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INTERFERENCE, POLARIZATION, AND WAVES

IN THE EARLY NINETEENTH CENTURY

In the early nineteenth century, two important discoveries revived the competition

between the mediumnist and corpuscular concepts of light. The first of these discoveries

was the principle of interference, according to which the intensity of two superposed lights

originating from the same source is a periodic function of their path difference. The second

was the relation between the polarization of light and its reflection or refraction at the

interface between two transparent media. The first discovery favored the wave theory of

light by making interference depend on phase differences, while the second favored the

corpuscular theory by tracing polarization to the polarity of the light corpuscles. They

were both exploited in a refined experimental physics involving creative variations of the

setups and painstaking attention to quantitative details. And they were integrated in

broader theoretical programs in which the earlier neglected phenomena of diffraction

and anisotropic propagation became centers of attention. This evolution permitted

sharper arguments for and against Newtonian optics, leading to the ultimate victory of

the wave theory in the 1830s and 1840s.

The first section of this chapter is about Thomas Young’s discovery and exploitation of

the principle of interference, which remained a mostly individual research program until

Fresnel’s involvement. The second section recounts Louis Etienne Malus’s and Jean-

Baptiste Biot’s works on polarization within the neo-Newtonian program of the Marquis

de Laplace. For a while, their findings were more efficient in promoting Newtonian optics

than Young’s discovery of interference had been in demoting it. The third and last section

is devoted to Augustin Fresnel’s decisive investigations of diffraction, polarization, and

crystal optics. With Arago’s support, Fresnel revived Young’s program and brought much

stronger proofs of the wave theory.

5.1 Thomas Young on sound and light

The budding polymath

Born in 1773 in Somersetshire from a Quaker family, Thomas Young early showed intense

curiosity and astonishing prowess in many fields including mathematics, botany, chemis-

try, ancient languages, and music. In 1792 he began a peregrinating study of medicine that

took him to the universities of London, Edinburgh, Göttingen, Cambridge, and London

again. He made it his duty to explore any science related to his future profession, in any of

the forms he encountered on his way. This partly explains his later fertility in most diverse



fields of inquiry including optics, the theory of colors, mechanics, the theory of tides, and

the deciphering of hieroglyphs.1

Young once noted that “his pursuits, diversified as they were, had all originated in the

first instance from the study of physic [medicine]: the eye and the ear led him to the

consideration of sound and of light.” In 1893, at age twenty, he impressed the Royal

Society with “Observations on vision” that made the muscular nature of the crystalline

lens responsible for its deformation in the process of accommodation. Although both

the novelty and the correctness of this assumption were soon challenged, Young later

confirmed them beyond any reasonable doubt and made this theory the topic of his first

Bakerian lecture.2

Two years later inGöttingen, Young investigated human voice for the lectio cursoria of his

Göttingen thesis. The only extant document about this lecture is a universal alphabet of forty-

seven letters designed to express all the sounds that the human voice can produce. This

project implied competence in three fields in which Young was bound to make major

contributions: anatomy, acoustics, and languages. In the anatomic and acoustic registers,

we know from later reminiscences that he adopted the theory of Denis Dodart according to

which the human voice results from vibrations of the glottis in tune with the cavity of the

mouth.AsYoung liked to say, thismechanism is similar to that of the organ pipes calledVoix

humaine in France, since these pipes involve both a vibrating blade and a resonating tube.3

Young’s desire to confirm this theory of the human voice led him to study Daniel

Bernoulli’s, d’Alembert’s, and Euler’s acoustic writings and to experiment on the produc-

tion of sound. In the course of these experiments, Young “was forcibly impressed with the

resemblance” between the sounds of stopped organ pipes and the colors of thin plates.

He reasoned that white light was akin to the continuous air draft from the bellows

of the organ, and the colored light transmitted by a plate of a given thickness to the

tone produced by a pipe whose ends corresponded to the two surface of the plate. On thin

plates, he had read Newton’s Opticks a few years earlier. On the wave theory of light, he

was aware of Euler’s theory, of which he could have heard from his Göttingen professors

or from Bryan Higgins whose lectures he had attended in London.4

Contemporary documents attest that in his college room at Emmanuel College in

Cambridge Young was blowing smoke through tubes, and that his Cambridge fellows

asked him to answer objections to “Huygens’s theory of light,” which he favored over

Newton’s. Hence we may surmise that Young’s acoustic experiments were in good part

designed to prepare a better analogy with the theory of light. This can be verified by

1On Young’s biography, cf. Peacock 1855; A. Wood 1954; Robinson 2006.

2Young [1826–1827], p. 253; 1793; 1801a.

3Young 1796; 1804b, pp. 199–200. Cf. Robinson 2006, p. 51.

4Cf. Young 1804b, pp. 199–200. On Higgins, see above, chap. 4, pp. 163–4. The Göttingen physics Professor

Georg Christoff Lichtenberg, whose lectures Young attended, opposed Euler’s theory of light for being based on

unwarranted hypotheses and for being unable to explain the chemical effects of light. Lichtenberg otherwise based

his lectures on Erxleben 1787, who favored Euler’s theory over Newton’s. Cf. Lichtenberg to Georg Friedrich

Werner, 29 November 1788, in Joost and Schöne 1983–2004, vol. 3, p. 599, in which Lichtenberg criticizes

Werner’s ether and Euler’s “hair-raising” speculations, with the comment: “Einer der grösten Mathematicker,

die je gelebt haben, und gewiss der gröste Calcultateur, der je gelebt hat; aber ein Physiker war [Euler] nicht.”
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examining the substance of the letter he sent on 8 July 1799 to the Transactions of the

Royal Society.5

A letter on sound and light

Young first wanted to answer Newton’s main objection against the wave theory of light:

the necessary divergence of the light passing through an aperture. Having read Robison’s

encyclopedia article on the speaking trumpet, Young was familiar with Lambert’s assump-

tion of the ray propagation of sound in this device. He also approved Euler’s argument

that the hearing of sound behind screens probably resulted from the permeability of the

screens. His own refutation of Newton’s objection relied on the analogy that Newton saw

between the divergence of sound and the divergence of a continuous stream of fluid into a

stagnant portion of the fluid. Against this view, he determined that air blown through a

tube formed a sharply delimited jet of a length that increased when the velocity of the jet

diminished. He believed that sound, which implies very small velocities of the particles of

air, similarly formed beams even though he conceded that sound beams differed from jets

in their implying non-synchronous motions of the particles of air.6

Young’s letter successively deals with jet formation, the nature of sound, the analogy

between sound and light, and the production of sound. The section on the nature of sound

is meant to fill a few persistent gaps in the foundations of acoustics. In particular, Young

offers a new explanation of the sound of organ pipes. For the stopped diapason pipes, he

traces the sound to the multiple reflection of a blast in a cavity with parallel walls. For reed

pipes, he evokes the coincidence between the successive pulses of the vibrating reed and the

pulses doubly reflected on the walls of the pipe. Young thus related the “appropriate

sound” of a cavity with the propagation of pulses, whereas Daniel Bernoulli and Lagrange

had based their theories of organ pipes on standing waves.7

Young emphasized the importance of two of Lagrange’s results in his own theory of

acoustic cavities: the demonstration that the velocity of propagation of a pulse did not

depend on its shape, and the laws for the reflection of pulses on walls. He was less inclined

to believe in another of Lagrange’s results: the decrease of the amplitude of a spherical

wave as the inverse of the distance from its center. In the lack of a proper distinction

between amplitude and intensity, he worried that this result contradicted the quadratic law

carefully established by Bouguer and Lambert in the case of light: “Should the result

favour the conclusions from that calculation, it would establish a marked difference

between the propagation of sound and of light.” Young hoped to solve the conflict by

some mutual compensation between the positive and negative crests of the wave, based on

the relation 1
r
� 1

r + e
 e

r2
. This speculation betrays his lack of understanding of the mathe-

matics of wave propagation. But it also gives a first illustration of his tendency to regard

5Young 1800a. Cf. Robinson 2006, pp. 62–3.

6Young 1800a, p. 64–9 (smoke jets), 74 (Lambert), 74–5 (sound beams), 80 (Euler on screens). Cf. Latchford

1974, pp. 119–22. The first experiment of Young’s letter, in which he proved that air escaped from a punctured

bladder with a velocity varying as the square of the pressure, provided the rationale for a velocity gauge he used to

explore the velocity field within the jet issuing from a tube.

7Young 1800a, pp. 71–3. Young first explained standing waves by the superposition of a direct and a reflected

wave in his Lectures (Young 1807, vol. 1, pp. 288–9): cf. Kipnis 1991, p. 49.
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waves as a succession of positive and negative disturbances and to imagine the mutual

destruction of the positive and the negative.8

In his paragraph on “the analogy between light and sound,” Young judged Euler’s objec-

tions toNewton’s theory of light “not sufficiently powerful to justify the dogmatical reproba-

tionwithwhichhe treats them.”Headded twoobjections of his own: the “Newtonian theory”

made the uniformity of the velocity of the particles of light very unlikely; and it did not

account for partial reflection. In contrast, the “Huygenian theory” provided a well-defined

velocity as a characteristic of themedium, and it implied partial reflection in analogywith the

collision between two balls of different sizes: when a lighter ball hits a larger ball initially at

rest, the former ball is reflected while the second moves forward at a smaller speed.9

Young was familiar with Newton’s queries and with neo-Cartesian writings in which the

ether or subtle matter served to unify various kinds of phenomena, including light, heat,

electricity, magnetism, and gravitation. In his letter he regarded electric phenomena as an

“undeniable proof” of the existence of an ether, which he hoped to be the same as the ether

required by the analogy between light and sound: “Whether the electric ether is to be

considered as the same with the luminous ether, if such a fluid exists, may perhaps at some

future time be discovered by experiment.” The kind of experiment he had in mind

concerned the effect of electricity on the refractive power of a fluid. Thus, for Young,

better agreement with optical facts was not the only advantage of a wave theory of light.

It also offered a better hope for a unified physics.10

Having earlier argued that sound had very little tendency to diverge, Young easily

invalidated the main objection against the wave theory of light: that it did not permit

ray propagation. Like Huygens, he believed that the much higher elasticity of the ether

implied an even smaller divergence for light. He admitted that the light seen in every

direction from the edge of a knife might imply divergence, although he favored a different

view at that time. As we saw, some of Newton’s queries and Mairan’s optical memoirs

contained explanations of refraction, reflection, and inflection (diffraction) by a variable

density of the ether or subtle matter in various media. Young exploited the same idea,

simply replacing the curving of the path of the light corpuscles in the variable ether with

the deviation of waves. Like Huygens and Euler (and unlike Newton and Mairan), he

assumed a higher density of the ether in a denser medium, which implied a smaller velocity.

In conformity with this assumption he adopted Euler’s derivation of the sine law of

refraction which, as we saw, was a remote descendent of the derivations by Hobbes,

Barrow, and Pardies. For inflection, Young used Mairan’s atmospheres of variable

density, thanks to which the curving of rays was reduced to refraction.11

Although Young borrowed his derivation of the law of refraction from Euler, he

ridiculed Euler’s explanation of the transmission of light in a refracting medium by an

agitation of the particles of the medium itself. Ignoring Euler’s specific mechanism for this

8Young 1800a, pp. 72 (Lagrange), 75–6 (decay of sound).

9Ibid., pp. 78–83, citation from p. 78.

10Ibid., p. 79. Faraday later had the same idea. Young also approved William Herschel’s identification of

radiated heat with infrared light (see above, chap. 4, note 56).

11Ibid., pp. 79–81.
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transmission, he argued that the very high density of material media compared with that of

the ether would then imply an exceedingly high refraction. This objection, and also the

dogmatism he saw in Euler’s rejection of Newton’s system are mild compared with his

later judgment of Euler’s contribution: “By inaccurate and injudicious reasoning, [Euler]

has done a real injury to the cause which he endeavoured to support.”12

In addition, Young reproached Euler with postulating the relation between color and

frequency rather than proving it. He ignored Euler’s connection between the frequency

and the thickness of thin plates of the corresponding color, either because he had not yet

read Euler’s relevant memoir or because this connection depended on Euler’s controver-

sial picture of the propagation of light in matter. Instead Young offered his own theory

of the colors of thin plates based on analogy with organ pipes. As was already mentioned,

in this occasion he represented white light as a continuous influx of ether, analogous to

the air entering an organ pipe; and he related the observed colors to periodic vibrations

of the ether, akin to the oscillations of the air in the pipe. He explained the repetition of

the same color for an arithmetic progression of thicknesses by the similarity of the sounds

emitted by pipes of proportional lengths, which means that he implicitly accepted Euler’s

optical octaves. He believed in a similar explanation of the colored fringes of inflected

light, based on multiple reflections on the limits of the atmosphere and on the material

surface.13

Young did not see only advantages in this theory: “The greatest difficulty in this

system is, to explain the different degree of refraction of differently coloured light, and

the separation of white light in refraction.” He hoped that a more perfect theory of elastic

fluids would help elucidate this matter. But he rejected any dogmatism on the nature of

light: he offered new arguments “without pretending to decide positively on the

controversy.”14

In the rest of his letter, Young addressed acoustic phenomena whose relevance to the

wave theory of light was not yet clear. First, he discussed the “coalescence of musical

sounds,” namely: the beat phenomenon and Tartini’s third sound (combination tones).

Following Lagrange, Young explained the latter phenomenon as beats produced by the

superposition of two sounds of commensurable frequencies. Yet he departed from La-

grange in the explanation of the beats themselves. Since Sauveur, it was usually assumed

that beats corresponded to the coincidence of the pulses of the two superposed tones.

Indeed the frequency of these coincidences is equal to the difference of the frequencies of

the two tones, as the beating frequency should be.15

Young replaced this picture with a more realistic representation of the aerial vibration

associated with each tone: a continuous alternation of positive and negative displacements

of the particles of air. Whereas his predecessors reasoned in terms of a combined effect on

the ear, Thomas Young directly superposed the aerial vibrations corresponding to the two

tones. The legitimacy of this superposition resulted from Daniel Bernoulli’s, Lagrange’s,

and Euler’s theories of the propagation of sound, but contradicted Robert Smith’s (and

12Ibid., p. 80; Young 1807, vol. 1 (2nd ed.), p. 380. 13Young 1800a, pp. 81–2.

14Ibid., pp. 82, 79. 15Ibid., pp. 83–5.
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Mairan’s) assertion that different sounds required different particles for their transmis-

sion. Young brushed the latter view away:

It is surprising that so great a mathematician as Dr SMITH could have entertained for

a moment, an idea that the vibrations constituting different sounds should be able to

cross each other in all directions, without affecting the same individual particles of air

by their joint forces: undoubtedly they cross, without disturbing each other’s prog-

ress; but this can be no otherwise effected than by each particle’s partaking of both

motions.

Young regarded the beat phenomenon and the Tartini tones as the best proof of the

superposition principle.16

For the sake of simplicity, Young assumed the variation of the displacement to be

piecewise linear, which yields a saw-shaped graph. He nonetheless recognized that

the precise shape depended on the mode of production of the sound, and that it was

more likely to have rounded angles. At that time, he did not give special importance to the

sine shape, although he noted that it yielded more pronounced beats than the saw shape.

By graphical means, he showed that the intensity of the superposition of two tones of equal

intensity implied a modulation of the oscillations at the beating frequency. He also showed

that in the case of saw-shaped vibrations, there was a “recurrence of a similar state of joint

motion” at another frequency, in conformity with the occasional hearing of two combina-

tion tones instead of one. For instance the combination of two tones separated by a major

third (4: 5) yields the double octave below the lower tone, but also the fourth below this

tone, so that one hears four tones in the ratio (1: 3: 4: 5).17

Young understood the importance of the sign of the aerial displacements in his

reasoning. He saw that the superposition of two displacements of opposite signs yielded

a vanishing displacement in the middle of the interval between two successive beats:

The strength of the joint sound is double that of the simple sound only at the middle

of the beat, but not throughout its duration; and it may be inferred, that the strength

of sound in a concert will not be in exact proportion to the number of instruments

composing it. Could any method be devised for ascertaining this by experiment, it

would assist in the comparison of sound with light.

Young here ignored phase relations and confused amplitude and intensity. He nonetheless

imagined what we would now call the interference of acoustic waves, and he raised the

question of a similar behavior of light.18

In his discussion of vibrating strings, Young showed his familiarity with the construc-

tion of Euler and d’Alembert, and also with Daniel Bernoulli’s harmonic analysis of

the motion. He was torn between two sides of the quarrel of vibrating strings, one in

which harmonic analysis was essential, another in which d’Alembert’s solution was

16Ibid., p. 83. Cf. Kipnis 1991, pp. 26–30, 38–9. M. Young 1784, which T. Young read, already emphasized the

sign of wave pulses: cf. Darrigol 2009, pp. 134–5.

17Young 1800a, p. 84. Although there is an error in Young’s reasoning, his result is correct (tone corresponding

to the difference between the frequency of the harmonic 2 of the lower tone and the frequency of the higher tone).

18Ibid., p. 84. Robinson had already considered the destructive interference of sound in his encyclopedia article

on the speaking trumpet: cf. Darrigol 2009, pp. 135–6.
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preponderant. His position in 1799 seems to have been close to Euler’s final position,

according to which harmonic components truly existed but did not necessarily have

a sinusoidal shape. This interpretation of vibrating strings, together with Lagrange’s

and Euler’s proofs that waves of any shape conserved their shape during propagation,

explain why his discussion of “coalescence” favored saw-shaped waves over sine-shaped

ones.19

In the same section, Young reported an old observation by John Wallis and used

this opportunity to introduce the idea of a mutual destruction of waves along tense

strings:

If the string of a violin be struck in the middle, or at any other aliquot part, it will give

either no sound at all, or a very obscure one. This is true, not of inflection, but of the

motion communicated by a bow; and may be explained from the circumstance of the

successive impulses, reflected from the fixed points at each end, destroying each other:

an explanation nearly analogous to some observations of DrMATTHEWYOUNG on the

motion of chords.

