














2. The Electrodynamometer and
Weber’s Proof of Ampere’s Theory

Commenting in 1846, on the state of electrical science since
the 1826 publication of Ampére’s famous memoir on electro-
dynamics, Wilhelm Weber wrote:

Ampeére did not continue these investigations, nor has
anyone else published anything to date, from either the
experimental or theoretical side, concerning further
investigations. . . . This neglect of electrodynamics since
Ampere is not to be considered a consequence of
attributing less importance to the fundamental
phenomenon discovered by Ampére . . . but rather it
results from dread of the great difficulty of the
experiments, which are very hard to carry out with
present equipment. . . .[Weber 1846, Introduction]

The essential problem Weber saw with Ampere’s apparatus
was the possibility that the force of friction might be disguising
subtle effects. In each of Ampere’s equilibrium experiments,
deductions are made from the lack of motion of a movable
conductor, for example, the rectangular conductor CDGH in
the second equilibrium experiment (Figure 4 in article text). If
this lack of motion were the result, even in small part, of fric-
tional resistance, then the entire set of deductions derived by
Ampere would have to be re-evaluated.

To establish the validity of Ampere’s theory with more ex-
actness, it was necessary to devise an apparatus in which the
electrodynamic forces were strengthened, such that friction
would be only a negligible fraction of the force measured.
This was the purpose of the instrument, known as the electro-
dynamometer, the first model of which Weber constructed in
1834.

The essential improvement over Ampére’s various appara-
tuses was, that instead of single wires interacting with each
other, a pair of multiply wound coils was used. This had the
advantage that each successive winding would multiply the
effect of the electrodynamic force between the two coils.
Thus, even the smallest currents flowing through the coils
could produce measurable effects. But the use of coils, rather
than single lengths of wires, would require a completely dif-
ferent experimental geometry. And, rather than attempting ex-
periments whose purpose was to produce zero motion, We-
ber intended to precisely measure the rotational force exerted
by one coil on another. Then, by geometric analysis, he
would reduce these results to the effect of a single circular
loop on another, and, through further analysis, relate the
strength of this effect to that predicted by Ampere’s law.

The principal elements of Weber’s apparatus were two cylin-
drical coils of wire, called solenoids by Ampere. One cylinder
was suspended horizontally such that it could rotate around a
vertical axis. The other was placed horizontally in a fixed posi-
tion, usually either perpendicular (Figure 2.1) or longitudinal to
the first coil. We know from Ampere’s earliest experiments,
that when current passes through a solenoid, it takes on the
properties of a bar magnet, one end of the cylinder acting as
north pole, and the other as south. Thus, as can be seen from
Figure 2.1, the arrangement of the Weber electrodynamometer
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This is the electrodynamometer, constructed in 1841, which

Weber used to experimentally verify Ampere’s electrody -
namic theory. The larger outer ring is the bifilar coil, so called
because it is suspended from above by two wires, which also
carry current to it. The inner ring, an electrical coil known as
the multiplier, is affixed to a wooden frame with tripod base.

During the experiment, the multiplier and frame are placed in

various positions on the laboratory table to determine its rota -
tional effect on the bifilar coil. The angle of rotation is mea -
sured by observing the mirror (affixed to the suspension appa -
ratus) through a telescope with meter stick attached.
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Professor G. Beuermann (r.) of Gottingen University demonstrates the sending apparatus of the 1833 electromagnetic telegraph
of Gauss and Weber to Jonathan Tennenbaum. In the background is displayed part of the historical collection of Weber’s ap -

paratus.

is quite analogous to that of the Gauss magnetometer.

Weber borrowed the use of the bifilar (two-thread) suspen-
sion from this earlier instrument, but instead of silk threads, he
used the conducting wires themselves to suspend the coil.
Thus, a hollow wooden cylinder wound with insulated copper
wire, which came to be known as the bifilar coil, was sus-

pended from above by its own two wire leads. The second
cylindrical coil, known as the multiplier, was placed in the
same horizontal plane, at right angles, or longitudinal to the
first. A mirror was affixed to the bifilar coil, and its angle of ro-
tation observed with a telescope and meter stick, just as in the
magnetometer.
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Figure 2.1
BASIC CONFIGURATION OF
ELECTRODYNAMOMETER

