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Abstract

A formalism is introduced for the non-perturbative, purely numerical, so-
lution of the reduced Rayleigh equation for the scattering of light from
two-dimensional penetrable rough surfaces. In the papers included in this
thesis, we apply this formalism to study the scattering of p- or s-polarised
light from two-dimensional dielectric or metallic randomly rough surfaces,
or from two-dimensional randomly rough thin dielectric films on metal-
lic substrates, by calculating the full angular distribution of the co- and
cross-polarised intensity of the scattered light.

We present calculations of the mean differential reflection coefficient for
glass and silver surfaces characterised by (isotropic or anisotropic) Gaus-
sian and cylindrical power spectra, and find a good match with experimen-
tal results, as well as results obtained from another numerical method. We
also present a numerical calculation of the Mueller matrix for scattering
from rough surfaces, based on the same method.

We investigate the optical phenomena of enhanced backscattering, en-
hanced forward scattering and satellite peaks. Enhanced backscattering is
a well known phenomenon, and is used as one among several indicators of
correct results. The phenomenon of enhanced forward scattering has not
previously been investigated in two-dimensional systems. We demonstrate
its presence, and provide an explanation for why it is qualitatively different
from the same phenomenon in one dimension. Regarding satellite peaks,
there has been a dispute in the literature, where one group found they
should be present in scattering from a thin dielectric film on a metallic
substrate, while another group found they should not. We have demon-
strated their presence, and shown how the one-dimensional phenomenon
of satellite peaks become “satellite rings” in the two-dimensional case.

The proposed method is found, within the validity of the Rayleigh hy-
pothesis, to give reliable results. For a non-absorbing metal surface the
conservation of energy was explicitly checked, and found to be satisfied
to within 0.03%, or better, for the parameters assumed. This testifies to
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the accuracy of the approach and a satisfactory discretisation. We also
perform a numerical investigation of the range of validity of the reduced
Rayleigh equation for scattering from two-dimensionally rough silver and
perfectly conducting surfaces.

The advantage of using a numerical solution of the reduced Rayleigh
equation, rather than a rigorous numerical method such as the surface
integral method, lies in the required computational resources. The main
limitation of these methods for considering two-dimensionally rough sur-
faces are their memory requirements. To calculate the scattering ampli-
tude for a typical system studied in this thesis, by the reduced Rayleigh
equation, requires 12 GB of memory. To solve a similarly sized system
with a rigorous method requires one or two orders of magnitude more.
The limitation of the reduced Rayleigh equation is that it can only be
applied to weakly rough surfaces, due to the assumption of the Rayleigh
hypothesis.

iv



Preface

This thesis is submitted as part of the requirements for the degree of
Philosiphiae Doctor at the Norwegian University of Science and Technol-
ogy (NTNU), in Trondheim, Norway. The work on this thesis began in
December 2008, and was concluded in December 2012. My supervisor has
been Professor Ingve Simonsen, at the Department of Physics, NTNU, and
my secondary supervisor was Associate Professor Turid Worren Reenaas,
also at the Department of Physics, NTNU. This work has mainly been
carried out at NTNU, but with several visits to the University of Edin-
burgh. The first part of the thesis serves as an introduction to the work
done, while the last part consists of the papers published and submitted
for publication as a result of this work.

I would like to thank Professor Ingve Simonsen, who took me on as a
PhD student even though I had never compiled a program in my life. He
has taught me a lot about science and computational work in general, and
rough surface scattering in particular.

My secondary supervisor, Associate Professor Turid Worren Reenaas,
tried in vain to keep my work related to photovoltaics. It is not her fault
it turned out otherwise. Still, I think it is good for me to be reminded
of the existence of the “real world” and its practical applications, and I
still hope to use the simulation code developed during my work with this
thesis to study the effect of rough surfaces on photovoltaic cells.

Most of the work contained in this thesis has been carried out in collab-
oration with Paul Anton Letnes, without whom it would only have been
half as thick. He has proved to be excellent company during the more
than three years we shared an office, and has also taught me to appreciate
the command line in a way I never could before.

Professor Alexei Maradudin, at the University of California at Irvine,
has also been a collaborator on several of the papers in this thesis. I have
only met him once, but he immediately struck me as a thoroughly likable
fellow. I am glad I took the trip to California to see him.



Knut Gjerden also deserves thanks for being a good friend and excellent
company on our trips abroad, as well as for the stapler!. It has been very
handy.

Furthermore, I would like to thank my other colleagues in the optics cor-
ridor, Jérome Maria, Lars Martin Aas, Pal Gunnar Ellingsen, Ingar Stian
Nerbg, Daniel Skare, Professor Morten Kildemo and Professor Mikael
Lindgren, as well as Asmund Monsen and Havard Granlund. They have
made my days fun and interesting.

I would also like to thank Jamie Cole at the School of Physics at the
University of Edinburgh, who accepted me as a visitor for no better reason
than that I wanted to stay in Edinburgh for a while. It is always a pleasure
to talk with Jamie, both on physics and other subjects. I am also grateful
to my other friends at the School of Physics, Paul Lane, Greg Isted, Tom
Underwood, Andrew Jones and Terri Amos. They made me feel very wel-
come during the autumn of 2009, which I spent in Edinburgh, and at the
many shorter visits since. I also thank Colin Thomson, Technical Services
Manager at the School of Physics, for being very helpful in providing a
key and an office at the JCMB.

My gratitude also goes out to Jan Christian Meyer, at the NTNU HPC
Group, for providing excellent support, as well as going way outside any
reasonable requirements of his job in providing long and detailed answers
to questions such as “Why does the machine crash instead of terminate
the program when you ask for more memory than what’s available?”?

Some of the work in this thesis has been carried out with support from
the HPC-Europa2 project. Under this project, Paul Anton and I got
funding for two stays of five weeks each at the EPCC at the University
of Edinburgh, as well as time on HECToR, one of the most powerful
computers in Europe. I would like to thank Catherine Inglis who made all
the arrangements and made our visits run smoothly, and Fiona Reid and
Chris Johnson, who provided excellent technical help and support.

! And the staples.

2The short answer: because you have to do a system call to tell how much memory
is available, and as the system clock only ticks at 1 kHz, it would be unreasonably
slow to do a system call every time you wanted to create a variable. Thus, you are
granted however much memory you want from the enormous 64-bit address space,
the machine starts swapping, and even though it doesn’t actually crash, everything
is so slow it might as well have.

vi



I would also like to express my gratitude to Associate Professor Jon An-
dreas Stgvneng, head of teaching at the Deparment of Physics at NTNU,
for giving me the opportunity to lecture a course as my teaching duties
during my PhD. I had a lot of fun and learnt a lot, and I hope my students
feel the same way.

I would also like to thank Silje Nes Skrede, as well as Paul Anton and
Ingve, for proof reading this thesis. Any remaining mistakes are my own.

Finally, I must thank my wife, Dr. Camilla Ulleland Hoel. She makes
my life better in every way, and has provided motivation by insisting I call
her Doctor until I also have a PhD.

vii






List of papers

Paper 1

T. A. Leskova, P. A. Letnes, A. A. Maradudin, T. Nordam, and I. Si-
monsen, “The scattering of light from two-dimensional randomly rough
surfaces,” Proc. SPIFE, vol. 8172, p. 817209, 2011

The paper is an overview of several techniques for studying rough sur-
face scattering. My contributions are to the parts of the paper discussing
the reduced Rayleigh equation. I co-developed the simulation code used
to solve the two-dimensional reduced Rayleigh equation, and I performed
some of the simulations. P.A. Letnes had a similar role to mine, while
T.A. Leskova, A.A. Maradudin and I. Simonsen contributed the rest of
the paper, and prepared the manuscript for publication.

Paper 2

T. Nordam, P. Letnes, I. Simonsen, and A. Maradudin, “Satellite peaks in
the scattering of light from the two-dimensional randomly rough surface of
a dielectric film on a planar metal surface,” Opt. Fxpress, vol. 20, no. 10,
p. 11336, 2012

The paper is a study of the satellite peaks phenomenon for a two-dimen
sionally rough dielectric film on a smooth silver substrate. I co-developed
the simulation code used to obtain the numerical results, ran some of
the simulations and participated in plotting the results. P.A. Letnes had
a similar role to mine. The first draft of the paper was prepared by
A.A. Maradudin, while all authors contributed to the editing and final
preparation of the manuscript.

X



Paper 3

P. A. Letnes, A. A. Maradudin, T. Nordam, and I. Simonsen, “Calculation
of the Mueller matrix for scattering of light from two-dimensional rough
surfaces,” Phys. Rev. A, vol. 86, p. 031803, 2012

The paper presents a calculation of the Mueller Matrix for scattering from
a two-dimensionally rough surface, based on solving the reduced Rayleigh
equation for reflection. I co-developed the simulation code used to obtain
the numerical results, ran some of the simulations and participated in
plotting the results. P.A. Letnes had a similar role to mine. The first
draft of the paper was prepared by A.A. Maradudin, while all authors
contributed to the editing and final preparation of the manuscript.

