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Models are important in almost everything that we do. When 

we walk round our neighborhood we have a model in our 

heads of the layout, which we use for navigation. When we prepare 

a meal, we have a model in our heads, or perhaps in a recipe book. 

When we calculate the properties of an optical coating we use a 

model. Usually these days our model resides in a computer where 

we enter the details of the system of layers with an indication of our 

requirements and almost immediately the computer responds with 

the desired data. We are very fortunate in our theoretical model 

that presents us with results of such astonishing precision that we 

have no present need to change its basic, fundamental form. he 
development of the model for our thin-ilm calculations, however, 
occupied several centuries and in the early days is inseparable from 
the struggle to understand the nature of light itself. As always with 
the story of history it is impossible to give a full account. History is 
fractal and the story depends on the scale. Here we use a very large 
scale and pick just a few of the leading participants and heavily 
bias our account towards what is particularly relevant for optical 
coatings.

The Beginning
In the beginning, the impetus came from a desire to understand the 
colors presented by thin ilms of material he primary subject of 
Robert Hooke’s (1635-1703) great book, Micrographia, published 
in 1665 [1], was microscopy, but it also contained a description of 
colors in various thin media that we now understand as the product 
of interference. his was possibly the irst objective study of these 
colors, but Hooke was unable to develop any viable theoretical 
model to explain them, although he certainly understood that there 
was a limited range of thicknesses that produced the colors. Films 
too thin or too thick did not show the efects. Isaac Newton (1642-
1727) was the irst to construct such a model. Hooke also had some 
vague and confused ideas about the nature of light, but he did think 
that a vibrating motion in some kind of medium was involved.

Newton’s Opticks [2] was a publication of fundamental 
importance. Not only was it written in English, but it was 
irmly rooted in scientiic principles. Newton’s method was to 
base everything on observations. Speculation in the absence of 
experimental evidence was useless and to be avoided. To relate 
colors to ilm thickness, irst the thickness had to be known. For this 
Newton devised his brilliant experiment now known as Newton’s 
rings [3] so that he could know accurately the thickness of his thin 
ilms. From such experiments he was able to construct a model to 
predict the colors at any thickness, refractive index and angle of 
incidence. Of course, the colors themselves still had to be described 
in subjective terms.

Newton struggled with ideas of the nature of light. he great 
barrier to the idea of light as a wave was the double refraction 
that was exhibited by Iceland spar, but, as Young later pointed 
out, Newton was not as opposed to a wave theory as was generally 
claimed by his critics.

he Dutch scientist, Christiaan Huygens (1629-1695), was a 
contemporary of Newton and was also a Fellow of the Royal Society. 
He had spent some years in France with a position at the newly 
formed Royal Academy of Sciences, and had already explained his 
ideas of light to the Academy. hus, although back in the Hague 
by 1690, when he inally published his book on optics, it was in 
French: “Traité de la lumiere,” Treatise on light [4]. his was just 
over a decade before Newton’s Opticks.

he particle, or corpuscular, theory of the propagation of light 
held that a light ray was essentially a beam of luminous particles 
and the particles themselves traveled the length of the beam. 
Huygens’s ideas, occupying the irst section of his book, difered 
in that he thought that the particles remained in position and it 
was their movement that propagated. Nowadays we would prefer 
to describe it as momentum. Light was a type of cascade in which 
movement was transmitted from each particle to its neighbors. 
He suggested that this was somewhat similar to the propagation 
of sound in air and, especially, that a medium was necessary to 
carry the movement. Since no vacuum experiment had succeeded 
in inhibiting the progress of light, in the way that it was possible 
to prevent the propagation of sound, the light medium, the ether, 
must be of a diferent, subtle kind, able to penetrate everywhere. 
he particles of the ether were arranged randomly with each 
particle in contact with a number of others in a rigid assembly, so 
that in the manner of an assembly of spherical balls of the same 
size and density, each particle would launch a very fast spherically 
propagating disturbance, although the particles themselves, because 
they were in contact, would show no change in their position. his 
model of a spherically propagating disturbance from each particle 
was an important idea picked up later by Fresnel, but there is no 
trace of any concept of interference in Huygens’s book.

Further progress was slow until the beginning of the Nineteenth 
Century.

Young
Henry Baker, a Fellow of the Royal Society, let a bequest of amount 
100 pounds to the Society in 1774 for an annual spoken prize 
lecture to be given by a Fellow “on such part of natural history or 
experimental philosophy, at such time and in such manner as the 
President and Council of the Society for the time being shall please 
to order and appoint.” he lectures began in 1775 and continue 
to this day, accompanied by a medal and an honorarium, now 
increased to 10,000 pounds. In 1801, homas Young (1773-1829) 
gave the Bakerian Lecture to the Royal Society [5] in which he 
proposed a wave theory for light.

