideal, isolated charges--even small ones--as with the elucidation of !
the role of electric charge-—and.current-—in circumstances where the '
quantity of charge involved could be immense, but its separation from

charge of the opposite sign almost infinitesimal, or at least not : o
"macroscopic." Forces were hidden and elusive, potential differences
quite small (of the order of one volt or less), charges were not con-
veniently and arbitrarily isolated and located, but distributed in a
subtle manner which was of the essence of the phenomena,.

It is no accident then that Volta in his investigations of
"contact" electricity--work which is roughly contemporaneous with
Coulomb's work--derives his inspiration from Franklin, Canton, Aepinus,
Cavendish; and in turn develops the new concepts of "condenser" (of
electricity) and ”électric tension." 4And at almost the precise time
‘that Coulomb is establishing (experimentally!) his "law" that all
conductors have equal "affinity" for electricity Volta is discovering

the whole sequence of different "electrical affinities" of metals by

studying contact electricity. Of course Coulomb , like his predecessors,
is studyingi(with ‘his torsion-balanée)5lhighlyf¢harged bodies
(potentials of thousands of volts), wheré”shape‘éﬁ&ﬁéize (capacity)

are all important; Galvani and Volta K using the nervous-muscular

system of dissected frogs- are exami;ing minute potential‘differences
of uncertain location and mysterious origin. . It is the consequence
of -these latter researches that proves so momentous for the development
of electricity! |

With regard to the basic law of electrostatics itself-~the - 5
iﬁverse-square~lawj it is certainly true that after Coulomb , or |
after Coulomb's time , the law seems to have been no longer questioned; é
indeed so confidently was it accepted that a whole superstructure is . é
built on this foundation. But nearly 100 years later when Maxwell is

editing Henry Cavendish's unpublished papers -he finds that the direct
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:xperimental evidence for this law is no better than it was one hundred

rears earlier (see Ref.'2; 14), Maxwell  himself subjects this law to

1 new experimental test; but it is Cavendish's not Coulomb's methods that
e used. Coulomb's torsion-balance is certainly a sensitive instrument,

lechanically; it can detect and measure small concentrated electric

harges, But as a general electrical technique it is neither a parti- -

:ularly sensitive nor powerful one, simpyé/because electricity does not
1sually come in such convenient neat packages. 1In the nineteenth century
levelopment of electricity, certainly before atomic phenomena are
:xplored, methods of measuring sensitively and/or accurately small
roltages were to prove moré powerful than techniques relying on the

isolation of macroscopic charges.

~ What Coulomb's work did possess was directness and unambiguousness; and
it is in this context in connecting with an absolute comparison of the
uantities of electricity, measured electrostatically and electromagnetically,
“hat ipn 1850 Weber and Kohlrausch used a refined version of Coulomb's /
sorsion=balance in a pioneer physical investigatiom. ‘This is one of
‘he few instances of such a direct electrostatic force measurement and
sven here its use marks a passing phase in the evolution of electricity.
\ decade or so later Weber and Kohlrausch's measurement is repeated by
faxwell, and already one sees more sophisticated electrical measurements,
rased on more sophisticaﬁed electrical concepts. The electrical concepts
and methods Coulomb employed and the techniques he developed mark the end
>f a phase in electricity rather than the beginning of a new one. But his N
vechanical ideas, in particular the torsion-balance, had a lasting influ-
asnce. Cavendish used a torsion-balance (developed independently by
J. Michell), to measure the Universal Gravitational constant, in 1798;
and throughout the whole of the nineteenth century the torsion-balance
principle is used widely where small forces or torques are measured, Only

in very recent times have electronic techniques tended to supplant it as

a basic principle in instrumentation.
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IV. EXPERTMENTAL NOTES

Of Coulomb's electrical measurements the most celebrated are
his "demonstrations of the fundamental law'; the most varied, per-
haps more interesting and certainly most extensive are his measure-
ments of the distribution of electricity on conductors, For the for-
mer he used two methods: the large torsion balance and the timing of
"force' oscillations. Both of these experiments, and the apparatus
used are detailed below. For the latter he used torsion balances of
various sizes and shapes, and in particular very small ones., It 1is
a relatively straightforward matter to construct such instruments,
and it is instructive to reproduce some of Coulomb's techniques, -
for example in the examination of the variations of charge density
over the surface of a non-spherical conductor, It is equally instruc-
tive to examine to what extent it was possible with such techniques
to verify the consistency of the Law of Conservation with "Coulomb's
Laws', and specifically how the proportionality of the force to the
product of the charges could have been demonstrated., No details of
such experiments are given here, but they are readily obtained from
Coulomb's own writings, once familiarity with the use of the electrical
torsion balance has been acquired.

A, TForces Bétween Repeliing (1.ike) Chérgéé: ‘Large Torsion Balance,

The apparatus (seep.pi45-48 for details) is g reconstruction of the

" torsion balance described in Coulomb's lst Mémoire, 1785 (see p./3 ).
It is used to compare the force of repulsion between two small elee-
trified spheres, at various separations, with the torsional force
exerted by the twisted wire, Coulomb had previously made extensive
investigations of this latter force and had shown that it is propor-
tional to the angle through which the wire is twisted (Hooke's Law);
(and also to the fourth power of the diameter;and inversely to the
length of the wire), :

1. The wire-suspension should be perfectly straight: it should
have been .left with the torsion balance-arm suspended for several ..
days before measurements are attempted, As ' preliminary testsone
should verify (a) that the balance is properly levelled (see P45 )
(b) that the force (torque) is proportional to the angle of twist, e.g.
by timing oscillations of the balance-arm of different amplitudes;

(¢) that the wire is truly elastic in another sense: the arm returns
to the same original position after the torque is removed,
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These tests can be made simply by turning the torsion-head without
any electrical complications. From them one can also make an esti-
mate of the torsional constant of the wire suspension,

2, With both fixed and moveable spheres uncharged (Devise some .
suitable procedure and test for this), the torsion head is adjusted
so that the moveable sphere and torsion arm are at some convenient
position -~ say 20°.