Paper 4

T. Nordam, P. A. Letnes, and I. Simonsen, “Numerical simulations of scat-
tering of light from two-dimensional surfaces using the reduced Rayleigh
equation,” arXiv:1204.4984 (submitted to Optics Express), 2013

The paper presents details of the implementation of a framework for nu-
merical solution of the reduced Rayleigh equation for reflection from a
two-dimensionally rough surface, as well as some results obtained by this
code, with comparisons to experiments and another numerical method. I
co-developed the simulation code with P.A. Letnes, and performed some
of the simulations. I wrote the first draft of the paper, and plotted the
comparison with experiments. All authors contributed to the editing and
final preparation of the manuscript.

Paper 5

T. Nordam, P. A. Letnes, and I. Simonsen, “Validity of the Rayleigh hy-
pothesis for two-dimensional randomly rough metal surfaces,” Accepted
for publication in Proceedings of CCP2012, 2012

The paper presents a numerical investigation into the range of validity of
the reduced Rayleigh equation. I co-developed the simulation code with



P.A. Letnes, performed all of the simulations and presentation of results,
and wrote most of the paper. Some parts of the paper was written by I.
Simonsen. All authors contributed to the editing and final preparation of
the manuscript.

Paper 6

P. A. Letnes, T. Nordam, and I. Simonsen, “Coherent effects in the scat-
tering of light from two-dimensional rough metal surfaces,” Submitted to
Journal of the Optical Society of America A, 2013

The paper presents a numerical study of the enhanced forward scattering
phenomenon, which occurs for rough surfaces with particular statistical
properties. I co-developed the simulation code used to obtain the numeri-
cal results with P.A. Letnes, ran some of the simulations and participated
in plotting the results. I wrote the paper in collaboration with P.A. Letnes.
I. Simonsen provided theoretical insight, and was involved in the editing
and final preparation of the manuscript.

xi






Contents

Abstract iii
Preface v
List of papers ix
1. Introduction - a brief history of light 1
1.1. The speed of light . . . . . ... ... .. ... .. ..... 2
1.2. Wave or particle? . . . . .. . .. ... . oL 3

2. Basic theory 7
2.1. Electricity . . . . . . . .. 7
2.1.1. Coulomb’slaw . ... ... ... ... ........ 8

2.1.2. Gausslaw . . . . .. ..o Lo 8

2.2. Magnetism . . . . . . . ... 9
2.2.1. The Biot-Savart law . . . . . ... ... ... .... 9

2.2.2. Ampere’slaw . . .. ... 10

2.2.3. Gauss’ law for the magnetic field . . . . . . ... .. 10

2.2.4. Faraday’'slaw . . . . ... .. ... ... ....... 11

2.3. Maxwell’s equations . . . . . . ... ... ... ... 11
2.4. Electromagnetic waves . . . . . .. .. ... oL 14
2.4.1. Reflection and refraction . . . . . . . ... ... ... 15

2.4.2. Fresnel’s equations . . . . .. .. ... ... .. ... 19

3. The reduced Rayleigh equation 23
3.1. Introduction . . . . . . . ... ... 23
3.2. Scattering geometry . . . .. .. ..o 24
3.3. Surface profiles . . . . . .. ... 25
3.4. Scattering theory . . . . . . .. ... L L. 27
3.4.1. The Rayleigh hypothesis . . . . .. .. ... .. ... 30

xiii



Contents

3.5. The reduced Rayleigh equations . . . . . . ... .. .. ... 31

3.5.1. Reduced Rayleigh equation for reflection from a sin-
gle rough interface . . . . .. ... ..o 31

3.5.2. Reduced Rayleigh equation for reflection from a per-
fectly conducting substrate . . . .. ... ... ... 34

3.5.3. Reduced Rayleigh equation for reflection from a rough

film on a flat substrate . . . . .. ... ... ... 34
3.6. Mean differential reflection coefficient . . . . . ... .. .. 37
3.7. Conservation of energy . . . . . . . ... ... L. 39
A. Papers 45
Paper 1 . . . . . . 45
Paper 2 . . . .. 68
Paper 3 . . . ..o 85
Paper4 . . . .. 91
Paper 5 . . . . .o 113
Paper 6 . . . . . . . 125

xXiv



1. Introduction - a brief history
of light

44
Amicus Plato — amicus Aristoteles — magis amica veritas.

— Isaac Newton

Light is a physical phenomenon that has always fascinated natural
philosophers, even in the ancient world. While various other philosophers
had a range of generally uninformed opinions, the empirical study of light
can be said to have started with Euclid, who lived around 300 BC, and
his work Optics. Without speculating too much on the physical nature of
light, he introduced a geometrical description of vision, stating that the
visual cone extends from the eye in straight lines. Note that this is not
the same as saying light itself comes from the eye. He did in fact express
some doubts about this idea, proposed by Empedocles (490 BC-430 BC),
as it would require light to move infinitely fast, since we can immediately
see distant objects when opening our eyes.

Many others have contributed to the theory of light. For example,
Snell’s law, named after Willebrord Snellius (1580-1626), which describes
how light is deflected when moving from one medium to another, was
in fact described by Ibn Sahl (ca 940-1000) in his treatise On burning
mirrors and lenses. Isaac Newton (1642-1727) experimented with prisms
and lenses. He realised that the problem known as chromatic aberration,
i.e., that a lens does not focus all colours at the same spot, is caused
by the lens acting like a prism in splitting the colours. To circumvent the
problem, he invented the reflecting telescope now known as the Newtonian
telescope, using a curved mirror to focus light instead of a lens.

An increasingly better description of the behaviour of light was made
available in the centuries leading up to the 1700s. However, fundamental
questions about the nature of light remained unanswered. What light
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really is, why it behaves as it does, and even how fast it moves where still
unknown in the early 1600s. Around 1670, however, a tentative answer
to the question of the speed of light was found, marking the discovery of
the first fundamental constant of Nature (beating Newton’s gravitational
constant by about 15 years), and laying the groundwork for Einstein’s
theory of relativity.

1.1. The speed of light

There has always been a consensus that whatever light is, it does not move
slowly. It has been claimed that it does not move at all, it just is, that it
moves infinitely fast (which is perhaps the same thing as not moving) and
to simply move too fast to be measured. The first to make a reasonably
accurate quantitative measurement of the speed of light was the Danish
astronomer Ole Rgmer (1644-1710). Around 1670 he noticed that the
times for eclipses of the moons of Jupiter varied with the Earth’s position
around the Sun, and calculated that light takes 22 minutes to travel the
diametre of the orbit of the Earth. He did not actually calculate the speed
of light himself, but others did based on his measurements, and found a
value for the speed of light of about 222,000 kilometres per second. A
century later, Jean Baptiste Joseph Delambre repeated the calculation,
with the more accurate observations then available, and found that light
takes 8 minutes and 12 seconds to travel from the Sun to the Earth. This
is very close to the modern value of 8 minutes 19 seconds.

Incidentally, Rgmer can also be said to have discovered the Doppler
effect, which is the shift of frequency in a phenomenon that is observed
when the sender or the receiver (or both) is moving along the line between
them. What he observed was that the frequency with which the moon
eclipsed Jupiter seemed to change with the position of the Earth. The
explanation is that as the Earth moves towards Jupiter, the light from
the moon has to travel a shorter distance each time, and each consecutive
eclipse appears to happen a little earlier than expected, with the opposite
being true when the Earth moves away from Jupiter.

The first terrestrial measurements of the speed of light happened around
180 years later. The main problem with so-called time of flight measure-
ments is of course that light moves very fast, which means that measuring
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its speed with accuracy amounts to measuring exceedingly short intervals
of time. While today, we have clocks accurate enough to be able to send
light a few metres in the lab and measure the time it takes to travel this
distance with an accuracy of a few percent, this was not possible in the
17th century.

The trick used to measure time of flight accurately was to use a spinning
wheel with notches along the edge. Knowing the angular frequency of the
wheel’s rotation, one could calculate the time between consecutive notches.
Starting out with the wheel stationary, light was sent through one notch,
onto a mirror some distance away, and back through the same notch to the
observer. Setting the wheel in motion at increasingly higher speed, you
would eventually get the situation where light passed through one notch,
hit the mirror, and on its way back hit the wheel between two notches.
Increasing the speed further, light might be able to pass through the next
notch on the return journey. When the distance to the mirror, as well
as the rotational speed of the wheel, was known, it was then possible to
calculate the speed of light with impressive accuracy.

This apparatus was designed by Hippolyte Fizeau (1819-1896) and Léon
Foucault (1819-1868), who used it separately to measure the speed of
light. Fizeau, using a mirror located 8 kilometres away, measured a speed
of 315,000 kilometres per second, a result he published in 1849. Fou-
cault, using a modified version of the apparatus with a rotating mirror
deflecting the beam in place of the notched wheel, obtained in 1862 a
value of 298,000 kilometres per second, very close to the current value of
299,792.458 kilometres per second.