In his acoustic treatise, Matthew Young had related the production of the higher modes of

vibration of a string to the mutual reinforcement of the disturbances traveling from the

bowing point and reflected by the extremities of the string; this reinforcement could only

occur if the plucking or bowing point divided the string into two parts, one of which was a

multiple of the other. Thomas Young’s explanation of Wallis’s observation was of the

same kind. It provided a second sort of interference, and confirmed his tendency to relate

standing waves to progressive waves.20

Close to the end of his letter, Young gave the views on human voice that he had

first expressed in the Göttingen lectio cursoria. He also discussed the various musical

temperaments, with a further insult to Robert Smith’s memory: “Dr SMITH has written a

large and obscure volume, which, for every purpose but for the use of an impracticable

instrument, leaves the whole subject precisely where he found it.” Young agreed

with Sauveur that dissonance should be appreciated through beats, and recommended

the tolerance of imperfect concords as long as the most frequently used keys remained

the most harmonious. He represented old and new temperaments on a disk, the log-

arithmic divisions of the octave being represented on a different circle for each

temperament.21

Young’s letter was read to the Royal Society on 16 January 1800, and published under

the title “Outlines of experiments and inquiries respecting sound and light.” This title

indicates that Young supported his arguments by many experiments; that his work,

though mainly about acoustics, in part aimed at preparing a new wave optics by analogy

with acoustics, that he did not pretend to definitely settle the issues. The conclusion of his

letter was modest: “Thus, Sir, I have endeavoured to advance a few steps only, in the

investigation of some very obscure but interesting subjects.”22

Young asserted the novelty of his observations, but left the reader unclear about the

originality of his more theoretical suggestions. One has to be familiar with the earlier

19Young 1800a, pp. 85–91. 20Ibid., p. 90.

21Ibid., p. 93. 22Ibid., p. 96.
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history of acoustics in order to realize that Young’s insistence on the mutual destruction of

the positive displacements of a wave with the negative displacements of another was

essentially new. This destruction occurred in an entirely new theory of beats, in a remark

about the non-additivity of intensities, and in the discussion of vibrating strings. In

modern terms, Young inaugurated both temporal interference (temporal modulation of

intensity) and spatial interference (permanent cancellation at some place), although he did

not yet describe patterns of spatial interference.23

In optics, Young clearly regarded his arguments as better than Euler’s. A well-informed,

critical reader could yet have doubted this superiority. Young’s alleged proof of the non-

divergence of sound rested on an unwarranted analogy between continuous flow and

propagated vibrations. His two main objections against the Newtonian theory, the

uniform velocity of the light particles from various sources and partial reflection, had

already been addressed by Newtonian or neo-Cartesian emissionists. Young did perceive a

genuine weakness of Euler’s theory: the reliance on different mechanisms for the propa-

gation of light in ether and matter. But he did not see one of its strengths: a plausible

explanation of the colors of bodies by resonance. His own theory of the colors of thin

plates rested on a very loose analogy with organ pipes and implied a concept of white light

incompatible with the analogy with sound waves. His theory of inflection hardly improved

on Mairan’s and du Tour’s earlier theories.

Enduring characteristics of Young’s style can be appreciated from this letter of July

1799. He avoided mathematical developments as much as possible, and favored geometri-

cal, diagrammatic reasoning over an algebraic one. Although he recognized the impor-

tance of the results obtained by Euler, Lagrange, and Laplace, he criticized their fondness

for algebraic methods and took the pain to translate their results and demonstrations in a

more geometrical and more intuitive language:

The strong inclination which has been shown, especially on the Continent, to prefer

the algebraical to the geometrical form of representation, is a sufficient proof, that,

instead of endeavouring to strengthen and enlighten the reasoning faculties, by

accustoming them to such a consecutive train of argument as can be fully conceived

in the mind, and represented with all its links by the recollection, they have only been

desirous of sparing themselves as much as possible the pains of thoughts, and labour

by a kind of mathematical abridgment, which, at best, only serves the office of a book

of tables in facilitating computations, but which very often fails even to this end, and

is at the same time the most circuitous and the least intelligible.

Young compared the algebraic thinker to a night traveler unable to appreciate the scenery,

and preached a return to good old Newtonian methods. He went so far as stating:

“It seems, indeed, as if mathematical learning were the euthanasia of physical talent.”24

Young’s favorite method was analogy, complemented with experiment and geometrical

reasoning: “Where the analogy is sufficiently close, it is a most satisfactory ground of

physical inference.” In many cases, he used analogy not only to illustrate otherwise

understood phenomena, but to suggest new concepts and new phenomena. In the

23Cf. Broeckhoven 1971; Latchford 1974, p. 32; Kipnis 1991, p. 26.

24Young 1800b, p. 100; “Life of Lagrange,” YMW 2, pp. 557–82, on p. 581.
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introduction to his Lectures on natural philosophy (1807), he characteristically stated:

“This combination of experimental with analogical arguments is the principal merit of

natural philosophy.”25

In the early years of the century, Young’s hostility to dry mathematics and his predilec-

tion for experimentally inspired analogy reflected the dominant practice of British physics.

They became more singular when, in the 1820s and 1830s, British natural philosophers

massively adopted and adapted methods of continental physics. Other characteristics of

Young’s style were unusual from the beginning: the extreme concision of his writings, his

ebullient, at times insolent tone, his ability to distance himself from Newton’s towering

figure, the liberty with which he imagined analogies between widely different fields, his

willingness to take risks and his candid admission of past errors. These qualities did not

necessarily please his contemporaries.

The principle of interference

On 27 July 1801, Young wrote to a friend:

I am at present employed in some further optical investigations, which, I imagine, will

be considered as more important than any of my former attempts, as I think they will

establish almost incontrovertibly the undulatory system of light, and extend it to the

explanation of an immense variety of phenomena.

Young’s breakthrough, which had occurred a month earlier, was a new understanding of

the colors of thin plates. In his previous analogy with organ pipes, the incoming white light

corresponded to the air from the bellows, and the color to the tone emitted by the pipe.

Young had at least two reasons to be dissatisfied with this analogy: it made white light a

continuous stream of ether, against the theory of propagation he otherwise adopted; and

he had no adequate explanation for the production of sound in an organ pipe, other than

saying that it was “somewhat analogous” to the production of a tone by a blast between

two parallel walls. Plausibly, he thought of replacing the organ pipe with a reed pipe, in

which case the sound produced implies the resonance of a cavity subjected to an external

vibration. In his letter of July 1799 to the Royal Society, Young had explained this

resonance by the coincidence of the incoming pulses of the external vibration with the

pulses reflected by the walls; he ignored the signs of the aerial displacements, which played

an important role in his subsequent discussion of “coalescence.” At some point, he must

have realized that the coalescence of undulations rather than the coincidence of pulses was

the key to cavity resonance, and also, by analogy, the key to the colors of thin plates.26

Young understood that the light sent back by a thin plate resulted from reflection either

by the first interface or by the second interface (he ignored multiple reflections). In the

latter case the light follows a longer path, part of which is included in the medium of the

plate. Consequently, the undulations are shifted by an amount determined by the differ-

ence in traveling time. When the time difference is a whole number of periods, the intensity

25Young 1804b, p. 211; Young 1807, p. 5.

26Young to Dalzel, 27 July 1801, in Dalzel 1862, pp. 206–7. See also Young to Dalzel, 29 March 1802 (ibid.,

p. 212): “The theory of light and colours, though it did not occupy a large portion of time, I conceive to be of more

importance than all that I have ever done, or ever shall do besides.”
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of the combined light is a maximum; when the time difference differs by half a period from

a whole number of periods, the intensity of the combined light is a minimum because the

undulations have opposite signs at any given point (it would vanish if the amplitudes of the

two combined waves were equal). Young expressed this interference through the following

“universal law”:

When two portions of the same light arrive at the eye by two different routes, either

exactly or very nearly in the same direction, the appearance or disappearance of

various colours is determined by the greater or less difference in the lengths of the

paths: the same colour recurring, when the intervals are multiples of a length, which,

in the same medium, is constant, but in different mediums, varies directly as the sine

of refraction.

Young emphasized the analogy with beats in acoustics:27

The general law by which all theses appearances are governed, may be very easily

deduced from the interference of two coincident undulations, which either cooperate,

or destroy each other, in the same manner as two musical notes produce an alternate

intension and remission, in the beating of an imperfect unison.

In the case of thin plates, Young calculated the path difference from Fig. 5.1, in which

the sun and the eye are very far from the plate, so that the rays issuing from them are very

nearly parallel. The segments AB and CD being perpendicular to the incoming and

refracted ray respectively, the Hobbesian construction of refracted rays implies that the

Fig. 5.1. Young’s drawing for interference in the light from a thin plate. From Young 1802b, plate.

27Young 1802a, pp. 114, 118. On Young’s concept of optical interference, cf. Kipnis 1991, chap. 4.

INTERFERENCE, POLARIZATION, AND WAVES 175



light takes the same time to travel the distance BC in the first medium as it does to travel

the distance AD in the second medium. Consequently, the effective path difference is twice

the length DE, which is the thickness CE multiplied by the cosine of the refraction angle.

Young concluded that the same color should recur whenever this product is the same

constant, in fair agreement with Newton’s observations.28

Young had more difficulty explaining why the maximal reflection of a given color

corresponded to the minimal transmission through the plate. For this purpose, he argued

that next to the first interface the combined undulation implied a displacement of matter

that made it fit for reflection and unfit for transmission, or vice versa. So to speak, he

moved Newton’s fits from the second interface to the first, and applied them to traveling

waves instead of rays.29

Young soon imagined other situations in which his “universal law” would apply. The

simplest one was the interference of the lights scattered by two parallel lines drawn on a

glass surface. Young thus interpreted the colors of striated surfaces that Boyle, Mazeas,

and Brougham had observed. He verified the theoretical interference pattern by his own

experiment on a grating. He did not fail to discuss an acoustic counterpart: “There is

striking analogy between this separation of colours, and the production of a musical note

by successive echoes from equidistant palisades.” Young also gave a basically correct

theory of thick plates involving the interference of two rays: the first ray enters the plate

perpendicularly, bounces back on the silvered surface, and it is scattered by dust on the

front surface; the second ray is scattered by dust when entering the plate, then reflected by

the silvered surface, and refracted by the front surface. As Young commented, Newton

had erred in applying a direct analogy with thin plates to this problem. Lastly, Young gave

a new theory of the colored fringes resulting from diffraction by an edge. This theory

implied the interference of two rays, one inflected by the atmosphere around the edge,

another reflected by the surface of the edge (see Fig. 5.2).30

Despite the qualitative success of this explanation of diffraction fringes, Young was

beginning to question the atmospheres and to open his mind to the idea that diffraction

was a sui generis wave process: “I do not consider it as quite certain, until further

experiments have been made on the inflecting power of different substances, that

Dr HOOKE’s explanation of inflection, by the tendency of light to diverge, may not have

some pretensions to truth.” The probable reason for this doubt was Young’s new reflec-

tions on the rectilinear propagation of light, prompted by his reading or rereading of

Newton’s and Huygens’s texts.31

Young wondered why wave motion proceeded rectilinearly from its source and was not

lost into lateral motions. He noted Huygens’s explanation:

The theory of HUYGENS indeed explains the circumstance in a manner tolerably

satisfactory: he supposes every particle of the medium to propagate a distinct

28Young 1802b, pp. 160–1. Cf. Kipnis 1991, pp. 92–5.

29Young 1802b, p. 160.

30Ibid., pp. 158–60 (striated surfaces), 163 (thick plates), 164–6 (inflection). Cf. Kipnis 1991, pp. 102–5; Mollon

2002.

31Young 1802b, p. 165.
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undulation in all directions; and that the general effect is only perceptible where a

portion of each undulation conspires in direction at the same instant.

Young then recalled a classical objection to Huygens’s secondary waves:

But, upon this supposition, it seems to follow, that a greater quantity of force must be

lost by the divergence of the partial undulations, than appears to be consistent with

the propagation of the effect to any considerable distance.

Young nevertheless adopted Huygens’s secondary waves in his subsequent discussion of

the light traveling from a point source through an aperture.32

About the undulations drawn on Fig. 5.3, Young wrote:

The principal undulations will proceed in a rectilinear direction towards GH, and the

faint radiations on each side will diverge from B and C as centres, without receiving

Fig. 5.2. Young’s explanation of colored fringes caused by a diffracting edge (black disk). Interference occurs

between a ray inflected by the atmosphere of the edge (in gray) and a ray reflected by the edge. From Young

1802b, plate.

32Ibid., p. 150.
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Fig. 5.3. Young’s drawing of a wave passing an aperture on a screen. From Young 1802b, plate.
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any additional force from any intermediate point D of the undulation, on account of

the inequality of the lines DE and DF.

This means that Young imagined Huygensian wavelets issuing from the aperture, but

failing to reinforce each other in the shadow of the screen. The invoked cause of this

failure, lack of timing, is not entirely clear. Young did not simply mean that narrow pulses

starting from B and D could not reach F at the same time without violating the constancy

of the velocity of light. That he meant more can be inferred from the remark:

If ... the aperture bears but a small proportion to the breadth of an undulation, the

newly generated undulation may nearly absorb the whole force of the portion

admitted; and this is the case considered by NEWTON in the Principia.

This statement is important in itself, for it is the first suggestion that diffraction essentially

depends on wavelength. In addition, it shows that Young was again thinking in terms of

the overlap of undulations, not in terms of the coincidence of pulses: as long as the

aperture is much smaller than the wavelength, the wavelets issuing from any D overlap

in the F point. Perhaps Young also meant that they interfere destructively in the contrary

case, as Fresnel later argued in his explanation of linear propagation.33

Young announced his new findings in his second Bakerian lecture, read on 12 November

12, 1801 to the Royal Society. He summarized them in the syllabus of his lectures at the

Royal Institution, written in this period and published in the following year. In the Bakerian

lecture he supported “undulations” against emission and also against vibrations:

I use the word undulation, in preference to vibration, because vibration is generally

understood as implying a motion which is continued alternately backwards and

forwards, by a combination of the momentum of the body with an accelerating

force, and which is naturally more or less permanent; but an undulation is supposed

to consist in a vibratory motion, transmitted successively through different parts of a

medium, without any tendency in each particle to continue its motion, except in

consequence of the transmission of succeeding undulations, from a distinct vibrating

body; as, in the air, the vibrations of a chord produce the undulations constituting

sound.

Young thus departed from the late neo-Cartesian usage, which favored the name “system

of vibrations” and carefully avoided analogy with water waves. He also meant to replace

the idealized pulses of older acoustics and of Huygens’s theory of light with “undulations”

that implied an alternation of positive and negative displacements.34

Careful word choice was only one of Young’s rhetoric devices. Another was his recourse

to the Newtonian mode of exposition: numbered hypotheses and propositions, with

scholia and corollaries. Most astutely, he brought the “stamp of Newtonian approbation”

by citing extracts of Newton’s writings in support of three of his four basic hypotheses: the

existence of a pervading elastic ether, the undulations caused by luminous bodies, and

the relation between color and frequency. He did not say when Newton was discussing the

theory of his opponent instead of his own, and he neglected to mention that Newton’s

33Ibid., p. 151. 34Ibid., p. 143.
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ether waves resulted from the impact of the corpuscles of light. It would be excessive,

however, to reduce Young’s reference to Newton to shrewd rhetoric. He is likely to have

been impressed by Newton’s extensive use of acoustic analogies in optics, in spite of

Newton’s predilection for light corpuscles. And the wave-theoretical elements of Newton’s

theory plausibly inspired him.35

Newton was not the only authority that Young evoked in support of importing acoustic

concepts in the theory of light. In a letter to Marc Auguste Pictet written on 21 August

1801 and published in French in the same year, he argued that Aristotle’s texts, if

properly translated, contained the analogy between pitch and color as well as their

correspondence with frequency. In the De audibilibus he found the idea that the pitch of

a sound corresponded to the frequency of the responsible vibration, as well as the idea that

the consonance of octaves corresponded to the coincidence of pulses. In the De anima, he

found the analogy between color and pitch in the following extract (translated literally

from Young’s French translation of the Greek):

The difference between sonorous bodies is felt by the very act of their sounding;

indeed, just as we do not perceive colors without light, the sounds, sharp or grave, are

not heard without the act that brings the sounding into play.

Aristotle only meant to emphasize the need of a third entity (sunlight or the hammer of a

bell) to actualize both sounds and colors, regarded as the potential objects of auditory and

visual perception. Young’s reading only shows his ignorance of the elements of Aristotle’s

theory of perception, as well as a misinterpretation of Aristotle’s chroma, which implied a

mixture of white and black in various proportions.36

Young’s exploitation of Newton’s writings was more inspired than his reading

of Aristotle. A remarkable example is the scholium that Young added to one of the

Newtonian queries cited in his Bakerian lecture. In this query, Newton argued from the

persistence of retinal impressions that the motion of the retina had to be a vibration whose

frequency depended on the bigness of the impacting rays. Young accepted Newton’s

suggestion that the retina vibrated. In addition, his undulatory concept of light compelled

him to regard retinal excitation as a resonance phenomenon involving the frequency of the

incoming light and the characteristic frequency of retinal oscillators. This understanding,

together with his probable awareness that any color could be obtained by mixing pigments

of three primary colors, led him to reason as follows:

Since, for the reason here assigned by NEWTON, it is probable that the motion of the

retina is rather of a vibratory than of an undulatory nature, the frequency of the

vibrations must be dependent on the constitution of this substance. Now, as it is

almost impossible to conceive each sensitive point of the retina to contain an infinite

number of particles, each capable of vibrating in perfect unison with every possible

undulation, it becomes necessary to suppose the number limited, for instance, to the

35Ibid., p. 141.

