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The optical properties of surfaces, and particularly their 
reflectance and transmittance, are of fundamental importance 
to us, and yet it was relatively late in the development of optics 

when we could at last make accurate calculations of their properties. We 
have seen how the polarizing angle, or Brewster angle, was derived from 
experimental observations of incredible accuracy [1]. The theoretical 
proof had to wait for the amplitude reflection and transmission 
coefficients that bear the name of Fresnel. To begin the story of the 
derivation of these coefficients, and their eventual experimental 
confirmation, we turn the clock back just over two hundred years.

Fresnel
Augustin Jean Fresnel was born in 1788 in Broglie, a commune in 
Upper Normandy. His family was an educated one, his father was an 
architect, but, due probably to his delicate health, Fresnel was apparently 
a slow learner and could not read until he reached the age of eight. 
From then on, however, his progress was exceptional. He attended the 
Ecole Centrale in Caen and then after his sixteenth birthday the Ecole 
Polytechnique, one of the most prestigious of the French Grandes 
Ecoles, where he distinguished himself. On graduating from the Ecole 
he joined the Corps of Bridges and Roads and attended the Ecole 
des Ponts et Chaussées, the oldest school of civil engineering in the 
world. His career as a civil engineer was not at all unusual in France 
at that time. There was no significant difference between science and 
engineering. Many of the great names that we recognize today as 
scientists, names like Biot, Arago, Coriolis, Gay-Lussac, were also deeply 
involved at one time or another in engineering. There was much to do 
in teaching, in surveying, and in building roads and bridges, extending 
the system and repairing the damage done during the Revolution.

Around the end of 1812, Fresnel was in charge of the extension of 
the great road beyond Nyons, in the Southeast of France, eventually to 
connect Spain and Italy. He was uncomfortable with the management of 
men, and felt the solitude, and his mind turned to various philosophical 
questions, including religion, but ultimately settling on the nature of 
heat and of light, subjects that had not been well treated, if at all, in his 
education.

France, continually at war with a succession of opposing coalitions, 
especially Britain, was in turmoil. Napoleon, Emperor of France since 
1804 and conqueror of much of Europe, was completely weakened by 
his disastrous 1812 Russian campaign, and banished to Elba in 1814, 
when Louis XVIII assumed the throne of France. But Napoleon escaped 
from Elba and returned to power in 1815 during what is known as 
the Hundred Days, to be finally defeated at Waterloo and exiled to the 
remote island of Saint Helena. Fresnel, a supporter of the Bourbon 
monarch, and who had joined a force opposed to Napoleon under the 
Duke of Angoulême, was removed from his post and confined during 
the Hundred Days, returning to the Corps only by the end of 1815, a 
most unfortunate circumstance for Fresnel but a fortunate one for the 
future of optics.

Through the kindness of the prefect of police, Fresnel was permitted 
to return to the North, to the village of Mathieu in Lower Normandy, 
where his mother now lived, and actually to visit Paris where he 
was able to meet other scientists, especially Arago. Encouraged by 
such encounters, Fresnel spent the better part of his constrained 

unemployment attempting to understand the nature of diffraction.
It was not easy. Fresnel had no equipment nor much means 

to construct it. With wire and cardboard and the help of the local 
locksmith, he managed to create an apparatus that, with the sun as light 
source filtered through a special red glass available only from very old 
stained glass windows, permitted accurate measurement of the fringes 
of diffraction especially from objects such as fine wires. An important 
innovation was his use of a simple eyepiece to examine the diffraction 
fringes without requiring the use of a diffusing screen. This work 
resulted in two memoires presented to the Academy of Sciences, which 
attracted the attention of Arago, who, from now on, figures largely in 
the career of Fresnel.

Dominique François Jean Arago was two years older than Fresnel. 
Arago’s adventures abroad as a young engineer, capture, escape, 
recapture, reescape, recapture… and more, would fill a book. By 
this time he held the chair of Analytical Geometry at the Ecole 
Polytechnique and was also an Astronomer of the Observatory of Paris. 
Later, as a politician, while remaining always a scientist, he would be 
instrumental in ending slavery in the French territories and would be 
Head of State of France for a short time after the abdication of Louis 
Phillippe in 1848. Arago, one of the referees of Fresnel’s contributions, 
recognized Fresnel’s genius, and, when Fresnel was recalled to duty at 
the start of 1816, persuaded the Director General of Bridges and Roads, 
to assign Fresnel for several months to Paris, where he could repeat his 
experiments under much less primitive conditions.