Now with the retractable charging rod in position, and with its
knob in contact with the fixed sphere it is a simple matter to charge
the latter. (A small Leyden jar is convenient for this purpose.),
Remove the charging rod, By (gentle!) manipulation of the torsion
head, the moveable and fixed spheres can now be brought into contact,
so that both are - more or less equally - charged. This will be Imme-
diately evident, :

3. Before proceeding to detailed measurements, a check should be
made that the mode of charging used does deposit all the charge on
the sphere, and none on the supporting stem (This can be done by
showing that the fixed sphere can be readily discharged.).

4. (a) The position of the moveable sphere (uncharged) and of
the torsion head corresponding to zero torque is carefully noted,
'(§ 2 above), The spheres are charged (§.3), and the torsion head is
now adjusted,if necegsary, to bring the sphere into & well defined
and carefully measured position ~ of both sphere and torsion head,

(b) The torsion head is again adjusted to bring the spheres
_closer together, and the measurements repeated as in (a). Measure-
ments should be made for several positions until the spheres are about
one diameter or so apart, This set of measurements should be followed
directly by a similar sequence with the separation of the spheres pro-
gressively larger, until the original separation is reached. As far R
as possible all these measurements should be made at regular time-
intervals, and the times of the observations recorded, By this pro-
cedure of making the observations in one sequence, reversing the
sequence, and then by appropriate averaging, the "errors' due to charge
leakage can be largely eliminated., This is what Coulomb suggests |
should be done, but does not do! (For an alternative method see § 7
below, )



-5, The torsional force is proportional to the overall angle of
twist, i.e., to the angle ¢-(6-8) , where ¢ 1is angle through which
the torsion head is turned, § the angular position of the moveable
arm, and § its initial position - no strain in the wire. A1l angles
are meagured in the same sense. The origin for g (and tg) is at the
position of the fixed sphere ( See Figure A).

=g Tovston
Head

) | | | (8)

Tabulate¢ , B, 56"‘“ (@-’ﬁo) , -’{rf;gjaand the time of observation for ...
all measurements. The distance apart of the spheres is approximately

proportional to £ , and the force between the spheres acts approxi-
mately perpendicularly to the torsion arm at fixed distance d. Hence
if the inverse-square law is valid one would expect the torsion, =4
ff‘{“-(ﬁ»ﬁ,,)] to be proportional to Yp* , i.e.{¢ «(ﬁ«-&aj}yﬁi to be a
constant: this can be checked, '

6. More precisely: (Figure B)
- At position & , the torque is: F d Cos 8/2. F, is force between
the spheres sndtheir separation is: 2d Sin /2.
Then, if the inverse-square law is valid:

("

K}¢'{£""ﬁo)3 g(ma v A G % ( i_is the charge on

each sphere)

or ' | | G b
(¢ ~(f-0)] o* m

For small %

N - % | a |
-—-—-‘"“‘—"'Q;/a “~ ( :_ 2 = J-m. (l— 9/54'."')
Sin*lfy [ 1-0k)"/31 ) G
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Thus the departure of Cos §/2 from 1 and of (2 Sin 19/2)-2 from 6
approximately compensate each other, (Coulomb accepts this labor-
saving (!) approximation as valid; rather surprisingly in view of
the aspirations to "maximum precision'! Ref. (&) , p. 1l4). For
angles §# of up to say 36° (the maximum Coulomb quotes), this error,
93@4 , is less than 2%, which . is certainly smaller than other
approximations in the experiment,

7. Examination of the Leakage of Electricity

The spheres are charged and the torsion head adjusted to establish
equilibrium with a small separation (about 10° ). Now. the spheres
will slowly come together as the charge is lost, 1If the torsion
head is adjusted, at regular time intervals, so as to reduce the
torsion, the spheres can be held at a fixed separation,

The change in Qf"’ (@w:ﬁ,}, /m""_'j ?VC%W'CS) is now a measure of the relative
change in 9,2, Assuming both charges leak away equally, thens ¢-@-d)
displayed as a function of time, exhibits the rate of charge loss in
each., One can now correct in any sequence of observation for charge
loss by referring all measurements to a fixed (say, the initial) time,
For any value of ¢ (and of #p™ ) one corrects the measured torque,
e{[é*@*ﬁJJ , by a factor equal to the estimated (squared) charge loss.
The relationship between /g* (or more precisely ;ai(p-éﬁ@#) ) and
this corrected torque can then be examined,

8.  Some Questions

1) 1Is this torsion-balance suitable for checking that the
force is proportional to one, or other, of the charges?
Sketch the procedure in principle., Would a torsion balance
of different dimensions be more suitable?

ii) How can you arrange to charge the spheres with electricity
of opposite signs, and approximately the same quantity? Can
you measure the forces with the torsion balance in this case?
Try. Do you agree with Coulomb about the impracticability?

iii} As is well known a charged object can attract an uncharged
one, Is this inconsistent with Coulomb's law? (As Coulomb
propounded it?) Can you observe this force in the torsion
balance? Can you measure it?

iv) Estimate the quantity of charge (in ESU or MKS) on the
spheres in your experiments,
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B, Forces Between Attracting Charges

The arrangement is essentlally a replica of the apparatus
described in Coulomb's 2nd Mémoire.