Interestingly, the current value of the speed of light is in fact exact.
The reason for this is that the metre since 1983 has been defined as the
distance light travels through vacuum in 1/299792458 seconds, a way of
defining distance that was in fact suggested by Fizeau in 1864. This, in a
sense, makes the speed of light a defined, rather than measured, quantity.

1.2. Wave or particle?
For a long time, the corpuscular theory of light advocated by Newton,

i.e., that light consists of small particles, dominated. However, in the
early 1800s, Thomas Young (1773-1829) performed the famous double
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slit experiment, and demonstrated that light can display interference phe-
nomena, just like water waves. The experiment consisted of sending light
through two parallel, narrow slits, and allowing it to shine onto a screen
some distance away. This was observed to produce an interference pattern
of bright and dark bands.

If light consisted of classical particles, i.e., tiny, hard spheres, no such
pattern would be observed. When adding the intensity of two classical
particle beams, one simply adds the number of particles in each beam.
Waves, on the other hand, have a phase, and when two waves are out
of phase they interfere destructively, so the resultant intensity can reach
Z€ro.

After Young’s double slit experiment had established that light exhibits
wave-like properties, this was the dominant view for around 100 years.
This view was of course reinforced by James Clerk Maxwell (1831-1879),
who in the 1860s provided the mathematical description of light as elec-
tromagnetic waves. However, around the turn of the century, quantum
theory was starting to emerge, and it became clear that the wave theory
of light was insufficient to explain all observations.

Einstein, who had started playing with the idea of light particles in
his thought experiments, in 1905 provided a correct theory for the photo-
electric effect, the effect that electrons can be ejected from a metal when
light is shone upon it, by describing light as small particles with a certain
amount of energy. His theory for the photoelectric effect says that an elec-
tron can only be emitted if it is hit by a particle of light, called a photon,
with at least enough energy to overcome the binding energy of the mate-
rial. This explained the observation that only light of certain wavelengths
could eject electrons. If using light of too long wavelengths, increasing
the intensity of the light still didn’t lead to electrons being ejected. If
the light had short enough wavelengths, however, increasing the intensity
would increase the number of electrons ejected. Thus Einstein concluded
that light consisted of small particles, whose energy was determined by the
wavelength of the light, with shorter wavelengths corresponding to higher
energies, and that intensity was proportional to the number of particles.
It was in fact for the theory of the photoelectric effect, and not for the
more famous theory of relativity, that Einstein got the 1921 Nobel Prize
in physics.

In the early 1900s, one was thus in the seemingly paradoxical situation
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that light behaves as both a wave and a particle. It is fairly common,
at least in high school physics books, to interpret this to mean that light
actually s both a wave and a particle, whereas the obvious interpretation
seems to be that it is neither. Rather, it is something new altogether
which exhibits both wave-like and particle-like properties, depending on
the experiment. During the 1920s and 1930s, when quantum mechanics
was developed, it eventually became clear that this wave-particle duality
is indeed the normal order of things, and that particles can also exhibit
wave-like properties like interference. The quantum nature of light and
matter is however outside the scope of this thesis. From here on, we will
treat light as classical electric and magnetic fields, the theory of which will
be introduced in the next chapter.
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44
We can scarcely avoid the inference that light consists in the

transverse undulations of the same medium which is the cause
of electric and magnetic phenomena.

— James Clerk Maxwell

2.1. Electricity

Both electric and magnetic phenomena have been known since ancient
times. For example, the ancient Greeks knew and described how a piece
of amber!, when rubbed with a piece of fur, could attract light objects
like hair. This phenomenon is today known as static electricity, caused by
charge building up on the piece of amber.

Eventually, it was realised that electric charge could flow like a current
between objects of different charge. Benjamin Franklin described electric-
ity as a fluid which naturally occurs in all things, and said that objects
which are deficient in this fluid are negatively charged, whereas objects
with excess fluid are positively charged. Franklin was also responsible
for the convention of the electron being negatively charged, by arbitrarily
calling the kind of electric charge that builds up on a piece of resin rubbed
with fur negative. This was more than one hundred years before the dis-
covery of the electron, and had the unintended effect that the current in a
wire, which is conventionally defined as the movement of positive charge,
flows in the opposite direction of the movement of the charge carriers,
which are the electrons.

In fact, the word electron comes from the Greek word for amber.
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2.1.1. Coulomb’s law

Coulomb’s law, first formulated by Charles Augustin de Coulomb in 1785,
describes the electric force between two charged objects. Using a torsion
pendulum to perform accurate measurements, he discovered that the force
is proportional to the product of the charges on the objects, as well as
inversely proportional to the square of the distance between the objects:

F, = rkq% (2.1)
Here, k. is a proportionality constant, sometimes known as Coulomb’s
constant, q; and ¢o are the charges of the objects, r is the centre to centre
distance between them, and r is the unit vector pointing from the centre
of one object, directly away from the other. Thus, we see that if ¢; and g»
have the same sign, the force is repulsive, whereas if they have opposite
signs, the force is attractive.

Coulomb’s law is also frequently written in the form

.1 qg
F, = _— 2.2
¢~ irey 12 (22)

i.e., with k. replaced by 1/4meg, where g ~ 8.85-1072 F/m is known
as the vacuum permittivity. As we will see later in this chapter, the
vacuum permittivity is a property of the vacuum which also shows up in
the expression for the speed of light. However, this was not discovered
until about 80 years later, by Maxwell.

2.1.2. Gauss law

Michael Faraday (1791-1867) introduced the concept of the electric field,
which is often a more convenient tool than working directly with Coulomb’s
law and forces between pairs of particles. When a particle with charge ¢,
is placed in an electric field E, the electric force on the particle is given by

F. = ¢E. (2.3)

Thus, we can trivially derive the expression for the electric field due to a
charged particle by combining Egs. (2.2) and (2.3). A more general for-
mula for the electric field due to the presence of charge is Gauss’ law. It
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was formulated by Carl Friedrich Gauss (1777-1855) in 1835, and pub-
lished 12 years after his death, and reads

fE~da:Q. (2.4)
S €0

Here, the integral is to be taken over a closed surface S, and @) is the charge
enclosed by the surface. Gauss’ law says that the flux of the electric field
through a surface is directly proportional to the amount of charge enclosed
by the surface. Gauss’ law is always true, which makes it more general
than Coulomb’s law, which strictly speaking only holds for stationary
point charges, but Gauss’ law alone does not give the expression for the
force between two charged particles. With the extra assumption that the
field is spherically symmetric, however, Gauss’ law can be used to obtain
the electric field from a point charge, and thus to derive Coulomb’s law.

2.2. Magnetism

Similarly to electric forces, magnetic forces have been known for a long
time. The naturally occurring magnetic mineral lodestone, and its abil-
ity to attract iron, was described by Thales of Miletus around 600 BC.
Magnetic forces have also been used in navigation for at least a thousand
years, in the form of the compass. A needle, magnetised by rubbing it
with a piece of magnetic material, and suspendend so it can rotate freely
in the plane, will always point north-south.

2.2.1. The Biot-Savart law

In 1820, Hans Christian OQrsted (1777-1851) discovered that a current
through a wire could deflect a compass needle, thus discovering the first
connection between electric and magnetic phenomena. He found that a
steady current in a wire would set up a circular magnetic field around the
wire. In the same year, Jean-Baptiste Biot (1774-1862) and Félix Savart
(1791-1841) performed a series of experiments and worked out a general
formula for the magnetic field, B, due to a steady current in a thin wire:

B =M /dlxr. (2.5)

C Arx r2
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Here, pig = 47 - 107" H /m is the vacuum permeability, which is a property
of the vacuum that will be seen to enter in the expression for the speed of
light, along with the vacuum permittivity. The current in the wire is given
by I, dl points in the direction of the current, and r is the distance from
the wire element to the point where the field is to be calculated. This law
is now known as the Biot-Savart law.

2.2.2. Ampere’s law

Ampere’s law, discovered by André-Marie Ampere (1775-1836) in 1826,
relates the integrated magnetic field around the boundary of a surface to
the total current passing through the surface:

% B-dl = /1,0]. (26)
L

Here, the integral is over any closed loop £, and [ is the current enclosed
by the loop. Ampere’s law plays a similar role for magnetic fields as Gauss’
law does for electric fields, and it is more general than the Biot-Savart law.
It is not always true, however, as it turned out that a current is not the
only thing that can create a magnetic field. We will return to this point
in Sec. 2.3.

