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his article completes our wanderings through the 
development of the concept of the optical constants. 
As with our earlier accounts, we have to pick a few 

names whose work we can describe. In part three, we start 
briefly with a mathematician, but devote most of the remain-
ing space to two individuals, separated by one and a half cen-
turies, and their astonishing experimental achievements. The 
real history is that of an intricately networked community, 
rather than of a few individuals, and impossibly complicated. 
In parts one and two[1, 2], we followed refraction and the  
relationship, under various names, linking the angles of inci-
dence and refraction, all of which could not be disentangled 
from the history of optics itself and from aspects of an often 
turbulent political history. Eventually, at the beginning of the 
19th century, our modern refractive index was introduced by 
Thomas Young in his published lectures on natural philoso-
phy. Refractive index is just one of our optical constants—the 
other being the extinction coefficient—and to trace its begin-
nings requires our moving back in time.

John Napier (1550–1617)
ohn Napier (Latinized, Joannes Neper) was an Edinburgh 
man, landowner, laird, and mathematician. We would de-
scribe him nowadays as an amateur mathematician, but 

such a description would also apply to most mathematicians 
of that period. He is rarely mentioned in accounts of optical 
history, but his creation of the concept of logarithm had a pro-
found effect on the later development of optics and particu-
larly in the study of transparency. Logarithms were introduced 
in two of Napier’s publications, the 1614 Mirifici Logarithmo-
rum Canonis Descriptio and the 1619 (posthumous, but writ-
ten much earlier) Mirifici Logarithmorum Canonis Constructio 
(the description and construction of the marvelous canon of 
logarithms). Both were published in Edinburgh. The logarithm 

swept through Europe, and by the time of the Constructio’s  
publication, it had been modified and improved to the point 
where we can begin to recognize our modern version[3].

An introduction to logarithms normally involves the idea 
of a certain base number raised to a power. But the concept 
of power was missing in Napier’s time. It was René Descartes 
who later, in 1637, introduced the idea and the notation. Na-
pier’s logarithm resulted from a comparison of a geometric 
and related arithmetic sequence. The arithmetic term was 
defined as the logarithm of its corresponding geometric term. 
Using modern notation, we can define the two corresponding 
members of the sequences as the general forms vrq and a + qd  
where r is the common ratio and d the common difference. 
Now let a be zero and d unity, when the arithmetic sequence 
becomes simply q. Let also r be (1 - 1/v). Napier chose 107 as 
his value for v and then, following Cajori[3], and retaining our 
modern notation, we can write Napier’s definition as:

  q = log [107 (1	–	10–7)q ]                         (1)
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This logarithm, as Napier defined it, was known also as the 
number of ratios. It is close to, but not quite the same, as our 
modern definition. The tables of logarithms in the Descrip-
tio, which Napier had assembled over the previous 20 years, 
transformed calculations involving multiplication, division, 
and root determination of the geometric sequence terms, 
into addition and subtraction of the corresponding arithmetic 
terms, with, in the case of root determination, a simple divi-
sion by the root order integer. However, there was a compli-
cation with the decimal point that had been introduced, but 
not strictly invented, by Napier, which had to be tracked sepa-
rately, although the decimal point did not appear in the actual 
tables. Such was the speed of adoption of the logarithm that 
by 1616, Edward Wright’s posthumous translation of the De-
scriptio, including some limited use of the decimal point, had 
been published. Henry Briggs, a friend of Wright’s, and later 
acquaintance of Napier’s, then converted the logarithm into 
what we would describe as base 10, with his first set of tables 
published in 1617. This made everything much easier. In fact, 
Napier did suggest an alternative system of logarithms with 
zero for the logarithm of unity and 10 for the logarithm of 10 in 
his Constructio. Although it is easy for us to see the usefulness 
and validity of defining logarithms through the exponent, and 
although there were some attempts to do so in the 17th cen-
tury, it was not until the middle of the 18th century that the 
exponential relationship was generally recognized[4] and our 
modern definition appeared. By Pierre Bouguer’s time, loga-
rithms were well established, but the modern exponential  
relationship was still lacking.

pierre Bouguer (1698–1758)
ierre Bouguer was homeschooled in Brittany by his fa-
ther, a professor of hydrography. After his father died, 
Pierre, at age 16, was appointed to succeed him. He 

rapidly became well known for his contributions to naval ar-
chitecture, meteorology, and matters generally pertaining to 
the sea and navigation, winning several prizes from the newly 
created Royal Academy of Sciences against the stiffest com-
petition. He later was elected to the Academy and also to the 
Fellowship of the Royal Society. In 1729, he published a study 
containing his work on optical transparency[5].