In this topdown view of the Weber electrodynamometer,
the rotatable bifilar coil is suspended by its two conducting
wires. When current is passed through it, it will tend to be-
have just like a magnetic compass needle, aligning itself
with the magnetic meridian. But the multiplier, placed at
right angles to the bifilar coil, will also behave like a mag-
net when electrified, and will tend to rotate the bifilar coil
out of the magnetic meridian, as depicted. If a plane mirror
is attached to the bifilar coil and observed through a tele-
scope and measuring stick apparatus, as in the Gauss mag-
netometer, the angle of rotation can be very precisely mea-
sured.
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Figure 2.2
BIFILAR COIL AND MULTIPLIER

In this illustration from Weber’s First Mem -
oir, the multiplier coil is depicted in the
unique position where it is inside the bifilar
coil. The bifilar coil is the outer ring, shown
with the suspension apparatus leading up to
the wire leads gg. A plane mirror, k, is at -
tached to the suspension. The multiplier
coil is affixed to the wooden base which is
mounted on the three feet, a, B, and y. The
multiplier and base can be extracted from
the position depicted and moved to any de -
sired position. The dotted triangles indlicate
the premeasured positions on the laboratory
table at which the multiplier will be placed
during the experiment.

After additional instrumentation was added to measure
the precise current flow through each coil, observations
were made with the multiplier positioned at varying, pre-
cisely measured distances to the east, west, north, and
south of the bifilar coil (Figures 2.2, 2.3). A table of experi-
mentally determined values was then arrived at, represent-
ing the torque, or rotational moment, exerted by the multi-
plier on the bifilar coil at the different distances. By
knowing the number of turns in each coil, and by assum-
ing from the symmetry of the windings, that the total effect
could be considered as concentrated in the most central
loop of each coil, Weber was then able to reduce these
observed values to the mutual effect of a single pair of cir-
cular loops, acting at each measured position of the multi-
plier and bifilar coil.

In his mathematical theory of electrodynamics, Ampere
had developed a formula that provided a theoretical deter-
mination of what the rotational moment of two such circu-
lar loops should be, dependent on their distance of separa-
tion, the area enclosed by each, their relative angles, and
the strength of current flowing in them. Weber was now
able to compare the predicted values, derived from Am-
pere’s controversial theory of electrodynamics, to a set of
experimentally determined values. The difference amounted
to less than 1/3 of a scale unit (about 6 seconds of arc), of
which Weber wrote in his First Memoir:

This complete agreement between the values
calculated according to Ampere’s formula and the
observed values (namely, the differences never exceed
the possible amount contributed by unavoidable obser-
vational error) is, under such diverse conditions, a full
proof of the truth of Ampere’s law [Weber 1846, §8].

—Laurence Hecht

Figure 2.3
SCHEMATIC OF WEBER’S EXPERIMENT

In addlition to the bifilar coil and multiplier, depicted in the
closed position at E, this schematic diagram from Weber’s
First Memoir shows the other instrumentation required for
the verification of Ampére’s electrodynamic theory.

The telescope and meter stick for observing the rotation of
the bifilar coil is shown at F. The current supply (a four-cell
battery) is depicted at D and a commutator for reversing the
direction of current flow at A. The apparatus at B, C, and G
measures the current in the circuit and takes the place of a
modern ammeter. B is a second multiplier coil connected to
the main circuit, and about 20 feet distant from the bifilar
coil. C is a portable magnetometer whose deflections (mea -
sured by the telescope and meter stick at G) correspond to
the current strength in B. Observers were required at both
the scopes F and G, to take simultaneous readings of the de -
flection of the bifilar coil and the current strength, and a
third operator to manipulate the current supply.
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EDITOR’S NOTE

The letters from Weber to Gauss, numbered 29 to 31,
come from the Gauss manuscripts in the Manuscripts and
Rare Books Division of the State and University Library of
Lower Saxony, in Gottingen. They were transcribed from the
German script by Karl Krause and Alexander Hartmann. The
letter from Gauss to Weber of 19 March appears in Carl
Friedrich Gauss, Werke, Vol. V, pages 627-629. All the letters
were translated into English by Susan P. Johnson. The words
in brackets are added by the translator; the footnotes are by
the editor.

Above: Commemorative medal honoring Carl Friedrich
Gauss and Wilhelm Weber, issued in 1933. In background is
a facsimile of Weber’s 31 May 1845 letter to Gauss.
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Text of the Gauss-Weber
1845 Correspondence

Weber to Gauss,
No. 29, 18 January 1845

Highly honored Herr Hofrath:!

. . . For some time now, | have occupied myself with a trea-
tise, which | would like to present to the Royal Society in Got-
tingen; now that | am finished, however, | do not dare to ven-
ture a sound judgment, either about its correctness in your
eyes, or about whether it is worthy of being presented to the
Society, and therefore | would by far prefer to leave both to
your benevolent decision. Hence | submit them to you with
the request, that you will be good enough to look at them at
your convenience, when your time permits. . . .