36Young 1801b. Compare with chap. 1, above, p. 6. J. A. Smith’s translation (Ross 1908–1952, vol. 3, 420a)

reads: “The distinctions between different sounding bodies show themselves only in actual sound; as without the

help of light colors remain invisible, so without the help of actual sound the distinctions between acute and grave

sounds remain inaudible.”
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three principal colours, red, yellow, and blue, of which the undulations are related in

magnitude nearly as the numbers 8, 7, and 6; and that each of the particles is capable

of being put in motion less or more forcibly, by undulations differing less or more

from a perfect unison; for instance, the undulations of green light being nearly in the

ratio of 6½, will affect equally the particles in unison with yellow and blue, and

produce the same effect as a light composed of those two species: and each sensitive

filament of the nerve may consist of three portions, one for each principal colour.

This is the basis of the three-receptor theory of the perception of colors. Young did not

develop it any further. He only commented that this theory contradicted Newton’s optical

analogues of musical concords, and remarked that “in hearing, there seems to be no

permanent vibration of any part of the organ.” Thus, there were some limits to the analogy

between sound and light.37

In Young’s opinion, his most important discovery was the principle of interference (not

yet named so) and its applications to striated surfaces, thin plates, thick plates, blackness,

and inflection; which together provided “a very strong confirmation” of the undulatory

theory. This principle was expressed in Young’s proposition VIII:

When two Undulations, from different Origins, coincide either perfectly or very nearly

in Direction, their joint effect is a combination of the Motions belonging to each.

To compensate the vagueness of this statement, Young explained how undulations of

different signs could cancel each other. The applications made clear that he only meant to

apply the principle to undulations originating from the same source and then following

different paths.38

Another novelty of Young’s lecture was the treatment of dispersion sketched in his

proposition VII:

If equidistant Undulations be supposed to pass through a Medium, of which the Parts

are susceptible of permanent Vibrations somewhat slower than the Undulations, their

Velocity will be somewhat lessened by this vibratory Tendency; and, in the same

Medium, the more, as the Undulations are more frequent.—For, as often as the state

of the undulation requires a change in the actual motion of the particle which

transmits it, that change will be retarded by the propensity of the particle to continue

its motion somewhat longer: and this retardation will be more frequent, and more

considerable, as the difference between the periods of the undulation and of the

natural vibration is greater.

Young thus anticipated the modern theory of dispersion, developed in the 1870s. He may

have been inspired by Euler’s theory of the color of bodies, which implied particles of

matter behaving like oscillators. The similarity is only partial: whereas Euler made the

37Young 1802b, pp. 146–7. Cf. Hargrave 1973. After Wollaston’s improved description of the spectrum of

white light, Young changed the three principal colors to red, green, and violet (YMW 1, p. 176). On nineteenth-

century elaborations of Young’s theory of color vision, cf. Sherman 1981.

38Young 1802b, p. 157. Young explained blackness by destructive interference of the light reflected by an

uneven surface (ibid., pp. 163–4).
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particles of matter the sole conveyers of light waves, Young imagined a coupling between

the undulation of the ether and the vibrations of bound material oscillators.39

A few months later, Young clearly separated “the general law of interference” from his

commitment to the wave theory of light:

Whatever opinion may be entertained of the theory of light and colours which I have

lately had the honour of submitting to the Royal Society, it must at any rate be

allowed that it has given birth to the discovery of a simple and general law, capable of

explaining a number of the phenomena of coloured light, which, without this law,

would remain insulated and unintelligible. The law is, that ‘wherever two portions of

the same light arrive at the eye by different routes, either exactly or very nearly in the

same direction, the light becomes most intense when the difference of the routes is

any multiple of a certain length, and least intense in the intermediate state of the

interfering portions; and this length is different for light of different colours.’

The formulation is more precise than the earlier ones, as a consequence of Young’s desire

to make the law applicable without reference to the wave theory. Young’s strategy here

resembles Newton’s enunciation of the concept of fits of easy reflection or transmission

without reference to ether waves. For all that, Young’s confidence in the superiority of the

wave theory did not abate. He emphasized that interference phenomena required a smaller

velocity of light in denser media, in contradiction with the emissionist explanations of

refraction and inflection.40

In the rest of his communication, Young described a few new applications of the law of

interference to the colored fringes produces by a hair, to atmospheric halos, and to the

colored rings of mixed plates. In the case of the hair, Young imagined interference between

a ray reflected on one side of the hair and a ray inflected on the other. He similarly

explained atmospheric halos by the interference caused by mist made of droplets of equal

size. In the case of mixed plates, he conceived interference between a ray passing a thin

layer of water (trapped between two glass plates) and a ray passing through a hole in this

layer. He also made the important remark that the dark central spot of light reflected by

bubbles (the thickness of which is much smaller than the wavelength), required that

monochromatic light should be retarded by half a wavelength when reflected at the surface

of a denser medium. He verified that, in agreement with this rule, the central spot became

bright when a fluid of intermediate optical index was pressed between a plate and a convex

lens of unequal indices.41

Harmonic waves

By analogy with mixed plates, Young imagined a new wave theory of dispersion based on

the following assumption:

39Ibid., pp. 156–7. At the end of his memoir (pp. 166–9), Young addressed the few objections to the wave

theory of light that he had not yet refuted: the difficulty of explaining the “sides” of the rays emerging from the

Iceland spar, the momentum of light allegedly detected by John Mitchell, and phosphorescence.

40Young 1802c, pp. 170 (citation), 174 (“law of interference,” wave theory supported).

41Ibid., pp. 171–2 (hair), 172–3 (halos), 173–4 (mixed plates), 174–5 (central spot). Cf. Kipnis 1991,

pp. 98–100, 105–11.
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Wemay suppose that every refractive medium transmits the undulations constituting

light in two separate portions, one passing through its ultimate particles, and the other

through its pores; and that these portions re-unite continually, after each successive

separation, the one having preceded the other by a very minute but constant interval,

depending on the regular arrangement of the particles of a homogeneous medium.

In modern terms, the superposition of two waves of different phases produces a wave

whose phase has an intermediate value depending on the phase difference and on the

relative amplitude of the two component waves. Young thus explained why the phase of

the combined waves in the refractive medium globally traveled at a velocity smaller than

the velocity of light in the ether, to an extent depending on the porosity of the medium.42

Young realized that a quantitative version of this argument required a specific assump-

tion for the form of the undulations. “Assuming the law of the harmonic curve for the

motions of the particles, we might without much difficulty reduce this conjecture to a

comparison with experiment.” Very likely, he performed the simple phase-shift calculation

in this case, although he did not include the result in his communication. The important

point is that he now favoured harmonic curves to represent simple colors whereas in his

memoir of 1800 on sound and light he regarded saw-shaped undulations as simpler and

insisted on the arbitrariness of the form of the undulation.43

This evolution in Young’s concept of simple vibration is not specific to optics. It appears

in an acoustic context in the syllabus of his lectures:

In order to examine the effect of a combination of different sounds, we must assume

some law for the motions of the particles; and none is so simple as that of the

cycloidal pendulum, or of the harmonic curve, which seems indeed to have some

natural claim for preference, for the ear generally analyses more complicated vibra-

tions into such subordinate ones as may be derived from this form.

Young knew that in the case of a plucked string the motion was saw-shaped and yet the ear

perceived a few harmonics of the fundamental sound. He now regarded this phenomenon

as a confirmation of the ear’s ability to perform harmonic analysis, although he had earlier

traced it to some heterogeneity of the string and to its rotational motion.44

Young’s conversion to the harmonic curve plausibly resulted from his increasing

awareness of its mathematical simplicity and from its pervasiveness in the study of small

oscillations of any kind. In the section of the syllabus devoted to the theory of tides, he

described two cases of interference between sinusoidal motions:

The solar tide is about two fifths of the lunar tide, and the joint effect of both is to

produce a periodical increase and diminution, in the same manner as the undulations

of sound are combined with each other, and also according to the same law as in the

simplest cases of sound ... In the same manner as a solar and lunar tide are combined

in different proportions, so it frequently happens that the same tide arrives at a given

place by two different courses, and the joint effect is increased, diminished, or

42Young 1802c, p. 175.

43Ibid., p. 176.

44Young 1802a, p. 91; Young 1807, vol. 1 (2nd ed.), p. 301.
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destroyed, according to the difference of the times occupied in the routes of the

different portions.

The latter case of interference is a probable allusion to Newton’s account of the tides in the

Tonkinese port of Batsha, which Young later cited as an anticipation of the law of

interference.45

In 1802, Young advertised the “harmonic slider” that he had invented to mechanically

superpose two harmonic curves (Fig. 5.4). On this occasion he judged the harmonic curve

as “by far the most natural as well as the most convenient to be assumed, as representing

the state of an undulation in general.” He envisioned applications of his slider to musical

consonance and dissonance, to tides, and to optics. He opined that the “purest and most

homogeneous sounds” should be represented by harmonic curves. His theory of tides of

1813 was essentially based on analogy with the resonance of a pendulum subjected to a

sinusoidal excitation. In 1717 he wrote: “In the undulatory theory, the analogy between

the law of interference, and the phenomenon of tides, and the effects of the combination of

musical sounds is very direct and striking.”46

Even so, the sinusoidal form of optical undulations played little role in Young’s optics.

His discussions of interference only required the consideration of the minima and maxima

of illumination, for at least two reasons: he never measured the intensity of the illumina-

tion; and he only considered two-ray interference, in which case the interference pattern

can be derived without knowing the precise shape of the superposed undulations. He never

Fig. 5.4. Young’s harmonic sliders. Sliders of a length proportionate to a sine curve are placed above a board

whose profile is another sine curve. From Young 1802d, plate.

45Young 1802a, pp. 143–4; Young 1804b, p. 203. On the Batsha tides, cf. Cartwright 2003. On Young’s

reference to Newton’s explanation, cf. Kipnis 1991, pp. 49–52. The modern explanation of the diurnal (instead of

semidiurnal) character of these tides is based on standing waves in the Gulf of Tonkin rather than on interference.

46Young 1802d; Young 1817, p. 329.
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used the algebraic identity for the sum of two sine functions, in conformity with his general

preference for geometrical methods.47

Crucial experiments

In 1803, Young gave his third Bakerian lecture, the second of those devoted to physical

optics. His main new result was “an experimental demonstration of the general law of the

interference of light.” Although “the ingenious and accurate Grimaldi” had long ago

observed fringes in the shadow of a narrow rectangular blade, this phenomenon had

generally been overlooked owing to Newton’s failure to notice it. Young not only studied

these fringes with unprecedented accuracy, but he realized that they disappeared when the

light passing on one side of the blade was blocked. In his opinion, this observation

provided a direct proof of interference since it demonstrated the necessity of light traveling

through two different paths. The Newtonian explanation by differential inflection near the

edges of the blade failed, since the inflection on one side of the blade could not plausibly

depend on the other side. In contrast, the law of interference immediately explained the

equal spacing of the fringes in the plane of observation as well as their hyperbolic

trajectory when the distance of this plane from the blade grew.48

Whereas Young had earlier justified interference by acoustic analogy, he now regarded

the law of interference as establishing the analogy between light and sound:

For, hitherto, I have advanced in this Paper no general hypothesis whatever. But,

since we know that sound diverges in concentric superficies, and that musical sounds

consist of opposite qualities, capable of neutralising each other, and succeeding at

certain equal intervals, which are different according to the difference of the note, we

are fully authorised to conclude, that there must be some strong resemblance between

the nature of sound and that of light.

Moreover, Young abandoned the Newtonian concept of inflection that he had used in his

earlier accounts of diffraction. He now declared:

I have not, in the course of these investigations, found any reason to suppose the

presence of such an inflecting medium in the neighbourhood of dense substances as

I was formerly inclined to attribute to them; and, upon considering the phenomena of

the aberration of the stars, I am disposed to believe, that the luminiferous ether

pervades the substance of all material bodies with little or no resistance, as freely

perhaps as the wind passes through a grove of trees.

According to this poetical metaphor, the ether could not accumulate in the vicinity of

material bodies, so that inflecting atmospheres à la Mairan could not exist.49

The famous experiment of Young’s holes or slits appears in Young’s Lectures of 1807. It

provides the simplest illustration of the principle of interference, since the two holes

47In an article on tides, Young (1823a, p. 325) gave the identity sin a + sin b = 2sin[(a+b)/2] cos [(a�b)/2]; but he
did not use it to discuss tidal interference.

48Young 1804a, pp. 179–81. Two earlier exceptions to the general neglect of internal fringes were du Tour

1768–1774 [1760], and Jordan 1799.

49Young 1804a, p. 188.

INTERFERENCE, POLARIZATION, AND WAVES 185



materially determine the paths of the interfering portions of light. It is also the optical

counterpart of a case of water-wave interference described in the Lectures (Fig. 5.5). In

conformity with his use of the phrase “undulatory theory of light,” Young now made

water waves the central metaphor for any wave process:

The subject of waves is of less immediate importance for any practical application

than some other parts of hydraulics; but besides that it is intimately connected with

the phenomena of the tides, it affords an elegant employment for speculative investi-

gation, and furnishes us with a sensible and undeniable evidence of the truth of some

facts, which are capable of being applied to the explanation of some of the most

interesting phenomena of acustics [sic] and optics.

Water waves were also important in Young’s latest approach to dispersion, which

relied on analogy with the well-known dispersion of deep-water waves. Young

clearly had trouble with optical dispersion. He gave no less than three theories in the

span of five years. In retrospect, the first was the best; and the last was the worst since it

erroneously related dispersion to the imperfect elasticity of the medium (even for water

waves!).50

A disturbing novelty

To summarize, the analogy between thin plates and organ pipes prompted Young’s

interest in the wave theory of light, as well as acoustic studies in which he developed the

concept of interference. InMay 1801, he explained the colors of thin plates by interference.

In the following two years, he discussed other cases of interference with impressive

experimental and theoretical acumen. These included striated surfaces, diffraction fringes,

Fig. 5.5. Water wave interference according to Young. The points A and B are the centers of circular waves.

The points C, D, E, F belong to hyperbolic lines of destructive interference. From Young 1807, plate XX,

fig. 267.

50Young 1807, vol. 1 (2nd ed.), pp. 220 (water-wave interference, citation), 364–5 (holes), 364 (dispersion,

water-wave interference). Cf. Kipnis 1991, pp. 118–24.
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and supernumerary rainbows.51Although Young soon separated the “law of interference”

from its wave-theoretical justification, he regarded the numerous successful applications of

this law as evidence in favor of the analogy between light and sound. He gradually purged

his undulatory theory from remnants of the emissionist or neo-Cartesian viewpoints such

as the inflection of rays and the atmospheres. He gave wave-theoretical explanations of all

major optical phenomena, including rectilinear propagation, reflection, refraction, dif-

fraction, and dispersion (but not yet the double refraction of Iceland spar). These explana-

tions relied more on physical intuition and analogy than on a rigorous mechanics of

continuous media. They derived from earlier reasoning by Huygens, Euler, and Hooke,

except for dispersion, in which case Young imagined three different theories of his own.

Young’s early works in optics were well received, as may be judged from their being the

subject of two Bakerian lectures and also from the favorable reviews of these lectures.

Lord Brougham’s famous attacks were violent but exceptional. Yet no one before Fresnel

joined Young in the study of interference phenomena or in the pursuit of undulatory

optics. Many reasons have been evoked to explain this lack of interest, including Young’s

terse style, his spare use of mathematical reasoning, the weakness of the wave-theoretical

explanations of rectilinear propagation and refraction, and the availability of emissionist

explanations for the phenomena that Young explained by interference. Related re-

proaches can indeed be found among Young’s contemporary readers, both in Britain

and on the continent. There is one more reason for the contemporary neglect of Young’s

optics: his contemporaries ignored acoustic interference, on which he crucially drew to

introduce optical interference.52

5.2 Laplacian optics

Laplace’s discovery of Malus

While Young was developing his principle of interference, the French astronomer Pierre

Simon de Laplace was trying to reduce all natural phenomena to central forces acting

between molecules. In this grand neo-Newtonian scheme, the molecules of light interacted

with the molecules of matter through short-range forces whose precise form was irrelevant

to observable phenomena. Laplace expounded this view in the theory of atmospheric

refraction found in the fourth volume of his Mécanique céleste, published in 1805. His

theory of refraction completed Newton’s by making the deflecting forces the sum of the

actions of the individual molecules of the transparent media.53

In the simple case when the molecules of light cross the plane surface of a homogenous

transparent medium, Laplace’s theory implies that the force acting on a light molecule has

51Young 1804a, p. 185. There are two different ray paths for the diffuse light in a given direction within the

primary rainbow (for a given color). Young traced the supernumerary rainbows to interference between theses two

paths. Cf. Kipnis 1991, pp. 100–2; Hulst 1981, }13.2; Cowley 1998.

52Cf. Kipnis 1991, chap. 6. An example of emissionist interpretations of interference is Biot’s suggestion that

internal diffraction fringes would result from a sharpening of du Tour’s atmospheric model: cf. Kipnis 1991,

p. 255. On the contemporary ignorance of acoustic interference, see also Darrigol 2009, pp. 131–6.

