A Peculiar Motor of Ampère

Kirk T. McDonald Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544 (April 22, 2025)

After Faraday’s first demonstration of an electromagnetic motor in 1821 [1, 2, 3], Ampère soon demonstrated variants of such motors in [4, 5], one of which is described in [6].^{1,2} Here, I consider a kind of electric motor studied by Ampère in 1822 [5], based on the apparatus shown in his Fig. 1 (below), and the peculiar electrode shown in his Fig. 13.

My reconstruction of this motor is sketched on the next page.

Two wooden disks each have a circular trough that includes one radial partition. Each trough is filled with mercury. The two disks are mounted coaxially, one above the other. Leads from a battery are inserted into the mercury in the two troughs, such that an electric current can flow in the mercury (once a conducting armature links the two troughs), counterclockwise in the lower through as seen from above, but clockwise in the upper trough.

The armature of the motor, shown in red, can pivot about a vertical axis through point P in the sketch on the next page. The lower, bent end of the armature enters the lower trough, while the upper end of the armature is bent downwards so as to enter the mercury in the upper trough. This defines an intricate path for the electric current I, which flows counterclockwise from the positive electrode of the battery connected to the lower trough, into the lower end of the armature, up and across the lower trough, then upwards, and across the top of the upper trough, downwards into the upper trough, and finally clockwise towards negative electrode of the battery connected to the upper trough.

A sense of the motion can be gotten from consideration of the system when initially at rest. According to the Biot-Savart/Lorentz law,^3 the force dF on a current element I dl in a

1Refs. [4, 5] were reprinted in [7].

2Numerous electrostatc motors were exhibited in the 1700’s, as recounted in [8], including an “electric fly”; see Figs. 10-11, pp. 24-25. This type of device, which is driven by electrostatic-field emission of electrons from the tips of the electrically charged rotor, was described by Ampère as a moulinet électrique (electric windmill); see p. 421 of [5], p. 103 of [7], p. 113 of [9], and p. 289 of [11].

3The force laws of Biot-Savart and Ampère have been reviewed by the author in Appendices 14.11-12 of [12]. Note that Ampère stated the “Biot-Savart” law in the first form of our eq. (3).

magnetic field B is

dF = I dl × B, (1)

where the magnetic field can be computed as B = μ_0 4π ∮ I dl × r̂ r^2

, (2)

with r being the distance vector from the current element to the observation point.^4

The magnetic field due to the current in the mercury near the bent, lower end of the armature (in the lower trough) points radially outwards, as in the sketch above, and hence the I dl×B force on the upward current in that end of the armature points in the counterclockwise direction, as seen from above.

Meanwhile, the magnetic field due to the current in the mercury leaving the bent end of the armature in the upper trough points radially inwards, so the I dl × B force on the downward current in that bent end also points in the counterclockwise direction, as seen from above.

Therefore, the armature rotates about the vertical in the counterclockwise sense, making at most one full turn before hitting the wooden partition. Thus, the action of the system is briefly that of an electric motor, which was still a very new phenomenon in 1822,

4For two current elements I_1 dl_1 and I_2 dl_2, the force on element 1 due to element 2 is

d^2F_{on1} = μ_0 4π I_1I_2

(dl_1 · r̂) dl_2 − (dl_1 · dl_2) r̂ r^2

= I_1 dl × μ_0 4π I_2 dl_2 × r̂ r^2

≠ −d^2F_{on2} (Biot-Savart), (3)

where r = l_1 − l_2 is the distance from a current element I_2 dl_2 at r_2 = l_2 to element I_1 dl_1 at r_1 = l_1.

Ampère did not favor the Biot-Savart law, and considered that the action of the motor was successfully predicted by his force law,

d^2F_{on 1} = μ_0 4π I_1I_2[3(r̂ · dl_1)(r̂ · dl_2) − 2 dl_1 · dl_2] r̂ r^2

= −d^2F_{on 2}. (Ampère), (4)

where r = l_1 − l_2 is the distance from a current element I_2 dl_2 at r_2 = l_2 to element I_1 dl_1 at r_1 = l_1.^5

For element 1 as, say the bent, lower end of the armature sketched above, and element 2 in the counterclockwise current in the mercury near that end, r̂ · dl_1 and r̂ · dl_2 are both positive while dl_1 · dl_2 = 0, so the force on the upward current element 1 is in the r̂ direction (from element 2 to element 1), which has a horizontal component in the counterclockwise direction as seen from above.