2.2.3. Gauss’ law for the magnetic field

For a while, it was thought that a piece of magnetic material contained two
different kinds of fluid, similar to positive and negative electric charges,
which were responsible for the two poles. Eventually, however, it was re-
alised that the magnetic field from a piece of lodestone or other permanent
magnetic material could be modelled by a current through a coil of wire,
and the theory of two types of “magnetic fluid” was abandoned. This led
to the realisation of the curious fact that there are no magnetic monopoles,
later summarised by Maxwell in what is today known as Gauss’ law for
the magnetic field,

7{3 -da=0. (2.7)

Later, Paul Dirac (1902-1984) showed that the existence of magnetic
monopoles would explain why electric charge is quantised, i.e., why charge

10
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only exists in multiples of the elementary charge [7]. His paper created
a certain interest in the topic, but to this day, magnetic monopoles have
never been observed.

2.2.4. Faraday’s law

A little later, in 1831, Faraday discovered that a changing magnetic field
can induce a current in a wire. Using a metal ring with two pieces of
wire wrapped around it, he found that a current would be induced in one
wire when he connected the other wire to a battery. Disconnecting the
second wire would also produce a current in the first, but in the opposite
direction. He also discovered that he could induce a current in a loop of
wire by moving a magnet in and out of the loop.

Faraday’s law describes the electric field along a closed loop, due to a
changing magnetic field through the loop

j{ E-dl=- a—Bda. (2.8)
Here, the first integral is to be taken over the closed loop £, and the second
over any continuous surface S bounded by the loop L.

In the middle of the 1830s, this was the status of electromagnetic the-
ory: it had been discovered that electric and magnetic phenomena were
intimately connected, and several laws describing the behaviour of electric
and magnetic fields were known, including how a changing magnetic field
would induce an electric field. Then, in 1841, came the first hint that light
might in fact be an electromagnetic effect, when Faraday discovered what
is today known as Faraday rotation. This effect consists of a rotation of
the plane of polarisation when linearly polarised light travels through a
dielectric medium in the presence of a magnetic field. Polarised light had
been known at least since Rasmus Bartholin (1625-1689) described bire-
fringence in calcite, but was not well understood at the time. With the
work of Maxwell, however, that was about to change.

2.3. Maxwell’s equations

Almost 25 years after the discovery of Faraday rotation, electromagnetic
theory was summed up by James Clerk Maxwell. In his 1865 paper “A
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2. Basic theory

Dynamical Theory of the Electromagnetic Field” [8], he published 20 equa-
tions, working with the components of the vector potentials and the scalar
potentials. Later, Oliver Heaviside (1850-1925) used modern vector cal-
culus and the concepts of electric and magnetic fields to reformulate 12 of
these equations into the four equations we now know as Maxwell’s equa-
tions, presented here in differential form:

1
V-E=—p (2.9a)
€0
V-B=0 (2.9b)
0B
E=—-——"— 2.
V x 5 (2.9¢)

V xB=puJ+ ,u()€088—]f. (2.9(1)
Beginning at the top, these are known as Gauss’ law, with p the charge
density, Gauss’ law for magnetism (sometimes claimed not to have a
name), Faraday’s law and finally Ampere’s law with Maxwell’s correc-
tion, with J the current density. Maxwell’s correction to Ampere’s law
reflects what was previously mentioned in Sec. 2.2.2, that not only cur-
rents can produce magnetic field. Just as a changing electric field will
induce a magnetic field, so a changing magnetic field will also induce an
electric field.

These equations completely describe the behaviour of electric and mag-
netic fields, both in vacuum and in materials. However, when working
with materials containing charges which can be displaced or even flow
under the influence of electric and magnetic fields, it is more convenient
to write Maxwell’s equations in terms of “free” charges and currents, i.e.,
those charges and currents we can apply and control.

We introduce the displacement field, D, in a material, which is written

D = ¢E, (2.10)
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2.3. Maxwell’s equations

where € = €,&9 is the permittivity of the material, with £, known as the
relative permittivity. We also define the field H, often known simply as
the magnetic field:
u-2 (2.11)
1
where 1 = prpo is the permeability of the material, with p, similarly
known as the relative permeability. Strictly, Egs. (2.10) and (2.11) are
only approximations, valid for what is known as linear materials. For
sufficiently strong fields, no linear materials exist, as the fields will start
ripping apart the atoms, and even for relatively weak magnetic fields, some
materials (like iron) have a non-linear response. Additionally, for changing
electric and magnetic fields, both € and p are generally functions of both
the rate of change and the direction of the fields. For the study of light and
optical phenomena in this thesis, however, we will assume that Eqs. (2.10)
and (2.11) are valid, and that € is a complex function of the frequency of
oscillation of the electric field. In all systems considered in the papers in
this thesis, p will be a constant equal to g, i.e., we assume non-magnetic
materials.
Using Eqgs. (2.10) and (2.11), we can thus rewrite Maxwell’s equations
in terms of the free charge distribution, ps, and the free current density

Jy:
V-D =py (2.12a)
V-B=0 (2.12b)
0B
E=—-—— 2.12
V x 5 (2.12¢)
VxH:Jf~I—%—It). (2.12d)

In these equations, the effect of the electric and magnetic fields on the
properties of the material is accounted for by the fields D and H, given
the above assumptions, i.e., that the material is linear and isotropic.
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2. Basic theory

2.4. Electromagnetic waves

In addition to formulating these equations, Maxwell also demonstrated
that there are solutions to Maxwell’s equations which are at the same
time solutions to the wave equation, describing fluctuations of the electric
and magnetic fields that travel in straight lines like waves. Assuming we
are in vacuum, with no charges and currents present, i.e., p = 0 and J = 0,
we apply the curl operator to Eq. (2.9¢), and we find

0B

E=- —_— 2.1
V x V x ant’ (2.13)

which we can rewrite using the vector identity

VxVxA=V(V-A)-V?A. (2.14)
We obtain
OB
V(V-E)-V’E = -V x = (2.15)

Since V- E = 0 in vacuum with no charges present, we can ignore the first
term, and finally, applying Eq. (2.9d) with J = 0 to the right hand side of
Eq. (2.15), we obtain the wave equation for the electric field

O’E
21
V°E = MO&OW. (216)
Similarly, we can obtain the wave equation for the magnetic field:
9’B
2
B=j1s—. 2.17

This demonstrates that in vacuum, the electric and magnetic fields obey
the wave equation,

Vif = C%— (2.18)

with their speed given by

(2.19)
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2.4. Electromagnetic waves

We also note that giving Eq. (2.12) the same treatment, we find that light
can propagate in materials with a speed slower than ¢, given by

— (2.20)

VIE
The ratio of the speed of light in vacuum, ¢, to the speed of light in a
material, v,

= - 2.21
n=1, (2.21)

is called the refractive index of the material.

The fact that fields obeying Maxwell’s equations in vacuum are also
solutions of the wave equation was what Maxwell referred to in the opening
quote of this chapter:

«
We can scarcely avoid the inference that light consists in the

transverse undulations of the same medium which is the cause
of electric and magnetic phenomena.

Today, we know that Maxwell was right, and that visible light is merely
electromagnetic radiation with wavelengths in the range 380 to 740 nanome-
tres, fundamentally no different from for example X-rays or radio waves.

2.4.1. Reflection and refraction

In the previous section, we saw that electric and magnetic fields, obeying
Maxwell’s equations in vacuum, are also solutions to the wave equation.
However, the opposite is not necessarily true. We consider a plane wave,
propagating in the xs-direction, i.e., an electric field whose amplitude is
constant along the z;- and xo-directions, but changing with x3 and t. We
write this field as

E(23,t) = Egel(F#3—¢1), (2.22)

where k£ = 27/ is the wavenumber and w = 27c/\ is the angular fre-
quency, with ¢ the speed of light in vacuum. Similarly, we consider a
magnetic field written on the form

B(xz3,t) = Boe!(Fes—wb), (2.23)
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2. Basic theory

While Egs. (2.22) and (2.23) satisfy the wave equation as they are,
Maxwell’s equations impose additional constraints. Beginning with Gauss’
law in vacuum, we find that

V- E(x3,t) = ikEsel (Pt — (2.24)

which requires that E3 = 0. Similarly, Gauss’ law for the magnetic field
requires B3 = 0. Hence, the directions of the electric and magnetic fields
are always perpendicular to the direction of propagation.

Furthermore, Maxwell’s equations couple the behaviour of changing
electric and magnetic fields. From Faraday’s law, we find

V X E(xg,t) = >“<283E1(x3,t) — ilagEQ(:Eg,t) = —BtB. (225)
This can be rewritten into the relations

wBl = —kEQ (2.26)
wBy = kEj, (2.27)

which can be further rewritten into

B = L (%3 x E). (2.28)
w
From this, we see that the oscillating electric field is accompanied by an
oscillating magnetic field. The electric and magnetic fields are perpendic-
ular to each other, as well as the direction of propagation. We also find
that the amplitudes of the electric and magnetic fields are related by

Bo = LR, (2.29)
C

where we have used that k = w/c.

