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                   SOME ASPECTS OF THE HISTORY OF ELECTROMAGNETIC
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Summary

       In 1864 Maxwell was able to deduce from his equations the existence of  electromagnetic waves with a velocity of propagation: « v = 1/
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And in the course of forty years afterwards the measurement of the velocity v (the  electromagnetic measurement of the velocity of electromagnetic waves) had a central  role in research activity on electromagnetism.

       In 1900, following numerous measurements of the velocity v, the hypothesis advanced by Maxwell on the nature of light could without any doubt be regarded as experimentally founded on the basis of the essential identity of the order of magnitude

of the kinematic velocity of light (cM = 
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 = λ ν) and of the electromagnetic velocity (v = 1/
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 = λ0 ν0) :
 cM = (2,998 ± 0,003) 108 m/s; v = (3,001 ± 0,003) 108 m/s

        In 1905 Einstein formulated the hypothesis (the second postulate of the Theory  of Special Relativity) according to which the two velocities not only had the same order of  magnitude but were identical.

       It was an hypothesis that, on the basis of available data, could not in any way be considered experimentally founded; especially taking into account that the Earth's motion gives a physical reason for a discrepancy between cM and v [1].

       It could be regarded, at most, to quote Maxwell, "not contradicted by the comparison of these results such as they are".

       But Einstein's hypothesis was not followed by an experimental check as accurate as that following Maxwell's hypothesis, since from 1905 until the present electromagnetic measurements of the speed of light have not been carried out.

       I consider it timely, with this paper, to retrace this history.

Sommario

       Nel 1864 Maxwell fu in grado di dedurre dalle sue equazioni l'esistenza di onde elettromagnetiche con velocità di propagazione: «v = 1/
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 E nel corso del quaranta anni successivi la misura della "velocità v" (misura elettromagnetica della velocità delle onde elettromagnetiche) ebbe un ruolo centrale nelle attività di ricerca sull'elettromagnetismo.

       Nel 1900, a seguito di numerose misure della "velocità v", l'ipotesi avanzata da Maxwell sulla natura della luce poteva senz'altro ritenersi sperimentalmente fondata sulla base della sostanziale identità degli ordini di grandezza della velocità cinematica della luce (cM = 
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 = λ ν)  e della "velocità elettromagnetica" 1/
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 = λ0 ν0) :
 cM = (2,998 ± 0,003) 108 m/s; v = (3,001 ± 0,003) 108 m/s
       Nel 1905 Einstein formulò l'ipotesi (secondo postulato della Teoria della Relatività Ristretta) secondo la quale le due velocità non avevano solamente "lo stesso ordine di grandezza", ma erano identiche.

       Ipotesi che, sulla base dei dati disponibili, non poteva in alcun modo ritenersi sperimentalmente fondata, specie tenendo conto del fatto che il moto della Terra fornisce una ragione fisica per una discrepanza tra v e cM [1] .

 Essa poteva considerarsi, tutt' alpiù, usando le parole di Maxwell, "non contraddetta dal confronto di questi risultati cosi come sono".

       E' mancata tuttavia, all'ipotesi di Einstein, una verifica sperimentale cosi accurata come quella che fece seguito all'ipotesi di Maxwell, poiché dal 1905 fino ad oggi non sono state più effettuate misure elettromagnetiche della velocità della luce.

       Ho ritenuto opportuno, con questo lavoro, ripercorrerne la storia.
THE «VELOCITY V»
      As it is known, starting from Coulomb's laws:

F = 
[image: image9.wmf]2

'

kr

QQ

    F = 
[image: image10.wmf]2

'

r

mm

m


which describe quantitatively the electrostatic and magneto static interactions, two  different units of measurement, called respectively: "electrostatic" and  "electromagnetic", were defined.  
In both of these systems of units the dimensions of the quantity 1/
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  are [L T-1], that  is that of a velocity which turns out to be a function of the properties k and μ , of the medium which occupies the space between the bodies which interact electrically and magnetically.

       The medium which occupies the "empty space" was called "ether", the velocity 1/
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   was called "velocity v" and the "properties" k and μ , respectively, "elasticity" and "density" of the ether.

       The dimensions of the most significant electrical and magnetic quantities of the two systems are:                     
Electrostatic system                                                              Electromagnetic system

k= 1, 
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Consequently the relationships:
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provided five different ways to measure the velocity v  [2], [3].

