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interested in using the Web for 
research. Thomas provides a wealth 
of information on searching the In
ternet for material on specific top
ics. He discusses the different types 
of tools available on the Internet 
(search engines and subject guides), 
how the different search engines 
rank Web sites, and how to perform 
searches with simple Boolean oper
ators. He then talks about six of the 
most popular of these tools (Alta
Vista, Excite, HotBot, InfoSeek, 
Lycos, and Yahoo), and gives ex
tended examples of searches using 
both the HotBot search engine and 
the Yahoo subject guide. 

Finally, as a last part of the final 
section, but taking up a bit more 
than half of the total book, Thomas 
provides a list of science and engi
neering resource Web addresses. 
The list, by subject area, includes all 
of the disciplines you would expect, 
with the addition of artificial intelli
gence, energy, imaging technologies, 
linguistics and natural language, 
security, and virtual reality. Optics 
has its own category (Thomas does 
work for SPIE, after all) and is nice
ly represented with over 275 links. 

Unfortunately, I feel there are 
some problems with the way the 
listings are done. For one thing, a 
large number of the Web addresses 
do not work. I tested all of the sites 
listed in "optics" and over 20% of 
the links caused some difficulty— 
either the link was dead or I was 
pointed to a new address. Now, that 
percentage of problems is not at all 
uncommon when it comes to Web 
links. The Web changes rapidly, and 
Thomas reports links that will be al
most a year old by the time you read 
this. Still, a better-edited list would 
have stayed more constant. In many 
cases, it looks like Thomas simply 
took a scatter-shot approach as to 
which resources he listed. In addi
tion, a number of less focused sites 
are included. For example, the "op
tics" list included a link to NASA's 
main Web page and to the Office of 
the Secretary of Defense. Lastly, 
there is basically no information in
cluded with the listed links. There is 

nothing to tell you what is at the site 
or how useful it is. I know it would 
have been a superhuman editing 
task to write something about all of 
the links, but they are definitely less 
useful without annotation. 

On the whole, The World Wide 
Web for Scientists & Engineers is a 
valuable guide to the brave new 
world of the Web. It explains the 
mysteries of the Web, Web browsers, 
HTML, and search engines. It will 
help you use e-mail effectively and 
aid you in designing your own Web 
page, as well as give you thousands 
of links to try. As a future improve
ment to an already fine work, I 
might suggest that optics societies 
play host to a live listing of the links 
mentioned in Thomas' book. Other 
Web-related books provide this fea
ture and it works very well. 

Reference 
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Engineering Press, Bellingham, 
Wash., 1998). 
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When a beam of light enters a 
material medium, it sets in 

motion the resident electrons, 
whether these electrons are free or 
bound. The electronic oscillations in 
turn give rise to electromagnetic 
radiation which, in the case of linear 
media, possesses the frequency 
of the exciting beam. Because 
Maxwell's equations are linear, one 
expects the total field at any point in 

space to be the sum of the original 
(exciting) field and the radiation 
produced by all the oscillating elec
trons. In practice, however, the orig
inal beam appears to be absent 
within the medium, as though it 
had been replaced by a different 
beam, one having a shorter wave
length and propagating in a differ
ent direction. 

The Ewald-Oseen theorem1,2 re
solves this paradox by showing how 
the oscillating electrons conspire to 
produce a field that exactly cancels 
out the original beam everywhere 
inside the medium. The net field is 
indeed the sum of the incident beam 
and the radiated field of the oscillat
ing electrons, but the latter field 
completely masks the former.3,4 

Although the proof of the Ewald-
Oseen theorem is fairly straightfor
ward, it involves complicated inte
grations over dipolar fields in 
three-dimensional space, making it 
a brute-force drill in calculus and 
devoid of physical insight.5,6 It is 
possible, however, to prove the theo
rem using plane-waves interacting 
with thin slabs of material, while in
voking no physics beyond Fresnel's 
reflection coefficients. (These coeffi
cients, which date back to 1823, pre
date Maxwell's equations.) The thin 
slabs represent sheets of electric 
dipoles, and the use of Fresnel's co
efficients allows one to derive exact 
expressions for the electromagnetic 

Figure 1. Transparent slab of homogeneous material 
of thickness d and refractive index n. A normally 
incident monochromatic plane-wave of wavelength 
λ 0 suffers multiple reflections at the two facets of 
the slab. By adding the various reflected and trans
mitted amplitudes one obtains the expressions for 
the total r and t given in Eqs. 6 and 7. 
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field radiated by these dipolar 
sheets. The integrations involved in 
this approach are one-dimensional, 
and the underlying procedures are 
intuitively appealing to practitioners 
of optics. The goal of the present 
article is to outline a general proof 
of the Ewald-Oseen theorem using 
arguments that are based primarily 
on thin-film optics. 