Bouguer’s treatise is largely concerned with accounts of his 
experimental observations and the conclusions drawn from 
them. Included are short discussions of some suppositions 
about the mechanism of the propagation of light through me-
dia, suppositions that suffer from the lack of any then current 
understanding of the actual nature of light itself. Fortunately, 
these short sections have little to do with the bulk of the book 
and in no way compromise the observations and conclusions. 
In fact, even at today’s stage of optics development, this is still 
a well-written, valid, and useful text, and it is worth our while 
to spend a little time on it.

There were no receivers of light, other than the human eye, 
available until the 19th century. Equal difficulty was involved 
with sources of illumination. There were the natural sources, 

the sun, the moon, and the stars, and then there were some 
manufactured candles and lamps. Absolute measurements 
were impossible. Any measurements had to be comparative. 
As a further complication, the eye was capable only of ac-
curately judging the equality of two illumination levels, and 
then only with both present at the same time. Some method 
of quantitative variation of a reference illumination was there-
fore required. Bouguer began by explaining his ingenious 
technique for achieving this. The inverse square law governs 
the variation with distance of the power density (what Bou-
guer termed the force of the light) radiated from a small, es-
sentially point, source. This law holds, he explained, where 
no light is lost in transport by any loss mechanism, such as 
particles that could block it. Provided the diminution of the 
light was entirely due to the inverse square law, then accurate 
variation of the power density at any plane could be achieved 
by varying the known distance between that plane and the il-
lumination source. The necessary variation in distance could 
be accomplished by actual movement of the source itself, or 
by arranging the position of a virtual source through the ac-
tion of a lens. With a reference source, the same candle, for 
example, one could even compare two different sources at 
different times. Bouguer pointed out the dangers of variations 
in the reference source in just one measurement of this kind. 
But, with great care and attention, and repeated experiments, 
one could arrive at more reliable comparative measures.

The first experiments he described were carried out at 
night. He had two sources, a candle as reference and a bright-
er lamp[6]. First he arranged equality of illumination from 
the two sources by varying the relative “sufficiently large” 
distance of many feet. His technique involved a box with two 
entry holes, one for light from each source; illumination from 
each source was separated and could be examined simulta-
neously, and at equal obliquity, through a third observation 
hole. Unfortunately, Bouguer gives no further details of this 
receiver. Having equalized the light, he inserted 16 pieces of 
ordinary window glass, in series, in the path from the lamp. 
He then reestablished illumination equality. The light from 
the lamp was found diminished by a factor of 240. Next, he  

Pierre Bouguer,  
1698–1758.	Courtesy	 
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repeated the experiment, but using the moon as source in-
stead of the lamp, retaining the candle as reference. This time 
the result was a 254 times diminution of the light in traversing 
the 16 pieces of glass. Bouguer took the mean of 247 as the pre-
ferred figure. This implies to us that the transmittance of a sin-
gle sheet of window glass from that time would be around 71%.

The next experiment involved sea water and a wooden 
channel 115 inches long forming a cell between two glass 
plates. With the candle as reference, the diminution of light 
when sea water was added to the channel was measured as a 
ratio of 14 to 5. Decimal notation was not universally adopted 
until much later and even Young still frequently used ratios 
rather than decimals. Here we find a little more detail on his 
detection apparatus. He received the light “on the same sur-
face at the same obliquity” with no stray light whatsoever and 
he involved everyone present in the assessments.