L. The position of the large sphere is adjusted, by eye is
sufficient, so that the suspended '"needle' moves along the extension
of a horizontal diameter of the sphere, - s s

2., With no charge on sphere or needle, the latter is set in os-
cillation, and its frequency of oscillation (1f observable) measured.
This is to ensure that the torsion in the suspension is negligible =~
or if not to provide the necessary data for making corrections for it,

3, The sphere can be conveniently charged from an electrophorus,
or a small Leyden jar charged by an electrostatic machine, The
needle is easily charged by bringing it fairly close to the sphere,
and then momentarily touching the disc with a very fine wire mounted
on the end of a stick, It is easily set in oscillation by bringing

up a charged rod, (Blowing on it may impair the insulation,)

4, The period of oscillation is measured for a series of positions,
The series may then be repeated in reverse sequence (as in Exp. A, § &), i
and provided they are made at regular time- 1ntervals, approprlate - |
averaging may be made, Alternatively with the needle in a fixed po-
sition, the manner in which the oscillation frequency changes with
elapsed time can be studied, and the corresponding charge-leakage
correction factor determined, ©Notice that in this case, one certain-
1y cannot assume that both sphere and needle lose charge (proportion-
ately) at the same rate, The effective leakage rate should, then, be
measured for a situation similar to that of the actual experiment,

5, Some Questioné

i) Do you experience any difficulty in measuring the precise
distance of the needle. from the center (or surface) of the
sphere? Why? Would it be feasible to place a scale imme-
diately behind the needle so as to determine its position
more precisely? How does Coulomb deal with this problem?

ii) 1Is this apparatus suitable for measuring the charge carried
by a small object - say a Coulomb '"proof-plane'? How does it
compare with the torsion balance? .
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iii) 1Is there any measureable torque on the needle (a) when
it is charged, but the sphere not; (b) when the sphere is
charged and theneedle not?

g A AT YL T = T A T LT il S T T o e e I ST AT B T ST .

How to Pull Single Strands of Silk from a Cocoon

Coulomb makes frequent use of single natural silk fibres taken
straight from the cocoon ("jusqu'il sort du cocon'). ~There are
modern alternatives which can be used, but a single silk strand does
serve excellently for the experiment described,

1. Obtain cocoons (preferably Japanese)} which can be purchased
at 60¢ each from:
Butterfly Art Jewelry Dept.
291 East 98th Street
Brooklyn, New York 11212 (DI2-1300)
Mr. Glance, Proprietor

2. Boil in large pan for ?2-3 hours to loosen glue that silkworms
produce to attach silk to cocoon.

3. With a stiff bristled brush (a toothbrush works well) dabbed
 on the cocoon, a few strands will adhere to the bristles. (Do
this while continuing to boil water.) gtrands are exceedingly
fine. Be careful not to damage while handling,

4. Gently take each strand and see if it unravels., Unfortunately,
only 1 strand will do so and it may take many hours to find it!

5. When the appropriate strand is located, gently wind it around
a pencil,

6. From the pencil, the correct length of silk can be cut to tie
to the needle,

N.B. To keep cocoons (without hatching moths), store in refigerator.
Boil in well ventilated area or under (chemistry) acid hood.
Fxcessive inhalation of glue vapor will induce nausea and
dizziness.
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Estimated Magnitudes, Corrections, etc.

A.l1. From the information given by Coulomb about his glarge)

torsion balance - silver wire: 0.0l gm/meter, r?=3 X 107% ¢m%; length

75.8 cm; and the value for hard-drawn silver of 2.6 X 10~ 11dyne/cm @uﬁim
for the torsional rigidity; the égg%é for a twist of 360° is esti-

mated to be 0.5 dyne cm, Coulomb gives the value, which he states _ e
is deduced from his earlier measurements of elasticity, of 1,66 dyne cm
(0.153 dyne X 10,83 cm), which suggests a somewhat thicker wire; r
about 5 X 107® cm® (It seems unlikely that the torsional rididity of
his "silver" was three times larger!) In any event a wire of diameter
0.002 " or less is extremely fragile, and so a somewhat stronger one
has been used, approximately 0.0025"diameter, with correspondingly
smaller deflection angles for the same charges.

At 36°, corresponding to a separation of about 6.8 cm,the
estimated force is some 0,015 dynes, giving a value of about 0.84 e.s.u.
for the charge on each sphere, If the spheres were of radius 0.3 cm
(Coulomb: "2 or 3 lignes de diameter'), their potential w,r.t, ground
would ke approximately 3 e.s.u. or 900 V, and the field at their sur-
face 3 K.V, éém which is far below the "breakdown level” provided the
surfaces hale no sharp pro;ectlons -

-

These flgures give some indication of the limitation of the |
torsion balance as a voltage-measuring instrument, quite apart from -
the problem of making proper electrical connections,

A.2, The force between two spheres is not simply proportional to

the inverse-square of the distance between centers., A good next approx-

imation is given by considering the dipole~moment induced by the charge

on each sphere in the other sphere, R

At distance (between centers) of r, the field &¢ e and
the induced dipole-moment on a conducting sphere of radius a is
P- S.ad = t@a@%z . Attractive Force on this dipole due to other charge

9 is: pP8C. = 2 $43+ 9 4% ‘_2?/5“2‘ (4¥%3)
Total (repulsive) force z g/, (‘-, - %&R%S)