Dielectric slab 
Consider the transparent slab of 
dielectric material of thickness d and 
refractive index n, shown in Figure 1. 
A normally incident plane-wave of 
vacuum wavelength λ 0 produces a 
reflected beam of amplitude r and a 
transmitted beam of amplitude t. 
Both r and t are complex numbers in 

general, having a magnitude and a 
phase angle. Using Fresnel's coeffi
cients at each facet of the slab and 
accounting for multiple reflections, it 
is fairly straightforward to obtain ex
pressions for r and t. The reflection 
and transmission coefficients at the 
front facet of the slab are 5 , 7 

At the rear facet, the corresponding 
entities are 

A single path of the beam through the slab causes a phase shift ψ where 

Adding up all partial reflections at the front facet yields an 
expression for the reflection coefficient r of the slab. Simi
larly, adding all partial transmissions at the rear facet 
yields the transmission coefficient t. Thus, 

Rather than try to simplify these complicated functions 
of n, d, and λ 0 , numerical results8 for the specific case of 
n = 2 and λ 0 = 633 nm are shown in Figure 2. The magni
tudes of r and t are seen in Figure 2a, and their phase an
gles in Figure 2b, both as functions of the thickness d of 
the slab. For any given value of d it is possible to represent 
r and t as complex vectors (see Fig. 3). Since the phase dif
ference between r and t is always 90°, these complex vec
tors are orthogonal to each other. Also, conservation of 
energy requires that |r|2 + |t|2 = 1. These observations 
lead to the conclusion that the hypotenuse of the triangle 
in Figure 3 must have unit length, that is |t-r| = 1, which 
is also confirmed numerically in Figure 2c. 

Within the slab, the incident beam sets the atomic 
dipoles in motion. These dipoles in turn radiate plane 
waves both in forward and backward directions (see Fig. 4, 
page 52). When the slab is sufficiently thin, symmetry re
quires forward- and backward-radiated waves to be identi
cal, that is, they must both have the same amplitude r. In 
the forward direction, however, the incident beam contin
ues to propagate unaltered, except for a phase-shift caused 
by propagation in free-space through a distance d. Thus 

F i g u r e 2 . C o m p u t e d plots of r and t for a s l a b of t h i c k n e s s d a n d refrac
t ive index n = 2, w h e n a plane-wave of λ 0 = 6 3 3 nm is normally incident 
on the s lab . The horizontal ax is c o v e r s one c y c l e of var ia t ions of r and t, 
corresponding to a half-wave t h i c k n e s s of t h e s lab . 

F i g u r e 3 . Dielectric s lab of t h i c k n e s s d and refrac
t ive index n, ref lecting the unit ampli tude incident 
b e a m with a coeff icient r, while transmitt ing it with 
a coeff icient t. The complex-p lane diagram at right 
s h o w s the relative orientat ions of r, t, and their 
difference (t - r). For a non-absorbing s lab (i.e., one 
with a real-valued index n), r and t are orthogonal 
to e a c h other, and (t - r) has unit magni tude. 
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Figure 4 . Bound e lec t rons within a very 
thin dielectr ic s lab , when set in mot ion by 
a normally incident plane-wave of unit 
ampl i tude, radiate with equal s t rength in 
both forward and b a c k w a r d d i rect ions . 
The magni tude of the radiated f ield is the 
ref lection coeff ic ient r of the s lab . The 
incident b e a m c o n t i n u e s to propagate 
undisturbed a s in f ree -space , acquir ing a 
phase-shift of 2 π d / λ 0 upon c r o s s i n g t h e 
s lab. The s u m of the incident b e a m and 
the forward-propagating radiated b e a m 
const i tu tes the t ransmi t ted b e a m . 

Figure 5 . A semi-infinite medium of refractive 
index n is il luminated by a unit-amplitude plane-
wave at normal inc idence. The medium may be 
considered a s a cont iguous s e q u e n c e of thin 
s labs , e a c h radiating with equal strength in 
both forward and backward direct ions. Adding 
the backward-radiated fields coherently yields 
the reflection coefficient at the front facet of 
the medium. Similarly, the internal field at 
z = ZO is obtained by coherent addition of the 
incident beam, the forward-propagating radia
t ions from the left s ide of Z O , and the backward-
propagating radiations from the right s ide of zo. 