His career as a civil engineer then resumed and it was only in the 
spring of 1818 when he was permitted to return once again to Paris, 
where, by a happy coincidence the Academy had announced that the 
subject of the competition for the 1819 Grand Prize for Mathematical 
Sciences would be diffraction. The closing date for submissions was set 
as the first of August, 1818. Arago and Ampère persuaded Fresnel to 
compete. The result was the award of the Grand Prize to Fresnel, wide 
recognition of his diffraction theory, and his election, in 1823, to the 
Royal Academy of Sciences.

From the point of view of the coefficients that bear his name, 
however, the key concept in his theory was his idea of the nature of 
the propagation of light, possibly a greater contribution even than his 
solution of the diffraction problem. The then current and rather vague 
ideas, largely based on Young’s theory, viewed the propagation as a 
traveling disturbance of rather indeterminate nature in a continuous 
fluid of some description, and, of course, able to exhibit longitudinal 
vibrations only, and, without implausible extension, unable to support 
ideas of polarization and interference of polarized waves. Fresnel, 
on the other hand, knew that somehow the vibrations had to be 
transverse and proposed a light ray as a transverse propagating regular 
continuous sinusoidal oscillation, or vibration, of luminous particles, 
supported in a much less dense continuous medium, in other words a 
progressive harmonic wave. It is impossible to overstate the significance 
of this, admittedly mechanical but revolutionary, theory that at one 
stroke swept aside all the quantitative difficulties that were plaguing 
the existing theory. It was not immediately and universally accepted, 
particularly by Arago and Poisson, which rather discouraged Fresnel, 
but much progress in optics during the following half century eventually 
depended on it.

Previous Page | Contents  | Zoom in | Zoom out | Front Cover | Search Issue | Next Page q
q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND

Previous Page | Contents  | Zoom in | Zoom out | Front Cover | Search Issue | Next Page q
q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND



Spring 2015 SVC Bulletin  | 27

Around this time, the poor quality of France’s system of lighthouses 
was a cause for concern amongst navigators. British lighthouses were 
considered to be much in advance over the French. In June 1819 
the Corps of Bridges and Roads seconded Fresnel to the Lighthouse 
Commission. This rapidly became his principal occupation. The 
interrupted light signals of lighthouses were achieved by rotating 
the optical system (a Swedish invention) and Fresnel immediately 
recognized that at least half the light was essentially lost by the use of 
parabolic reflectors. He redesigned the optical systems to operate in 
transmission and introduced the segmented lens now known by his 
name, immediately improving the light output by a factor of roughly 
four, and increasing the range of the light to distances of ten nautical 
miles.

Fresnel was never in really good health. He suffered from a number 
of illnesses of increasing severity during his final four years and 
from 1823 onwards his failing energy was devoted completely to the 
lighthouse service. By early 1827 he could do no more and he passed 
away on the 14th July that year. Fresnel’s great optical work, then, 
occupied only a decade, from around 1813, till 1823, a good part of 
which was devoted to his civil engineering career. The word impressive 
falls far short in describing what he managed to achieve.

The shortness of this abbreviated productive period meant that 
Fresnel had little time to publish all his work. Much remained in notes 
and annotated papers that were collected together by his brother 
Léonor. Then in early 1861, the then Minister of Public Instruction 
and Culture decided that the State should publish Fresnel’s collected 
works. Henri de Sénarmont, a respected physicist, with an international 
reputation for his work on the optics of crystals, was selected as editor. 
Léonor Fresnel was already engaged in organizing his brother’s papers 
with the intention of publication, and was happy to collaborate as 
joint editor with de Sénarmont. By May 1862 the collection was ready 
for publication. The editors asked to be relieved of the task of proof 
correction but were denied permission by the Minister and then on 
the very eve of commencing their inspection of the earliest proofs, 
de Sénarmont died suddenly of a heart attack. Emile Verdet (the 
Verdet constant is named after him) was commissioned to succeed de 
Sénarmont and he added various notes and produced a detailed account 
of Fresnel’s contributions as an introduction. Then by a bizarre and 
unhappy coincidence, having completed the introduction, he became 
suddenly seriously ill and passed away before seeing the final published 
work that was ultimately overseen by Léonor Fresnel. The Collected 
Works runs to three great volumes [2] and includes not simply Fresnel’s 
papers but many of the referee reports to the Academy with some 
critical contributions and rebuttals, often by Arago. Fascinating reading.