       In 1856 Weber and Kohlrausch [4] carried out the first measurement of this  velocity with the following result:
 v = 3,1074 ∙ 108 m/s (uncertainty not indicated)

       From 1864 [5] Maxwell was able to deduce from his equations the existence of "electromagnetic waves" with velocity of propagation v = 1/
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       In 1868 and in 1869 the measurement of the "velocity v" was repeated, by Maxwell and Thompson [2] respectively, with the following results:
v = 2,88 ∙ 108 m/s;  v = 2,82 ∙ 108 m/s  (uncertainties not indicated).

       Maxwell compared these values with those available of the velocity of light (Fizeau: cM = 3,14 ∙ 108 m/s; Astronomical Measurements: cM = 3,08 ∙ 108 m/s; Foucault:

cM = 2,9836 ∙108 m/s   [2] ).

       And, since they involved methodologically distinct measurements, he felt confident, on the basis of the substantial agreement of their order of magnitude, to advance his "electromagnetic theory of light": 
"It is manifest that the velocity of light and the ratio of the units are quantities of the same order of magnitude. Neither of them can be said to be determined as yet with such a degree of accuracy as to enable us to assert that the one is greater or less than the other. It is to be hoped that, by further experiment, the relation between the magnitudes of the two quantities may be more accurately determined.
 In the meantime our theory, which asserts that these two quantities are equal, and assigns a physical reason for this equality, is certainly not contradicted by the comparison of these results such as they are" [2].

       In the following thirty years numerous other electromagnetic measurements of the velocity v were carried out, together with numerous kinematic measurements (the ratio between the length of a "to and fro" light path and the light travel time) of the speed of light and of the velocity of the millimetric electromagnetic waves produced from 1890 onwards (Hertz), with the following results: 
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= 2,976 ∙ 108 m/s; with uncertainties of the order of 10-3 [3] .

       In 1900, at the International Congress of Physics, held in Paris, H. Abraham [6] presented a report entitled "The measurements of the velocity v" which ended with a table summarizing the seven measurements held to be "the most correct" among those carried out:
 Conclusions 
Among the numerous determinations of v that I have just analysed, the most correct appear to be the following:
      Himstedt                                              3,0057.1010        
      Rosa                                                    3,0000. 1010
      J. J. Thomson                                      2,9960. 1010
      H. Abraham                                         2.9913. 1010
      Pellat                                                   3.0092. 1010
      Hurmuzescu                                        3,0010. 1010
      Perot et Fabry                                     2.9973. 1010
       In compiling this table Abraham made a transcription error.
       As the final result of Fabry and Perot's measurements he reports the value 
[6,267] : v = 2,9973 ∙ 108 m/s.  Whereas Fabry and Perot  [7] , as the final result of their own experiment, consider the value: v = 2,9999 ∙ 108 m/s, which Abraham cites correctly on the front page [6,266].
       This transcription error does not alter the average value of v which resulted (corrected for the vacuum) 
[image: image21.wmf]v

=  3,001 ∙ 108 m/s, but changes the "equilibrium" of the table.
       In fact, when Abraham's error is corrected and the table is compared to data of the most recent (kinematic) measurements of the velocity of light: cM = 2,99792458 ∙ 108 m/s [8], one can see that for five of the values of the table 
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 (against the 4-3 in Abraham's table).
       At the same congress, Cornu [6,246,267] presented a report on the kinematic  measurements of the velocity of light.

       These were less numerous and less tenable than the set of electromagnetic measurements. This is probably why Cornu manipulated them so as to get an average

value:  
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= 3,001 ∙ 108 m/s which ended up coinciding with the value of electromagnetic    measurements.

         These manipulations were, however, so rough that none of his physicist   contemporaries look Cornu's 3,001 seriously, and continued to adopt the value: cM =

2,998 ∙ 108m/s:
   "Such an arithmetic mean of values where the precision varies so greatly seems   indefensible, as is Cornu's omission of two of Michelson's already published   determinations, since even though their uncertainties were larger than in Newcomb's   experiment, they were still smaller than in Cornu's. This would appear to be because the   definitive value admitted by Cornu in his report was not in general use.