With heartfelt affection and respect.
Leipzig, 1845, January 18
Your devoted,
Wilhelm Weber
21st CENTURY
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Weber to Gauss,
No. 30, 1 February 1845

Highly honored Herr Hofrath:

I have just noticed, that in the manuscript | recently sent to
you, there is apparently missing a note regarding Ampere’s for-
mula, which would be necessary in order to understand it.
Namely, Ampére has given a more general expression, for the
interaction of two current elements, than | introduce there,
which [ seek to justify, by means of the consideration that the
empirically derived definition of the coefficient of the second
term, which | have discarded, seems completely untrustwor-
thy, because of the unreliability of the method, and hence that
coefficient, so long as it lacks a more precise quantitative de-
termination, by the same reasoning would have to be set = 0.
If I am not in error, you yourself earlier expressed certain
thoughts about discarding the negative value which Ampére
assumed for that coefficient by means of which two current el-
ements, one following the other, would have to mutually repel
one another.

With heartfelt respect.
Leipzig, 1845, February 1
Your most devoted,
Wilhelm Weber
* kK
Gauss to Weber,
19 March 1845

Esteemed friend:

Since the beginning of this year, my time has been inces-
santly taken up and frittered away in so many ways, and on
the other hand, the state of my health is so little favorable to
sustained work, that up to now, | have not been in any posi-
tion to go through the little treatise you were so good as to
send me, and to which | just now have been able to give a first
quick glance. This, however, has shown me that the subject
belongs to the same investigations with which | very exten-
sively occupied myself some 10 years ago (I mean especially
in 1834-1836), and that in order to be able to express a thor-
ough and exhaustive judgment upon your treatise, it does not
Fall 1996
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An exhibit honoring
Gauss and Weber in
June 1899 at Géttingen
University. Portraits of
the scientists are sur -
rounded by their experi -
mental apparatus and il -
lustrations of their
experiments. On the ta -
bles at left are various
electrical and magnetic
apparatus. The large coil
in the center mounted
on a wooden dolly is
from the Earth inductor,
which can still be seen
today in the Gauss
House at Géttingen.

suffice to read through it, but | would have to first plunge into
study of my own work from that period, which would require
all the more time, since, in the course of a preliminary survey
of papers, | have found only some fragmentary snatches, al-
though probably many more will be extant, even if not in com-
pletely ordered form.

However, if, having been removed from that subject for sev-
eral years, | may permit myself to express a judgment based on
recollection, 1 would think, to begin with, that, were Ampere
still living, he would decidedly protest, when you express Am-
pere’s law by means of the formula

t
oo L, .
- 11" sinf sinb’ cose
r

m

since that is contained in a wholly different formula, namely

! .
ac L, (1 . .
i’ (7 cost cost’ + sinf sing’ cose).
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Nor do | believe that Ampére would be satisfied by the ap-
pended note, which you mention in a later letter, namely,
where you cast the difference in such a way, that Ampére’s
formula would be a more general one, just like

¥

- u;; (Fcosb cost’ + Gsind sind’ cose)

where Ampéere experimentally derived F = /2 G, while, be-
cause Ampere’s experiments may not be very exact, you think
that with equal correctness, you can claim that F = 0. In any
other case than the present one, | would concede that in this
discordance between you and Ampeére, a third party would
perhaps clarify the matter as follows, that:

whether one (with you) views this as merely a modification
of Ampere’s law, or

whether (as, in my estimation, Ampere would have to view
the matter), this is nothing less than a complete overturning of
Ampere’s formula, and the introduction of an essentially differ-
ent one,

is at bottom little more than idle word-play. As I said, in any
other case | would gladly grant this, since no one can be in



verbis facilior [more easy-going in matters of verbal formula-
tion] than |. However, in the present case the difference is a vi-
tal question, for Ampere’s entire theory of the interchangeabil-
ity of magnetism with galvanic currents depends absolutely on
the correctness of Formula Il and is wholly lost, if another is
chosen in its place.