The use of the reference source—sometimes several candles 
together—was a complication that Bouguer now eliminated 
from some further measurements by a double-beam arrange-
ment, perhaps the first ever in history. He used two paths 
from his source, one through the cell, empty and then full, 
and one alongside but through a lens that produced a virtual 
source at its image. The light was directed onto a screen and 
the two illuminated patches equalized in brightness by vary-
ing the position of the lens. His new results were a more exact 
ratio of 169 to 64.

Bouguer understood that a departure from collimation of the 
light passing through his specimens could perturb his meas- 
urements. If the measuring source were sufficiently close to 
the sample, then a correction due to refraction would be nec-
essary, and he included the appropriate analysis.

Using the moon as source, and at different elevations, he 
also measured the transparency of the atmosphere. He com-
pared the light levels from the sun, moon, and stars.

Another experiment involved around 80 samples of window 
glass in series in a tube achieving complete opacity evidenced 
by complete blocking of direct light from the sun. With 74 sam-
ples, faint light was just detectable with a dark-adapted eye.

His measurements convinced him that any given sample 
would reduce the light in transmission by a constant ratio re-
gardless of the input level. The reduction ratio, of course, is 
what we would now term the transmittance. And then there 
is his remarkable statement summarizing his analysis of all 
his results: “It follows...if the rays are essentially parallel and 
the light is diminished solely by the insertion of a transparent 
body...that the forces of the light after having traversed differ-
ent thicknesses can be represented by...a logarithmic curve 
as a function of the thickness of the body.” Although not in 
the familiar exponential form, this is the Beer-Lambert Law, 
but Lambert has only just been born, and Beer comes almost 
a century later. Although he did not introduce explicitly the 
absorption coefficient, Bouguer discussed a specific transpar-
ency that was essentially defined as the thickness of material 

yielding a specified diminution of transmitted light and that 
could be used to compare the transparency of different mate-
rials. At that period, comparisons had been plagued by futile 
attempts to compare varying transmittances of different ma-
terials with different thicknesses.

In optics, there were considered to be two primary types of 
materials, those that transmitted light, and were therefore 
classed as transparent, and those that did not, and were clas-
sified as opaque. “It appears that fundamentally they must 
be all transparent... Because those that we consider the most 
opaque give perceptible transmission as soon as they are re-
duced to very small thickness... The logarithmic curve must 
always in all bodies represent the reduction in the light.” It is 
here that we detect the first appreciation of what will become 
our extinction coefficient.

Further progress
t was a long time, more than a century, before any further 
major advances occurred in the understanding of trans-
parency and losses in materials. The remainder of the 

18th century brought great advances in technical optics and 
in the mathematics that we use in optical coatings. Gardiner’s 
Tables of Logarithms was published in 1742 with the defini-
tion[4]: “The common logarithm of a number is the Index of 
that power of 10 which is equal to the number.”
Johann	Heinrich	Lambert	(1728–1777),	a	Swiss	mathemati-

cian and astronomer, born in what is now part of Alsace, built 
on Bouguer’s work. His Photometria[7] laid the foundations of 
photometry, even creating the name. He included measure-
ments of the reflectance of surfaces but there was no funda-
mental change in the understanding of optical constants.

oPTical consTanTs: ParT 3
conTriBuTeD  
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With Young’s Bakerian lecture of 1801[8], the start of the 
19th century saw the beginning of the ascendancy of the wave 
theory of optics. Then, as recounted in part two[2], Young, in 
his lectures on natural philosophy[9], revised the ideas of re-
fraction by introducing the refractive index as a material prop-
erty. In spite of Bouguer’s treatise, there was still a tendency 
to treat materials either as transparent or opaque. Airy, in his 
1831 book, excluded absorbing materials from consideration 
due to the lack of any suitable theory[10]. The refractive in-
dex of transparent material, like glass, was the important at-
tribute. What changed matters was the demonstration in 1862 
of anomalous dispersion in the visible region and Maxwell’s 
identification of light as an electromagnetic wave[11]. An 
earlier article[11] gives an account of the developing under-
standing in the second half of the 19th century culminating in 
Drude’s classical model of the optical properties. Now we turn 
our attention back to the refractive index, but in terms of the 
metals, and Kundt’s amazing measurements.