  The value most often used between 1882 and 1924 was Newcomb's 2,998 · 108 m/s, in   excellent agreement with the preliminary value found by Perrotin (1902) by the toothed  wheel method over a 92 km course" [9].

        Abraham's final conclusion was, however, substantially correct: 
 "Given the interest attached to the determination of the velocity v, it seems desirable that  new experiments be undertaken. The precision of the old measurements can be  exceeded: all methods lend themselves to it. What remains is to simplify several very  complex auxiliary measurements and. with this new effort, we should doubtless arrive at  a measurement with a precision superior to any previously obtained for the velocity of  light" [6].                         
       This invitation was taken up in 1905-1907 by Rosa and Dorsey of the newly - formed National Bureau of Standards [10].

       The measurements that were made in the course of these two years on a set of flat, spherical and cylindrical condensers ended up being wrong. Only from the cylindrical condensers were they able to obtain a somewhat "correct" value, which resulted in: 
v = 2,9971 ∙ 108 m/s, accredited with an uncertainty of the order 10-4, decidedly too optimistic.

       In 1929 H.L Curtis [11] published an addendum of Rosa and Dorsey prepared in 1916 in which, taking into account a new series of absolute measurements of the international Ohm, the value of the velocity v obtained in 1907 was re-evaluated as: v = 2,9979 ∙ 108 m/s, with an uncertainty believed (by Rosa and Dorsey) to be 1 ∙ 10-4.

       Curtis concluded his report observing that "no improvement in this value can be expected until an entirely new determination is made".

       During the International Congress on Electricity held in Paris in 1932, N.E. Dorsey [9] established as definitive the value: v = 2,99789 ∙ 108 m/s, but the last digit clearly has no significance (as Curtis justly pointed out) as the uncertainty was taken to be "not greater than 40 km/s and probably smaller", that is: 1,3 ∙ 10-4, which is however far from being reliable (Rosa and Dorsey did not take into consideration, for example, the effect of atmospheric humidity on the electrical permittivity of air. What is also debatable, is the applicability of a "correction" made 25 years after an experiment done, as Dorsey himself  underlines, in a laboratory which "had only existed for five years and which was still
beginning research on the idiosyncrasies of its standards of resistance").

       Dorsey entitled his report "The measurement of c", outlining his position as  follows: «Based on the electromagnetic theory of light there are three distinct ways of  determining the velocity of propagation of electromagnetic waves in vacuum: 1) Direct  determination of the velocity of light. 2) Determination of the ratio of the electromagnetic  to the electrostatic units of electricity. 3) Direct determination of the velocity of  electromagnetic waves stimulated by electrical means.

        Each of these speeds - the speed of light, the ratio of the electromagnetic and  electrostatic units and the speed of propagation of electromagnetic waves - was  considered a special branch of research.

        One naturally recognized that they were in direct relation to one another. But it  seemed improbable that one should find them identical; one can already understand this  by the fact that these relations are distinct; and Michelson stated this clearly in a  publication two years later. In this work, after having discussed the determination of v

(ratio of the units) and of the speed of propagation of electromagnetic waves, he wrote (my underscoring) "It would appear then that there is but little doubt that in the near future these... determinations will be made with at least the same high order of accuracy as obtains in the measurement of the velocity of light.

       In this case any possible difference in the resulting values would not cast any doubt upon the electromagnetic theory; but would doubtless be traceable to the enormous difference in the conditions determined by light waves on the one hand and electrical oscillations or static charges on the other. On the contrary such a difference might almost certainly be predicted, and would probably throw much light on the structure and mode of action of dielectrics.."
 It seemed altogether improbable that the velocity be invariable over a range of 45 octaves.

       This attitude was thus completely general. It is true that in the year in which Michelson's report appeared, after having spoken of Maxwell's electromagnetic theory of light and recalled the results of Rowland's experiments (on the magnetic effect of a  moving electrical charge) and Hertz's experiments (on electrical waves) D.B. Brace wrote: "If we accept these facts as confirmation of the hypothesis that light is an electrical phenomenon we can consider the results obtained as data supplied by different  methods for the solution of this problem: the velocity of light". But I ask myself if, saying this, he meant that these three methods must give numerically identical results. In any case, the attitude changed little by little, in large part thanks to the influence of Einstein  and the theories of Relativity, to the point where today many physicists - probably the  large majority - consider these velocities necessarily identical, and as Brace foresaw twenty years ago, we discuss the determination of all three in a single ratio namely: The  measurement of c. This change is not due to the influence of experimental results, since these, far from being negligible, were completely left aside, but due to considerations of  a philosophical nature» [9].
The influence of A. Einstein and of the theories of Relativity was evidently strong enough to induce Dorsey, who had criticized Cornu, to make a new judgement driven by a similar excess of zeal.