53Laplace 1805, pp. 233–77. Cf. Grattan-guinness 1990, vol. 1, pp. 470–2; Heilbron 1993, pp. 150–4. On

Laplacian physics, cf. Crosland 1967; Fox 1974.
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the same intensity and the same direction at two points that are the mirror images of each

other with respect to the surface. The reason is that, within the medium, the action of the

layer of material molecules contained between the surface of the medium and a plane

passing through the molecule of light is exactly balanced by the action of an equally thick

layer on the other side of the molecule. Consequently, the variation of the squared velocity

of the light molecule when it travels from infinity to the limiting surface is half the

variation of the same quantity when the molecule crosses the whole deflecting zone (in

modern terms, the separating surface is at the middle of a symmetric potential barrier).54

As Laplace saw, this result implies that the condition of total reflection within a dense

transparent medium is not the usual one when the external medium is opaque. In the usual

case, the external medium is transparent and total reflection occurs when the angle of

incidence is superior to ī1 = arcsin(n2 / n1), where n1 and n2 denote the optical indices of the

two media. At this angle, the molecules of light slightly penetrate the external medium

before returning to the denser medium. When the external medium is opaque, Laplace

reasoned, penetrating rays are absorbed and reflection is possible only if the molecules of

light turn round before reaching the interface. This begins to occur for a decrease of

squared velocity that is half the decrease required for total reflection in the normal case.

Since only the normal component of velocity is altered, the corresponding angle of

incidence is î1 such that cos
2î1 = (1/2)cos

2ī1.
55

Although Laplace did not write so, he probably meant to refute William Hyde

Wollaston’s astute determination of the optical index of some opaque substances.

This retired physician had measured the limiting angle of total reflection at the

interface between glass and the opaque medium, and inferred the index from the relation

ī1 = arcsin(n2 / n1). In 1807, a brilliant newcomer in Laplace’s circle, Etienne Louis Malus,

examined the question experimentally.With measurements on beeswax (which can bemade

both transparent and opaque) and pioneering attention to causes of error, he confirmed

the predictions of Laplace’s theory.56

Malus was a military engineer trained in the early Ecole Polytechnique. He had privately

reflected on the nature of light during his traumatic participation in Napoleon’s Egyptian

campaign. He then believed light to be a compound of caloric and oxygen, in agreement

with the fact that light usually occurs during the combustion of bodies. A few years later,

in Paris, he wrote an optical treatise in which the nature of light no longer mattered. The

purpose of this treatise was to found the theory of optical instruments on a general theory

of systems of rays in the spirit of the new géométrie analytique of his mentor and friend

GaspardMonge. Its core was the proof that a continuous family of rays depending on two

parameters (what we now call a congruence) could always be construed as resulting from

the intersections of two families of developable surfaces, whose cuspidal edges describe

the two surfaces on which consecutive rays intersect. Malus used this result to determine

caustics, to construct reflected and refracted beams, and to determine their intensities.

54Laplace 1805, pp. 233–43.

55Ibid., p. 243. See also the more lucid account in Malus 1808b, pp. 78–9. Cf. Chappert 1977, pp. 58–9;

Buchwald 1989, pp. 28–31.

56Wollaston 1802a; Malus 1808b. Malus also verified the density dependence that was predicted by Laplace’s

theory.
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He proved that after a first reflection or refraction of the rays issuing from a single point,

the developable surfaces of the two generating families were mutually orthogonal, and that

in this case the rays admitted a family of common orthogonal surfaces. The extension of

the latter result to any number of reflections and refractions is usually called Malus’s

theorem, although Malus believed that the property no longer held after a second reflec-

tion or refraction. Malus did not connect these geometrical considerations with Huygens’s

waves.57

This treatise drew the attention of a few French mathematicians, and we will see that it

later inspired some of William Hamilton’s powerful theory of systems of rays. Laplace’s

appreciation probably determined Malus’s involvement in optical questions of Laplacian

interest. The first of these questions was the aforementioned determination of the optical

index of opaque substances. The second was the verification of Huygens’s law of extraor-

dinary refraction.58

Extraordinary refraction

In the late eighteenth century, the crystallographer René Juste Haüy had dismissed

Huygens’s law of extraordinary refraction in favor of a simpler law of his own. In 1802,

Wollaston claimed to have accurately verified Huygens’s law with a method relying on

indirect index measurement through complete reflection. He judged that his finding

vindicated the undulatory theory, which Thomas Young was then pressing him to

adopt. Laplace must then have worried that crystal optics was becoming a threat to

molecular optics. On 4 December 1807, the Paris Academy offered a prize for the exact

determination of double refraction. Malus won with a powerful memoir read on 4 June

1808. With measuring techniques and data analysis of unprecedented sophistication, he

verified Huygens’s law within a 1% margin of error. The challenge now was to derive these

laws on a neo-Newtonian basis.59

Laplace and Malus both met this challenge by showing that Huygens’s laws resulted

from the principle of least action if the squared velocity of the light molecules in the crystal

had the form

u2 = a2 + b2 cos2 y; ð1Þ

where y is the angle that the velocity makes with the axis of the crystal. A straightforward

but cumbersome way to prove this is to compare the analytical results of the variation

57Malus 1808a; 1811a (amplified version with corpuscular theory of refraction). On Malus’s biography,

cf. Arago 1855; Chappert 1977, chap. 1; Buchwald 1989, pp. 23–6. Malus silently borrowed the generating

developable surfaces from Monge’s theory of the optimal transport of earth for construction purposes:

cf. Chappert 1977, pp. 114–15. Charles Dupin generalized Malus’s theorem in 1817: cf. ibid., p. 135. This theorem

is a direct consequence of Huygens’s construction of reflected or refracted rays, since these rays are orthogonal to

the envelope of the spherical wavelets emitted at the reflecting or refracting surface.

58On later developments of Malus’s approach, cf. Atzema 1993a, 1993b. On Hamilton, see below, chap. 7,

p. 264.

59Haüy 1788; Wollaston 1802b; Malus 1811b, chap. 1. Cf. Frankel 1974; Buchwald 1980a; 1989, pp. 12–19

(Haüy and flaws), 19–23 (Wollaston); 31–6 (Malus).
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of the action with Malus’s analytical expression of the consequences of Huygens’s con-

struction. Laplace and Malus both did this, in slightly different ways. Laplace also

indicated a much simpler derivation.60

The first step of the latter derivation is the remark that Huygens’s construction is

equivalent to Fermat’s principle of least time, if only the velocity is given by the radius

of Huygens’s ellipsoidal wavelets. In order to see this, consider Fig. 5.6 from Laplace. KB

represents the trace of the surface of the crystal, OC the trace of a wave plane, EDA the

trace of an ellipsoidal wavelet centered in C; OK the distance traveled by the wave to reach

the surface of the crystal during the time that the wavelet has taken to develop. According

to Huygens’s construction, the extraordinary wave plane at the end of this time is obtained

by drawing the plane tangent to the wavelet and passing through K; and the refracted ray

is the line CI joining the center of the wavelet to the point of tangency. Now consider the

ray oci refracted at c and the infinitely close ray o0c0i0. The length oc0 differs from o0c0 by an
infinitesimal of second order, since o0c0 is perpendicular to oo0. The lengths c0i0 and c0i are in
general unequal because the refracted rays are not perpendicular to the refracted waves.

Yet the times that light takes to travel along these two lengths are the same (to first order)

because by Huygens’s construction i belongs to the tangent plane of the wavelet centered

in c0. In addition, the construction implies that light takes the same time to travel oci and
o0c0i0. Consequently, light takes the same time to travel the paths oci and oc0i. This is
Fermat’s principle of least time. The spheroidal shape of Huygens’s wavelets implies that

the velocity of light V in a direction that makes the angle y with the optical axis verifies:

Fig. 5.6. Laplace’s figure for proving the equivalence of Huygens’s construction with Fermat’s principle.

From Laplace 1810, 281.

60Laplace 1809, 1810; Malus 1811b, chap. 2. Cf. Chappert 1977, pp. 62–6; Buchwald 1989, pp. 36–40.
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The derivation ends with the obvious remark that Fermat’s principle for light traveling at

the velocity V is formally equivalent to Maupertuis’s principle for particles traveling at the

velocity 1/V.61

Laplace announced a new victory for his neo-Newtonian program:

I have found that the law of extraordinary refraction, laid down by Huygens, satisfies

this condition [that the velocity of light only depends on the direction of the rays in

the crystal], and agrees at the same time with the principle of least action; so that there

is no reason to doubt that this law is derived from the operations of attractive and

repulsive forces, of which the action is only sensible at insensible distances.

The claim prompted Thomas Young to write a lambasting review of Laplace’s memoir in

the Quaterly review. Young belittled Laplace’s successful application of the principle of

least action as a trivial consequence of the (to him) evident validity of Fermat’s principle in

Huygens’s theory. He next denied any physical import of this success: Laplace had failed

to identify the forces that could produce the angular dependence of the velocity of light

molecules, whereas Huygens’s spheroid of velocities could easily be justified by unequal

compressibility of the medium in different directions. Lastly, Young reproached Laplace

with not citing Wollaston’s verification of Huygens’s laws, although he added the follow-

ing note in proof:62

We must do Mr Laplace the justice to observe, that since this article was written, he

has published, in the Memoirs of Arcueil, another paper on this subject, in which the

name of Dr Wollaston is mentioned with due respect. The same volume contains also

an account of some highly interesting and important experiments of Mr. Malus, on

the apparent polarity of light, as exhibited by oblique reflexion, which present greater

difficulties to the advocates of the undulatory theory than any other facts with which

we are acquainted.

Polarization

In the course of his experiments on double refraction, Malus happened to observe the light

reflected from the windows of the Luxembourg palace through a crystal of Iceland spar.

To his surprise, the intensities of the two images varied when he rotated the crystal around

the axis of vision. He suspected that the reflected rays of light acquired an asymmetry

similar to that observed by Huygens for the ordinary and extraordinary rays issuing from

a crystal of Iceland spar. He soon found that the analogy was complete when the reflection

occurred at a specific incidence, 52º 450 in the case of a water surface. For example, the
reflected light suffered ordinary refraction only when it entered a crystal whose principal

section (that is, the plane perpendicular to the face of the crystal and parallel to its axis)

61Laplace 1809, pp. 306–7; 1810, pp. 282–3. 62Laplace 1809, p. 305; Young 1809, pp. 282–3.
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was parallel to the plane of reflection. Malus announced these results on 12 December

1808 at the Institut de France.63

Three months later, Malus reported that light reflected by a glass plate at the polarizing

incidence (54º 350) was no longer reflected by a second glass plate at the same incidence
when the two planes of reflection were orthogonal. If the two planes of reflection made an

angle y (ceteris paribus), Malus added, the intensity of the reflected light varied as cos2y . In

the lack of precise photometric measurements, Malus probably selected this law as the

simplest trigonometric formula that yielded the correct value of the angles of minimum

and maximum intensity.64

In Malus’s opinion, the discovery of what he later called “polarization” by reflection

decided the nature of light:

All the ordinary phenomena of optics can be explained either by Huygens’s hypothe-

sis, which traces them to the vibrations of an ethereal fluid, or according to Newton’s

opinion, which traces them to the action of bodies on the luminous molecules

considered as belonging to a substance subjected to the attractive and repulsive

forces that serve to explain the other phenomena of physics. The laws concerning

the progress of rays in double refraction can still be explained by either hypothesis. In

contrast, as the above given observations prove that the phenomena of reflection

differ for the same angle of incidence—which cannot happen under Huygens’s

hypothesis, the author concludes not only that light is a substance subjected to the

forces that animate other bodies but also that the form and disposition of these

molecules have a great influence on the phenomena.

Malus assumed like Newton that the molecules of light had a transverse asymmetry, which

he described through the molecular axes a, b, c. He further assumed that the orientation of

the transverse axes b and c depended on the direction of the repulsive forces exerted by

matter:65

If we consider, in the translation of luminous molecules, their movement around

three principal axes a, b, c, the quantity of molecules whose b or c axis becomes

perpendicular to the direction of the repulsive forces is always proportional to the

square of the sine of the angle that these lines need to describe in their rotation

around the axis a in order to assume this direction, and, reciprocally, the quantity of

molecules whose b or c axes become the closest possible to the direction of the

repulsive forces, is proportional to the square of the cosine of the angle that these

lines need to describe in their rotation around the axis a in order to be included in the

plane which contains this axis and the direction of the forces.

From this somewhat mysterious molecular principle, Malus hoped to derive a complete

theory of partial reflection and of refraction in any pair of media and for any incidence.

Partial reflection had been a stumbling block for the neo-Newtonian theorists of light, who

63Malus 1809a. The Luxembourg anecdote is from Arago 1855. Cf. Chappert 1977, pp. 59–66; Buchwald 1989,

chap. 2.

64Malus 1809b. This memoir also contains a few results concerning metallic reflection.

65Ibid., pp. 343, 344. For the term polarisation, see Malus 1811c, pp. 106–7.

192 A HISTORY OF OPTICS



were little disposed to admit Newton’s fits. Malus made polarization the key to this

phenomenon, natural light being for him a mixture or rays polarized in all possible

directions. Malus’s last memoirs, read in 1811, contained observations regarding the

amount of reflected light and the polarization of transmitted light for various orientations

of the polarization of the incident light. He died a few months later.66

Malus’s discovery opened an entire field of new researches in optics. The basic experi-

ments on polarization were easy to replicate, and they could be improved upon. So did the

Scottish experimenter David Brewster, who welcomed any confirmation of the Newtonian

concept of light and excelled in designing optical instruments and apparatus. Whereas

Malus had failed to find any regular relation between the polarizing angle iB and the index

of refraction, Brewster discovered the law tan iB = n, which now bears his name. As we will

see in a moment, his numerous and precise experiments on polarization by refraction, on

metallic reflection, and on the polarizing angle of crystals were important sources for the

leaders of French optics. He was a major player in the study of chromatic polarization, the

history of which we are about to encounter.67

Chromatic polarization

Before Malus read his two last memoirs, the young astronomer and freshly elected

academician François Arago reported a series of experiments in which he studied the

polarization of Newton’s rings. Some of his findings contradicted received ideas. Most

puzzlingly, he found that the light of the rings observed by transmission through the two

compressed lenses was polarized in the same plane as the light of the rings observed by

reflection. This contradicted Malus’s principle that the production of polarized light by

reflection always implied the production of an equal amount of transmitted light polarized

in the perpendicular direction. In an attempt to decide which of the surfaces of the air gap

controlled the formation of the rings, Arago replaced the second lens by a flat mirror. He

found that the rings produced by reflection had the same polarization properties as if their

light has been reflected at the interface between glass and air. This seemed to contradict

Newton’s opinion that the fits of easy reflection or transmission belonged to the other end

of the air gap. As Arago’s original manuscript is lost, it is not clear whether he seriously

considered Young’s theory at that time (he mentioned it in the version published in 1817).

There is no doubt, however, that he framed his subsequent findings under the molecular

concept of light.68

A few months later, Arago reported his discovery of the “depolarization” of light when

crossing a plate of crystalline medium, a phenomenon later called “chromatic polariza-

tion.” The starting point was his observation, through a double-refracting crystal, of a thin

plate of mica with a clear sky behind it. He found that the two images of the plate were

colored, although their overlap was white. The two colors changed when he rotated the

66Malus 1811c, 1811d. For a thorough analysis of these memoirs, cf. Buchwald 1989, pp. 54–64. Malus here

introduced the concept of “depolarization” of polarized light reflected by a metal.

67Brewster 1818 (his law). Cf. Chen 2000, pp. 6–7.

68Arago 1817 [1811], pp. 5 (Young), 13–14 (mirror), 16–17 (transmission), 31 (Young). Arago was also puzzled

by his observation of two systems of complementary rings when observing through a crystal the light reflected by

the mirror–lens system at incidences more oblique than the polarizing incidence (for glass).
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crystal around the axis of vision, but remained complementary. Arago soon found out that

the phenomenon required that the light incident on the plate should be polarized (as the

light from a clear sky partially is). He also understood that the mica of the plate had to be

anisotropic, since a rotation of the plate in its own plane changed the intensity of the colors

of the two images (there were four orientations for which the two images were white).

Using light reflected at polarizing incidence as a source, he studied how the phenomenon

varied with the inclination, thickness, and material of the plate. On a fairly thick (6 mm)

plate of quartz cut perpendicularly to the optical axis, he again observed two complemen-

tary colors, but with no variation of their intensities during a rotation of the plate in its

own plane. In both cases he regarded the plate as a “depolarizing” device, since it turned

polarized light into light that could never be extinguished by a polarizing device. This light

also differed from white light, since it lost its whiteness when seen through a polarizing

device. Arago concluded:69

It the properties of [polarized] rays depend, as has been assumed, of the particular

disposition of the axes of the molecules with which they are formed, there will be,

between a polarized ray ... and the same ray after its emergence from a mica plate, the

difference that in the first ray the axes of the molecules of diverse colors are parallel,

whereas in the second ray there are molecules of diverse colors whose axes have

diverse directions.

In his subsequent researches, Arago multiplied qualitative experiments on colors and

polarization, partly intending to disprove Newton’s theory of the colors of bodies. He also

tried to relate the new phenomenon to double refraction, by assimilating a double-

refracting crystal with a pile of depolarizing plates. He did not attempt to quantitatively

determine the effects of thickness and orientation, be it by theory or by experiment.

Laplace’s protégé Jean-Baptiste Biot did just this, with a success that won him worldwide

fame—and Arago’s lasting rancor.70

With Laplacian meticulousness, Biot determined how Arago’s phenomenon depended

on the relevant angles and on the thickness of the plate. He first studied the case of the

normal incidence of polarized rays on a gypsum lamina of given thickness, whose optical

axis was in its plane (see Fig. 5.7). For the polarizer and analyzer he used polarizing

reflection on glass plates, asMalus had done in his demonstration ofMalus’s law. Biot first

made clear that for a given orientation of the polarizer and analyzer, a rotation of the

lamina in its own plane altered only the intensity of the observed light, not its tint. From

this he concluded that for a well-defined subset of simple colors (depending on the

thickness of the plate) the incident polarized rays were unaffected by the lamina, while

for the complementary subset the polarization of the rays was modified by the lamina.