Young was an amazing scholar. He could read by the age of three 
and had the run of his family’s library where amongst other subjects 
he found a book on science that fascinated him. But science 
was only one topic of interest. He was also probably the greatest 
classicist of his generation. He obtained his living as a physician, 
but was always active in science, especially optics, and he began the 
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translation of the Egyptian hieroglyphics on the Rosetta Stone, later 

completely achieved by Champoleon.

Young started his lecture by explaining that his ideas of the nature 

of light were not new. “he object of the present dissertation is not 
so much to propose any opinions which are absolutely new, as to 
refer some theories, which have already been advanced, to their 
original inventors, to support them by additional evidence, and 
to apply them to a great number of diversiied facts, which have 
hitherto been buried in obscurity. Nor is it absolutely necessary 
in this instance to produce a single new experiment; for of 
experiments there is already an ample store ...”

Young devoted almost a quarter of his contribution to excerpts 
from Newton to demonstrate that, far from completely rejecting 
a wave theory Newton had actually at times argued favorably for 
it. “A more extensive examination of NEWTON’s various writings 
has shown me, that he was in reality the irst that suggested such 
a theory as I shall endeavour to maintain; that his own opinions 
varied less from this theory than is now almost universally 
supposed; and that a variety of arguments have been advanced, as if 
to confute him, which may be found nearly in a similar form in his 
own works ...”

Of course, at this time Young was thinking of a more or less 
mechanical model of the wave, and, following Huygens, rather 
like a sound wave, longitudinal and in some kind of medium, “a 
luminiferous ether [that] pervades the universe, rare and elastic in a 
high degree.”

here followed a number of propositions with Proposition 
VIII: “When two Undulations, from diferent Origins, coincide 
either perfectly or very nearly in Direction, their joint efect is a 
Combination of the Motions belonging to each.” his is exactly the 
principle of interference missing from Huygens.

hen there is the astonishing table of page 39 of his paper where 
he gives the wavelength and frequency of the waves associated 
with the colors of the rainbow. His speed of light was a little of 
at 3.13×108ms-1 compared with today’s 2.9979×108ms-1 and so 
his frequencies were a little out with respect to his wavelengths. 
However to the extreme red of the visible region he estimated a 
wavelength of 675.6nm and a frequency of 463THz and to the 
extreme violet of the spectrum a wavelength of 424.2nm and 
frequency 735THz. Truly amazing results, and derived directly from 
Newton’s measurements made a century earlier. [We have converted 
his wavelengths in inches to nanometres but his frequencies are 
already in inverse seconds.]

hen in Corollary VI (page 42) “Of Blackness” there is what we 
immediately recognize as the description of an inhomogeneous 
antirelection coating, although couched in somewhat diferent 
terms.

Young appears not to have been blessed with an overabundance 
of tact. He had written, for the 1800 British Magazine, a criticism of 
a mathematical text in which he rather harshly described the author 
as appearing, amongst other uncomplimentary observations, “to be 
conined in his conception of the most elementary doctrines, and 
that he fancies he has made an improvement of consequence, when, 
in fact, he is only viewing an old object in a new disguise.” he 
author in question also thought it rather harsh and unfortunately 
for Young was, actually, Henry Brougham (1778-1868). Brougham 
was a leading igure in what is known as the Scottish Enlightenment 
with its great lood of scientiic and intellectual achievement. 

Brougham, an advocate by profession and later Lord Chancellor 
of England, had founded the widely read Edinburgh Review, a 
magazine of criticism, and was a principal contributor.

In the pages of the Edinburgh Review, Brougham seized his 
chance to avenge himself on Young, and, of course was an expert 
with words. Young’s paper, Brougham asserted, “contains nothing 
which deserves the name, either of experiment or of discovery,” 
and it was “destitute of every species of merit.” hen: “We now 
dismiss, for the present, the feeble lucubrations of this author, 
in which we have searched without success for some traces of 
learning, acuteness, and ingenuity, that might compensate his 
evident deiciency in the powers of solid thinking, calm and patient 
investigation, and successful development of the Laws of Nature, 
by steady and modest observation of her operations.” He declared 
it to be “of as much use as the Indian theory of the elephant or of 
the camel.” hese were all powerful words against which Young had 
great diiculty defending both himself and his wave theory.

It is hard to judge how much Brougham’s criticism held back, if 
at all, acceptance of Young’s ideas. Young certainly thought he had 
to respond, and eventually published a pamphlet that attempted to 
justify his position.

Fresnel and Poisson
In spite of the almost constantly disturbed political situation, 
science, and especially optics, lourished in France. Augustin Jean 
Fresnel (1788-1827) and Siméon Denis Poisson (1781-1840) are 
particularly important igures in the developments that eventually 
led to our ability to calculate thin ilm properties. Fresnel gave us 
the coeicients that carry his name [6] and Poisson, the concept of 
multiple beam interference.