Finally, we can use Maxwell’s equations, along with the boundary condi-
tions on the electric and magnetic fields, to calculate what happens when
an electromagnetic wave passes from one medium to another. We con-
sider a plane interface at s = 0, separating two regions, which we will
call regions 1 and 2. Region 1 is filled with a medium whose permittiv-
ity is a complex number &1, and region 2 with a medium with complex
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2.4. Electromagnetic waves
permittivity 5. A plane wave, with the electric and magnetic fields given
by

E'(x,t) = Bje!(xwt)  Bi(x t) = Biellk'*x—wh) (2.30)

propagates towards the interface from region 1. We previously found that
the electric and magnetic fields in a propagating plane wave are always
perpendicular to each other as well as the direction of propagation, with
the relative amplitudes of the fields given by Eq. (2.29). We thus have

. 1 . .
By = —k' x Ey, (2.31)
U1

where v1 is the speed of light in medium 1.

When the plane wave hits the interface between regions 1 and 2, it will
in general be partially reflected and partially transmitted. The reflected
plane wave, we write

E'(x,t) = Eje! & > B (x, t) = Bpel*), (2.32)
where
r 1 .7 r
U1
Similarly, the transmitted plane wave can be written
E'(x,t) = Bl 1) Bf(x, 1) = Bie!(K'*w1), (2.34)
where
t Loy t
V2

Here, vs is the speed of light in medium 2. When we know the general
form of the incident, scattered and transmitted field, what remains is to
match them up at the boundary. The boundary conditions on the electric
and magnetic fields are [9]:

51E1L - EQEQL =0, (2.36a)
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2. Basic theory

Bit — By =0, (2.36D)
El - El =0, (2.36¢)
1 1
—Bl - =Bl =0 (2.36d)
H1 H2
Assuming p; = po = 1, as we will do throughout this thesis, we can

combine Egs. (2.36b) and (2.36d) into
B, - B, = 0. (2.36¢)
It follows that
Bicl(k'x—wh) | Brei(k'x-wt) _ Bloi(k'x—wi) (2.37)

when x3 = 0. From this, it is possible to prove that

!+ Bj =B}, (2.38)
and
ei(ki~x—wt) _ ei(kr~x—o.;t) _ ei(kt~x—wt)
. (2.39)
=k x=k"-x=k' x,
again when z3 = 0. This leads to
K=k =K, kY= kb = kL, (2.40)

which is really nothing other than conservation of momentum. A flat
interface cannot change the components of the wave vector parallel to the
surface, and thus the incident and reflected wave vectors lie in the same
plane, called the plane of incidence. We also see that the transmitted
wave vector will lie in the same plane. Without loss of generality, we will
therefore orient our coordinate system such that the plane of incidence is
the z1x3 plane, or in other words,

kb= kb = kb =0. (2.41)
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2.4. Electromagnetic waves

Furthermore, we find from Eq. (2.40) that
k'sin@; = k" sin 6, = k'sin 6y, (2.42)

where k' = |k’| is the magnitude of the wave vector of the incident light
(with similar definitions for the reflected and transmitted light). The
angle of incidence, #;, is measured from the surface normal pointing into
region 1, the angle of reflection, 6,., is measured in the same way, and 6;
is the angle of refraction, measured from the surface normal pointing into
region 2.

Since the angular frequency, w, is the same for all waves, we have

kKo, = k"vy = klvg = w. (2.43)
This leads immediately to k = k", which combined with Eq. (2.42) gives
0;, =0,. (2.44)

Equation (2.44), the law of reflection, has been known since ancient times,
when it was discovered by careful experimentation. Two millennia later,
we can derive it from Maxwell’s equations and the boundary conditions
on the back of an envelope.

From Egs. (2.42) and (2.43) we also find

sin 91 no

sinf, n;’ (2.45)
where we have used Eq. (2.21) to obtain n; and ng, the refractive indices
of media 1 and 2 respectively. Equation (2.45) is known as Snell’s law
of refraction, though as mentioned in the introduction it was discovered
more than 500 years before the birth of Willebrord Snellius. It tells us
how a beam of light changes its direction when moving from one material
to another.

2.4.2. Fresnel’s equations

Having established what happens to the direction of propagation of elec-
tromagnetic waves passing from one medium to another, we move on to
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their amplitudes. From Eq. (2.38), and still assuming 1 = pe = 1, we
can rewrite the boundary conditions given in Eq. (2.36) into

e1 (By | + Ej|) = 2B, (2.46a)
! + B) = B}, (2.46¢)

We will now consider separately the two cases where either Ef) points along
X1, or it points along X5. In the first case, i.e., Eg = qué, the electric
field is parallel to the plane of incidence. This is called p-polarised light,
where p is for parallel. In the second case, E6 = )“cgEé, the electric field
is perpendicular to the plane of incidence. This is called s-polarised light,
where s is for senkrecht, which is German for perpendicular. As all other
polarisation states can be written as a combination of p- and s-polarised
light, we will only deal with these two cases.

We begin by considering p-polarised light. From Eq. (2.46b), we get the
condition

Eé cos; + Ejcos b, = Eé cos by, (2.47)

and from Eq. (2.46¢), and using the relationship between the electric and
magnetic fields given in Eq. (2.28), we obtain

1, . 1
— (E,— E') = —EL. 2.48
Ul( 0 0) Vo 0 ( )

Using Eq. (2.44), Eqs. (2.47) and (2.48) can be trivially rewritten into

. cos 0;
E'+Er =—_"FE¢. 2.49
0T Lo c0sf; 0 (2.49)
Bl — B =LK, (2.50)
U2

Solving Eqs. (2.49) and (2.50), we can eliminate either Ej or Ef, and
we get the following expressions for the transmitted and scattered field
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2.4. Electromagnetic waves

amplitudes:

. 9 5 n2
n14/1 — sin Gin—é—ngcosei

i

E}, (2.51)
2
niy/1 — sin? QiZ—% + n9 cos 6;
2 0; -
Bl = Teon T Ei. (2.52)
2
niy /1 — sin? Hi% + no cos 6;

In arriving at Egs. (2.51) and (2.52), we have made use of Eq. (2.45) to
eliminate the angle of refraction from the expressions.

We then turn to the case of s-polarised light, i.e., E6 = XgEé, still with
the 13 plane as the plane of incidence. We use Eq. (2.46b), and get

Ei + Ey = E}, (2.53)
and from Eq. (2.46¢), we get
B} cos 0; + B} cos 0, = B} cos b;. (2.54)

Using the relationship between the amplitudes of the electric and magnetic
fields, given by Eq. (2.28), as well as the law of reflection, Eq. (2.44), we
can rewrite Eq. (2.54) into

V1 cos by ot

By — E} = (2.55)

vocosl; O

And finally, just as in the case of p-polarised light, we can solve Egs. (2.53)
and (2.55) to eliminate either Efj or Ef, and we find

2
nicosf; —nagy /1 — sin? 01%
\/ z
Ey = = Ey, (2.56)
nicosf +mngqy /1 — sin? 01%
2

211 cos b; .
Bl = o8 T E. (2.57)

.2 n2
nycosfi + noy /1 — sin Hin—é
2

Equations (2.51), (2.52), (2.56) and (2.57) are known as Fresnel’s equa-
tions.
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3. The reduced Rayleigh equation

44
The history of science teaches only too plainly the lesson

that no single method is absolutely to be relied upon, that
sources of error lurk where they are least expected, and that
they may escape the notice of the most experienced and con-
scientious worker.

— Lord Rayleigh

3.1. Introduction

In the previous chapter, we introduced Maxwell’s equations, and saw how
they could be solved to obtain the reflection and transmission amplitudes
for a flat interface between two different media. In this chapter, we will in-
troduce the topic of this thesis, the scattering of light from rough surfaces.
While clearly much more interesting and useful for practical applications,
this is also considerably more difficult. It is mathematically more challeng-
ing, in that it is rather more complicated to obtain an equation that can
be solved to find the reflection amplitudes, and it is numerically relatively
heavy to solve said equations.

Scattering from rough surfaces was first studied systematically by Lord
Rayleigh [10], who considered both acoustic and optical scattering from
sinusoidal gratings. He also considered scattering from liquid surfaces,
and thus became the first to consider randomly rough surfaces. While
scattering from liquid surfaces turned out to be an important problem,
with applications in for example marine radar, randomly rough surfaces
on solids are also abundant both in nature and industrial processes, and
scattering from randomly rough surfaces is thus a topic of great interest.
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3. The reduced Rayleigh equation

Figure 3.1.: A sketch of the scattering geometry assumed in this work. The
figure also shows the coordinate system used, angles of inci-
dence (6p, ¢o) and scattering (s, ¢s), and the corresponding
lateral wavevectors k| and qj|, respectively.