August Kundt (1839–1894)
ugust Kundt received his Ph.D. from the University of 

Leipzig and spent periods as a professor at various 
universities including the Federal Polytechnic Insti-

tute in Zurich before finally following Hermann von Helmholz 
as Director of the University of Berlin Physics Institute. Kundt 
made important contributions in many areas, but his incredible 
work on the optics of metals is what particularly interests us.

The interest in anomalous dispersion, with its absorption 
band in the middle of the visible spectrum, prompted an 
increasing interest in the metals that until then had primar-
ily been looked upon largely as useful reflectors. The direct 
way of measuring refractive index is through the application 
of Snell’s Law to the deviations measured in refraction. This 
involves the construction of a prism from the material and 
measurement of variations in light direction, both readily 
achieved with great accuracy. But metals are opaque and so 
any attempts at measuring refractive index had to be indirect, 
mostly by extracting it from a model of interference effects, 
sometimes with dubious results. There was some evidence 
that the refractive index of certain metals, silver and gold par-
ticularly, might be less than unity. Kundt resolved to make 
more direct measurements. Since metals, when very thin, 
would actually transmit, then perhaps a metal prism, made 
very thin, would permit sufficiently significant and measur-
able deviation for a direct estimate. This simple idea pre-
sented formidable experimental difficulties. The work is de-
scribed in two 1888 papers, one in German[12] and the other 
an English version in the Philosophical Magazine[13].

The work occupied two years with many frustrations. The 
primary task was the construction of suitable prisms, accom-
plished on substrates of thin plate glass. His most successful 
method was electrolytic deposition, although he also tried 
two forms of vapor deposition. For electrolytic deposition he 
first needed an anode at the surface of the glass substrate. 

Platinized glass, with sufficient transmittance, was the an-
swer, but the few samples he managed to obtain turned out 
to be very uneven in their properties and he was forced to de-
velop his own method. This involved solution deposition fol-
lowed by burning in, in a muffle furnace. Next, the electrolytic 
process was required and this too needed experiment. Finally, 
a vertical strip cathode—of width similar to the glass (about  
3 cm)—was positioned just above it, and sufficiently close, so 
that the electrolytic fluid was held between by capillary action. 
Happily, this produced a thin metallic double wedge, a few mil-
limeters wide, with apex in the center of the thickness of the 
strip cathode and thin enough to yield sensible transmission. 
This was the prism. No further treatment was required.

This description sounds straightforward but in reality the 
process was fraught with uncertainty. The first test was to 
check the quality of the prism surfaces. They had to be flat 
and of high optical quality. They were tested by examining, 
with a telescope, the reflection of a fine wire cross. A clear 
image indicated a flat regular surface of good optical quality. 
Unfortunately, the surfaces of the metallic prism were often 
irregular. Their thicknesses also varied in ways that rendered 
them useless. Usually it required the construction of 50 or so 
samples before even one could be found suitable for further 
measurement. “Whether the surfaces of the double wedge 
were in any degree plane, or whether they were strongly con-
vex or concave, depended upon so many variable circum-
stances that the result was purely a matter of chance.” During 
his study, Kundt produced more than 2000 prisms of which 
only a small number were usable. It is easy to see why the 
study took two years.

August Kundt, 
1839–1894.	 
Courtesy of  
wikipedia.org.
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A little analysis is necessary to arrive at the extraction of the 
index. Kundt does not give any diagram but Fig. 1 shows the 
arrangement that appears to fit his analysis. He sets α as the 
total deviation and δ as the apex angle of the prism. The other 
angles are also defined in Fig. 1. Then we make two applica-
tions of Snell’s Law and define α in terms of the other angles.

sin i = nsin φ
 nsin (φ – δ) = sinϑ  (2)

α = i – ϑ – δ

Some tedious analysis follows where we eliminate ϑ to arrive 
at the expression given by Kundt.
    

Finally, because the angles are all very small we can, following 
Kundt, eliminate all second and higher order terms to give the 
final expression.