Fresnel’s Work on his Coefficients
As early as 1819, from evidence in his notebook from that time, 
Fresnel began working on the amounts of light that are reflected at a 
surface between two transparent materials. The overriding character of 
Fresnel’s work was his adherence to clear and unambiguous quantitative 
expressions and results. Primitive but reasonably accurate ideas of the 
properties at normal incidence and of the ratios of the two orthogonal 
polarization modes already existed but there were no quantitative 
expressions for the variation with angle of incidence of what we now 
describe as the amplitude reflection and transmission coefficients. It is 
not completely clear exactly when he arrived at the expressions familiar 
to us. He had actually published expressions in 1821 but without the 
complete derivation, and the usually assigned date is early 1823, when 
he presented to the Academy the material in Chapter XXX of his 
collected works [3].

Figure 1 shows the arrangement and is copied from the chapter 

in the Collected Works. We repeat Fresnel’s derivation that was 
completely mechanical in nature but substitute some of our more 
modern symbols and quantities. We concentrate, as did Fresnel, on the 
reflection coefficients. Note also that Fresnel defines the parallel and 
perpendicular polarizations respectively as those for which the vibration 
is normal and parallel to the plane of incidence, opposite to our usual 
modern convention. The convention at that time, and till much later, 
was to define the plane of polarization as the plane of incidence at the 
polarizing angle. Fresnel recognized that the inherent vibration of the 
light had to be normal to this plane. We take the suffices zero and unity 
as representing the media of incidence and emergence, respectively, 
and assume the absence of any loss. We also assume no variation in the 
direction vertical to that of Figure 1 so that we can work in terms of 
areas rather than volumes. Fresnel also recognizes that the frequency of 
the waves remains constant throughout.

Figure 1. Fresnel’s figure for the calculation of his coefficients.

We begin, following Fresnel, with a beam of light, AB, incident on 
a plane surface, EF, at an angle of incidence ϑ0 and polarized, in the 
sense of the vibration, perpendicularly to the plane of incidence that is 
the plane of the figure. This light is partially transmitted and reflected 
at the boundary. Fresnel supposes the elasticity of the two media to be 
the same so that the differences in propagation can be attributed to the 
differences in density of the assembly of particles. He then applies the 
boundary conditions that the velocity of the particles in the emergent 
medium must be given by the velocity in the incident, that is the 
combination of the velocities in the incident and reflected rays. Let 
the velocities of the particles be given by v and u in the positive and 
negative-going waves respectively. Then

Next, since the elastic properties of the two media are equal, their 
wave velocities must be inversely proportional to the square roots of 
their densities, σ. From which we have:

where we have added the refractive indices, missing from Fresnel’s 
derivation. The conservation of energy then demands that the total 
energy in AbB in the incident wave should be equal to that in a similar 
area in the reflected wave together with that in Aab in the transmitted 
wave. The ratio of the areas is given by:

(1)
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Then, from (2) and (3), and with a little simplification, the energy 
balance equation becomes:

This applies to both polarization modes. We remain in the transverse 
vibration mode and substituting for v1 from (1) and simplifying, we 
arrive at the result given by Fresnel.

Including the refractive indices from (2) we arrive at the perhaps more 
recognizable expression:

In the case of the orthogonal polarization where the vibrations are in 
the plane of incidence, the velocities in (1) must be multiplied by the 
cosines of the incidence angles.

This changes equation (5) into

and, again, introducing the refractive indices, we obtain

Fresnel’s expressions are in terms of the relative velocities, but we 
immediately recognize (6) and (9) as our amplitude reflection 
coefficients, the Fresnel coefficients, for s and p-polarization 
respectively.

In his paper, Fresnel goes on to derive the Brewster angle from these 

expressions and that the reflected ray is perpendicular to the refracted 

ray at the Brewster angle. He also treats the case of internal as distinct 

from external reflection.