       In other words: just as, when the value v = 3,001 ∙ 108 m/s seemed "more tenable", Cornu manipulated the data of the kinematic measurements in order to obtain an identical mean value, Dorsey arbitrarily neglected all the electromagnetic measurements except his own, which was shown to be erroneous itself, because - after a decidedly timely correction made purposely twenty-five years later - his value coincided with the new mean value of the kinematic measurements made from 1900-1928.

TABLE I

 Velocity of light in vacuum 
            Unites: de distance = 1 km; de v = 1 km: s = 103 cm: s.


[image: image27]
 Dorsey probably felt such a rough manipulation justified since a new electromagnetic measurement was in progress at the Physicalisch Technische Reichsanstalt, whose results would have definitively and "correctly" clarified the problem. 
As it turns out, not only was this measurement not completed, but there is no trace of it [12].

       Thus the mean value that Dorsey calculated randomly combining the existing kinematic measurements with his single electromagnetic measurement: c = 2,99792 ∙ 108 m/s, more than anything, by sheer coincidence ends up being exactly equal to the value 
c = 2,99792458 ∙  108 m/s measured recently.
              


TABLE V
 Determination of c from 1900 to 1931

     Unité de c = 1 km: s = 103 cm: s.
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Dorsey concluded his report as follows:

"If we limit ourselves to precise measurements made after the turn of the century, it is sufficient to consider the values given in Table V, where the first, which differs substantially from the others, was not included in the weighted mean. 
These values give an indication that in vacuum the velocity of light, ratio of units, and the velocity of electromagnetic waves differ by one part in thirty thousand. Within the limits thus defined, the three can be considered as determinations of the same quantity c by three independent methods, where the most probable value is c = 299792 km/s" [9].

       And this conclusion, together with the technical difficulty associated with the measurement, doubtlessly contributed heavily to the shelving of other projects on the experimental measurement of the electromagnetic velocity of electromagnetic waves.

Conclusion

        The invention of calculable condensers (Lampard, Thompson 1964 [1]) removed one of the principal difficulties that prevented, until a few years ago, new electromagnetic measurements with decidedly smaller uncertainties than those obtainable at the turn of the century (10-3).

        At this moment the main problem regarding this measurement lies in the fact that the inductance measurements permit uncertainties of the order 10-5 .

        As a consequence, in a direct measurement of v , present technologies allow uncertainties of the order  10-5 [1].

        The fact that this uncertainty is larger than that associated with current kinematic measurements (which is of the order 10-9) has induced the experimenters to put aside the idea of new measurements of the "velocity v".
       Nevertheless, taking into account that a new electromagnetic measurement does not just have a numerical significance, since for uncertainties of the order 10-5 can give useful,

If not decisive, informations, and for uncertainties of the order 10-6 it becomes a crucial test of SR second postulate, it is necessary, in my opinion, to proceed with new experimental determinations of the EM speed of light.
Abstract
        The real constant of Maxwell's EM theory of light is the quantity: c0 =1/
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while cM = 2L/ΔT represents the mean light velocity along a to and fro path which, owing  to the Earth's motion, is connected with Maxwell's constant by the relation:  
cM = c0 (1 - β2).

        In 1905 Einstein formulated the hypothesis (SR second postulate) according to  which the two velocities are identical.

       This hypothesis can be considered "not contradicted by the comparison of the  experimental results such as they are"... since 1905 (with uncertainties of the order 10-3 
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10-4, as from 1905 until the present EM measurements of the speed of light have not been carried out.

       After 80 years it is possible to proceed with new experimental determinations of the quantity: c0 = 1/
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   with uncertainties, at least, of the order 10-5.