At the closest distances Coulomb quotes afr=1/5; so the "correction'
to the force is nearly 4%. This is not insignificant in relation to
the precision attainable, if proper treatment is made of the charge
loss, Coulomb's accuracy is much poorer (Compare also Robison's
measurements, pp. 5k~ J?)
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B.1. A0 his study of attractive forces by timing oscillations,
we cannot deduce from the dimensions and results given by Coulomb,
the precise parameters of the experiment., From the quoted strength
of the silk~fibre and the dimensions of the '"meedle" oscillator, we
can deduce its moment-of-inertia (or at least an upper limit). If
we assume this needle is charged by induction when it is in the
closest position used in subsequent measurements, we can then esti-
mate both the charge, on the sphere and on the needle,§ . The
result isf~ 1000 e,s,u, corresponding toa potential of about

70 e.s.u, or 20 K.V, This seems rather high, suggesting that Coulomb
charged the needle when it was closer to the sphere,

In any event from the quoted oscillation irequencies one can
estimate the product ¢ & as about 2000 (e.s.u.)”. From this, one
can then estimate the deflection of the suspended needle, from the
vertical, § :

J_m g%af"‘ﬂ (m is the mass of the needle~0.,2 gm)
~ ;@b (for r = 25 cm)

Since the length of the suspension is ~2 cm, this can introduce an
"error" of ~ % mm in the position of the needle (if this is read direct-
1y from the upper scale), which corresponds to an "error'" of ~ 4% in
1/r2, However the electrical distortion due to the scale at this
proximity may be far from negligible! @

[ Incidentally, with a2 somewhat longer silk susPensioq(andapithnball})

it would be a quite practicable matter to measure this deflection as

a function of the distance from the sphere, and so verify the inverse-
square law with a precision that compares favorably with the oscilla-
tion method! c.f. Robison: pp. S4-57 '}

B.2. The force between the charged sphere (§)) and the needle (g) i

is not Simp1y42%/r2. The charge 9-disturbs the charge distribution R
: on the sphere, (There would be a force '

even if ( were zero!) This effect is !

readily estimated, by calculating the ‘

electrical "image™ of 4 in the sphere,

This comprises the pair of charges:f!%/ at

the center and at the inversion point a/r.

This effect is clearly greatest when at

closest separation, r - a << r. In this

case the additional attractive force is

approximately: -ga/g;(f“wa.)z' ; or expressed

as a ratio to the main force @r%{}a- z‘.;(r-a)‘).

Estimating that in Coulomb's experiments ¢ /g

was about 1/200, we have (for the closest
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position (4”=¥q'2 (r ~ a) = 3") , a correction of the order 1%,

The above considerations suggest the following general
questions: :

Tn both Coulomb's experiments, the force is measured not be-
tween two ideal point charges, but between two finite objects. Con-
sider the two classes below and in each case estimate as quantitatively
as you can the seriousness of the error made in treating the objects
as point charges.

i} Two similar small sphereé

a) both having same charge ,
b) one charge much larger than the other,
c) the limit of b: one charge rero,

ii) One large sphere; one veﬁz‘smali objéét”(”néédié”)

a) a much larger charge on the sphere than on the needle,
b) <comparable charges on the two,
¢) a charged needle.
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V. DETAILS OF APPARATUS

1, Drawings on the following pages (pp.45-50 ) show the apparatus built
to replicate more-or-less, that described in Coulomb's first two memoirs
on electricity. Success, and failure, in "electrostatic'' experiments

is notoriously dependent on the particular properties of the insulating
materials used - not to mention the weather; but it would be foolish to
attempt to follow 18th century practice in every detail - even if all
their materials: gum-lac, spanish wax, silk -'"tel qu'il sort du cocon'!,
etc,, could be resurrected, Instead we have used artifacts of our time,
where Coulomb used those of his; without, it is believed, changing any
essential features - or difficulties - of the experiments, The differ-

ence from Coulomb's materials should not however be concealed, especially

where an assessment or criticism of Coulomb's work is in question,

2. Torsion Balance for Repelling Charges (Drawings Al, A2, A4, A5)

(a) The suspension used is a silver-nickel alloy wire, approximately

0.003 diameter (0.30 gms/meter), It is convenlent to assemble
the wire with end-fittings (See A §), so that a replacement can be
quickly made - when necessary! The wire is held (lightly) in the
screwly a spot of wax or soft solder., When the screw is inserted
lightly in its holder, the clamping action is completed,

(b) TFine lines are drawn, diametrically opposite each other, near
the base of the glass column, These are of help in aligning the
suspension so that it is central, '

(c) The glass-cylinder - which has to ground off squarely, could

be replaced by a lucite cylinder, which would be easier to fabricate
But care would be necessary to ensure that no charge settled on the
lucite. Suitable painting of the lucite could obviate this, For
the top-plate, one can - if charge 1s troublesome, line it with
paper, which will conduct sufficiently,

(d) Measurement of the angular positions - on the external scale -
is usually made by sighting along a line joining the pith-balls to
the center boss of the torsion arm (A5). A fine wvhite line or spot,
marked on both pith balls and on the boss is helpful,

(e) The cylinder should be checked for reasonable circularity.
The rim on the top-plate, which is machined concentric with the
adaptor for the column, locates the torsion arm to the "average'
center of the cylinder, : :

wly3m
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(f) Small styrafoam spheres can be used in place of pith. Paint-
ing with colloidal graphlte (”aquadag”) is a convenient alternatlve
to gilding.

(g) Some drying agent may be usefully placed in the base, inside
the cylinder to improve the "air-tightedness', the lower rim of
the cylinder is fitted with rubber (split rubber-tubing serves well),

(h) Small constructional parts - e,g, in the torsion arm, the support
for the fixed sphere (A4, A5) - may be made from dried balsa wood,
which is then covered with shellac varnish (or modern counterpart),
Such parts should be tested for insulation (''electrostatically")
before being incorporated in the apparatus, Remember one is deallng
with capacitors® of 1012 Fayad and less (the small sphere), so

even a resistance of 1012 Ohm results in a decay time of 1 second!
Approximately 1013 ohm. is desirable, and easily attainable by

proper procedures,

3. Oscillation Apparatus (Drawings Bl, B2)

‘(a) For the large sphere a toy globe or a papier-mache sphere of
reasonable gphericity can be used., The conducting surface can be
either aluminum foil or a painted coating of '"aguadag', rubbed down.