And then another stroke of genius where he recognizes the critical 

angle, total internal reflection and the implication that there must be 

what we understand as a change in phase that depends on the angle of 

incidence, but that Fresnel understands as an entirely equivalent concept 

of the coherent combination of two waves with given amplitudes and a 

path difference of quarter of a wave. This discovery leads to the Fresnel 

Rhomb and its retardation of 90° after two total internal reflections but 

also to different rhombs with three and four internal reflections also 

yielding retardations of 90°, all explained in Fresnel’s paper.

One can only wonder at what Fresnel would have achieved, and the 
resulting advances that would have accrued to optics, had he profited 
from better health.

Lord Rayleigh
Sixty two years had passed since Fresnel had presented his coefficients 
to the Royal Academy of Sciences when Lord Rayleigh noted that 
although accurate polarimetric measurements had confirmed 
the accuracy of Fresnel’s expressions in terms of the ratio of the 
two orthogonally polarized components, the question was still 

open regarding the absolute value of reflectance. To complete the 
experimental demonstration of the validity of the Fresnel expressions, 
then, it was important that the absolute expressions should be verified. 
Measurements that had been made by others in transmission accorded 
with the theory but were not strictly measurements of reflectance. For 
transparent bodies the difference in magnitude between transmittance 
and the much lower reflectance tended to magnify errors of 
measurement by an order of magnitude, casting doubt on the somewhat 
unconvincing values deduced for reflectance. Rayleigh resolved to make 
direct measurements of reflectance. He reported his results to the Royal 
Society in 1886 [4].

Absolute reflectance is still today a difficult quantity to measure, 

much more difficult than transmittance. In the second half of the 

Nineteenth Century the difficulties were formidable. There were 

no suitable receivers other than the human eye and so photometric 

measurements were made by comparing the brightness of an 

illuminated spot or field with that of a similar reference. Light sources 

were also rather poor and daylight passing through a suitable hole in 

a shutter was usually the source of choice. Rayleigh also mentions the 

difficulties caused by passing clouds.

Perhaps because of the rules that are imposed on us by publishers, 

our scientific papers today are mostly rather dry impersonal accounts of 

experiments and results. They are generally written in the third person, 

omitting any interesting narrative of the almost inevitable struggles with 

intransigent apparatus and the accompanying mistakes and thought 

processes that eventually lead to the reported conclusions. This was not 

the case in the Nineteenth Century, which makes the scientific papers 

of that time much more interesting to read. They paint a vivid picture 

of the real nature of scientific investigation and the difficulties that 

are experienced. Rayleigh gives a full account of his apparatus and the 

problems of alignment and observation and the help afforded by his 

able assistants, Mr. Gordon and Mrs. Sigwick.

He chose glass surfaces for investigation. His early measures of 

reflectance were, disappointingly, as much as 30% too low to agree 

with Fresnel. Although new to Rayleigh, this was the same problem 

experienced some seventy years earlier by Malus and Brewster and 

reported also by Fraunhofer [1]. There was no apparent tarnish 

on Rayleigh’s surfaces, but repolishing with putty powder raised 

the reflectance, showing that glass surfaces changed through time, 

becoming more complicated than a simple discontinuity in index. 

Rayleigh speculated that a thin layer of lower index was responsible, but 

did not investigate further.

Ultimately, with careful repolishing to remove this perturbing effect 

and accurate measures of index, Rayleigh and his assistants arrived at 

values of reflectance agreeing with Fresnel to within one or sometimes 

two percent, as close an agreement as could be expected given the 

difficulties. The one or two percent is a relative measure and should 

not be taken as an absolute value. For example, a Fresnel prediction of 

4.77% reflectance was measured by Rayleigh as 4.83% and a Fresnel 

calculation of 5.726% as 5.77%. Even by today’s standards these are 

astonishing results.

Concluding Remarks
The struggle to understand the nature of light occupied more than 
the entire Nineteenth Century. It was only after James Clerk Maxwell’s 
electromagnetic theory showed that the velocity of an electromagnetic 
wave was identical to that of light, that the true nature of light as an 
electromagnetic phenomenon began to be revealed. Nevertheless 
Fresnel’s mechanical model of a sinusoidal transverse wave propagating 
in an array of luminous particles in an elastic medium was sufficiently 
close to reality to permit quantitative calculation enabling subsequent 
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progress not only in the optical properties of surfaces, but in crystal 
optics, interference, spectroscopy and more. His influence on the 
progress of optics was then, and still is, profound.
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