    

Now the significance of the double wedge becomes obvi-
ous. The angle of incidence on the front surface, i, has dis-
appeared. The deviation from one side of the double-wedge 
prism is opposite to that from the other side. This implies that 
all that is required for the measurement is to find the devia-
tion of the two beams transmitted through either prism half 
simultaneously and to measure the prism angles by a simi-
lar technique using reflected light from the outer side of the 
metal prism. The apex angle was always virtually the same 
for either side of the double prism. The measurements, there-
fore, yield 2α and 2δ and these values can be entered directly 

into equation (4). Since the expression is a ratio, the units of 
the angles are of no consequence and so they need not even 
be calibrated in degree. As long as the angles are measured 
in the same way, their relative values suffice. The light was 
viewed through what Kundt describes as a spectrometer, but 
this term was, and still is, used for the accurate goniometer 
for measuring prism angles in refractive index determina-
tion, and that is likely to have been the instrument used. The 
sources were: for blue light, the sun with a filter of blue glass 
and a solution of copper oxide in ammonia; for red light, an 
electric lamp through several red glasses; and for white light, 
the unfiltered sources or what he simply terms a lamp. Kundt 
made an altogether amazing technique that seems never to 
have been repeated.

 His results for silver showed little dispersion with a mean 
value for n of 0.27. Our modern values for our evaporated sil-
ver are a little smaller, but Kundt’s sample was electrolytically 
deposited. For gold, he obtained values of 0.38, 0.58, and 1.0 
for red, white, and blue light, respectively. The corresponding 
wavelengths he estimated to be roughly the g line at 436 nm, 
white light with no particular wavelength, and the C line at 
656 nm. If we check Palik[14], then we find gold given an index 
of 0.38 at 545 nm, 0.58 at 520 nm and 1.0 at 490 nm. Given 
the uncertainty in the wavelength and the difficulties of the 
experiment, these measurements represent an impressive 
achievement. He also made measurements of copper, plati-
num, iron, nickel, and bismuth, with copper showing values 
less than unity. As further verification of the method, he also 
made measurements on oxides of the various metals.

This, of course, is not the way we would usually measure 
the optical constants of metals. But Kundt’s results are of im-
mense importance because they were a direct confirmation 
of the very small values for n in high performance metals. It 
might be thought that phase effects could divert the light but 
Kundt discussed and rejected that possibility. He also pointed 
out that the method of manufacture meant that the prisms 
varied enormously from one to the other, but they gave very 
consistent measures of n. Kundt also noted that light velocity 
in the metals, electrical conductivity, and thermal conductiv-
ity were essentially proportional. We note that nowadays in 
the glazing industry, the optical quality of the silver films in 
thermal control coatings is often verified by a measurement 
of electrical conductivity.

Understanding
or the rest of the story, in the later 19th century, we 
turn to an earlier article[11]. As told there, Hermann 
von Helmholtz devised a model of the influence of  

the molecular structure on the optical constants across the  
region of anomalous dispersion including the absorp-
tion band in between the regions of transparency. Then 
the 19th century ended with Paul Drude’s classical model  
of the optical properties of materials including the metals 

oPTical consTanTs: ParT 3
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n =
 sin (α + δ – i) + sin i cosδ

 sin δ  1	– 
sin2 i

 
                     

n2

(3)

n = α + δ
         δ

(4)

Fig. 1—The angles involved in the derivation.
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and also with his ellipsometric measurement of their optical 
constants, all included in his great book, The Theory of Optics, 
published in 1900[15]. Although we now understand the in-
volvement of quantum effects, Drude’s model is still the one 
most frequently used today.

Conclusion
What is particularly fascinating when we look back at the his-
tory of our subject is the astonishing extent and value of the 
contributions that, even at a very early stage, were made by 
the participants, especially against the social and political 
background of the times and the perturbations in their private 
lives. For example, Roger Bacon suffered periods of house ar-
rest and even spent time in prison. Kepler had an unhappy 
first marriage, lost a university post, was cheated out of his 
stipend, and was reduced to astrological fortune telling at 
one stage. Fresnel and Poisson, and others, worked against 
the background of the Napoleonic Wars, Fresnel being almost 
constantly unwell. Yet what they all accomplished is nothing 
short of amazing. What wonderful examples they set for all 
of us.
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