(b) A simple carralge mechanism enables one to move the needle!
laterally without accidentally touching the needle itself.

(c) The suspension for the needle is a fine (single strand) extracted
from fine nylon hose, Silk threads can be used (see p.39 )} but
" nylon is simpler! S :

(d) The stem of the needle must be of high-insulation material,
Tt can be drawn from hard wax. TFine lucite rod is satisfactory.

(e) It may be helpful to shield the whole apparatus from draughts =~
by means of a large (3'X4'X4') cloth-covered light wooden frame.

b4, Miscellaneous

It is convenient to have available one or two small Leyden jars of
different sive, Small plastic bottles (such as used for medicines, etc,),
foil-covered on the outside, coated with aquadag on the inside are
suitable,

.
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Appendix (ii)

“XV. ExperiMmenTs wita AN ELECTRI-
FIED CUP.

I suary clofe the account of my. experi-
ments with a {fmall fet, in which, as well as |

in the laft, T have little to boaft befides the ‘ they neceflarily acquired fome degree of _

honour of following the inftrutions of Dr. \ eleCiricit in pafling the foouth - -
Franklic. Fe informed me, that he had ° cup. » P © outh of the
found eork balls to be wholly unaffeéted by |

the ele@ricity of a metal cup, within which

In any cafe, if the balls were taken
out while the cup remained ele@rified,

To purfue this experiment a little farther,

they were held ; and he defired me to repeat

“and afcertain the fa&, giving me leave to
make it public. |
AccorRDINGLY; December the 2ift. I
elerified a tin quart veflel, ftanding upon a
fiool of baked wood; and. obferved, that a
‘pair of pith balls, infulated by being faftened
~ to the end of a flick of glafs, and hanging
intircly within the cup, {o that no part of the
threads were above the mouth of it, remained
juft where they were placed, without being in
the leaft affe@ed by the ele@ricity ; but that,
if a finger, or any conduting fubftance com-

municating with the earth, touched them, or;
was even prelented towards them, near the!

mouth of the cup, they immediately {epa-
rated, being attraCted to the fides; as they
alfo were in raifing them up, the moment

~ that the threads appcared above the mouth of
the cup.

- Ir the balls had hung in the cup a con-{
fiderable time without touching 11, and they

were taken out immediately after the elec-
“tricity of the cup was difcharged, they
"were found to have acquired no degree of
ele&tricity. :
Ir they had touched any part of the cup,
though they fhowed no eleClricity while
“they were within it; yet, upon being taken
out, they appeared to have acquired fome;
which was more if they had touched a part
near the edge of the cup, lefs if they had
touched any part more remote from the edge,
and leaft of all if they had touched the bot-
tom only. If they had firft touched the fide
near the top, and then the bottom, they came
~ out with that fmall degree of ele@ricity which
they would have acquired, if they had touched
the bottom only.

I took a fmall coated phial, fuch as is repre-
fented upon the ftool {¢ PL. IL] and obferved,
that when I held it by the wire, within the
ele@rified cup, it acquired no charge, the
eleQricity of the cup affe@ing both the infide
and outfide coating alike. If the external
coating touched the bottom of the cup, the
phial received a very fmall charge. If it was
made to touch the fide, itacquired a greater
charge ; and the nearer to the top 1t was

heid, the higher charge it rcceived; the
wire of the phial, which communicated with
the infide coating, being farther removed
from the influence of the electricity of the
cup. :

MAavY we not infer from this experiment,
that the attraction of eleQricity is fubjek

~to the fame laws with that of gravita~

tion, and is thercfore according to the
fquares of the diftances ; fince it is eafily
demonfirated, that were the ecarth in the
form of a fhell, a body in the infide of it

would not be attradted to one fide more than

another.

The earliest published reference
to the invérse sauare law for
electricity. From Joseonh
Priestley's The History and
Present State of Electricity,
Vol. I. pp. 372-375,

(1st Edition 1767, 3rd Edition
1775; Johnson reprint 1966)




Appendix (iii)

Extract from J. Robison's A System of Mechanical Philosophy.

Also

published in an article on "Electricity"™ in Supplement to the Encyclopedig

of Arts and Sciences (Philadelphia, 1803),

Here Robison implies that he had measured the law-of-force between

charged spheres as early as 1769,

His electric balance is not as
sitive, nor, perhaps, as versatile as Coulomb's torsion balance,

sen-
Yet

he seems to have achieved sufficient gkill in its use to obsgerve the

departure from the inverse souare law with finite spheres,

The contrast

in tone between Robison end Coulomb is noteworthy!