He first tried to determine the modification of the affected rays by Malus’s law. Call i the

angle that the axis of the plate makes with the original polarization. A fraction cos2i of the

affected rays emerges with a polarization parallel to the axis, while the complementary

fraction sin2i emerges with a polarization perpendicular to the axis. Biot then applied

69Arago 1812a, pp. 37–8 (mica and blue sky), 42 (citation), 45–7 (thickness), 47–8 (inclination), 49 (minimum

thickness), 54–64 (quartz). Cf. Rosmorduc 1983; Buchwald 1989, chap. 3; Levitt 2009, pp. 35–8.

70Arago 1812b, 1812c, 1812d.

194 A HISTORY OF OPTICS



Malus’s law a second time, to the action of the analyzer on the unaffected (U) and affected

(A) rays. Calling a the angle that the analyzer makes with the polarizer, this yields the

intensity

I =Ucos2 a+Acos2 i cos2ða� iÞ+Asin2 i sin2ða� iÞ: ð3Þ

This formula did not represent the observed variations of the outgoing light very well. By

trial and error, Biot found that the simpler trigonometric formula

I =Ucos2 a+Acos2 ð2i � aÞ ð4Þ

worked excellently.71

Biot then studied the effect of the thickness of the lamina and found that the affected

rays were the same as the rays reflected by a thin (amorphous) plate of proportional

thickness according to Newton. He also related the effect of the inclination of the crystal

plate with the effect of the angle of incidence on Newton’s rings. He thus believed he had

reached “novel and intimate analogies between the yet unknown causes that produce the

ordinary reflection of light and the causes which polarize light in crystallized bodies.”72

In his first memoir, Biot refrained from speculating on the molecular process from

which the empirical regularities might derive. A few months later, he believed he could

safely identify this process. First, he interpreted the intensity formula (4) as the result of

z

P

A

a

i
z'

Fig. 5.7. Schematic view of Biot’s chromatic polarization device. The vertical ray is polarized by the polarizer

P, which makes the angle i with the axis zz0 of the lamina. After crossing the lamina, it is observed through

the analyzer A, which makes the angle a with the polarizer P.

71Biot 1812a, pp. 140–9. Cf. Frankel 1977; Buchwald 1989, chap. 4. In analogy with double refraction, Biot

called the unaffected rays “ordinary” and the affected rays “extraordinary.” In all rigor, I, U, and A should

represent spectral densities.

72Biot 1812a, part 1 (thickness), part 2 (inclination), p. 136 (citation).
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Malus’s law applied to a mixture of two subsets of molecules. The molecules of the first

subset, corresponding to the cos2 a factor, have the same transverse orientation as the

molecules of the original polarized beam; the molecules of the second subset,

corresponding to the cos2(a�2i) factor, have the symmetrical orientation with respect
to the axis of the lamina, at an angle 2i with respect to the original orientation. Comparing

these two orientations with transmission and reflection in Newton’s theory of fits, Biot

had them recur periodically during the travel of the molecule across the lamina. In this

picture, the axis of Biot’s molecules of light oscillates around the optical axis of the lamina

at a frequency depending on the simple color and proportional to the frequency of

Newton’s fits. Biot developed a similar picture in the case of quartz plates cut perpendicu-

larly to the optical axis, simply replacing the oscillation of the light molecules with a

continuous rotation of the molecules during their travel through the plate.73

Biot traced the oscillations of the molecules in a gypsum lamina to two forces acting

between the axis of the molecules and the axes of the lamina in its plane. From the fact that

the observed tint did not depend on a rotation of the lamina in its plane, he inferred

that the frequency of the oscillations did not depend on their amplitude, which in turn

implied their sinusoidal character. Yet Biot’s intensity formula (4) and his use of Newton’s

construction of color as a function of thickness implied that after exiting the lamina the

molecules could be found only in their original orientation or in the orientation symmetric

with respect to the axis. Biot solved this contradiction by assuming an ad hoc transitory

process that made the molecules reach one of these two orientations, with a probability

depending on the phase of their oscillation just before exiting the lamina. One difficulty

remained: as Biot carefully demonstrated, two successive laminas of thicknesses e and

e0 separated by an air gap behave like a single lamina of thickness e + e0 when their axes are
parallel and like a single lamina of thickness e�e0 when their axes are perpendicular. This is
only understandable if in the air gap the molecules retain the orientation that they had just

before exiting the first lamina. Biot obscurely distinguished between the actual orientation

in the air gap (which could only take two discrete values) and a tendency that was

preserved in the gap.74

Although Biot’s main findings are easily summarized in a few sentences, his attention to

experimental details and his compulsion to explore every side of the subject brought him to

fill some five hundred pages of the Mémoires de l’Institut. In contrast with this extreme

prolixity, Young offered terse assessments of the new French optics. In 1810 he saluted

Malus’s discovery of polarization as “the most important that has been made in France,

concerning the properties of light, at least since the time of Huygens.” He deplored the lack

of explanation in the system of undulations, but denied that the corpuscular theory could

73Biot 1812b, pp. 60–7 (oscillations), part 4 (quartz plate); Biot 1814a. In his treatise (Biot 1816, vol. 3, pp. 192,

195), Biot similarly interpreted Newton’s fits as the consequence of a rotating polarity of the light molecules.

74Biot 1812b, pp. 75–88 (forces), 66–7 and 108 (transitory process), part 3 (successive laminas). In order to

account for the effect of the inclination of the lamina (around an axis making a variable angle with the optical

axis), Biot distinguished two forces acting on the molecular axes, one from the optical axis, the other from an axis

perpendicular to the optical axis.
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properly account for the role of polarization in reflection and refraction. He then decided

to suspend his decision between the two systems:75

We confess that we are compelled to remain for the present undecided, and we can

only look forwards for further information to the discoveries which may result from

future experiments.

Biot’s memoirs on chromatic polarization brought some of the desired infor-

mation. In 1814, Young interpreted this “intricate and laborious investigation” in his

own way:

We have no doubt that the surprise of these gentlemen [Biot and Brewster]

will be as great as our own satisfaction in finding that they are perfectly

reduceable, like all other cases of recurrent colours, to the general laws of

the interference of light ... and that all their apparent intricacies and capricious

variations are only the necessary consequences of the simplest application of these

laws.

Young went on to explain that the colors of crystalline laminas corresponded to the

interference between light propagated at the velocity of the ordinary rays and light

propagated at the velocity of extraordinary rays in the lamina. He had nothing to say

on the role of polarization in this phenomenon. The following year he admitted to

Brewster his growing perplexity about polarization:76

With respect to my own fundamental hypotheses respecting the nature of light,

I become less and less fond of dwelling on them, as I learn more and more facts

like those MrMalus has discovered: because, although they may not be incompatible

with these facts, they certainly give us no assistance in explaining them. But this does

not extend to my laws of interference, as explanatory of the phenomena of periodic

colours.

Biot did not worry as much about interference as Young worried about polarization.

In a contemporary letter to Brewster, he mentioned that the Institut had failed to get

a copy of Young’s Lectures and that “he did not know [Young’s theory] at all.”

As Brewster had cited Young’s authority against one of Biot’s colored-rings observations,

Biot replied:

I very much esteem the merit and talent of this distinguished savant, but you will

permit me to tell you that his witness has no more weight here than the authority of

Aristotle against the observations of Galileo on gravity. Mr Young can do nothing

against facts such as those I just mentioned.

In his treatise of 1816, Biot presented refraction and polarization as unshakable evidence

for the emissionist view of light:77

75Young 1810, pp. 247–54.

76Young 1814, p. 269; Young to Brewster, 13 September 1815, YMW 1, pp. 360–4, on p. 361.

77Biot to Brewster, 20 February 1816, Bibliothèque de l’Institut de France, Paris, cote 4895 #70, quoted in

Frankel 1976, p. 155; Biot 1816, vol. 3, p. 149.
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All these phenomena seem today to place the system of emanation beyond doubt, if

we can call a system something that is so natural a consequence of the facts and serves

to reproduce them so exactly and so easily.

5.3 Fresnel’s optics

Early reveries

In May 1814, Augustin Fresnel wrote to his brother Léonor:

I read in the Moniteur, a few months ago, that Biot had read at the Institut a very

interesting memoir on the polarization of light.Nomatter how much I rack my brain,

I have no idea what that means.

Fresnel was then an engineer of bridges and roads, with a strong interest in chemistry

and a superficial knowledge of physics. During his studies at the Ecole Polytechnique,

he had been exposed to the doctrine of the caloric and to analogies between heat and

light as different states of this imponderable fluid. Whereas Malus had not ventured very

far from this doctrine, the young Fresnel dared to reject the substantiality of heat. He

believed, for instance, that the combustion of carbon could not possibly imply the

emission of caloric since the global volume of matter increased during this reaction.

Heat and light had to be vibrations of the caloric, not the caloric itself. Against the

corpuscular theory of light, Fresnel argued that it would imply diverse velocities for the

corpuscles emitted by the sun and other luminaries, and therefore a never observed

reddening of the first rays emitted after an eclipse of the sun. He worried for a while

that this theory was the only one that explained the aberration of fixed stars, but soon

convinced himself (as Euler had done much earlier) that the vibration theory yielded

the same result.78

Fresnel’s wrote down his “rêveries” in a memoir on which he sought Ampère’s

opinion. After seeing this piece, Arago met Fresnel and directed him to Young’s Lectures

(which include most of his optical papers in an appendix). Fresnel’s subsequent letter to

Arago gives us a vague idea of the extent to which he penetrated Young’s optics:

As for Young’s book, about which you had told me so much, I was very eager to read

it. Since I do not know English, however, I could only understand it with the help of

my brother, and after leaving him the book was again unintelligible to me.

Fresnel decided to study the formation of shadows, as he believed that this phenomenon

best decided between Newton’s system and the system of vibrations. He did so at his

mother’s house in Mathieu (near Caen), as a consequence of his involvement in the

opposition to Napoleon’s return from Elba. His ingenuity and the skills of a local

locksmith compensated for the lack of proper equipment.79

78A. Fresnel to L. Fresnel, 15 May 1814, FO 2, p. 819; 5 July 1814, FO 2, pp. 820–4; 6 July 1814, FO 2,

pp. 824–6. Fresnel ([1815a], p. 10) later argued that the molecules of light could not travel freely through the

atmosphere as they would interact with the analogous molecules of the included caloric. Cf. Verdet, FO 1,

pp. xxvii–xxix; Silliman 1975; Buchwald 1989, pp. 110–18.

79A. Fresnel to L. Fresnel, 3 November 1814, FO 2, pp. 829–39 (rêveries); Fresnel to Arago, 23 September

1815, FO 1, p. 7; Fresnel [1815a], p. 10. Cf. Verdet, FO 1, pp. xxx–xxxi.
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Diffraction and interference

In the fall of 1815, Fresnel focused sunlight through a drop of honey acting as a highly

convex lens and placed an iron wire or blade at some distance from the focus. He observed

the resulting shadows and fringes on a white sheet of cardboard, or, more accurately,

through a magnifying glass and a primitive double-thread micrometer at its focus (thus

reaching a precision of 1/40 mm). He did this first for the external fringes, which are the

easiest to observe. Then he turned his attention to the internal fringes. He realized, as

Young had earlier done, that these fringes disappeared whenever the light was blocked on

one side of the wire. He concluded that “the concourse of the rays from both sides [of the

wire] was necessary to the production of theses fringes.” He went on:

[The fringes] cannot result from the mere mixing of these rays since each side of

the wire separately throws a continuous light in the shadow. It is therefore the

meeting, the crossing of these rays which produces these fringes. This consequence,

which only is a sort of translation of the phenomenon, is quite opposed to Newton’s

hypothesis and confirms the theory of vibrations. One easily conceives that the

vibrations of two rays that cross each other under a very small angle can contradict

each other when the nodes [noeuds] of the first correspond to the antinodes [ventres]

of the other.

Despite the confusing terminology, Fresnel clearly meant that two rays could interfere in

Young’s sense. Whether or not his perusal of Young’s Lectures helped him draw this

conclusion is anyone’s guess. It may be noted, however, that former Newtonian observers

of the internal fringes, including du Tour in 1760 and Jordan in 1799, did not judge them

incompatible with the Newtonian system. Moreover, wave interference was almost

completely unknown for any kind of wave before Young made it an essential part of

optics and acoustics.80

Fresnel constructed the internal fringes by superposing circular waves emitted by the

extremities of the wire or blade, and the internal fringes by superposing the waves emitted

from the luminous point source with circular waves emitted by one extremity (see Fig. 5.8).

In the ray language he usually favored, he superposed an inflected ray with another

inflected ray or with a direct ray (see Fig. 5.9). Allowing a 180º phase shift for the reflected

rays, he obtained a good match with the observed fringes. He emphasized the hyperbolic

shape of the external fringes as the strongest proof of the falseness of Newton’s theory. The

resulting memoir, which he sent to the Academy on 15 October 1815, contained this result

together with a few other objections to Newton’s system and with a new derivation of the

laws of reflection and refraction. This derivation is important as a first attempt to combine

Huygens’s principle with the principle of interference. If two parallel rays were reflected by

80Fresnel [1815a], p. 17. Fresnel later recognized Young’s priority, e.g., in a letter to Léonor Fresnel (19 July

1816, FO 2, pp. 835–6): “If a revolution occurs in optics, as I hope, the self-esteem of the learned will be interested

in giving me a more important share than I deserve because once they admit their passed error, they will probably

say, as an excuse ... that nothing had earlier demonstrated the falseness of Newton’s system. Yet, Doctor Young

has proven long ago the influence that luminous rays exert on each other.”
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Fig. 5.8. Fresnel’s construction of diffraction fringes behind a blade. The light from a distant point O (not

represented, at the intersection of the dotted lines) is diffracted by the blade AB. The external fringes F1 and

F2 pass through the consecutive intersections of two series of circular (traces of) waves emanating from O

and from the edge A or B. The internal fringes f1, f2, f3, f4, f5 pass through the consecutive intersections of

waves emanating from the edges A and B. From Fresnel [1815a], p. 23.

Fig. 5.9. Fresnel’s ray diagram for diffraction by a blade (AA0). Interference between the direct ray RF and the

reflected ray AF leads to the external fringes. Interference between the inflected rays AM and A0M leads to

the internal fringes. From Fresnel 1819a, p. 270.



a plane surface at an angle different from the angle of incidence, Fresnel reasoned, the

vibrations along the reflected rays would no longer have the same phase in a common

perpendicular plane. In fact, for every reflected ray there would be a neighboring reflected

ray in which the vibration has the opposite sign. Consequently, the total vibration would

vanish. Fresnel offered a similar reasoning for refraction. A month later, he sent to the

Academy a supplement including the phenomena of gratings and Newton’s rings.81

Arago responded enthusiastically to Fresnel’s memoir, although he knew that most of

the results could be found in Young’s earlier memoirs. He urged Fresnel to strengthen the

determination of the hyperbolic shape of diffraction fringes, which he believed to be a new

and devastating objection to Newton’s system.82 In early 1816, Fresnel did so in Paris with

Arago’s help and with a better micrometer. In this process, the two men discovered that

the internal fringes were shifted when the rays on one side of the diffracting blade were

made to pass through a glass lamina. Fresnel traced this observation to the phase shift

caused by the slower velocity of light in glass. Arago used it to explain the colors in the

scintillation of stars as the result of interference between light rays that had traveled

through parts of the atmosphere subjected to different density fluctuations. In his praiseful

report on Fresnel’s memoir for the Academy, he tactfully avoided Laplacian discord by

separating the experimental results from their hypothetical interpretation. An improved

version appeared inMarch 1816 in theAnnales de chimie et de physique. In the same month

Arago reported Fresnel’s mirror experiment, in which the rays reflected by two mirrors

interfere (see Fig. 5.10). Fresnel regarded this result as the most effective proof of

interference yet given, since it did not involve inflection by the edges of a screen.83

The prize-winning memoir on diffraction

As Fresnel acknowledged in his first letter to Young, there was little in his memoir on

diffraction that Young had not anticipated. Fresnel’s superior technique of measurement

soon bore more original fruits. By the summer of 1816, attention to the precise interval of

the internal fringes near the limit of the shadow and observations of diffraction by a slit

brought him to assume that the interfering rays originated from points situated at some

distance from the edges of the screen. He explained this feature through the Huygenian

notion that the light from an interrupted wave front should be regarded as the resultant of

vibrations originating from the various points of this front. In his reasoning based on Fig.

5.11, the portions AC, CC0, C0C00... of the interrupted wave front emit waves that reach
the observation point F with alternating phases. Owing to this alternation, the contribu-

tions of CC0, C0C00... nearly cancel each other. There remains the contribution of AC,
which Fresnel approximated by the contribution of the “efficacious ray” BF that is a

81Fresnel [1815a], [1815b]. The reasoning is rough, for it does not explain why the vibrations along neighboring

rays should be superposed. Its connection with Huygens’s secondary waves is more explicit in the published

memoir: Fresnel 1816a, p. 118. Cf. Buchwald 1983; 1989, pp. 118–35.

82As Young later told Arago (letter of 12 January 1817, FO 2, pp. 742–4), Newton was quite aware of the

curved propagation of external fringes. See above, chapter 3, pp. 101–2.

