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Introduction

Coherent and incoherent are terms we hear often in connection with optical
coatings and their illumination, but what do they really mean?  Advanced
coherence theory deals with the statistical properties of the light and is rather
involved, but the fundamental ideas are reasonably straightforward.  Here we
limit the discussion to some very simple effects applied to optical coatings.

Coherence is a measure of the ability to produce interference effects.
It is often treated as though it were simply an attribute of the source of light,
but in reality it depends on the entire system.  We use the term “coherent” to
describe the situation where interference effects are at their maximum
possible and the term “incoherent” to describe when there are no detectable
interference effects at all.  The cases in between are covered by the term
“partially coherent.” Interference is fundamental in optical coatings, and so
an understanding of coherence is of considerable importance.

We will assume for the purposes of this discussion that any interference
effects detected do not vary during the period of observation.  We exclude very
short pulses.  They will be the subjects of a future tutorial.  If there is no time
sensitivity in the effects, we use the term “stationary” to describe the situation.
More correctly, we say that the statistical properties do not vary with time.
Because optical frequencies are exceedingly high, stationary phenomena can
actually be quite short in duration when measured in human terms.

Let us imagine an experiment involving a beam of light.  Without
specifying how we do it, let us draw two light samples from two coincident
points in the beam and superimpose them with no further changes, so as to
generate an interference effect.  Now let us gradually separate the two
points until the interference effects disappear.  The separation of the two
points at that stage is a measure of coherence.  If the two points are
separated spatially along the direction of the primary beam, then the
distance between them is known as the “coherence length.” If the two points
are displaced laterally, then they define a “coherence area.” If the points are
spatially coincident but the beams are separated in time, then the time
separation at which the interference disappears is the “coherence time.”
The coherence time is just the time it takes for the light to travel the
coherence length.

Most of what follows will be concerned with coherence length.  From
the point of view of optical coatings, this is the most useful way of describing
the phenomenon.

Spectral Decomposition

As usual, we are dealing with linear processes, and so we can follow our
normal practice of decomposing the input light to form its spectral
components, following each component through the system, and finally
combining it with the others to form the output.  Because the light has
stationary properties, the relative phases of these components are unimpor-
tant, and we can consider only their irradiances.  The spectral components
are most conveniently linearly polarized, plane, harmonic waves.  We can
write them in the form:

Equation 1

where E is the electric field amplitude, and the wave is propagating along
the z-direction.  The irradiance (that is, the power per unit area carried by a
wave) is given by the mean of the Poynting expression (that is, the mean of
the product of electric and magnetic field).  For a harmonic wave, the
magnetic field is simply the electric field multiplied by y, the characteristic
admittance of the medium, and so for our simple component we have:

Equation 2

This fluctuates at twice the frequency of the wave, and the net irradiance
will be given by the mean of this quantity over a cycle.  We denote this mean
by the symbols <>.  Also, y is the characteristic admittance of the medium,
and we are using the non-standard symbol I for irradiance (rather than the
standard E).

Simple Interference

Let us take one of these monochromatic components as the input to a simple
system.  Let this component be split into two beams of amplitudes E1 and E2,
which are then combined with a phase difference of �.  The sum is given by:

Equation 3

and the net irradiance, from (2), by:

Equation 4

This net irradiance can be thought of as having two parts.  The first part is
the sum of the individual irradiances and can be identified as the incoherent
part of the expression.  This part is always positive.  The second part exhibits
the interference effect and is known as the “interference term.” The
interference term can be positive or negative, depending on �.  A combina-
tion of multiple beams, each in a constant phase relationship with the
others, yields a somewhat more complicated expression but with the same
essential form of incoherent and interference terms.  The output of any real
optical system will be a combination of many such expressions, where the
incoherent parts will simply reinforce one another, but the interference
terms may tend to cancel each other out.  The presence or absence of a
surviving interference term in the final result is what determines the
coherent or incoherent description.

Thin Films
Because we do not wish to make life difficult for ourselves, let us keep

the system as simple as possible: a single film between two semi-infinite
media.  The fringe pattern as a function of film thickness is shown in Figure
1 where we have assumed transmission fringes.

In Figure 1 we have perfect monochromatic light and perfect coherence.
Now let us suppose that the film is not quite uniform and varies across the
aperture of the system.  The amount of variation affects the contrast of the
fringes.  A small variation in thickness, much less than a wavelength, will have
little effect on the appearance of the fringes, but a variation rather larger than
a fringe width, half a wavelength, will smear the fringes so as to cause the
contrast effectively to disappear.  We describe the first case of very small
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variation as coherent and the second as incoherent, but note that the quality
of the light has not changed.  In this example, the quality of the film is the
determining factor.  In the case of a substrate, unless it is quite thin, its
variation in thickness will dominate its properties.  Even slight unintentional
wedging of a thick substrate across the measurement aperture will usually be
sufficient to smooth out any interference effects so that incoherent summation
of the light rays will apply.  If, however, the system is an imaging one where it
is the fringes that are imaged, then they will disappear when their spacing is
less than the resolution limit of the receiver.

Now let us return to a perfect film but with illumination made up of a
collection of linearly polarized plane harmonic waves, all with identical
polarization and incidence, but with a smooth variation of wavelength over
an interval ��.  As we increase the film thickness, the receiver will accept a
gradually increasingly smeared set of fringes.  Eventually the smearing will
extend over one fringe, and that will cause the contrast to fall virtually to
zero.  Although increased thickness and consequent increased smearing can
cause small fluctuations due to fringe fractions, we can apply the attribute
incoherent from that point onward.  This condition, in terms of path differ-

ence, can be written as:

Equation 5

Some algebra yields:

Equation 6

We can identify the coherence length as this maximum path difference so
that:

Equation 7

However, if we place a filter with a width rather less than �� in the path, either
before or after the interference device, then the coherence length of the experi-
ment will become that corresponding to the new �� rather than the old.