Figure 6. C o m p u t e d plots of r and t for a s lab of t h i c k n e s s d and complex 
refractive index (n, k) = (2, 7) , w h e n a plane-wave of λo = 6 3 3 nm is nor
mally incident on the s lab . T h e horizontal a x i s c o v e r s the penetra t ion depth 
of the mater ia l . 

we must have 

It was pointed out earlier in conjunc
tion with the diagram of Figure 3, that 
(t - r) has unit amplitude. This is in 
agreement with Eq. 8. It was by no means 
obvious, however, that the phase of (t-r) 
must approach 2πd/λ 0 as d 0. Figure 2c 
shows the computed plot of the phase of 
(t - r) normalized by 2πd/λ 0. It is seen 
that in the limit of d 0 the normalized 
phase approaches unity as well. This con
firms that the slab radiates equally in the 
forward and backward directions, and 
that the incident beam, having set the 
dipolar oscillations in motion, continues 
to propagate undisturbed in free space. 

Radiation from a uniform sheet of 
oscillating dipoles 

In the limit of small d, Eq. 6 reduces to the following sim
ple form 

In this limit, the radiated field is slightly more than 90° 
ahead of the incident field, while its amplitude is propor
tional to d/λ0 as well as to (n2 - 1), the latter being the co
efficient of polarizability of the dielectric material. Note 
that the small phase angle of r above and beyond its 90° 
phase, i.e., the exponential factor in Eq. 9, is essential for 
conservation of energy among the incident, reflected, and 
transmitted beams (see Fig. 4). 

Equation 9 is in fact the exact solution of Maxwell's 
equations for the radiation field of a sheet of dipole oscil
lators. Although derived here as an aid in proving the 
extinction theorem, it is an important result in its own 
right. Note, for example, that the amplitude of the radiat
ed field is proportional to 1/λ 0 , even though the field of 
individual dipole radiators is known to be proportional to 
1/λ0

2. The coherent addition of amplitudes over the sheet 
of dipoles has thus modified the wavelength-dependence 
of the radiated field.3 

The extinction theorem 
Having derived Eq. 9 for the field radiated by a sheet of 
dipoles, we are now in a position to outline the proof of 
the extinction theorem. 

Consider a semi-infinite, homogeneous medium of 
refractive index n, bordering with free-space at z = 0 (see 
Fig. 5). A unit magnitude plane-wave of wavelength λ 0 is 
directed at this medium at normal incidence from the 
left side. To determine the reflected amplitude p at the 
interface, divide the medium into thin slabs of thickness 

52 Optics & Photonics News/August 1998 



PARALLEL PROCESSING 
tools for today's optiker 

Δz, then add up (coherently) the 
reflected fields from each of these 
slabs. Similarly, the field at an arbi
trary plane z = z 0 inside the medi
um may be computed by adding to 
the incident beam the contribu
tions of the slabs located to the left 
of z 0 as well as those to the right of 
z0. The simplest way to proceed is 
by assuming that the field inside 
the medium has the expected form, 
τ exp(i2πnz/λ 0), then showing self-
consistency. These calculations 
involve simple one-dimensional in
tegrals, and are in fact so straight
forward that there is no need to 
carry them out here. Interested 
readers may spend a few minutes 
evaluating the integrals and con
vincing themselves of the validity 
of the theorem. 

Slab of absorbing material 
When the material of the 
slab happens to be absorb
ing, similar arguments may 
be advanced to prove the 
Ewald-Oseen theorem, al
though the expressions for 
reflection and transmission 
coefficients become more 
complicated. Numerically, 
however, it is still possible 
to describe the situation 
with great accuracy. 

Figure 6 shows computed 
plots8 of r and t for a metal 
slab having the complex in
dex n + ik = 2 + i7. (Com
pare these plots with the cor
responding plots of the 
dielectric slab in Fig. 2.) It is 
seen in Figure 6a that the re
flectance drops sharply while 
the transmittance increases 
as the film thickness is re
duced below about 20 nm. 
The phase plots in Figure 6b 
are quite different from 
those of the dielectric slab, 
indicating a phase difference 
greater than 90° between r 
and t. A complex-plane 
diagram for this type of ma
terial is given in Figure 7. 