Similarly, with element 1 as the bend end of the armature in the upper trough, and element 2 in the counterclockwise current leaving that end in the upper trough, r̂ · dl_1 and r̂ · dl_2 are both negative while dl_1 · dl_2 = 0, so the force on the upward current element 1 is in the r̂ direction (from element 2 to element 1), which has a horizontal component in the counterclockwise direction as seen from above.

If instead the experiment had been as sketched below, using only a single trough, the force on both bents ends of the armature (in red) would be in the same direction, and the motion of the armature would be a translation rather than a rotation.

This possibility was explored by Ampère and de la Rive in 1822 [16], as illustrated in their Fig. 12 (below, see also pp. 327 and 331 of [11]), which was the first demonstration of a “railgun”.^6 Starting from rest, the motion of the armature is predicted to be away from the battery by the force laws of both Biot-Savart and Ampère, as observed in the experiment.

5Ampère’s insistence that the force law for steady currents obeys Newton’s 3^{rd} law earned him the sobriquet of the “Newton of electricity” by Maxwell in Art. 528 of [13].

6Discussion by the author of railguns is in [14].

Ampère was chiefly interested in the experimental confirmation of his (static) force law (4), and downplayed any time dependence exhibited in his experiments, including an early hint of electromagnetic induction in 1822 [15, 16].^{7,8,9}

References

[1] M. Faraday (unsigned), Historical Sketch of Electro-magnetism, Ann. Phil. 18, 195 (1821); 19, 107 (1822), http://kirkmcd.princeton.edu/examples/EM/faraday_ap_18_195_21.pdf

http://kirkmcd.princeton.edu/examples/EM/faraday_ap_19_107_22.pdf

[2] M. Faraday, Electromagnetic Rotations (Sept. 3-4, 1821),

http://kirkmcd.princeton.edu/examples/EM/faraday_210903.pdf
https://www.rigb.org/our-history/iconic-objects/iconic-objects-list/faradays-motor

[3] M. Faraday, On some new Electro-Magnetical Motions, and on the Theory of Magnetism, Quart. J. Sci. Lit. Arts 12, 74 (1822),

http://kirkmcd.princeton.edu/examples/EM/faraday_qjla_12_74_22.pdf

Sur les Mouvemens électro-magnétiques et la théorie du magétisme, Ann. Chem. Phys. 18, 337 (1821), http://kirkmcd.princeton.edu/examples/EM/faraday_acp_18_337_21.pdf Ueber electrische-magnetische Bewegungen, und die Theorie des Magnetismus, Ann. d. Phys. 71, 124 (1822), http://kirkmcd.princeton.edu/examples/EM/faraday_ap_71_124_22.pdf

[4] A.M. Ampère, Expériences relatives à de nouveaux phénomènes électro-dynamiques, Ann. Chem. Phys. 20, 60, 422 (1822), kirkmcd.princeton.edu/examples/EM/ampere_acp_20_60_22.pdf

[5] A.M. Ampère, Mémoire sur la détermination de la formule qui représente l’action mutuelle de deux portions infiniment petites de conducteurs voltaïques, Ann. Chem. Phys. 20, 398, 422 (1822), kirkmcd.princeton.edu/examples/EM/ampere_acp_20_398_22.pdf

[6] A.K.T. Assis and J.P.M.C. Chaib, Ampère’s motor: Its history and the controversies surrounding its working mechanism, Am. J. Phys. 80, 990 (2012).

http://kirkmcd.princeton.edu/examples/EM/assis_ajp_80_990_12.pdf

[7] A.M. Ampère, Mémoires sur l’Électromagnétimsme et l’Électrodynamique (Gauthier- Villars, 1921). http://kirkmcd.princeton.edu/examples/EM/ampere_memoires_1921.pdf

[8] O. Jefimenko, Electrostatic Motors: Their History, Types and Principles of Operation, (Electret Scientific, 1973). http://kirkmcd.princeton.edu/examples/EM/jefimenko_73.pdf

[9] A.M. Ampère, Théorie mathématique des Phénomènes électro-dynamiques uniquement déduite de l’Expérience (Méquignon-Marvis, 1826).

http://kirkmcd.princeton.edu/examples/EM/ampere_theorie_26.pdf

See also p. 417 of the English translation in [10].