3.2. Scattering geometry

Throughout the papers included in this thesis, we will consider scattering
from either a substrate with a rough surface in vacuum, or from a flat
substrate with a film in vacuum, where the film—vacuum interface is rough.
In both cases, we divide space into regions, where region 1 [z3 > ((x|)]
is assumed to be vacuum (g7 = 1). The height of the surface separating
regions 1 and 2, measured in the positive x3 direction from the xjxo-
plane, is given by the single-valued function x3 = ( (X”), where x| =
(z1,72,0). The surface profile function, ((x), is assumed to be at least
once differentiable with respect to 1 and zs.

In the case of the bare substrate in vacuum, the substrate will be called
region 2 [z3 < ((x))], with a complex dielectric function e2(w), where the
angular frequency is w = 2wc/A. Here, ) is the wavelength of the incident
light in vacuum and c is the speed of light in vacuum.
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In the case of film on substrate, we divide space into three regions. Again
region 1 [z3 > ((x))] is vacuum (g7 = 1). Region 2 [~d < x3 < ((x)] is
the film, with complex dielectric function e2(w) and average thickness d,
and region 3 (r3 < —d) is the substrate, with complex dielectric function
£3(w). The interface between the film and the substrate is flat, and par-
allell to the xjxs-plane, while the height of the surface separating the
film and the vacuum, measured in the positive z3 direction from the
x1xo-plane, is given by the single-valued function z3 = ( (X”). As before,
x| = (z1,72,0), and ((x)) is assumed to be at least once differentiable
with respect to 1 and xs.

In both the case of the bare substrate and the substrate with film,
the angles of incidence (6, ¢o) and scattering (05, ¢s) are defined positive
according to the convention given in Fig. 3.1.

3.3. Surface profiles

In principle, the reduced Rayleigh equation and the scattering theory pre-
sented in Sec. 3.4 can be used to calculate the scattering of light from any
surface, as long as the Rayleigh hypothesis is satisfied. It could for exam-
ple be used to simulate the scattering from surface profiles obtained by
measurements on real surfaces, to provide a comparison for experimental
results. (Note, though, that this is not necessarily straightforward, due
to the effort involved in sampling a large surface area with sufficient res-
olution.) Throughout this thesis, however, we will consider numerically
generated randomly rough surface profiles with particular statistical prop-
erties. A brief outline of how to numerically generate surface realisations
is given here.

The surface profile function, ((x)), constitutes a stationary random
process defined by

(C(x))) =0,

3.1
(Clxp)Cx))) = 8*W(x) — %)), -

where the angle brackets denote an average over an ensamble of surface
realisations. Here, W (x) —x|") denotes the height-height auto-correlation
function of the surface, normalised so that W (0) = 1 [11], and we have
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3. The reduced Rayleigh equation

defined the root-mean-square height of the surface, § = <C2(XH)>1/ ? Ac-
cording to the Wiener-Khinchin theorem [12], the power spectrum of the
surface profile function is given by

The power spectra which will be considered in the papers included in this
thesis are of one of two types: the first is the Gaussian form [13]
k?a?  k2a3
g(k)) = maiag exp B L - (3.3)
4 4
where a1 and ao denote the lateral correlation length along z; and x9
respectively. If a; = ag, the surface is isotropic, if a; # as it is anisotropic.
The second type is the cylindrical form [14]

k_szwkz [6ky = k-)0(ky = Fy)] (3.4)

g(ky) =

where k| = |kH|, 0 denotes the Heaviside unit step function, and k4 are
wavenumber cutoff parameters, with k_ < ky. The cylindrical form in
Eq. (3.4) is a two-dimensional generalisation of the power spectrum used
in experiments by West and O’Donnell where they confirmed the existence
of the enhanced backscattering phenomenon for weakly rough surfaces [15].
We will also use a variation of the cylindrical form where the power spec-
trum is non-zero in two separate regions. See Ref. [6] (included in this
thesis) for a more thorough discussion of both power spectra in general
and the double cylindrical power spectrum in particular.

To numerically generate a realisation of a surface profile with a given
power spectrum, an array of uncorrelated random numbers with a Gaus-
sian distribution of standard deviation unity and zero mean is created.
Then the discrete Fourier transform of this array is taken, which results in
an array of random complex numbers which are symmetric about the zero
frequency under complex conjugation. Each element of this array, which
represents components of the Fourier spectrum, is then multiplied by the
value of the power spectrum at the corresponding wave number. Thus,
the power spectrum acts as weights on the random numbers, suppress-
ing some frequencies and amplifying others. Finally, the inverse discrete
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Fourier transform of the array is taken. Since both the complex random
numbers and the power spectrum are symmetric about the zero frequency,
the inverse fourier transform results in an array of purely real values, which
make up a realisation of the surface profile function with an RMS-height
of unity. Multiplying the array by the desired RMS-height yields a re-
alisation of the surface profile with the same number of elements as the
original array of random numbers. See also Refs.[16, 13] for more details.

3.4. Scattering theory

In this section, we will introduce the reduced Rayleigh equation for re-
flection from a substrate with a rough surface in vacuum. We consider a
linearly p or s polarised plane wave which is incident on the surface from
region 1, with the electric field given by E(©)(x;t) = B (x|w) exp(—iwt)
where

EO(x|w) = £ (k) exp [ik) - x| — ia1 (k))z3] , (3.5a)
with
cIr .
EO (k) = — = [kyaa(ky) + Kaky | £ (k) 55b)
and
w2 1/2
ozl(k:”) = (0—2 — k2|) , Reay >0, Imay > 0. (3.5¢)

Throughout this thesis, as well as in the included papers, a caret over a
vector indicates a unit vector. The expressions in front of the amplitudes
51[()0)(1{”) and & (k) in Eq. (3.5b) are the unit polarisation vectors for
incident light of p- and s-polarisation respectively. Furthermore, k| =
(k1,k2,0) denotes the lateral component of the wave vector k = k| —
a(k))%Xs of the incident light, with k|| related to the angles of incidence
indicated in Fig. 3.1 by

k| = % sin Oy (cos ¢g, sin ¢y, 0) , (3.6)
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where 6y and ¢ are the polar and azimuthal angles of incidence, respec-
tively (Fig. 3.1). In the expression for the incident field, E()(x;t), a time
harmonic dependence of the form exp(—iwt) was included. A similar time
dependence will be assumed in all field expressions, but will for conve-
nience not be written explicitly.

Above the surface roughness region, i.e., for x3 > max( (x”), the scat-
tered field can be written in the form of a superposition of upwards prop-
agating reflected plane waves, i.e., with a positive sign on the third com-
ponent of the wave vector:

d2
E(S)(X|w) = /%S(S)(qo exp [qu "X+ iozl(qH)a:g] , (3.7&)

where
S Cra N S & A S
EV(q)) = ” &y (g)) — %sqy] E9(aq) + (%3 x &) EP(qy).  (3.7h)

Here, q = q + ai1(q))%3 is the wave vector of the scattered light, with
a1(qy) given by Eq. (3.5¢). The integral in Eq. (3.7a) is to be taken over
the entire g1¢go-plane, including the region ¢ > w /c. Note that this means
that even though we said we would write the scattered field in the form of
a sum of upwards propagating modes, we also include mode which are not
propagating in the vacuum at all. In particular, a mode with ¢ < w/e
will propagate away from the surface in the vacuum. For a mode with
q| > w/c, on the other hand, the third component of q, given by a1(q),
will be purely imaginary. These are so-called evanescent modes, which
decay exponentially to either direction away from the surface, but which
under certain circumstances can propagate quite far along the surface.
Both propagating modes in the vacuum and evanescent modes on the
surface are thus included in E®) (x|w).

We will furthermore assume that a linear relationship between the am-
plitudes of the incident and the scattered fields exists, which we write

ED(@) = Y RaplaykpeY (x)), (3.8)
B=p,s

where o« = p,s. Here we have introduced the so-called scattering ampli-
tude, Rop(q)lk)), which describes how incident light of polarisation 3,
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characterised by a lateral wave vector k|, is scattered into light of polar-
isation «, with lateral wave vector q;. When ¢ < w/e, i.e., for vacuum
propagating modes, the wave vector q) is related to the angles of scattering

(987 ¢S> by
w . .
q = - sin 05 (cos ¢, sin ¢, 0) . (3.9)

Below the surface region, i.e., for 3 < min ((x), the transmitted
electric field can similarly be written as a sum of downward propagat-
ing modes:

d2

with

1 ¢, % !
——, [Pzt + %] £ (py) (3.10b)

+ (%3 x pyp) P (py)-

EV(p)) = —

In writing Eq. (3.10) we have introduced the wave vector of the transmitted
field p = p| — a2(p|)X3, where

w2

1/2
az(py) = [ez(w)c—2 —pf] , Reag >0, Tmay > 0. (3.11)

Again, the integral in Eq. (3.10) is over the entire p;ps-plane.
In complete analogy to what was done for reflection, we assume a linear
relation between the amplitudes of the incident and transmitted fields:

eV = 3 Tuslpylk)ES (k). (3.12)

B=p,s

where T, 5(p k) is the transmission amplitude.