The angle between r and 
t being greater than 90° im
plies that | t - r | 2 > |t|2 + |r|2, while 
conservation of energy requires 
|t|2 + |r|2 < 1 in the case of absorb
ing media. The fact that |t - r| can 
approach unity is borne out by the 
numerical results depicted in Figure 
6c. In the limit of d 0, not only does 
the magnitude of (t-r) become uni
ty, but also its phase approaches 
2πd/λ 0 . Therefore, in the limit of 
small d, the transmitted beam may 
be expressed as the sum of reflected 
and phase-shifted incident beams, 
the phase shift being due to free-
space propagation over the distance d 
(see Eq. 8). This is all that one needs 
to know in order to prove the extinc
tion theorem for absorbing media. 

Oblique incidence on a dielectric slab 
Figure 8 shows an s-polarized plane-

wave at oblique incidence on a di
electric slab of thickness d and index 
n. The oscillating dipoles are parallel 
to the s direction of polarization, 
and radiate with equal magnitude in 
forward and backward directions. 
The computed plots of rs and ts 

versus d for the specific case of 
λ 0 = 633 nm, n = 2, and θ = 50° are 
shown in Figure 9. The angle of 
propagation inside the medium is 
obtained from Snell's law as θ' = 
22.52°, and the half-wave thickness 
of the slab is given by λ 0 / (2n cosθ') 
= 171.3 nm. These curves are very 
similar to those of Figure 2, showing 
a 90° phase difference between rs 

and ts, unit magnitude for (ts - rs), 
and a phase for (ts - rs) that 
approaches 2π(d/λ 0)cosθ as d 0. 
The Ewald-Oseen theorem for the 

Figure 7. C o m p l e x - p l a n e d iagram show ing 
the ref lect ion coef f ic ient r, t r a n s m i s s i o n 
coeff ic ient t, and their d i f ference (t - r) for 
a thin s lab of an absorb ing mater ia l . 

Figure 8. A n s-polarized plane-wave is 
obliquely incident at an angle θ on a 
die lectr ic s lab of t h i c k n e s s d and index n. 
The e lectr ic d ipo les of the s lab osc i l l a te 
perpendicular to the plane of the d i a g r a m , 
radiat ing ident ical f ie lds in t h e forward and 
b a c k w a r d d i rec t ions . 

Figure 9. C o m p u t e d plots of r and t for a s lab of thickness d and index 
n = 2, w h e n an s-polarized plane-wave of λ0 = 633 nm i l luminates the 
s l a b at the obl ique ang le of θ = 50°. T h e horizontal ax is c o v e r s one 
cycle of var ia t ions of r and t, c o r r e s p o n d i n g to a half-wave thickness of 
the s l a b at this part icular ang le of i n c i d e n c e . 
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case of s-polarized light at oblique 
incidence can therefore be proven 
along the same lines as described 
earlier for normal incidence. 

The case of p-polarized light 
depicted in Figure 10 is somewhat 
different, however. Here the direc
tionality of the oscillating dipoles 
within the slab breaks the symmetry 
between forward- and backward-
radiated beams. The angle θ" be
tween the direction of oscillating 
dipoles and the plane of the slab 
may be determined by considering 
multiple reflections within the slab. 
For very thin slabs, it is possible to 
show that 

Note that at Brewster's angle where 
tanθ = n, we have tanθ" = 1/n, that 
is, θ" = θ', where θ' is the propaga
tion angle within the medium as 
given by Snell's law. At angles below 
the Brewster angle θ" < θ', while 
above the Brewster angle θ" > θ'. 

For the case of p-polarized light 
of wavelength λ 0 = 633 nm incident 
at θ = 50° on a slab of index n = 2, 
plots of r and t versus the slab thick
ness d are shown in Figure 11. Al 
though the magnitude of (tp - rp) 
can still be shown to be unity, 
its phase does not approach 
2π(d /λ 0 )cosθ as d 0. This is a 
manifestation of the breakdown of 
symmetry between forward and 
backward radiations. If the relative 
magnitude of the radiated beams in 
the two directions is taken into ac
count, however, the preceding ar
guments can be restored. One may 
readily observe in Figure 10 that the 
ratio of forward- to backward-
propagating beams must be given 
by 

Therefore, for p-polarized light at 
oblique incidence, it is ( t - Wr) that 
approaches exp(i2πd cosθ/λ 0 ) as 
d 0. This is indeed verified in 
Figure 11c. 