7See also letters 485 and 490 from Ampère to Faraday and de la Rive in 1833, pp. 763 and 773 of [17]. 8For historical commentary, see, for example, [18]-[21] and also pp. 60-67 of [22]. 9A simple experiment [23] not performed by Ampère or others in the 1800’s shows the limitations of the static force laws of Biot-Savart and Ampère (and also the dynamic force law of Weber).

[10] A.K.T. Assis and J.P.M.C. Chaib, Ampère’s Electrodynamics (Aperion, 2015),

kirkmcd.princeton.edu/examples/EM/assis_ampere_15.pdf

[11] J. Joubert, ed. Collection de Mémoirs Relatifs a la Physique, Vol. II, Électrodynamique (Gauthier-Villars, 1885), http://kirkmcd.princeton.edu/examples/EM/ampere_85_collection.pdf

[12] K.T. McDonald, Is Faraday’s Disk Dynamo a Flux-Rule Exception? (July 27, 2019),

kirkmcd.princeton.edu/examples/faradaydisk.pdf

[13] J.C. Maxwell, A Treatise on Electricity and Magnetism, Vol. 2 (Clarendon Press, 1873),

http://kirkmcd.princeton.edu/examples/EM/maxwell_treatise_v2_73.pdf

[14] K.T. McDonald, Capacitor-Driven Railgun: Magnetic Fields Doing Work (Dec. 28, 2015), http://kirkmcd.princeton.edu/examples/railgun.pdf

[15] A.M. Ampère, Lettre de M. Van Beck sur une nouvelle Experiénce électro-magnétique, J. Phys. Chem. 93, 447 (1821), http://kirkmcd.princeton.edu/examples/EM/ampere_jpc_93_447_21.pdf See also p. 212 of [11].

[16] A. de La Rive fils, Sur l’Action qu’exerce le globe terrestre sur une portion mobile du circuit voltaïque, Ann. Chemie Phys. 21, 24 (1822),

kirkmcd.princeton.edu/examples/EM/delarive_acp_21_24_22.pdf

[17] L. De Launay, ed. Correspondance du Grand Ampère, Vol. II (Gauthier-Villars, 1936),

kirkmcd.princeton.edu/examples/EM/ampere_letters_v2.pdf

[18] S.P. Thompson, Note on a Neglected Experiment of Ampère, Phil. Mag. 39, 534 (1895),

http://kirkmcd.princeton.edu/examples/EM/thompson_pm_39_534_95.pdf

[19] S. Ross, The Search for Electromagnetic Induction 1820-1831, Notes Rec. Roy. Soc.

London 20, 184 (1965), http://kirkmcd.princeton.edu/examples/EM/ross_nrsl_20_184_65.pdf

[20] E. Mendoza, Ampère’s experimental proof of his law of induction: i_2 ∝ i_1, Eur. J. Phys.

6, 281 (1985). http://kirkmcd.princeton.edu/examples/EM/mendoza_ejp_6_281_85.pdf

[21] L.P. Williams, Why Ampère Did Not Discover Electromagnetic Induction, Am. J. Phys.

54, 306 (1985). http://kirkmcd.princeton.edu/examples/EM/williams_ajp_54_306_86.pdf

[22] J.R. Hofmann, Ampère, Electrodynamics and Experimental Evidence, Osiris 3, 45 (1987), http://kirkmcd.princeton.edu/examples/EM/hofmann_osiris_3_45_87.pdf

[23] E. McGlynn and K.T. McDonald, A Simple Experiment That Shows Ampère’s (and Weber’s) Force Law to Be Invalid (July 2, 2024).

kirkmcd.princeton.edu/examples/mag_torque.pdf