The expressions Egs. (3.5), (3.7), and (3.10) for the electric fields are cor-
rect far away from the surface region, and are referred to as the asymptotic
forms. These equations automatically satisfy the boundary conditions at
infinity.
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3.4.1. The Rayleigh hypothesis

Above the surface, i.e., in the region 3 > max((x)), the total elec-
tric field is equal to the sum of the incident and the scattered field,
E©)(x|w) + E®) (x|w). Below the surface, in the region x3 < min ¢(x)), it
equals the transmitted field, E®)(x|w). In the surface roughness region,
min ((x)) < w3 < max ((x)), these forms of the total field will not gener-
ally be valid. In particular, when we are above the surface but still below
its maximum point, i.e., {(x) < z3 < max((x)), the expression for the
scattered field may also have terms containing exp [qu X — ial(qH)xg}.
Similarly, the transmitted field in the surface region may contain addi-
tional terms similar to Eq. (3.10a) but with the exponential function re-
placed by exp [ip” x|+ iOég(pH).’L‘g].

If the surface roughness is sufficiently weak, however, the asymptotic
forms of the fields, Egs. (3.5), (3.7), and (3.10), can be assumed to be
a good approximation to the total electric field in the surface roughness
region. This assumption is known as the Rayleigh hypothesis [17, 10,
18], named after Lord Rayleigh, who used it in his seminal studies of
wave scattering from sinusoidal surfaces [17, 10]. For a (one-dimensional)
sinusoidal surface, i.e., a surface whose height measured from x3 = 0 can
be written x5 = (ysin(Axq), the criterion for the validity of the Rayleigh
hypothesis is known to be (A < 0.448, independently of the wavelength
of the incident light [19, 20]. For a randomly rough surface, however,
the absolute limit of validity of this hypothesis is not generally known.
Some numerical studies have been devoted to finding the region of validity
for random surfaces, though, including Ref. [21] and [5] (included in this
thesis).

Even if no absolute criterion for the validity of the Rayleigh hypothesis
for randomly rough surfaces is known, it remains true that it is a small-
slope hypothesis. In particular, if the randomly rough surface is charac-
terised by an root-mean-square (RMS) height §, and a correlation length
a (see Sec. 3.2 and Ref. [11] for details), there seems to be a consensus in
the literature on the Rayleigh hypothesis being valid if §/a < 1 [21, 18].
We stress that the validity of the Rayleigh hypothesis does not require the
amplitude of the surface roughness to be small, only its slope.
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3.5. The reduced Rayleigh equations

3.5. The reduced Rayleigh equations

Assuming that the Rayleigh hypothesis is valid, the total electric field in
the surface region, min((x)) < w3 < max((x)), can be written in the
asymptotic form given by Egs. (3.5), (3.7) and (3.10), and these expres-
sions can be used to satisfy the boundary conditions on the electric and
magnetic fields at the rough surface z3 = ((x). If there are no free cur-
rents or charges at the boundary, the boundary conditions are given by
Eq. (2.36).

Inserting the field expressions from Egs. (3.5), (3.7) and (3.10), with the
amplitudes for the scattered and transmitted fields written in terms of the
incident field and the scattering and transmission amplitudes, Ras(q)|k)
and T,s(q)|k)), into Eq. (2.36), one obtains the so-called Rayleigh equa-
tions. These are a set of coupled inhomogeneous integral equations, which
the reflection and transmission amplitudes should satisfy.

In the mid-1980s, Brown et al. [22] showed that either the reflection or
transmission amplitude could be eliminated from the Rayleigh equations,
resulting in an integral equation for the remaining amplitude only. This
equation was later re-derived by Soubret et al. in a somewhat more acces-
sible manner [23]. Since this simplified integral equation contains only one
of the unknown amplitudes, it is known as the reduced Rayleigh equation
for reflection or transmission.

3.5.1. Reduced Rayleigh equation for reflection from a
single rough interface

If the scattering amplitudes are organised as the 2 x 2 matrix

_( Rp(qylk))  Rps(qylk))
Rialky) = ( RZE(QH’kH) Rl:s(qH!ku) ) ’ (3.13)

the reduced Rayleigh equation for reflection from a rough surface on a
substrate in vacuum can be written in the form [14, 23, 24|

d®qy I (e2(p)) — arlg)lpy — ay)
/ (2m)? az(p)) — aalq)) M (ylapR(aylky)

1 (ea(py) +oa(kplpy —Ky)
- az(p)) + (k) M ey k)

(3.14a)
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3. The reduced Rayleigh equation

where
I(’V|Q||) :/d2$| exXp [—i’yC(XH)] exXp (—IQ” XH) s (3.14b)
and
+ ([ piay £ e2(pBy - @joale)) —%ax(py) [By x ql,
M*(p)|q)) = < + By x q)fy (g w4 ’
(3.14c)

where the integrals in Eq. (3.14a) and (3.14b) are over the entire qj-plane
and x-plane, respectively.

As an illustrative exercise, we will now show that the reduced Rayleigh
equation for reflection from a flat surface reproduces the Fresnel equations
for reflection, Eqgs. (2.51) and (2.56), which we derived in the previous
chapter.

When ((x) = 0, it follows that the integrals I(|Q)) are proportional
to delta functions:

I(’)/|Q||) == /d2.CIZ|| exp (—IQH . X”) = (271')2(52((;2”) (315)

Equation (3.14a) thus becomes

/ d*q) (2m)%6*(p) — ay)
(2m)? az(py) — ca1(q))
(2m)*6%(p) — k)

= "ty oty L il

M* (pylq))R(qy|k))
(3.16)

Performing the integral on the left hand side, which is now trivial due to
the delta function, we obtain

1
az(p)) — oq(p||>M+(p” [P R(py lky)

P k),
- a2(p\|) + Oz1(k:H) M (p|||k||),

(3.17)
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3.5. The reduced Rayleigh equations

Using the fact that the off-diagonal elements of M*(pj|q)) are 0 when
P| = qi|, we easily see that Rps(q)|k)) = 0 and Rsp(q)lk)) = 0. We then
obtain the following equations for the two remaining reflection amplitudes:

a1(p)) — ca(p)) My (pylk)
a1 (ky) + az(py) My (pylpy)
a1(p)) — az2(p)) My (P k)

a1 (k) + a2(py) M (pylpy))

Rpp(py k) = (27)%0%(p) — k) (3.18)

Rys(py k) = (2m)*6*(p| — k) (3.19)

We immediately note that the remaining delta function ensures that
Rpp(plk)) = 0 when p # k|, and the same for Rg. This is as we expect
from Eq. (2.40), the law of reflection. We then insert the M;j; and Moy
matrix elements from Eq. (3.14c), and use the fact that p|® + a1*(p) =
p? = w?/c?, as well as p||2 + a22(p“) = w?/v3, where vy is the speed of
light in medium 2. Considering for the moment only the fractions in the
right hand sides of Egs. (3.18) and (3.19), and setting k| = p, as enforced
by the delta function, we can write these as

L - sin? 0;
Car(p)) — vdaa(py) 20080 — /1 "o (3.20)
ctar(p)) +v3c2(P))  p,cos6; + /1 — sin’ 6, .
2
sin? 0;
on(p)) — aa(py) _ Co8bi mm2y/1 7

= : (3.21)
a1 (p”) + a2(p”) cos 91 + no9 1— SH,:LQ 0,

2

Here, we have made use of the expression for the refractive index of mate-
rial 2, ny = ¢/vy, as well as the fact that no = /€2 when pp = 1. Inserting
these fractions back into Egs. (3.18) and (3.19), we obtain

sin? 0,
1 — sl

N9 cos B; — -~
2

Rpp(pylk)) = (2m)%6%(p — k) = (3.22)
ngcosl; + /1 — SH;Q i
2

2.
cosB; — nogy /1 — S b
n
2

Rys(pylk)) = (2m)%6*(p| — k) (3.23)

12
sin“ 0,
cosO; +noy /1 — ngl
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3. The reduced Rayleigh equation

Inspection reveals that the prefactor in front of the fraction will cancel
when we insert Eqgs. (3.22) and (3.23) into Eq. (3.7), using Eq. (3.8) to
relate the scattered and incident fields. The delta function is removed by
the integral over q, ensuring the law of reflection is obeyed. Comparing
Egs. (3.22) and (3.23) to the Fresnel equations for reflection, Egs. (2.51)
and (2.56), with n; = 1, we see that the reduced Rayleigh equation reduces
to the Fresnel equations in the case of a flat interface.