As a further test of Eq. 11, we show 
in Figure 12 the computed plot versus 

θ of rp/[tp - exp(i2πd cosθ/λ0)] for a 
slab of d = 10 nm and n =2, illumi
nated with a plane-wave of 
λ 0 = 633 nm. This curve overlaps 
the plot of the function 1/W(θ) ex

actly. Taking into account the ratio 
W(θ) between the forward and back
ward radiated beams, it is possible 
once again to prove the Ewald-Oseen 
theorem as before. 
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Figure 10. A p-polarized plane-wave is 
obliquely incident at an angle θ on a dielec
tric slab of thickness d and index n. The 
oscillating dipoles make an angle θ" with 
the surface of the slab, radiating with 
different amplitudes in the forward and 
backward directions. 

Figure 11. Computed plots of rand t for a slab of thickness d 
and index n = 2, when a p-polarized plane-wave of λ 0 = 633 nm 
illuminates the slab at the oblique angle of θ = 50° . The horizon
tal axis covers one cycle of variations of r and t, corresponding 
to a half-wave thickness of the slab at this particular angle of 
incidence. 

Figure 12. Computed ratio of the amplitudes of 
backward-propagating radiation to forward-
propagating radiation for a 10-nm-thick dielectric 
slab of n = 2. A p-polarized plane-wave of 
λ 0 = 633 nm is assumed to be obliquely incident 
on the slab at an angle θ. 
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Patent Design 

Objective for 
Fluorescence 
Microscopy 

BY J . B R I A N C A L D W E L L 

Patent: U.S. 5,739,957 
Issued: April 14, 1998 
Title: Objective Lens System for 

Fluorescence Microscopes 
Example: #4 of 4 
Inventor: Hirokazu Konishi 
Assignee: Olympus Optical Co. Ltd. 

One of the main problems in mi
croscopy is that many objects of 

interest are invisible under ordinary 
lighting conditions. Most materials 
that are opaque and therefore easily 
seen in bulk form, become nearly 
transparent phase objects when 
reduced to sub-micron thickness. 
One technique for enhancing the 
contrast of microscopic subjects is 
to illuminate them with UV light 
and then observe the emitted fluo
rescent radiation. 

In a fluorescence microscope UV 
light is directed through the objec
tive to the object by means of a 
beamsplitter. The objective is simply 
acting as a condenser for the excita
tion light and need only be fully 
corrected for the emitted light. It is 
important that the glass materials 
comprising the objective be very 
transparent to the excitation wave
lengths and have minimal autofluo
rescence. 

This month's design (see Fig. 1) 
is an apochromatic microscope 

objective designed for fluorescence 
microscopy. Special attention has 
been paid to glass selection to avoid 
autofluorescence, which would dras
tically reduce the con
trast of the object under 
study. According to the 
inventors, the rule used 
in glass selection was to 
avoid glasses with an 
Abbe number less than 
35 and glasses with an 
index greater than 1.6 
having an Abbe number 
less than 50. 

The objective de
scribed below is opti
mized for infinite con
jugates and is intended 
to be used with a tube 
lens to achieve the de
sired magnification. 
This configuration is 
convenient for fluores
cence microscopy be
cause the beamsplitter 
for directing excitation 
radiation through the 
objective can be located 
in the collimated space 
between the tube lens 
and the objective. The 
nominal magnification 
for the objective when 
combined with a tube 
lens is 40X. 

Figure 2 is a plot of 
Strehl ratio as a function 
of field angle. This fig
ure shows that the ob
jective is diffraction lim
ited only over a narrow 
angular field. The opti
cal prescription is given 
in Table 1. The patent 
specification is typical in 
that it only provides n d 

(index of refraction at 
the d wavelength) and 
v d (Abbe number for d, 
F, and C wavelengths) 
for specifying materials. 
Since this is an apochro
matic system, real glass
es are substituted in or
der to do performance 
analysis. These glasses 

Figure 1. 9 mm EFL, 0.8 NA fluorescence microscope objective. 

Figure 2. Strehl ratio as a function of field angle calculated for 
wavelengths of 0.4861 nm (F), 0.5876 nm (d), and 0.6563 nm (C), 
where each wavelength is weighted equally. 

Table 1. Optical prescription where measurements are given in 
millimeters. Focal length is 9 mm, NA is 0.8 (f/0.625), full 
field-of-view is 7°. 
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