"The writer of this arti-

dpo, and flatters himself that be has vot been unsuccessfut
in his attempts. These were conducted in the most obvicus
and simple manner, suggested by the reasonings of Mr.
Alpinus; and it was with singular pleasure that, some years
after, he perused the excellent dissertation of Mr. Caven-
dish in the Philosophieal Transactions, vol. 61. where he
obtained 2 much fuller conviction of the truth of the von-
clusion which he had drawn, in a ruder way, from more fa«
miliar appearances. Mr. Cavendish, has, with singular sa-
gacity and address, employed his mathematical knowledge

in a way that opened the road to a much farther and more -

scientific prosecution of the discovery, if it can be called by
that name, = After this, Mr, Coulomb, a distingnished mem-
ber-of. the French academy of sciences, engaged in the sanie
research in a,way still mare refined ; and supported his cone

clusions by some of the most valuable experiments that have -

been offered to the public.  'We shall now give a very brief
account of this argument: and have premised these histori-
cal remarks; because the writer, although he had establish.
ed the general conclusion, and had read an account of his

investigation in a public seciety m 1769, in which it was .-
applied to the most remarkable facts then known in electrix-

iy

city, has no claim to the more claborate proofs of the same |

doctrine, whiell are given in some of the following para- . |
o1t hyef

graphs, ~ These are but an application of Mr. Cavendish's

more cautious and general mathematical procedure, to the-

function which the writer apprehends to be suiliciently es.
tablished by observation.

The most unexceptionable experiments with whieh we
can biegin, scem to be the repulsions observable betweer

 ELECTRIGITY, LT Gy

) two sl -spheres.' Whatever be the law of distribution of
" ¢he particles in a sphere, the general action of its particles

on the particles of another sphere will follow a law which
will not differ much from the law of action between two
particles, if the diameters of the spheres be small in pro-
portion to their distance from cach other. The investiga-
tion was therefore begun with them. But the subject requix-
ed an electrometer suscepiible of comparison with others,
and that could exhibit absolute measures, The one cm.
ployed was made in the following wanner; and we give it

" to the public as a valuable phi}osophicai nstrument,

85, Fig. 15. represents the electrometer in front.. A is
a polished brass ball, ith of an inch in diameter. It is fixed
on the point of a needle three inches long, as slender as can
be had of that length. The other end of the needle passes
throuzh a ball of amber or glass, or other firm non-con-
ducting substance, about half or three-fourths of an inch in
digmeter; but the end must not reach quite to the surface,
although the bull is completely perforated.  From this ball
vises aslender glass rod FEL, three inches Jong from F 1o
B, where it bends at- right angles, and is continued on to
Ly imumcdiately over (he centre of the hall A, At L is fix.
ed a picee of amber C, formed into two parallel cheeks, be-
tween which hangs the stalk DCB of the electrometer, This
i formed by dipping a strong and dry silk thread, or {ine
eatd, in melted sealing wax, and holding it perpendicular
Ul it remnin covered with a thin coating, and be fully pe-
netrated by it It must be kept cxtended, that it may be

Ceary MTIITRS 1 I
Fery straght’ and it must be rendered smooth, by holding

)

are o clear fire, This stalk is fastened into a small cube

A N, . .
¢ «f wabery, perforated on purpose, and having fine holes

i}}“}?f;-;l i two of its opposite sides. The checks of the plece
€ are wide enonght to allow this cube to move freely be-
:*?‘*':1 !i_hur?l. round two fine pins, which are thruat throungh
4; ed in the cheeks, and reach about haif way to the
N "Ehe lower part of the stalk s about three inches

wiafls
Euddidly

~54-



70 . LLECTRICITY..

long, end’ terminates in. a gilt and Lurnished cork-ball (or
a ball of thin mictal), é'quarter of an inch indiameter, The
upper part CI) is of the same length, and passes, with some
friction, tlirough a small cork.ball. This part of the in-

strument is so proportioned, that when ¥ is perpendicular

to the horizon, and DCB hangs frcely, the balls B and A
just touch each other. Tig. 16. gives a side perspective
view of the iustrument, The ball I is fixed on the end of

the glass rod FI,-which passes perpendicalarly through the
centre of a graduated circle GHO, and has a knob handle
of boxwood on the farther end 1. This glassrod turns stifly,
but smoothly, in the head of the pillar HE, &c. and has an,
index NH, which turns round it. This index is set paral-,

lel to the line LA, drawn through the centre of the fixed
" ball of the electrometer. The cirele 15 divided inta 360 de-

grees, and O is placed uppermost, and 99 on the right hand. |
Thus the indes will point out the angle which LA meakes -
with the vertical.: It will be convenient to have another
index, turning stiffly on the same axis, and extending a good.

way beyond the circle.

.. This instrument 1 used in the following manner: A cone-
nection is made with the body whose electricity is to be*
examined, by sticking the point of the connecting wire inta-

the hole at T till it touch the end of the needle; or if weg

would merely electiify the halls A and B, and then leave”

them insulated, we have only to touch one of them with an
electrified body., Now take hold of the handle I, and turn

it to the right till the index reach 90.  Im this position, the

tine LA is Horizontal, and so s CB; and the moveable bell
B is resting on A, and 15 cuned by it.  Now electrify the
balls, and gently tuin the handle backwards, bringing {he
index back towards 0, &e. noticing carefully the twe ballz
It will bappen that, in some particular position of the in
~desx, they will be observed to separate.  Bring them toge
ther again, and again canse them to separate, till the exce.

position at separation is ascertained, This will shew thei+ .