83Arago to Fresnel, 8 November 1815, FO 1, pp. 38–9; Arago 1816a (glass lamina), [1816b] (report), 1816c

(scintillations); 1816d (mirror); Fresnel 1816a; Fresnel [1816b], pp. 150–5 (mirror).
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Fig. 5.10. Fresnel’s mirror experiment. The circular waves centered on the virtual images A and B of the

source S through the mirrors DE and DF interfere to form the bright fringes on, o0n0 and the dark fringes rb,

r0b0. From Fresnel 1822e, p. 55.
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quarter-wavelength longer than the ray AF. This is the first intimation of what is now

called the method of zones.84

This procedure only worked for the internal fringes. In the case of the external fringes,

the superposition of the direct ray with the efficacious ray led to wrong results. For more

than a year, Fresnel was busy working on another challenging topic, chromatic polariza-

tion. When he returned to diffraction in the winter of 1817, he suspected that the diffracted

light should generally be computed by superposing wavelets emanating from the various

points of the interrupted wave front. He initially doubted he could manage the resulting

calculations. On 17 March 1818 the Academy opened a prize competition for a study of

diffraction. The following month Fresnel mailed to the Academy a pli cacheté containing

his completed theory.85

Fresnel considered the interrupted wave front AF of Fig. 5.12, and assumed that each of

its elements mm0, m0m00..., nn0, n0n00... was the origin of a secondary vibration whose

intensity varied little in directions close to the normal of the element. According to

Fresnel’s version of Huygens’s principle, the actual vibration at the point of observation

P is the superposition of these secondary vibrations. Fresnel next noticed that whenever

the line mP significantly departed from the normal to the element mm0, the neighboring
elements interfered destructively. Consequently, the sum of the secondary vibrations only

Fig. 5.11. Fresnel’s method of zones. The screen AG intercepts light from above. The portions AC, CC0,

C0C00... of the interrupted wave front have alternating phases. From Fresnel [1816], p. 161.

84Fresnel to Young, 24 May 1816, FO 2, pp. 737–40; Fresnel [1816b]. Cf. Buchwald 1989, pp. 139–54.

85Fresnel [1818d].
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involves elements close to the point M for which PM is perpendicular to the wave front.

The intensity of these vibrations at point P is approximately constant. Their phase varies

as the distancemP, which is very nearly proportional to the square of the distancemM= z.

Lastly, Fresnel assumed that the vibrations were sinusoidal, as he had earlier done

in his work on chromatic polarization. The resulting oscillation at P has the form
R

dz cos(ot + az2). Its amplitude is proportional to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I2c + I
2
s

p

, with86

Ic =

Z

dz cos az2; Is =

Z

dz sin az2: ð5Þ

These integrals, now called “the Fresnel integrals”, are to be taken over the whole extent

of the interrupted wave front. Fresnel evaluated them by approximation based on integra-

tion by parts, or, more intuitively, by a refinement of his earlier method of zones.

He treated the main cases of interest in which the diffracting screen is a half-plane

(see Fig. 5.13), a strip, a slit, and a double-slit, and he showed that the results agreed

excellently with his measurements of diffraction fringes. In particular, he showed that in

the case of a screen much larger than the wavelength, the intensity of diffracted light

decreased very rapidly within the geometric shadow (see Fig. 5.13). This result amounts to

Fig. 5.12. Fresnel’s diagram for the calculation of diffracted light. The wave front EA from the point source

C is interrupted by the screen AG. The element mm0, ... nn0, n0n00 ... contribute to the total vibration at

P with different phases. From Fresnel [1818d], p. 174.

86Fresnel [1818d], pp. 174–7; Fresnel 1819a, pp. 293–7, 313–16. Ibid. on pp. 297–8, Fresnel provided the three-

dimensional generalization of this reasoning. Cf. Buchwald 1989, chap. 6; Grattan-guinness 1990, vol. 2,

pp. 855–70.
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a proof of the rectilinear propagation of light in the wave theory, indeed the first proof that

a modern physicist would still accept.87

With his impressively thorough and accurate considerations, Fresnel easily won the

Academy prize. One of the commissaries, the very Laplacian Siméon Denis Poisson,

noted that Fresnel’s theory led to a simple analytical formula for diffraction by a disk or a

circular holewhen the source and the point of observationwere on the axis of symmetry. The

reason is that in this case the element of integration is the surface element 2pzdz (z being

reckoned from the axis), whose product by cos az2 or sin az2 is easily integrable. In the disk

case, the intensity turns out to be the same as if there were no screen at all. With a disk of

2 mm diameter, Arago confirmed this strange prediction of Fresnel’s theory. This episode

and other proofs of the predictive power of Fresnel’s theory did not suffice to convert

Laplace and his disciples to the wave theory of light. As the wording of Arago’s prize report

suggested, it was still possible to regard the Huygens–Fresnel principle and the interference

principle as rules for combining rays, independently of the deeper nature of light.88

There were still reasonable arguments against the wave theory. Young’s and Fresnel’s

derivations of the laws of reflection and refraction, and Fresnel’s derivation of the

rectilinear propagation of light were only “aperçus” and not “geometrical demonstra-

tions,” as Laplace told Young in a letter of 1817. Fresnel’s version of Huygens’s principle

lacked a solid foundation on wave dynamics, despite the retrospective soundness of

Fresnel’s intuitions. The situation slightly improved in 1823 when Poisson, through

frightfully complicated mathematics, derived the laws of refraction from the wave equa-

tions in the two media with proper boundary conditions at the interface. As we will now

see, this did not prevent Poisson from attacking Fresnel’s application of Huygens’s

principle.89

Poisson agreed with Fresnel that as a consequence of the principle of superposition the

motion of the elastic fluid at a given instant could be regarded as the sum of the motions

obtained by superposing the motions that would result from initial conditions for which

the fluid has its actual displacement and velocity within a given element of volume and is at

rest everywhere else. Poisson judged, however, that each partial motion should proceed in

the direction of the velocity of the element and in the opposite direction, whereas Fresnel

Fig. 5.13. Fresnel’s intensity curve for the light behind a semi-infinite screen (in a plane parallel to the screen).

The intensity oscillates outside the shadow of the screen, with a period decreasing with the distance from the

geometrical shadow (marked by the vertical dotted line). It decreases rapidly within the shadow From FO 1,

p. 383.

87Fresnel 1819a, pp. 299–312 (zones), 317–23 (numerical analysis), 340 (shadows).

88Arago 1819, p. 236; Fresnel 1819a, pp. 368–69.

89Laplace to Young, 6 October 1817, YMW 1, pp. 374–5; Poisson 1823a, 1831.
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assumed a forward motion with a significant angular spread. In his reply, Fresnel

referred to his earlier remark that the effects of the compression and the velocity of a

given element on a neighboring element canceled each other when the latter element was in

the rearward direction. He also defended the angular spread of the perturbation, both

through the empirical fact of diffraction and through an intuitive dynamical argument.

Poisson remained unconvinced. Many years elapsed before a more rigorous justification of

Fresnel’s method became available.90

Polarization

Another challenge for the wave theory was the integration of polarization phenomena. In

the summer of 1816 Fresnel and Arago focused on this problem. By analogy with the

mirror-interference experiment, Fresnel had tried to make the two beams from an Iceland

spar interfere. He failed, although he carefully compensated for the large phase difference

between the ordinary and extraordinary rays. Suspecting that the perpendicular polariza-

tions of the two rays forbade their interference, he multiplied experiments in which two

such rays were superposed. Arago imagined the most decisive one, in which the two slits in

a double-slit device were covered with polarizers made of a pile of inclined glass lamellas.

The interference pattern gradually disappeared and reappeared when one of the polarizers

was rotated around the ray. At that time, Fresnel and his friend Ampère suspected that

this phenomenon might have to do with the transverse character of at least part of the

vibrations. As Fresnel did not know how to develop this assumption, he let it rest for a few

years.91

Fresnel next applied his discovery of the polarization-dependence of interference to the

theory of chromatic polarization. Like Young, he believed chromatic polarization to result

from interference between the ordinary and extraordinary rays issuing from the crystal

lamina. Whereas Young had ignored the role of polarization, Fresnel explained the

whiteness of the two images seen without an analyzer as a consequence of the non-

interference between two perpendicularly polarized rays. The analyzer permitted the

interference by bringing part of the ordinary and extraordinary lights to a common

polarization. The initial polarizer was necessary because the interference patterns caused

by the various polarizations included in natural light would cancel out. There is only one

difficulty with this theory: the color of the image is conserved when the analyzer is rotated

by 90º, since this operation simply permutes the angles that the analyzer makes with the

polarization planes of the ordinary and extraordinary rays. In order to retrieve the

observed complementarity of the colors in these two situations, Fresnel assumed an

additional phase shift of 180º in one of them. He judged that a deeper understanding of

polarization would be necessary to solve this anomaly.92

90Poisson to Fresnel, 6 March 1823, FO 2, pp. 186–9; Poisson 1823b; Fresnel 1819a, p. 296n (earlier remark);

1823c. Cf. Buchwald 1989, pp. 188–98. As Kirchhoff and Poincaré later proved (see below chap. 7, p. 280), the

absence of rearward radiation is only true for a surface portion much larger than the wavelength.

91Fresnel [1816c], pp. 386–9 (experiments), 394n (transverse vibrations); Arago and Fresnel 1819.

92Fresnel [1816c], pp. 394–403. Cf. Frankel 1976, pp. 163–5; Buchwald 1989, chap. 7.
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Although this theory reproduced Biot’s main observations, it flatly contradicted his

theory of mobile polarization. Indeed Biot assumed the emerging light to be polarized

either in the direction of the original polarization, or in the direction symmetrical with

respect to the axis of the lamina. Fresnel noticed that this assumption contradicted the

polarizing properties of doubly-refracting crystals. Biot had himself shown that the same

crystalline material could be used to produce both chromatic polarization and double

refraction (originally, mica, gypsum, and quartz were used for chromatic polarization

only, and Iceland spar for double refraction only). In order to explain the transition

between oscillating polarization and static polarization, he assumed the damping of the

oscillations for large thicknesses and some mysteriously growing disposition to static

polarization. Fresnel criticized the ad hoc character of these assumptions. As we saw,

Biot’s theory needed other ad hoc assumptions in order to reconcile the behavior of a

succession of laminas with his assessment of the polarization of the emerging light. Fresnel

did not fail to note this other weakness of Biot’s theory.93

Most strikingly,Fresnel offered an experimental proof that the light fromacrystal lamina

was a superposition of ordinary light polarized in the direction of its axis and extraordinary

light polarized in the perpendicular direction. For this purpose, he placed two laminas in

front of the slits of a double-slit interference device, with the axis of one lamina parallel to

the slit and the other perpendicular to the slit. He observed two systems of interference

fringes: one shifted by the amount corresponding to the phase difference between extraor-

dinary and ordinary propagation in the laminas, the other shifted by the opposite amount.

When seen through a polarizer oriented in the direction of the slits, one system of fringes

disappeared; when seen through a polarizer in the perpendicular direction, the other system

disappeared. Fresnel regarded this result as a proof that the first system resulted from

interference between the ordinary light from the first lamina with the extraordinary light

from the second lamina, and the second system from interference between the extraordinary

light from the first lamina with the ordinary light from the second lamina.94

About a year later, Fresnel investigated the depolarization of light by complete reflec-

tion on a transparent medium. By making the depolarized light pass through a chromatic

polarization device, he established that this light was actually a mixture of lights polarized

in two perpendicular directions, with a well-defined phase difference depending on the

number of depolarizing reflections. In early 1817, these considerations prompted him to

investigate more closely the rules of superposition of two polarized beams that have a well-

defined phase difference. He assumed, as Young had earlier done, that the waves were

sinusoidal, and that their phase depended on the velocity of light in the medium they

had traversed. In addition, he assumed that a doubly-refracting device whose principal

plane made the angle y with the original polarization yielded an ordinary vibration of

amplitude acosy and an extraordinary vibration of amplitude asiny, in conformity with

Malus’s law for the intensities. Fresnel first justified this rule by analogy with vector

composition, although he soon preferred to evoke the conservation of live forces. Com-

bining this rule with the phase shifts in sinusoidal amplitudes, he determined the final

93Fresnel [1816c], pp. 403n (superposed laminas), 407–8 (mobile polarization); Biot 1813, 1814b.

94Fresnel [1816c], pp. 420–1.
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intensity in particular cases involving initially polarized or depolarized light, crystal

laminas, and an analyzer. In particular he showed that in the case of two successive

laminas whose axes made an angle of 45º, the predictions of his theory departed from

Biot’s and agreed with experiment.95

In the case of chromatic polarization (see Fig. 5.7), Fresnel later gave the general

intensity formula

I = cos2i cos2ði � aÞ+ sin2 i sin2ði � aÞ+ 2cosf sin i cos i sinði � aÞcosði � aÞ; ð6Þ

where i is the angle between the original polarization and the axis of the lamina, a the

angle between the polarizer and the analyzer, and f the phase difference between the

ordinary and extraordinary rays at a given wavelength (taking the original intensity as

the unit of intensity). The derivation begins by noting that the lamina decomposes

the original vibration into the ordinary and extraordinary amplitudes cos i cos ot and

sin i cos(ot + f). The analyzer then generates from these the combined vibration

cos i cos(i�a)cos ot + sin i sin(i�a)cos(ot + f) whose intensity is given by Fresnel’s

intensity formula (6).96

On 4 June 1821 Arago reported to the Academy on Fresnel’s polarization memoir and

recent additions, with revengeful emphasis on the refutation of Biot’s earlier results and

theory. He repeated Fresnel’s arguments leading to the conclusion that the light from the

lamina was a superposition of vibrations polarized along and across the axis of the lamina.

These two vibrations having the forms cos i cos ot and sin i cos(ot + f), their resultant is a

rectilinear vibrations only if the phase difference f is a multiple of p; it makes the angle i

with the axis whenever f is an even multiple of p, and the angle �i whenever f is an odd
multiple of p. In intermediate cases, there is no definite polarization (in Fresnel’s later

terminology, the polarization is elliptical). For f = p / 2 + 2np (n = integer), the intensity of

the light from the lamina does not at all depend on the orientation of the analyzer, as Fresnel

verified through an experiment with monochromatic light. Fresnel and Arago considered

this case as a flat contradiction of Biot’s theory, which they took to imply complete

polarization in this case. Arago also mentioned Fresnel’s refutation of Biot’s predictions

and measurement in the case of two successive plates whose axes made an angle of 45º.97

Biot attempted to block Arago’s report for procedural and for scientific reasons. On the

scientific side, he first established the identity of his intensity formula (3) with Fresnel’s

intensity formula. The latter may indeed be rewritten as

I = cos2ðf=2Þcos2 a+ sin2ðf=2Þcos2ð2i � aÞ; ð7Þ

which agrees with Biot’s formula if the spectral densities of the unaffected and affected

rays are chosen to be

95Fresnel [1817], pp. 488–95 (interference of sine waves), 495–6 (vector composition), 498–49 (two laminas);

[1818b], [1819b]; Biot 1816, vol. 4, p. 407.

96Fresnel 1821c, pp. 613–15.

97Arago 1821a, pp. 557 (polarization), 567 (two laminas). Fresnel 1821b (polarization). Cf. Frankel 1976,

pp. 165–8; Buchwald 1989, chap. 9.
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U = cos2ðf=2Þ and A= sin2ðf=2Þ: ð8Þ

With respect to the colors and intensities of chromatic polarization, the two theories differ

only in the way the coefficients U and A are determined. For Biot, they should be taken

from Newton’s theory of thin plates. For Fresnel, they can be very simply computed from

the velocities of ordinary and extraordinary rays in the crystal of the lamina.98

To the contention that Fresnel’s and Biot’s theories disagreed for the thicknesses

corresponding to f = p / 2 + 2np, Biot replied that it only applied to the picture given

in 1816 in his Traité (and cited by Arago). It did not apply to a natural refinement

of his theory in which the transition from complete polarization at the azimuth i to

complete polarization at the azimuth �i was smooth. Indeed, in his memoir of 1812,
complete polarization only occurred for all thicknesses that were a multiple of a certain

minimal thickness (also for thicknesses such that f < p ); for intermediate thicknesses the

light was made of a mixture of rays polarized at the angles i and �i, in a proportion
depending on the phase of the oscillation of the axis of the light molecule near the exit

of the lamina. Since Biot there assumed the oscillation to be sinusoidal, his prediction

implicitly agreed with the expressions of U and A from Fresnel’s theory. In 1821,

he believed the truth to be intermediate between this prediction and the abrupt

alternation of polarizations he had assumed in 1816. As for the case of successive

laminas with axes making 45º, Biot had already conceded the truth of Fresnel’s

prediction but he now regarded it as a consequence of his theory if properly applied.

Having thus refuted a good part of Arago’s criticism, Biot reasserted his conviction

that the individual rays from the lamina were polarized either at the angle i or at

the angle �i. He regarded this feature and his intensity formula (3) as a necessary

consequence of his observations, irrespective of any assertion about the deeper nature of

light.99

Arago managed to get his report through, with slight alterations. In his reply to Biot’s

defense he blamed his adversary for having opportunistically altered his view to accom-

modate Fresnel’s results and for having ignored Fresnel’s double-slit experiment with

laminas. Arago and Fresnel emerged as the clear victors of this polemic, although they

failed to convert Biot and other Laplacian physicists to their views.100

Transverse waves

Arago did not mention that a few months earlier Fresnel had come to believe in the strictly

transverse character of the luminous vibrations. The reasons for this theoretical move were

multiple. If we believe Fresnel’s account, he and Ampère had long known (since October

98Biot 1821, pp. 574–7. Cf. Levitt 2009, pp. 54–7.

99Biot 1816, vol. 4, p. 389; 1821, pp. 583–6 (alternating polarization), 586 (two laminas). As Buchwald

remarks, this conviction depended on an unconscious residue of the molecular concept of light: the idea that it

can be regarded as a mixture of individual rays with well-defined color and polarization. Biot (1821, pp. 577n–

579n) contested that Fresnel’s theory accurately represented the colors of chromatic polarization, to which Fresnel

(1821d) replied that Biot overestimated the accuracy of Newton’s observations of the colors of Newton’s rings, on

which Biot based his judgment.