The same kind of effect occurs when the incident light is monochro-
matic but contains a range of angles of incidence, as in an illuminating cone.
Here the smearing occurs because of the angles of incidence, which cause a
shortening of path difference according to cos ϑ, with ϑ being the angle of
incidence.  For a cone at normal incidence, Equation 5 is replaced by:

Equation 8
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Figure 1. The fringe sequence as a function of layer thickness.
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where we are using a rough two-dimensional approximation.  This gives:

Equation 9

Of course any illumination will combine angular and bandwidth effects.  The
effect that predominates will be that with the shortest coherence length.
These expressions should not be thought of as having great precision but
rather as indicating an order of magnitude.  The distribution of the light
within the limits of wavelength or angle has considerable influence on the
visibility of interference effects and hence the degree of coherence.

Figure 2 shows examples of the performance calculation of a simple 1-
mm glass substrate with accurately parallel surfaces and an antireflection
coating on one of them.  The coherent case assumes a single, normally
incident, plane harmonic wave (that is, an infinite coherence length).  The
substrate fringes are so close together that they cannot be individually
distinguished in the figure.  The partially coherent case has a constant
bandwidth of 0.05 nm so that the coherence length varies from 3.2 mm to 9.8
mm across the figure.  The incoherent case assumes an incoherent beam
combination in the substrate but a coherent beam in the antireflection
coating and is clearly the mean of both the partially coherent and coherent
cases.  It is also virtually indistinguishable from calculations using a cone
angle of 5° or a bandwidth of 2 nm.

Whether or not interference effects can be detected can depend on the
receiver rather than the source.  A white-light source such as the sun or an
incandescent light bulb has a wide spectral width.  Any calculation of
coherence length has to be very rough, but we could agree on an order of
perhaps 0.5 µm.  Yet in sunlight we can see many colored fringes in a wedged

film, such as a soap bubble.  The reason is that the retinal receptors for color
in the human eye have a bandwidth of around 100 nm.  With a wavelength of
0.5 µm, this gives an effective coherence length of around 2.5 µm, so that we
can actually see fringes out to the fifth order, or so.

Fluorescent sources have a broad spectral output because of the
phosphor lining their tubes.  Yet the mercury discharge within them emits
strong spectral lines, especially in the yellow and green, which are not
removed by the phosphor.  Because these lines are much narrower than the
eye receptors, it is possible to see many more fringes in fluorescent lighting.
This can actually present problems in decorative applications that involve
thick transparent coatings.

The hard coat that is applied to polymeric spectacle lenses before their
antireflection coatings is rarely an exact match in refractive index to the
underlying plastic.  Such a coating will therefore usually show fringes in a
spectrometer trace, perhaps 15 cycles or so across the visible region, unless
the variation in thickness across the area illuminated by the spectrometer is
such that the fringes are smoothed out.  In a spectrometer, the coherence
length is determined either by the spectral or angular width of the light
beam, and is long.  The spectral width of the eye receptors is normally too
large to detect these fringes.  In white light the output signal will be
integrated over perhaps five or so fringes, equivalent to a coherence length
much less than the round-trip path difference.  Such fringes can, however,
become visible in fluorescent light due to the effects described in the
previous paragraph.

It is sometimes suggested that because white light is incoherent, it will
be unaffected by a thin-film filter operating in a very high order.  The
argument is essentially that the filter will not operate on such light because
the path differences are all arranged to be significantly larger than the input
coherence length.  The argument is, of course, incorrect.  The concept of
coherence length is not just an attribute of the light source, but of the entire
system.  Because the phase changes associated with large path differences
vary rapidly with wavelength, such a high-order filter can be expected to
exhibit a quite narrow characteristic either in transmission or reflection.  Its
effect will therefore be to accept a sufficiently small width of the incident
light spectrum.  This separated light will have the appropriate long
coherence length but will have small total power compared with the total
broadband incident light.  There is nothing in our ideas of coherence that is
at odds with normal performance calculations and measurements of thin-
film optical coatings.  

Further Reading

Texts that deal with coherence are mostly rather advanced in their
approach.  Here are just a few references.

Born, Max and Emil Wolf, Principles of Optics: Electromagnetic Theory
of Propagation, Interference and Diffraction of Light. 7th ed. 1999,
Cambridge University Press: New York.  952pp. This is the definitive, classical
text.

Fowles, Grant R, Introduction to Modern Optics. 2nd ed, 1975, Holt,
Rinehart and Winston Inc: New York. 336pp.  Reprinted by Dover
Publications.  Contains a short, straightforward account of the principles.

Saleh, Bahaa E A and Malvin C Teich, Fundamentals of Photonics. 1st
ed. 1991, John Wiley and Sons Inc: New York. 966pp.  Good chapter on statis-
tical properties of light at a level between the two texts above. 

For further information contact Angus Macleod at angus@thinfilmcenter.com.
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Figure 2. A 1-mm glass substrate has a three-layer antireflection coating on one side.
The other side is uncoated.  Three performance calculations are shown.  The coherent
case has zero bandwidth.  The partially coherent case has a bandwidth of 0.05 nm.
The incoherent case uses coherent calculations for the coating performance but
incoherent for the substrate.  The incoherent result is indistinguishable from those
for a bandwidth of 2 nm or a cone of 5° semi-angle.
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