~repulsive force in contact, or at the distance of their centres,
equal to the sum of their radii. * Having determined this
point, turn the instrument still more toward the vertical po-
“aition.  The balls will now scparate more and more.  Let
an assistant turn the long index so as to make it paralle] to
tha stalk of the electrometer, by making the one bide the
ather from his view. The mathematical reader will sce
that this clectrameter has the properties ascribed to it. It
will give absolute measures: for by poizing the stalk, by
laying some grains weight on the cork-ball D, till it be-
comes horizontal and perfeetly balanced, and computing for
the proportional lengths of BC and DC, we know exact] ¥y
the number of grains with which the balls must repel each
ather (when the stalk is in a horizontal position), in order
Berely to separate. Then a very simplcl cornputation will
i::!l: us the. grains of repulsion when they scparate in any
a}:?u;:zu I:-::?;inimz of the stalk; and another computation, .l)y
tho resolution of forces, will shew us the repulsion exerted
g:::l::;111::;"::1&;:1351': AL is oblique, and BC makes any
- - o . *
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_All this is too obvious to need any
faether explanation,. | The reason for giving the connection
betnenh A and C such a cireuitous form, was to avoid atl
action between the fixed and the moveable part of the clec-
trmcter, except what is exerted between the two balls A,
and I 'Uhe needle AT, indeed, may act a little, and might

wve been aveided, Dy making. the horizontal axis FI to
joln with Az but as it was wanted to make the instrament
of move goneeal use, and frequently to connect it with-an
clectricnd machioe, & battery, or a large bedy, ne mode of
prspeesion offured selt which would not have been more
aalty do this respect. The neatest and most compendious
furin wonld Bave bzen to attach the axis FI to C, and to
e CAX end CB suff metalline wires, in the same manner
¢ Breaked's olectrometer is made,  But as the whele
: neths would have acted, this construction would
save B very improper in the investigativa of the law of

electric repulsion.  As it now stands, we imagine that it has
considerable advantages over Mr. Brookes's construction;
and also over Mr. De Luc's comparable electrometer, de-
" seribed in his Essays on Meteorology. It has even advan-
tages over Mr, Coulomnb’s incomparably more delicate elec~
trometer, which is sensible, and can measure repulsions which
do not exceed the 50,000 of a grain; for the instrument

‘which we have described will measure the aftroctions of the

oppositely electrified bodies; a thing which Mr. Coulomb
could not do without a great circait of experiments. ¥or
* instead of making the ball B above A, by inclining the in«
strument to the right hand, we may incline it to the left;
and then, by electrifying one of the balls positively, and the
other negatively, when at a great distance from each other,
their mutnal attraction will cause ‘them to approach; CB
will deviate from the vertical toward A; and we can com-
pute the force by means of this deviation.
. We must remind the person whe would make observa-
tions with this instrument, that every part of it must be se-

*cured against dissipation as much as possible, by varnishing

_all its parts, by having all angles, poluts, and roughpesses
removed, and by choosing a dry state of the atr, and a warm
room; and, because it is impossible to prevent dissipation
altogether, we must make a previous course of experiments,
in o variety of circumsrnnce§, in order to determine the di-

. minytion per minute corresponding to the cireumstances of
the experiments that are to be made with further views.

We trust that the reader will accept of this particular
account of an instrument which promises to be of eonsider-
able service to the curious naturalist ; and we now proceed
with an account of the conclusions which have been drawn
from observations made with it

Iere we could give a particular narvation of some of the
experiments, and the computations made from them; but
we omit this, because it s really unnecessary, Tt suflices to
gay, that the wiiter has made many bundreds, with ditler-
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-2 wed in diameter, while B is but £ of an inch,
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ent instruments, of different sizes, some of them with Lalls

of an inch diameter, and radii of 18 inches. Their coinei-
dvoee with each other was far beyond his expectation, and
he has not one in his notes which deviate from the wmedium
£ of the whole force, and but few that have deviated .

The deviations were as frequently M excess asin defect.

His custom was to measure all the forces by a linecar scale,

. -and express them by straight lines erected as ordinates 1o a

base, en which he set off the distances from a fixed Loing ;
ke then drew the-most regular curve that he could through
the summits of these ordinates. This method shews, in the
most palpable manner, the coincidence or irregularity of the
eXneriments. C Coo S

. ‘The result of the whole was, that the mutual repalsion
«of two spheres, electrified positively or negatively, was very
neasly in the inverse proportion of the squares of the dis
tances of thelr centres, .or rather in a propurtion somewhat

L C -'f . . P .
. grester, approaching to z3-88. . No difference was chserved

although one of the spheres was much larger than the other ;
and this chrcumstance enables usto make 2 considemb]cim:
provement on the electrometer. Let the ball A he made
greatly diminishes the proportion of thfz" 1 ! hl?'
£ 1 e Irregular actiens of
:E_:e rest of the apparatus to the whole force, and also dimi.
mizhes the dissipation when the general intensity is the

£T I

Aeadtilre

- B7. ?.‘e’hen the experiments were repeeifed with balls havine
oppeste electricities, and which therefore attracted' L(,i::
'f;!?\.cr, tht": results were not altogether so vegular, and a :f:ew
. ;?rsrgtalantics :.amo_unted to 5 of the whole; but these anoma.
f;;:t:; :: Z;R,n on one side of tl;g medinm as on the other,
S tt!... ‘ .upenmcnts gave a result whic
U Rs e lorwer (or rathe
et of the distunces 3
the o

hodeviated as
rless) frow the Inverse duplicate
but the deviation wag iy defoct

‘ : as
T was in £Xeess,

- We therefore think that it may be concluded, that the
action between two spheres is exactly in the inverse duplicate
ratio of the distance of their centres, and that this difference
between the observed attractions and repulsions is owing

to some unpercetved canse in the form of the experiment.
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88. It must be obsérved also, that the attractions and repul-
stons, with the same density and the same distances, were,
~toall sense, equal, except in the forementioned anomalous
experiments.  The mathematical reader will see, that the
- above-mentioned irrcgularities are imperfections of experi-
ment, and that the gradations of this function of the dis-
tances are too great to be much aiffected by such small ano.
malies. The indication of the law is precise enough to
make it worth while to adopt it, in the mean time, as « Aypo-
‘thesis, and then to select, with jutgment, some legitimate
consequences which will admit of an exact comparison with
-experiment, on so large a scale, that the unavoidable errors

of observation shalk bear but an insignificant proportion to

the whole quantity. ~We shall attempt this: and it is
peculiarly fortunate, that this observed law of action be-
tween two spheres gives the most easy access to the law of
action between the particles which compose thems ; for Sir
Isaac Newton has demonstrated (and it is one of his most
precious theorems,) that if the particles of matter act on éach
other with a force which varies in the inverse duplicate
ratio of the distances, then spheres, consisting of such par-
ticles, and of equal density at equal distances from the een-
tre, also act on exch other with forces varying in the same
preportion of the distances of their centres, e demon.
strates the same thing of Lollow spherical shells. He de-
monstrates that they act on cach other with the same force
as If all their matter were collected o their centres, And,
lastly, he denonstratés that if the law of action botween the
_ particles be different from this, the scnsible action of spheres,