100Arago 1821b.
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1816) that this hypothesis would explain the lack of interference between perpendicularly

polarized rays, the vector decomposition of polarized light by a doubly-refracting crystal,

and even the mysterious phase shift of 180º when the analyzer is rotated by 90º in a

chromatic polarization device (see Fig. 5.14). Fresnel nevertheless discarded the hypothe-

sis, because he did not see how transverse vibrations could fail to be contaminated by

longitudinal vibrations. Sometime in the winter of 1820–21, he decided that purely

transverse vibrations were after all possible and that light was made entirely of such

vibrations.101

Fresnel then imagined a model of the ether that allowed transverse vibrations and

forbade longitudinal vibrations. This model consisted of a regular lattice of molecules

held in equilibrium by distance forces. The forces could be such that a small transverse

shift of a plane layer of molecules implied a proportional restoring force, whereas shifts by

a multiple of half the intermolecular distance led to another configuration of equilibrium.

The medium would then be rigid with respect to tiny vibrations, and fluid with respect to

larger displacements. In addition, Fresnel believed that the intermolecular forces could be

such that a very large force would be needed to change the distance between two successive

layers of molecules. This assumption excluded longitudinal vibrations.102

Fresnel published these mechanical considerations in July 1821. In the same year Claude

Louis Navier published a molecular theory of elasticity that implicitly permitted trans-

verse vibrations. Félix Savart had recently shown the existence of such vibrations in elastic

solids. These findings did not prevent Poisson to assert, as late as 1823, that the laws of

wave propagation in an isotropic elastic solid were the same as in an elastic fluid. The

confusion profited Fresnel, who could freely conceive a molecular compromise between

rigidity and fluidity without contradicting established knowledge. As Fresnel knew,

Thomas Young had repeatedly considered the possibility of partially transverse vibrations

in the ether although he did not know how to reconcile this assumption with the fluidity of

Fig. 5.14. Interference in a chromatic polarization device for two orthogonal orientations of the analyzer in a

chromatic polarization device. The two arrows represent the vibrations of the ordinary and extraordinary

rays at the exit of the lamina. If their projection on a line (representing the trace of the direction of the

orientation of the analyzer) have the same sign, they have opposite signs on the perpendicular line.

101Fresnel [1821a], p. 529 (180º shift); 1821c, pp. 611 (180º shift), 629–30 (history). Cf. Buchwald 1989, chap. 8.

102Fresnel 1821c, pp. 631–4.
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the ether. In a comment of 1823 on Fresnel’s hypothesis, Young still objected that it would

imply a rigid ether through which no matter could move:103

This hypothesis of Mr Fresnel is at least very ingenious, and may lead to some

satisfactory computations: but it is attended by one circumstance which is perfectly

appalling in its consequences ... [Namely,] the luminiferous ether pervading all space,

and penetrating almost all substances, is not only highly elastic, but absolutely solid!!!

Despite the fragility of its underlying model, the hypothesis of transverse waves bore

many fruits. Fresnel used it to elucidate the new kinds of polarization that Biot, Brewster,

and he himself had discovered in reflected light and in light transmitted through crystal

laminas. Consider, for instance, light polarized rectilinearly and passed through a “quarter-

wave lamina” (namely, a crystal lamina cut with the optical axis in its plane and yielding a

p / 2 phase shift between the ordinary and extraordinary rays) whose axis makes an angle

of 45º with the initial polarization.When seen through an analyzer this light behaves as if it

were completely depolarized: the intensity of the image does not depend on the azimuth of

the analyzer. Yet this light differs from natural light, since it can be turned into rectiline-

arly polarized light by making is pass through another quarter-wave lamina. In Fresnel’s

picture of transverse vibrations, the motion of a point of the medium has the components

ða=
ffiffiffi

2
p
Þcosot and ða=

ffiffiffi

2
p
Þcosot along the two axes of the lamina in its plane. The phase

shift in the lamina yields the components ða=
ffiffiffi

2
p
Þcosot and�ða=

ffiffiffi

2
p
Þsinot, which describe

a circular motion in transverse planes. For this reason, Fresnel called this sort of light

“circularly polarized.” For phase shifts caused by other laminas or by total reflection, he

spoke of “elliptical polarization” since the transverse motion of a particle of the medium is

then elliptical. For the kind of chromatic polarization obtained by Biot and Arago with

quartz plates cut perpendicularly to their axis or certain liquids such as turpentine, Fresnel

explained that the initial (rectilinearly) polarized light was decomposed into two circularly

polarized components that traveled at different velocities through the active substance.

The resulting vibration at the exit of the lamina was again rectilinearly polarized at an

angle equal to half the phase shift of the two components.104

Fresnel thus reduced a large set of intriguing observations to simple rules for composing

transverse oscillating vectors. This was not enough to convince even his most sympathetic

interlocutors, Arago and Young, of the soundness of the concept of transverse ethereal

vibrations. However, Fresnel soon brought this concept to bear on two other important

questions: the intensity of partially reflected light, and the general laws of double

refraction.

103Poisson 1823a, p. 195; Young 1823b, p. 415. On contemporary theories of elasticity, cf. Darrigol 2000, pp.

109–15, 119–31. On Young’s anticipations of transverse waves, cf. Verdet 1866–1870, p. 634.

104Fresnel 1822f, pp. 724 (circular polarization), 725–6 (optical rotation); [1822g], p. 744 (elliptic polarization).

Fresnel had earlier shown ([1817], p. 460n; [1818c]) that optical rotation (as we now call it) could be imitated by

replacing the active substance with a crystal lamina cut parallel to its axis and placed between two doubly reflecting

glass parallelepipeds (which, as Fresnel later explained, turned rectilinearly polarized into circularly polarized light

and vice versa).
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Intensities

Fresnel gave the rules of intensity for partially reflected light at the interface between two

transparent media in the summer of 1821, in an appendix to his memoir on chromatic

polarization. As the incident wave can always be regarded as a superposition of a vibration

in the plane of incidence and a vibration perpendicular to this plane, Fresnel focused

on these two cases. In the latter case, he imitated an earlier reasoning by Young based on

energy and momentum conservation and thus obtained the expression

I 0

I0
=

tan i � tan r
tan i + tan r

 !2

ð9Þ

for the intensity ratio of the reflected and incident lights. In the case of a vibration included

in the plane of incidence, he gave the formula

I 0

I0
=

sin 2i � sin 2r
sin 2i + sin 2r

 !2

ð10Þ

without proof. Assuming that the vibrations were perpendicular to the conventional plane

of polarization, he found these formulas to agree with intensity measurements by Arago,

with Brewster’s law for the polarizing incidence, and with his own measurements for the

rotation of the plane of polarization during reflection.105

Two years later Fresnel provided a fundamental derivation of these two formulas, as

well as their extension to depolarization by total reflection. He thereby assumed equal

elastic constants for the two media, and he used two boundary conditions: the equality of

the energy of the incoming wave to the sum of the energies of the reflected and refracted

waves, and the equality of the parallel components of the total vibration on both sides of

the interface. For the vibrational amplitude w the mechanical energy flux is Vrw2, wherein

the propagation velocityV is inversely proportional to the optical index n and the density r

is proportional to the square of the index (since Fresnel assumes the same elastic constant

in both media). Energy conservation therefore reduces to

n1ðw 2
1 � w

02
1 Þcosi = n2w 2

2 cosr; ð11Þ

where the indices 1 and 2 refer to the two media and the accent to the reflected wave.

In the case of a vibration perpendicular to the plane of incidence (see Fig. 5.15, left), the

continuity of the parallel component of the vibration w gives

w1 +w
0
1 =w2: ð12Þ

105Fresnel 1821c, pp. 641–9; Young 1817, pp. 336–7 (normal incidence only). As Fresnel mentioned, Poisson

(1819a, p. 372) had managed the case of normal incidence for compression waves in an acoustic context: cf.

Grattan-guinness 1990, vol. 2, pp. 880–4.
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In the case of a vibration in the plane of incidence (see Fig. 5.15, right), it gives

ðw1 � w10Þcosi = w2 cosr: ð13Þ

Together with the law of refraction n1 sin i = n2 sin r and the expression (11) of energy

conservation, these two conditions lead to “Fresnel’s sine law”

w1
0

w1
= � sin i � sin r

sin i + sin r
= � sinði � rÞ

sinði + rÞ ð14Þ

and to “Fresnel’s tangent law”

w1
0

w1
=
tanði � rÞ
tanði + rÞ ð15Þ

for the ratio of the amplitudes of reflected and incident waves in the two cases. These

formulas agree with the intensity formulas (9) and (10).106

Fresnel extrapolated these laws to total reflection, in which case the angle r becomes

imaginary and the complex amplitude ratios involve a phase shift. This phase shift is

responsible for the elliptic polarization of the reflected light when the incident light is

polarized at an azimuth intermediate between the two former cases. Fresnel verified the

conformity of these predictions with his earlier observations on the properties of reflected

light. The weak point in Fresnel’s derivation is the discontinuity Fresnel tolerated in the

normal component of the vibration. Intuitively, one would expect complete continuity of

the total vibration in order to preserve the contiguity of the two media. Fresnel left the

justification to a future study he never completed. For the moment, he simply suggested

i

r

i

r

Fig. 5.15. Fresnel’s two cases of partial reflection. The arrows indicate the direction of vibration.

106Fresnel 1823a, 1823b. Cf. Whittaker 1951, pp. 123–5; Buchwald 1989, appendix 17. Energetic considera-

tions were growingly popular among French engineer–physicists. They were formulated in terms of “live force”

and “work,” the modern acceptance of the word “energy” being a much later innovation by William Thomson.
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that in his model of the ether shearing motions and forces were the only ones involved in

the propagation of light.107

The correlation between propagation and polarization

In the same annus mirabilis, 1821, Fresnel made his first foray into the theory of propaga-

tion in crystals. He knew that Wollaston and Malus had accurately confirmed Huygens’s

laws for Iceland spar and other crystals having axial symmetry (“uniaxal” crystals). He

was also aware of Brewster’s and Biot’s discovery that for some crystals different laws

applied. These crystals are called “biaxal” because there are two axes along which normal

incidence does not yield double refraction.108 Fresnel hoped to obtain a full theory of

double refraction by focusing on the interplay between polarization and propagation.109

Whereas Huygens’s analysis of the uniaxal case required two different media, an

isotropic one for the ordinary ray and an anisotropic one for the extraordinary ray,

Fresnel traced the distinction between these two rays to their different polarizations. For

the ordinary ray, the plane of polarization is empirically known to be the plane containing

the ray and the axis of the crystal; and the velocity of propagation should not depend on

the inclination of this ray. Fresnel met this condition by assuming that the vibration was

perpendicular to the plane of polarization and that the velocity of propagation depended

only on the direction of the vibration (see Fig. 5.16). For the extraordinary ray, the same

EO

I

A A'

Fig. 5.16. Direction of the vibrations of the ordinary and extraordinary rays according to Fresnel. The

incident ray I is refracted at the interface AA0 . The ordinary ray O, vibrates perpendicularly to the plane

containing the axis and the ray, while the extraordinary ray vibrates in this plane (as indicated by the

arrows).

107Fresnel 1823a, pp. 758–62; 1823b, 769–70 (boundary condition), 781–7 (total reflection). As Poincaré noted

(1889, pp. 321–2), the discontinuity of the normal component is acceptable if the resistance of the media to plane

compression vanishes (as it does in the later labile-ether theory: see pp. 235–6 below). Indeed the discontinuity can

then be absorbed by a thin transition layer whose alternative compressions and dilations do not require work.

Fresnel’s formulas for the amplitude ratios happen to be exactly identical with those provided by the electromag-

netic theory of light.

108As Hamilton later understood, these are cases of conical refraction.

109Fresnel [1821e]; Brewster 1818; Biot 1819, pp. 190–1. Brewster’s discovery derived from his interpretation of

anomalies in the chromatic polarization of inclined plates of gypsum or mica. On Fresnel’s theory of double

refraction, cf. Verdet 1866–1870, vol. 1, pp. 45–89; Whittaker 1951, pp. 117–23; Buchwald 1989, chap. 11.
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assumptions imply that the vibration occurs in the plane containing the ray and the axis

and that the velocity varies with the inclination of the wave planes with respect to the

axis of the crystal.110

Fresnel used a surface to represent the way in which the velocity of plane waves

depended on the orientation of the vibrations. His first choice for this surface, an ellipsoid,

only worked for weakly anisotropic crystals, and did not agree with Huygens’s construc-

tion of the extraordinary waves in the uniaxal case. In his final theory, Fresnel inferred the

true surface from this construction. Call y the angle that the direction of vibration makes

with the axis. According to Fig. 5.17, the propagation velocity V is given by

V 2 =a2sin2y+ c2cos2y; ð16Þ

where c denotes the propagation velocity for a vibration parallel to the axis of the crystal,

and a the propagation velocity for a vibration perpendicular to the axis. Choosing the axis

of the crystal for the z axis, and calling (a, b, g) the direction cosines of the vibration, the

former relation may be rewritten as

V 2 =a2ða2 + b2Þ+ c2g2: ð17Þ

In the biaxal case, Fresnel assumed the natural generalization

V 2 =a2a2 +b2b2 + c2g2; ð18Þ

O

H

x

z

q

A

C

Fig. 5.17. Diagram for deriving the velocity of plane waves through Huygens’s construction. The ellipse

represents the trace at time t = 1 of the ellipsoidal wavelet emitted in O at t = 0. According to Huygens’s

construction, a wave plane passing through O at t = 0 must be tangent to this wavelet at time t = 1. The

velocity V of this wave is given by the distance OH, which depends on the angle y that the vibration (thick

arrow) makes with the axis Oz and on the semi-axes OA = a and OC = c. The properties of the ellipse yield

OH2 = OC2 cos2y + OA2 sin2y.

110Fresnel [1821e], pp. 280–2.
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which is the polar definition of the surface of fourth degree that Fresnel called the surface

of elasticity.111

Fresnel further assumed that for a given orientation of the wave planes, the possible

directions of the vibration of the plane waves were those for which the velocity V was an

extremum (more on this later). Call n a vector directed along the normal of the wave planes

and whose length is the inverse of the velocity V (optical index vector). The extremum

condition is met if and only if this vector lies on the surface of the fourth degree, which is

now called the index surface:

n2ðb2c2nx2 +a2c2ny2 +a2b2nz2Þ � ½nx2ðb2 + c2Þ+ny2ða2 + c2Þ+nz2ða2 +b2Þ%+ 1= 0: ð19Þ

This surface is double-sheeted, as should be expected on physical grounds. The two sheets

correspond to the two different possibilities of polarization.112

Fresnel had no difficulty determining this surface by differentiation and elimination.

A modern derivation goes as follows. In vector form, the velocity formula (18) reads

V2 = x&Kx, where x denotes the unit vector in the direction of the vibration and K

the operator that is diagonal with the diagonal elements a2, b2, c2 in the crystal’s

system of axes. This velocity must be an extremum under the constraints x2 = 1 and

x·n = 0. Equivalently, Kx&dx = 0 must hold whenever x·dx = 0 and n·dx = 0. Or else, the

vectors Kx, x, and n must be coplanar. Together with x·n = 0 and V 2 = x·Kx, this implies

that (K� V 2)x is parallel to n. Hence (K � V 2)�1n is parallel to x and perpendicular to n,

so that

n&ðK� V 2Þ�1n= 0: ð20Þ

In the systems of axes of the crystal, this gives

nx
2

V 2 � a2 +
ny
2

V 2 � b2 +
nz
2

V 2 � c2 = 0; ð21Þ

which is equivalent to the equation (19) of the index surface since V 2 = 1/n2.

In a useful variant of this reasoning, the coplanarity of Kx, x, and n implies, together

with x·n = 0, that xmust be parallel to n� (n�Kx). UsingV 2 = x·Kx and n2 = 1 / V 2, this

condition becomes

n� ðn�KxÞ+ x= 0; ð22Þ

111Fresnel [1821e], pp. 285–6; [1821f], p. 317; [1821g]; [1822a]. Cf. Verdet 1866–1870, vol. 2, pp. 326n–329n;

Buchwald 1989, p. 276–9.

112Fresnel [1822b], pp. 351–5; [1822c], 380–2; 1827, pp. 538–45. Fresnel did not explicitly introduce the index

surface; instead he gave the second degree equation for the square of the velocity V as a function of the orientation

of the wave planes.
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which requires

det
%

n� ðn� Þ+K�1
&

= 0: ð23Þ

The expression of this determinant in the system of axes of the crystal leads to equation

(19) as the sixth-order terms cancel out.

As Fresnel relied on Huygens’s wavelets in the uniaxal case, he naturally sought to

determine the shape of these wavelets in the biaxal case. For this purpose he cleverly

inverted the Huygens construction. Namely, he obtained the wavelet caused at the origin

of time by a perturbation localized at point O by taking the envelope of all the plane pulses

that pass through O at the origin of time. At time t = 1, this envelope is given by another

surface of the fourth degree:

s2ða2sx2 +b2sy2 + c2sz2Þ � ½sx2a2ðb2 + c2Þ+ sy2b2ða2 + c2Þ+ sz2c2ða2 +b2Þ%+a2b2c2 = 0;
ð24Þ

where s denotes the vector joining a point of the wavelet to the origin O. According to

Huygens’s construction, the s vector yields the direction and velocity of the rays in the

anisotropic medium. Again, the two possibilities of polarization give two different sheets,

which degenerate into a mutually touching sphere and spheroid in the uniaxal case.113

Fresnel reached the equation (24) of the wave surface in the spring of 1822. As he judged

the analytical determination of the defining envelope to be too difficult, he followed a

“synthetic” route based on noticing that the intersections of this surface with the coordi-

nate planes were the conjunction of an ellipse and a circle and seeking the (single) fourth

degree surface that had this property. This led him to the prescription given in Fig. 5.18.

A

B
Q

P

O

Fig. 5.18. Fresnel’s construction of the wave surface. The larger ellipse is the trace of an ellipsoid whose axes are

equal to the velocities in the directions of the principal axes of the crystal; the dotted ellipse is the trace of the

elliptic intersection of this ellipsoid with the wave plane passing through its center O; OA and OB are the

semi-axes of this elliptic intersection. On the perpendicular to the wave plane through O, the points P and Q

such that OP = OA and OQ = OB describe the two sheets of the wave surface when the orientation of the

wave plane varies.