       It is necessary, in my opinion, to proceed with new experimental determinations of the EM speed of light.
Riassunto
       La reale costante della teoria elettromagnetica della luce di Maxwell è la grandezza: c0 = 1/
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, mentre cM = 2L/ΔT rappresenta la velocità media della luce lungo un percorso di andata e ritorno, la quale, a causa del moto della Terra, è connessa alla costante di Maxwell dalla relazione:

 cM = c0 (1 - β2).

       Nel 1905 Einstein formulò l'ipotesi (Secondo postulato della Relatività Ristretta)  secondo cui le due velocità sono identiche.

       Questa ipotesi può considerarsi "non contraddetta dal confronto dei risultati  sperimentali quali essi sono"... dal 1905 (con incertezze dell'ordine 10-3 
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 10-4), poiché dal 1905 fino ai nostri giorni non sono più state effettuate misure elettromagnetiche della velocità della luce.

       Dopo 80 anni è possibile effettuare nuove misure della grandezza: c0 = 1/
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 con incertezze, almeno, dell'ordine di 10-5.

       E' mia opinione che tali misure dovrebbero essere ripetute.

APPENDIX 4
     The measurement of the velocity of light in the background space: c0 = 1/
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, can be carried out by purely electrical means at low frequency directly determining the product ε0 μ0  comparing the reactances of a calculable capacitance and that of a calculable inductance.

     The respective capacity C and inductance L are in fact proportional to ε0 and μ0 through lengths lC  and lL and numerical coefficients kC  and kL, : 
C =  kC ε0  lC     and         L = kL   μ0   lL                                   (1)
     The comparison cannot be carried out directly since the reactances of the two standards are not comparable to the metrologically most opportune frequencies, corresponding to the pulsations 10 
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 100 krad/s.

     For example, normal Lampard -Thompson type calculable capacitors with lengths of 0,25 or 0,5 m  show a capacity C of  0,5 or 1 pF, and therefore, in the indicated frequency range, reactances of 200 
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 10 MΩ, while the inductance L can be of the order of 100 mH, thus giving at the same frequencies a reactance of 1 
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 10 kΩ.

     Anyway, the capacity of the calculable capacitor can be transferred to that C' of a capacitor with a more appropriate larger decade value, spanning, for example, with passages 10 
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 1, through a suitable series of standard capacitors of intermediate value.
     It turns out therefore:      C' = n C = n kC ε0  lC                                                (2)                                                
where n  is a numerical coefficient experimentally determinable at  a level 10-7.

     One method of determining the product ε0  μ0  consists (resonance method) of powering the two reactances in series, making them run on the same current and in equalizing the respective voltage drops, varying for example, the power frequency.

     At the pulsation frequency ω0  which results in the voltage equalizations, one obtains:






ω0 L = 1/ ω0 C'


that is, the classic resonance relation:  
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 L C' = 1,  from which:




ε0  μ0  = 
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                                         (3)
      The product  ε0  μ0  can therefore be deduced at a level 10-7 depending on (apart from numerical co-efficients kC and kL ) the ratio n, two lengths lC and lL  (determinable by interferometric methods at a level of 10-8 ) and a frequency ω0  measurable with decidedly smaller uncertainty.

      For simplicity, in these considerations we have neglected parasitic parameters of comparison standards whose influence can in fact be eliminated or regarded as contributing to a second approximation.

      The main problem to resolve is constructing a suitable calculable inductor.
   In fact, while the technology of calculable capacitors is already  consolidated 
(W.K. Clothier Metrology Vol. I n. 2, 1965, p. 36; T. Igarashi, M. Kanno et al. IEEE Trans. on Instr. and Meas. Vol. IM, 18, n. 4, Nov. 1970, p. 297; G.H. Rayner IEEE Trans. on Instr. and Meas. Vol.  IM - 21, n. 4 Nov. 1972, p. 361), as far as standards of calculable inductance are concerned there exist only tentative theoretical investigations (C.H. Page Journal of Research of the N.B.S. Mathematics and Mathematical Physics Vol. 67b, n. 1 Jan. March 1963) to invent a dual of Lampard -Thompson capacitor, or classical solenoid type models (P.W. Harrison, G.H., Rayner Metrology n. 1, Vol. 3, Jan. 1967, p. 1; 
H.E. Linckh, F. Brasak Metrology, Vol. 4, n. 3, 1968, p. 94), which require a multiplicity of dimensional measurements which would broaden the uncertainty of preceding measurements to 10-5  .
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