Siméon Denis Poisson was born just seven years before Fresnel. 
Like Fresnel he had attended the prestigious Ecole Polytechnique 
in Paris and almost immediately attracted attention as a brilliant 
mathematician. By 1806 he was a full professor at the school. 
He was a member of the Institute (later the Royal Academy of 
Sciences), a Fellow of the Royal Society and a foreign member 
of the Royal Swedish Academy as well as holding a number of 
other important positions such as astronomer to the Bureau des 
Longitudes.

By the time that Fresnel became interested in optics, around 1813, 
acceptance of Young’s ideas was still patchy with some inluential 
igures like Poisson opposed and adhering to a corpuscular theory. 
Even when accepted, the theory was still rather vague with no 
accurate idea of the nature of the essentially mechanical disturbance 
constituting the light wave, nor of the nature of the luminiferous 
ether that supported it. It was certainly a longitudinal disturbance 
unable, without cumbersome extension, to support any ideas of 
polarization. Poisson at that time was skeptical of the wave nature of 
light and still supported the corpuscular theory. Fresnel adopted the 
idea of the spherical wave emanating from each luminous particle 
as proposed by Huygens, but changed completely the nature of the 
disturbance into a propagating transverse oscillation of an array of 
luminous particles supported in a much less dense elastic medium. 
It was the interference of these waves that was the fundamental 
feature in difraction. When Fresnel presented his difraction theory 
to the Royal Academy of Sciences, Poisson, one of the referees, 
suggested that the theory must be lawed because it predicted a 
bright spot in the center of the shadow of a small obscuration. 

continued on page 36
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Arago’s conirmation of the presence of the spot, frequently known 
as the Poisson spot, was inal convincing evidence for Fresnel’s 
theory, and, indeed, for Poisson himself.

he subject of Newton’s Rings [3] was of considerable interest at 
that time and whether or not complete darkness was obtained at the 
minima of the relection fringes from a ilm with identical incident 
and emergent media. Fresnel thought not, because, as he pointed 
out, the beam relected from the rear surface could never equal that 
relected from the front because it would already be weakened by 
its passage through the front surface. In spite of experiments that 
he had performed at extremely oblique incidence that appeared 
to show complete darkness at the minima he was convinced by 
his calculations that what he was seeing was actually a very faint 
relection that he was simply misinterpreting. It seems that Young, 
too, had made the same mistake. Poisson, with the zeal of the 
converted, attacked this problem and in 1823 read to the Royal 
Academy of Sciences a note on the “Phenomenon of Colored Rings” 
included as Chapter XXXV in Fresnel’s collected works [7]. Knittl 
[8] also tells the story.

Poisson recognized that there were more than just two beams 
involved in the efect. “But one must observe that the light that 
has penetrated into the interior of the thin ilm sufers there 
an ininity of relections ... it is then the sum of all these partial 
rays, and not only the two irst terms of that ininite series that 
must be considered in the interference.” At this time the true 
electromagnetic nature of light was still to be discovered and 
in the mechanical model that was then current, our ideas of 
amplitude were replaced by the velocity of the luminous particles 
and our power density by the squares of these velocities. Poisson 
was convinced that it was absolutely necessary to know exactly 
the expressions governing the amounts of light relected and 
transmitted at surfaces in order to proceed further, and so he 
contented himself with normal incidence. He then introduced 
into his calculations, from the start, the amplitude relection and 
transmission coeicients at normal incidence, but couched in terms 
of the velocities. his resulted in a rather involved calculation. To 
make it more general he assumed that the incident and emergent 
media might not be identical and showed that when the intervening 
thin ilm was of a thickness such that it corresponded to an exact 
multiple of one half of the wavelength possessed by the light in the 
material of the ilm, then it was as if the ilm did not exist. In the 
case where the incident and emergent media were exactly the same 
the incident light was completely transmitted and the relectance, 
therefore, zero.

Poisson then went on to consider the case of a ilm of thickness 
an odd multiple of a quarterwave and showed that the same 
complete darkness in a fringe would be obtained if the refractive 
index of the ilm were exactly the square root of the product of the 
incident and emergent refractive indices.

Of course, we immediately appreciate the consequences of this 
discovery for optical coatings, but we are still a century short of 
the time when optics reached the stage where dielectric coatings 
became important, and Poisson ignored any such implications.