" or of hollow spherical shells,will also be diffevent (see Prm-'

eipia, L Prop. 7 TLY

58, Therefore we may conclude, that the law of e]ectnc at—
sraction and repulsion is similar to that of gravitation, and
that cach of thosa forces diminishes in the same proportion

3

YWe have obtained much useful information from this dis-

covery.. We have now full confirmation of the propositions '

conreerning the mutual action of two hodies, cach over-

charged at one end and undercharged at the other. Their

evidence before given amounted only to a reasonable pro-

~ hability 5 but we now see, that the curve line, whose ordi-

“nates represent the forces, is really convex to the abscissa,

‘end that & - 5* is always greater than Z' - 2; from which
cirenmstance all the rest follows of course. ‘
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that thesguare of the distance between the partieles increases,
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(Appendix (iv) )

%
Extraét'from Cdulomb's 2nd Memoire 1785 ' ' ?
I

Second experimental method to determine the law according to
which a sphere of 1 or 2 feet diameter attracts a small body electri-
fied with electricity of a sort opposite from its own,

The method we shall follow is analogous to that which we have used
to determine the magnetic force of a steel plate, as described in the
7th volume of "Savants etrangers', -

G is a sphere of copper or cardboard covered with tin, and supported
by four columns of glass, covered in Spanish wax, and each topped by a
spigot of Spanish wax 3" or 4" long, to ensure perfect insulation, The
lower ends of these columns are fixed to a tray which rests on a small
table which can be adjusted to a height most suited to the experiment
(See fig: p. 29). The scale EO is also adjustable to a suitable height
by means of the clamp E, When all is thus prepared, the sphere G is placed
so that its horirontal diameter, Gr, is aligned with the center of the
disec £, which is several inches away. Using a Leyden jar a small spark
is given to the sphere. The disc § is then touched by a conducting body",
and the action of the electrified sphere on the electric fluid of the
unelectrified disc, imparts to this disc an electricity opposite (in 'sign'')
to that of the sphere so that on removing the conducting body, the sphere
and the disc interact on each other attractively,

Experiment i

The sphere G had a diameter of 1 foot (32.48 cm), the disc £ a diameter
of 7 "lines" (1.58 cm), and the needle of "gum~lac" 5 was 15 lines long
(3.38 ecm)., The suspension filament sc was silk straight from the cocoon,

8 lines long (1.8 cm)., When the carraige was at the point 0, the disc ﬁ
‘touched the sphere at r, and as the carraige is moved'towards E, the

disc moves further from the center of the sphere, and its position is
given by scale-marks corresponding to 0",3",6",9" and 12", Since with
the procedure indicated the sphere is electrified with so called positive
‘and the disc with negative electricity we obtained:

First test: With the disc f at 3" (8.12 cm) distant from the surface
of the sphere, or 9" (24.36 cm) from its center, there
were 15 oscillations in 20 seconds.

* A very fine wire, at the end of a stick, held by hand. (SD)

50w




Second test: With the disc.g at 18" (48.72 ¢m) from the center of
the sphere there were 15 oscillations in 40 seconds,

Third test: With the disc § at 24" (64.97 cm) from the center of
the sphere, there were 15 oscillations in 60 seconds,

Interpretation and Result of this Experiment
G
When every point ofAspherical-surface acts on a point at any dis-

tance whatever from this suface, by an attractive or repulsive force
which is proportional to inverse-square of the distance, one knows that
the action is the same as if the whole spherical surface were concentra-
ted at the center of the sphere, And since in our experiment the disc §
was only 7 linés in diameter, and in the measurements its closest dis-
tance to the center of the sphere was 9", one may without appreciable
error, take all the lines which go from the center of the sphere to any
point on the disc, to be equal and parallel, Consequently the whole
action of the disc may be supposed concentrated at its center, just like
that of the sphere, Thus, in the small oscillations of the needle, the
force which makes it oscillate is constant for a given distance, and acts
along the line joining the two centers, So, if one calls § the force,

T the time for a particular number of oscillations, one should have
proportional to lﬁr@’ ; but if d is the distance G} between centers,

and if the attractive forces are proportional to the inverse-square of
‘the distances, or te 1/d2, it follows that T will be proportional to d,
or the distance. So that when in our measurements we vary the distance,
the time of the fixed number of oscillations should vary like the dis-
tance between centers of sphere and disc.

We compare this theer;with:experiment:

Distance BetwéenACentets Time fdr-IS béciilatibns
First Test gM 20 Seconds
Second Test - 18" : 41 Seconds

Third Test _ 24" 60 Seconds

The distances here are in the ratio 3 : 6 : 8,

The times of the same number of oscillations :: 20 : 41 : 60, R

According to theory these should be ::20 : 40 : 54,

(Note: The figures in parenthesis are dimensions converted to centi- 5
meters, These were not in Coulomb's original memoire!)
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