I cannot contradict you, when you pronounce Ampere’s
experiments to be not very conclusive, while, since | do not
have Ampeére’s classic treatise at hand, nor do | recall the
manner of his experiments at all, nonetheless | do not believe
that Ampere, even if he himself were to admit the incom-
pleteness of his experiments, would authorize the adoption of
an entirely different formula (1), whereby his entire theory
would fall to pieces, so long as this other formula were not
reinforced by completely decisive experiments. You must
have misunderstood the reservations which, according to
your second letter, | myself have expressed. Early on | was
convinced, and continued to be so, that the above-mentioned
interchangeability necessarily requires the Ampére formula,
and allows no other which is not identical with that one for a
closed current, if the effect is to occur in the direction of the
straight lines connecting the two current elements; that, how-
ever, if one relinquishes the just-expressed condition, one can
choose countless other forms, which for a closed current,
must always give the same end result as Ampere’s formula.
Furthermore, one can also add that, since for this purpose it is
always a matter of effects at measurable distances, nothing
would prevent us from presupposing that other components
might possibly enter into the formula, which are only effec-
tive at immeasurably small distances (as molecular attraction
takes the place of gravitation), and that thereby, the difficulty
of the repulsion of two successive elements of the same cur-
rent could be removed.

In order to avert misunderstanding, | will further remark, that
the Formula Il above can also be written

—%f‘i’ (— %cose cosh’ + sinf sind’ cose

and that | do not know, whether Ampére (whose memoire, as |
said, | do not have at hand) used the first or the second nota-
tion. Both of them signify the same thing, and one uses the first
form, when one measures the angle 6, 8" with the same delim-
ited straight line; thus, this line determines the side of the sec-
ond angle in the opposite way, but determines the other form,
when one is considering a straight line of indeterminate length,
and, for the measurement of angle 6, §’, one resorts to that line
twice, in one sense or another. And, likewise, one can place a
+ sign in front of the whole formula instead of the — sign, if one
is considering as a positive effect, not repulsion, but attraction.

Perhaps | am in a position to again delve somewhat further
into this subject, which has now grown so remote from me, by
the time that you delight me with a visit, as you have given me
hope that you will do at the end of April or the beginning of
May. Without a doubt, | would have made my investigations
public long ago, had it not been the case that at the point
where | broke off, what | considered to be the actual keystone
was lacking

Nil actum reputans si quid superesset agendum
[Discussions accomplish nothing, if work remains to be done]
namely, the derivation of the additional forces (which enter

into the reciprocal action of electrical particles at rest, if they
are in relative motion) from the action which is not instanta -
neous, but on the contrary (in a way comparable to light) prop-
agates itself in time. At the time, | did not succeed; however, |
recall enough of the investigation at the time, not to remain
wholly without hope, that success could perhaps be attained
later, although—if I remember correctly—with the subjective
conviction, that it would first be necessary to make a con-
structible representation of the way in which the propagation
occurs.
With hearty greetings to your brothers and sister and to Pro-
fessor Mobius.
Gottingen, 19 March 1845
Ever yours,
C.F. Gauss
* % %
Weber to Gauss,
No. 31, 31 March 1845

Highly honored Herr Hofrath:

Professor Buff from Giessen, who is travelling from here to
Gottingen, in order to visit Woehler, his former colleague in
Cassel, will have the goodness to bring you these pages. It has
been of great interest to me to learn from what you were kind
enough to write, that Ampeére, in the definition of the coeffi-
cient he calls k in his fundamental law, was guided by other
reasons, than the ones from immediate empirical experience
which he cites at the beginning of his treatise, and that hence
the derivation, which | first gave, because it seemed somewhat
simpler, is inadmissible, because it does not reproduce Am-
pere’s law with exactness; yet, by means of what seems to me
to be a slight modification in my premise, | have easily ob-
tained the exact expression of Ampere’s law.

Through the interest taken in the matter, and through the en-
couragement of Fechner and later M&bius, | have been in-
duced to occupy myself up to a point, with a subject which |
conceived from the start might well be beyond me; | am all the
happier that you are inclined to turn your attention once more
to this arduous subject, and to give a complete development of
it. Certainly, the explanation derived from a gradual propaga-
tion of the effect would be the most beautiful solution of the
riddle. In response to your kind invitation, I will certainly not
fail to come to Gottingen by the end of this spring.

In conformity with your instructions, | will send to the Royal
Society in London a copy of the five last annual summaries of
the Resultate, by way of the book dealer, since it will be diffi-
cult for me to pursue the invitation to Cambridge. Whence the
Royal Society has obtained a copy of the first annual summary,
I do not know, since they did not buy it.

Mébius, who is now celebrating his silver wedding anniver-
sary, and my sister, remember themselves to you and your
daughter with the greatest regard.

With the most heartfelt respect.

Leipzig, 1845, March 31
Your most devoted,
Wilhelm Weber

Noles
1. The title by which Weber addressed Gauss is approximately translated as
“Mr. Court Councillor.”
2. This seems to be Gauss’s only error of memory: The epsilon should be an
omega.
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