113Fresnel [1822c], p. 386; 1827, pp. 554–63.
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Fresnel then derived equation (24) from this prescription, and verified that this equation

was a solution of the elimination problem. The relevant calculations were so “fastidious”

that he decided not to include them in his memoir.114

Thus, Fresnel implicitly challenged his followers to simplify the determination of the

wave surface. His friend Ampère offered the first algebraic proof in 1828. A simple modern

derivation goes as follows.115

The planes of which the wave surface is the envelope have the equation n&r = 1, where
n is the index vector. A point s of the envelope is obtained by satisfying n·s = 1 and

s·dn = 0 for any possible dn. Differentiating equation (22), we get

dn� ðn�KxÞ+ n� ðdn�KxÞ+ n� ðn�KdxÞ+ dx= 0: ð25Þ

Using the properties of the mixed product, the scalar product of this equation with Kx can

be expressed as

2dn&½ðn�KxÞ �Kx%+Kdx&½n� ðn�KxÞ%+ dx&Kx= 0: ð26Þ

Using equation (22) again and exploiting the symmetry of the operator K (following which

x·Kdx = dx·Kx), we arrive at

dn&½ðn�KxÞ �Kx%= 0 for any possible dn: ð27Þ

Hence the vector s must be parallel to the vector (n�Kx)�Kx and perpendicular to the

vectors Kx and n�Kx. Consequently, we have

s� x= � s� ½n� ðn�KxÞ%= ðs&nÞðn�KxÞ= n�Kx; ð28Þ

and

s� ðs� xÞ= � ðs&nÞKx= �Kx: ð29Þ

Comparing this last equation with equation (22), we see that the wave surface can be

obtained from the index surface by replacing the operator K with the operator K�1. In

other words, equation (24) of the wave surface is obtained by inverting the coefficients a, b,

c in equation (19) of the index surface.116

114Fresnel [1822c], pp. 383–7; 1827, p. 560. Cf. Buchwald 1989, pp. 282–5; Grattan-guinness 1990, vol. 2,

pp. 884–95. The origin of this prescription is obscure. Some of Fresnel’s remarks in an earlier MS ([1822c],

pp. 386–7) suggest that it came as a side product of his earlier assumption that the elasticity surface was an

ellipsoid. The index surface corresponding to this elasticity surface is indeed identical with the wave surface of the

true theory in which the elasticity surface is given by equation (18).

115Ampère 1828. See also MacCullagh 1830; Hamilton 1837; Sénarmont 1868, pp. 606–10.

116This derivation parallels the geometrical derivation of MacCullagh 1830. It also corresponds to an

electromagnetic derivation in which x would be proportional to the electric displacement D, Kx to the electric

field E, n�Kx to the magnetic field H, (n � Kn) � Kx to the Poynting vector.
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To sum up, Fresnel’s theory involves three surfaces, the elasticity surfacewhich yields the

velocity of plane waves as a function of the direction of vibration, the index surface which

yields this velocity as a (double-valued) function of the orientation of the wave planes, and

the wave surface (surface de l’onde now often called “ray surface”) which yields the

expansion of a pulse from a point-like origin. With his usual thoroughness, Fresnel showed

that the consequences of this theory agreed with experiments performed on biaxial crystals.

In particular the theory implied that there was no ordinary refraction in such crystals, as

Fresnel had discovered a few months before devising it. It gave rules for the polarization

and direction of the two refracted rays in agreement with Brewster’s and Biot’s observa-

tions. As we may judge in retrospect, Fresnel’s predictions are identical with those of the

electromagnetic theory of light. This success rested on an astute combination of well-

established principles and empirical data including Huygens’s construction, the transverse

character of optical vibrations, and the ellipsoidal form of wavelets in uniaxal crystals.117

The latter assumption was the weakest link in Fresnel’s reasoning, as its validity was

only known to a certain approximation. Fresnel supported it with the molecular model he

had earlier invented to justify the transversal character of light waves. In this model, the

luminiferous medium resists any change of distance between two consecutive layers of

molecules infinitely much more than their sliding on each other. Consequently, for a given

shifted layer the only active component of the restoring force is its projection on the plane

of the layer. Fresnel had this force depend on the direction of the shifts only (not on the

orientation of the layers), so that the velocity of waves would depend only on the direction

of vibration.118

Call D the displacement of a molecular layer with respect to the neighboring layers and

E the restoring force. Fresnel assumed the relation

E=KD; ð30Þ

where K is a symmetric operator describing the linear response.119 Granted that the

propagation of a wave only involves the projection of such forces on the direction of

vibration, the propagation velocity V is given by

V 2 =
D&KD

D2
ð31Þ

in a medium of unit density. As Fresnel proved by elementary means, the symmetry of the

operator K implies the existence of a system of axes in which it is diagonal. In this system,

the former expression of the velocity reduces to the form

117Fresnel [1821e], pp. 261–74 (no ordinary refraction), 290–8 (conformity with Biot’s laws); 1822d; 1827,

pp. 573–8, 580–4. For a detailed analysis of Fresnel’s predictions and verification, cf. Buchwald 1989, chap. 11.

118Fresnel [1822b], pp. 343–55; [1822c], pp. 369–79; 1827, pp. 507–38. As will be seen in chap. 6, this

assumption is incompatible with molecular models of the ether.

119Fresnel only derived this relation in the case of the displacement of a single molecule when all other

molecules remain in the same position; but he believed it also applied to the elastic forces called into play by a

propagating wave.
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V 2 =a2a2 +b2b2 + c2g2; ð18Þ

which Fresnel had earlier induced from Huygens’s ellipsoidal wavelets.120

The condition (22) for this velocity to be an extremum for a given orientation of the

wave planes can be rewritten as

n2E� ðn&EÞn=D; ð32Þ

which means that the projection of the restoring force E on the wave planes is parallel to

the displacement of the layers of the medium. According to Fresnel, the two rectilinear

vibrations that meet this condition are the only ones for which the direction of vibration is

preserved during propagation and the velocity is well-defined. If any vibration enters the

crystal with a different polarization, it must divide itself into two vibrations of the former

kind.121

Fresnel thus justified the form and use of his elasticity surface. The kind of elastic

response he imagined in his molecular medium soon proved incompatible with the general

laws of elasticity. Yet, as we will see in the next chapter, his assumptions foreshadowed the

correct notion that the velocity of propagation of a plane light wave is determined by a

linear response to a vector perpendicular to the plane of polarization and contained in the

plane of the wave.

Early reception

From a Laplacian viewpoint, Fresnel’s optics had the double inconvenient of challenging

the corpuscular concept of light and of injecting physical intuition in mathematical

demonstrations. The cumulative successes of his works on diffraction, chromatic polari-

zation, and crystal optics nonetheless shook Biot’s, Poisson’s, and Laplace’s confidence in

Newtonian optics. Besides, Laplace and his disciples had gradually lost their intellectual

and institutional dominance over French physics to the newer physics of Arago, Ampère,

Fourier, and their friends. By the time of Fresnel’s death, which occurred prematurely in

1827, French opposition to wave optics had nearly vanished. The old Laplace saluted

Fresnel’s theory of double refraction as the greatest accomplishment in recent years, and

his intellectual kin Augustin Cauchy soon embarked on a rigorous construction of

Fresnel’s molecular ether.122

In Britain, Fresnel benefited from the contemporary zeal of Cambridge and Dublin

natural philosophers in importing French mathematical physics. In 1826 the Cambridge

astronomer John Herschel, who had entered optics through Biot’s mobile polarization,

asked Fresnel for details about his theories. His subsequent article on light, privately

circulated in 1828 and later published in the Encyclopaedia Metropolitana, included a

120Fresnel [1822b], pp. 343–51; 1827, pp. 514–26.

121Fresnel [1822b], pp. 351–5; 1827, pp. 538–43.

122Cf. Frankel 1976, pp. 171–4. Laplace’s judgment is reported in Verdet 1866–1870, vol. 1, pp. lxxxvi–lxxxvii.
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competent and praiseful description of Fresnel’s and Young’s work. Herschel left no

doubt about his own preference:123

The unpursued speculations of Newton, and the opinions of Hooke, however dis-

tinct, must not be put in competition, and, indeed, ought scarcely to be mentioned,

with the elegant, simple, and comprehensive theory of Young,—a theory which, if

not founded in nature, is certainly one of the happiest fictions that the genius of man

ever invented to grasp together natural phenomena, which, at their first discovery,

seemed in irreconcileable opposition to it. It is, in fact, in all its applications and

details, one succession of felicities; insomuch, that we may almost be induced to say,

if it be not true, it deserves to be so.

Two other Cambridge luminaries, the Lucasian Professor George Biddel Airy and the

philosopher William Whewell soon expressed similar opinions. At Dublin’s Trinity Col-

lege in 1830, James MacCullagh gave a most elegant derivation of Fresnel’s wave surface

based on the notion of the reciprocal surface. Two years later, his colleague William

Rowan Hamilton considered Fresnel’s theory of propagation in crystals in the last

installment of his “Theory of a system of rays.” Hamilton offered his own algebraic

derivation of the wave surface, and showed that the conic cusps on Fresnel’s index and

wave surfaces implied “conical refraction”: namely, to a single incoming ray corresponds a

complete cone of refracted rays. At Hamilton’s request, his colleague Humphrey Lloyd

verified the existence of this strange phenomenon, thus providing a striking confirmation

of Fresnel’s theory.124

As MacCullagh noted, conical refraction follows directly from Fresnel’s constructions

for the index and wave surfaces (see above, Fig. 5.18, for the latter). When the section of

the generating ellipse is circular, the two sheets of the index or wave surface intersect and

form two opposite conic cusps (see Fig. 5.19). Consequently, the normal to the surface at

the point of intersection is ill defined: its possible values describe a cone. In the case of the

wave surface, the normal corresponds to the direction of the index vector n. Remembering

that according to Huygens’s construction this vector does not change during refraction at

normal incidence and is identical to the ray vector s in the isotropic medium, the cusps on

the wave surface imply “external” conical refraction in which a single ray in the crystal

corresponds to an entire cone of rays outside the crystal. Similarly, a cusp on the index

surface implies that the possible values of the ray vector s describe a cone for a given value

of the index vector n. This leads to “internal” conical refraction.125

123J. Herschel 1845a [1827], p. 456. On Herschel’s questions to Fresnel, cf. the reply in Fresnel [1826]. On the

British reception, cf. Cantor 1983, pp. 159–65; Buchwald 1989, chap. 12; Chen 2000, chaps. 1–2.

124MacCullagh 1830, 1837a; Hamilton 1837 [1832], pp. 130–44. Cf. Graves 1882, vol. 1, pp. 631, 685–9;

Hankins 1980, p. 168; O’Hara 1982; Lunney and Weaire 2005. Two surfaces are said to be reciprocal with respect

to an origin O if and only if they meet the following condition: At pointQ of the first surface, draw the tangent plane

and the perpendicular to this plane that passes through the origin O. Call P the intersection of the perpendicular with

this plane, and R its intersection with the second surface. For any choice of Q, the distances OP and OR are inversely

proportional. Fresnel’s index and wave surfaces are reciprocal in this sense. So are too their generating ellipsoids in

Fresnel’s construction (cf. Darrigol 2010b, 141–3). On Hamilton’s optics and his derivation of Fresnel’s wave

surface, see below, chap. 7, pp. 269–70.

125MacCullagh 1833a, 1833b.
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Lloyd’s brilliant demonstration of conical refraction marked the Dublin meeting of

the British Association for the Advancement of Science in 1833, in stark contrast with

Brewster’s attacks against the wave theory at the previous meeting. Lloyd’s subsequent

BA report on optics trumpeted the victory of Fresnel’s and Young’s theory. By the end of

the decade, Brewster was about the only British expert that still supported the Newtonian

theory. Although he acknowledged the predictive power of the wave theory, he excluded it

for photochemical reasons: he believed that the chemically specific actions of light could

only be explained if light itself was a substance. He used his discovery, in 1832, of

numerous dark lines in the absorption spectrum of nitrogen dioxide as a further objection

Fig. 5.19. Fresnel’s wave surface. From Schaefer 1929–1937, vol. 3, part 1, p. 485. The arrows I and II represent

the two axes of the crystal. The traces of the two sheets of the surface on the xz plane are the circle and ellipse

visible on the lower part of the figure. The two sheets cross each other at four points, forming conical cusps. At

the South-East point, T and T0 are two tangent planes; R and R 0 are the corresponding wave vectors. They

belong to the cone of all wave vectors compatible with the rayS0. At the North-West corner of the figure, the

dotted ellipse represents the circle of contact between a plane normal toR0 and the outer sheet. The raysS and

S
0 and all rays passing through this circle correspond to the same wave vector R0.
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to the wave concept: he could not imagine any acoustic analogy to this phenomenon.

Despite his immense authority as an experimenter, these arguments failed to curb the rise

of the wave concept of light.126

Fresnel’s optics enjoyed a similar success in Germany. In 1823 the Bavarian telescope

maker Joseph Fraunhofer used his fine work on diffraction by gratings to support the

principle of interference and wave optics in general. In 1825 the Leipzig physicists Ernst

andWilhelmWeber published an extensiveWellenlehre in which they aimed to provide the

general experimental foundation of the concept of wave and thus to ease its application to

optics. In the 1830s German physics textbooks began to favor the Young–Fresnel theory.

The Königsberg physicist Franz Neumann inaugurated German theories of Fresnel’s

ether, in parallel with Cauchy’s and MacCullagh’s contemporary forays into this difficult

territory.127

No one tried to retrieve Fresnel’s most specific results in a Newtonian framework. None

of the physicists of the younger generation accepted corpuscular optics. The ultimate blow

to this theory came in 1850, when Léon Foucault and Hippolyte Fizeau implemented

Arago’s plan to measure the velocity of light in water with Charles Wheatstone’s method

of the rotating mirror. They found this velocity to be smaller than in air, in conformity

with the wave theory of refraction. Although this result came too late to create a big stir, it

was frequently cited in later optical treatises as the most decisive proof of the failure of

Newton’s optics.128

5.4 Conclusions

Thomas Young’s undulatory optics resulted from his improvement of the acoustic anal-

ogy in the course of astute, precise, and varied experiments on sound and light. He thereby

benefited from his encyclopedic knowledge of British and continental sources, on both

sides of past controversies. Although his contemporaries partially recognized the impor-

tance and originality of his works, they did not follow him on his adventurous track. On

the contrary, Malus’s discovery of polarization by reflection and Arago’s and Biot’s

subsequent works on chromatic polarization revived Newton’s old concept of polarization

as an asymmetry of the light corpuscles. This concept fitted naturally in the Laplacian

program which then dominated French physics, as well as in the British program of an

optics entirely based on corpuscles and attraction. Biot’s bulky treatises impressed every-

one by their qualitative and quantitative thoroughness. His analogy between Newton’s fits

and the periods of mobile polarization seemed to reach the heart of the matter.

The young Fresnel originally ignored polarization and studied diffraction to confirm his

inclination toward the wave theory of light. Although his first findings only confirmed

Young’s earlier results, his attention to quantitative details gradually brought him to the

Huygens–Fresnel principle for computing the amplitude of the diffracted light. He then

126Lloyd 1835. Cf. Chen 2000, pp. 6–12, 57–61 (Brewster), 21–3 (BA meetings).

127Fraunhofer 1823, pp. 358–9, 366n–388n (wave reflection on rough surfaces); Weber and Weber 1825. On

Fraunhofer and on Neumann, see below, chap. 6, pp. 226, 231, 245.

128Foucault 1850; Fizeau and Breguet 1850a (setup), 1850b (results). Cf. Mach 1921, pp. 37–40; Rosmorduc

1978.
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turned to polarization and determined the role it played in interference. This led him to a

theory of chromatic polarization that contradicted Biot’s results in special cases. Biot

saved his theory at the price of ad hoc modifications. In general, the Laplacians admired

Fresnel’s results without yet espousing the sustaining wave theory. They deplored the lack

of a dynamical foundation for the Huygens–Fresnel principle; they denied the possibility

of any understanding of polarization in the wave picture; and they speculated that

interference was an interaction between rays rather than a wave process.

At some point, Fresnel adopted the purely transverse waves which he and other

theorists had believed to be mechanically impossible. He justified this concept through a

molecular medium whose elastic response was very large for compression, moderate for

the small shears implied in transverse waves, and negligible for macroscopic shears. He

used it to perfect his earlier theories of chromatic polarization and of polarization by

reflection, and also to derive the intensities of reflected and refracted light. Most impor-

tantly, he developed a complete quantitative theory of the interplay between polarization

and propagation in anisotropic media. The unprecedented mathematical sophistication

and the exquisite empirical accuracy of the latter theory ended up converting the adver-

saries of the wave theory, both in France and abroad. It was indeed difficult to imagine

how the corpuscular theory could account for the wide variety of phenomena that

Fresnel’s theory now encompassed in a unified, quantitative manner.

There is no doubt that Fresnel’s hypothesis of the molecular ether played a role in his

theoretical inventions, at least as an indication that the dynamical response of the ether

could be widely different from that of known elastic bodies and compatible with the

phenomenology of light propagation. However, the quantitative laws that Fresnel derived

for the propagation of polarized light did not depend on his precise model of the ether.

They originated in experimental results combined with a few principles including the

principle of interference, the sinusoidal character of the vibrations associated with simple

colors, the Huygens–Fresnel principle, and the ellipsoidal shape of Huygens’s wavelets in

uniaxal crystals. This explains the persistency of Fresnel’s results, as well as their nearly

complete acceptance in the first decade following his death. Fresnel’s model of the ether

did no fare as well, as we are about to see.
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