Poor Fresnel was mortiied, and wrote a generous note to the 
Academy admitting that Poisson had revealed a “grave error” into 

which he, Fresnel, had fallen. He felt he should have recognized the 
involvement of multiple beams, the more so since he had known 
that Arago had already worked out the [incoherent] case of multiple 
beams in a glass plate. However, he pointed out that it was not 
actually necessary to know precisely any fundamental formula for 
the amounts of light relected and transmitted at a surface and that 
the behavior would occur equally well at oblique incidence as at 
normal incidence. Using simply the symbols m and n, equivalent to 
our usual symbols ρ and τ for amplitude relection and transmission 
coeicients, he showed that one could reach conclusions identical to 
those of Poisson and for all angles of incidence.

hus already by 1823 the ideas of quarterwave and halfwave ilms 
were well established although their usefulness in optical coatings 
was still a long way of.

Airy
Our focus now moves back to England, and to George Biddell Airy 
(1801-1892). In 1831 Airy was Plumian Professor of Astronomy 
and Experimental Philosophy at the University of Cambridge. he 
irst edition of his Mathematical Tracts had been very successful 
and now came the second edition to which he had added a large 
section on the Undulatory heory of Optics. By the time his third 
edition [9] was published in 1842, he was Astronomer Royal for 
England and installed at the Greenwich Royal Observatory. Airy 
was certainly not the only person writing at this time about optics, 
and especially the wave theory, but Airy’s account is of particular 
relevance for the future of optical coatings.

Here, in Airy’s book, we ind what is essentially the fundamental 
optical theory we are familiar with today. Of course, Airy is still 
retaining the mechanical ideas where particle velocity replaces our 
electric ield, and the square of the velocity that he describes as 
intensity, our power density or irradiance. In his preface he cautions 
us: “With regard to the evidence for this theory; if the simplicity 
of a hypothesis which explains with accuracy a vast variety of 
phaenomena of the most complicated kind, can be considered 
a proof of its correctness, I believe there is no physical theory 
so irmly established as the theory in question... his character 
of certainty I conceive to belong only to what may be called the 
geometrical part of the theory: the hypothesis, namely, that light 
consists of undulations depending on transversal vibrations, 
and that these travel with certain velocities in diferent media 
according to the laws here explained. he mechanical part of the 
theory, as the suppositions relative to the constitution of the ether, 
the computation of the intensity of relected and refracted rays, 
&c., though generally probable, I conceive to be far from certain.” 
Another limitation is that he conines himself to transparent 
materials. Absorption is excluded because “supplementary theories 
are still wanting.”

he irst thing we notice is his expression for the harmonic wave. 
 

 
  
 
 

where v is the velocity in the medium and λ the wavelength both 
measured in the appropriate medium. he let-hand side shows 
Airy’s expression using his symbols (although he sometimes 
moves A into the bracketed quantity when it becomes a path 

2 2
sin sin

x
a vt x A a t (1)

The Optical Thin-Film Model, Part 1
continued from page 35
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diference rather than a phase diference) and, to demonstrate 

the correspondence with our modern theory, the right converted 

into our more usual symbols. We also prefer to use the vacuum 

wavelength rather than the actual wavelength to characterize 

our waves and so we would replace Airy’s actual wavelength, 

λ, by our λ/n where λ is now the vacuum wavelength and n the 

refractive index. In fact, Airy himself, prefers frequently to refer his 

calculations to vacuum by multiplying the physical distance by the 

refractive index to yield the optical path.

his development is of fundamental importance because it 
immediately simpliies the application of the wave theory to all 
kinds of optical efects. Interference, polarization, linear, circular 
and elliptical, are all dealt with by Airy in detail. What we now 
call the interference term is introduced and we can detect the faint 
beginning traces of ideas that will eventually lead to coherence. 
Biaxial birefringence is explained. he Fresnel rhomb, retardance, 
and the Brewster, or polarizing, angle are all treated in our modern 
way. Difraction is included. Almost all that is required to change 
this into a textbook that we could actually use for teaching 
nowadays, is the replacement of the mechanical wave model with 
the electromagnetic.

hen in Propositions 15 and 16 he addresses the problem of 
multiple beam interference in a thin sheet of material between 
two similar media and arrives at the well-known expression for 
transmittance known as the Airy sum. he Airy sum is, of course, 
anticipated by Poisson and Fresnel but Airy is aware of that, and 
explains that the theory was “written as a conjectural restoration 
of Fresnel’s investigations when his paper was supposed to be lost. 
hat paper has since been found and published.” Airy’s account is, 
however, much more detailed. His expression for the transmitted 
irradiance is: 

 
 
 

 
where the right-hand side is, once again, our translation into more 
modern symbols.

Conclusion
hus by the 1830’s the wave theory of optics including multiple 
beam interference is in good shape and quarter and halfwave ilms 
are well understood. Optical coatings, however, still need a century 
of further development of optics, before they become important. 
What is still particularly lacking in the 1830’s is an understanding 
of the true nature of light. For that we must wait another forty years 
and James Clerk Maxwell.
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