3.5.2. Reduced Rayleigh equation for reflection from a
perfectly conducting substrate

The reduced Rayleigh equation for reflection from clean, perfectly con-
ducting, two-dimensional randomly rough surfaces [25] has also been been
derived. This system is equivalent to the one discussed in the previous
section, in the limit es — —oo. With the same conventions as in the
previous section, R(qy|k)) will satisfy the equation

/dgq'l\/ﬁ R(q k) = —M~ (py|k 4
an™M Pila)R{gfky) = =M= (pylk)), (3.24)
where
M= (py|ay) = I(xai(g))lp| — a))
y ifp”q”_%ﬁjp”'q” ITREE (3.25)
w [P xqyls A )
c ai(q)) P| - qj
and
I(v1Qy) = /dzfﬂ exp (—1Qy - xy) exp [~iv¢ (x))] - (3.26)

3.5.3. Reduced Rayleigh equation for reflection from a
rough film on a flat substrate

The reduced Rayleigh equation for reflection from a film of finite thickness
on top of an infinitely thick substrate, where only one interface is rough,
has been derived by Soubret et al. [23, 24] and Leskova [2, 26]. The
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3.5. The reduced Rayleigh equations

scattering amplitudes, Rap(q)lk)), for reflection from a rough film on a
flat substrate satisfy the matrix integral equation

d2
/ (27:])|2M+(pl|ql)R(ql|k|) = —-M"(p k), (3.27)

where as before, we use the convention

_( Boplaylky)  Rps(qylky)
R(qy[k) = ( Roplaylky)  Reslay k) > (3.28)

as well as

* _( Mii(aylky) Mis(qylky)

and the matrix elements of M* are given by:

M (aylky) = % [pyay + c2(p)) By - &) (q))]
I (a2(py) F oa(q)lay — ki)
az(p) F ai(q))

x Tp(py) exp (i [az(p)) F aa(g))] d)

+ [pygq) F az(p))(®) - @yar(g))]
I (= [aa(py) £ ailg)] lay — ky)

as(p)) £ a1(q))
(3.30a)

X Ap(py) exp (i [az(py) £ aa(q))] d)

Mlzg(quu) = —%042(}9”) (f)H X q||)3

I (az(py) F aagy)lay — k)
as(py) F a1(g))

(Fp(p|) exp (=i [aa(p)) F ai(q))] d)

I (= [az(py) = oa(g)] lay — k)

— Ap(p)) exp (i [O@(p\l) +a (q”)} d) as(py) £ a1(q))

(3.30b)
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Ma(ally) = = (B x &) 0 (q))

I (a2(p)) F oa(q)lay — ki)
az(p)) F a1(q))
I (= [oa(py) £ on(qy)] lay — k)
az(p)) + a1(q))
(3.30c)

(Ps(p|) exp (—i [aa(p)) F a1(q))] d)

+ As(p)) exp (i [aa(p)) £ ar(q))] d)

Wz N N
Mas(qylk) = —5 (B - &)

I (a2(p)) F oa(gq)lay — ki)
az(p)) F a1(q))

I (= [aa(py)  aa(gy)] lay ~ k|)> |

(Fs(m) exp (—i [oa2(p)) F a1(q))] d)

+ AS(pH) exp (i [042(]7“) + o (QH)} d) a2(p||) T (QH)

(3.30d)
In writing Eq. (3.30), we have introduced the functions
I'p(p)) = e2a3(p)) + e3a2(p)) (3.31a)
Ap(p)) = e2a3(p)) — e302(p)) (3.31b)
and

Ls(p)) = as(p)) + a2(p)) (3.32a)
As(py) = as(p)) — az(p)). (3.32b)

Just as was the case previously, the integral I(v|Q)) is given by
I(71Qy) Z/dzl“n exp (—iQ) - x) ) exp [-17C (x)] - (3.33)

All these variations of the reduced Rayleigh equations for reflection
have a similar structure, and once a framework for numerically solving
Eq. (3.14) has been implemented, it is mostly straightforward to extend
this to other geometries. For a detailed description of how we solve the
reduced Rayleigh equations, the reader is referred to Ref. [4] (included in
this thesis).
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3.6. Mean differential reflection coefficient

The solution of the reduced Rayleigh equation determines the scattering
amplitudes R,s(qlk|) for a given surface profile, ((x)). When the inci-
dent field is known, the scattering amplitude completely specifies the total
field in the region above the surface. However, it is not directly measurable
in experiments. A more useful quantity for comparison with experimental
data is the mean differential reflection coefficient (DRC), which is defined
as the time-averaged fraction of the incident power scattered into the solid
angle d€2; about the scattering direction q. The mean DRC is given by [14]

IRap 1 w? cos?f )
< 0924 > L? 42 c2m<‘Raﬁ(qH\ku>} ). (3.34)

where L? is the area of the 129 plane covered by the rough surface.

The reduced Rayleigh equation, due to the limitations introduced when
assuming the Rayleigh hypothesis, can only be used to calculate the scat-
tering from weakly rough surfaces. For this reason, specular (coherent)
scattering will dominate the results. When plotting the mean DRC, and
derived quantities like the Mueller matrix, it will be convenient to separate
the mean DRC into its coherent and incoherent parts. By coherent scat-
tering, we mean the part of the scattered light which does not cancel when
the ensemble average of R,g is taken, i.e., the part where the scattered
field is in phase between surface realisations. Conversely, the incoherent
part is the part which cancels in the ensemble average. The component of
the mean DRC from incoherent scattering is [14]

OR.p B i w? cos? 6,
O [ieon, L2 4m2c? cos by (3.35)

xRy kp|*) = [ (Rap(ayll) ]

The contribution to the mean DRC from the coherently scattered light
is given by the difference between Egs. (3.34) and (3.35). An example plot
of the incoherent part of the mean DRC for reflection from a silver surface
is presented in Fig. 3.2.
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Figure 3.2.: Incoherent part of the mean differential reflection coefficient
[Eq. (3.35)], as a function of outgoing lateral wave vector,
averaged over 14,200 randomly rough surface realisations on
a silver substrate. The wavelength (in vacuum) of the incident
light was A = 457.9 nm, and the surface power spectrum was
Gaussian [Eq. (3.3)], with correlation lengths a; = as = 0.25)\
and RMS height 6 = 0.025\. The angle of incidence was
fp = 18.24°, and the specular direction is indicated by the
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3.7. Conservation of energy

3.7. Conservation of energy

Energy conservation can be a useful guide to the accuracy of our results.
When considering reflection from a metallic substrate, we know that the
fraction of reflected power over incident power should be less than one, and
in the special case of a non-absorbing metallic sustrate, it should be equal
to one. The fraction of incident power, in the form of light of polarisation
B, which is scattered into light of polarisation «, is given by the integral
of the corresponding mean DRC over the upper hemisphere:

OR,
uaﬁz/dszs < m5>. (3.36)

Thus, for a non-absorbing metal, if we send in light of polarisation 5, we
should have

D Ues =1, (3.37)

if energy is conserved in our simulations. While the conservation of energy
is useful as a relatively simple test, it is important to note that it is a
necessary, but not sufficient, condition for correct results. The use of
conservation of energy as a test is discussed in more detail in Ref. [5]
(included in this thesis).
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The scattering of light from two-dimensional randomly rough
surfaces
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ABSTRACT

We present results, obtained by rigorous computational approaches, for light of p- and s-polarization scattered
from two-dimensional, randomly rough, perfectly conducting, lossy metallic, and dielectric surfaces. The perfectly
conducting surfaces we study are characterized by an isotropic power spectrum of the surface roughness and by
an anisotropic power spectrum. The mean differential reflection coefficient and the full angular distribution of
the intensity of the scattered light are calculated for the perfectly conducting and metal surfaces. From the
latter calculations it is found that the computational approach used in these calculations conserves energy in the
scattering from a perfectly conducting and from a lossless metal surface with an error that is smaller than 0.5%.
Finally, we presents results obtained by a numerical, nonperturbative, solution of the reduced Rayleigh equation
for the scattering of p- and s-polarized light from two-dimensional randomly rough, metallic and dielectric
surfaces. We show that the results for the metallic surface are in good agreement with results for the same
metallic surface obtained by the rigorous computational approach.

Keywords: randomly rough surfaces; mean differential reflection coefficient; impedance boundary condition;
reduced Rayleigh equation; Miiller integral equations; Franz formulas; Stratton—Chu equation; scattering

1. INTRODUCTION

Despite the significant advances that have been made in the last 15 years or so in approaches to the calculation
of the scattering of light from two-dimensional randomly rough perfectly conducting'™® and penetrable® %14
surfaces, such calculations remain computationally intensive, and need further improvements in the methods
used in carrying them out. In this paper we review some of our recent work devoted to this problem, and present
some new results. The emphasis will be on the results obtained and their significance, but the methods by which
the results were obtained will be sketched out.

The physical system we consider in this paper consists of vacuum in the region x3 > ((x)), where x| =
(21, 22,0), and the scattering medium in the region z3 < ¢(x)) (Fig. 1). The latter will be a perfect conductor,
a metal, or a dielectric. The surface profile function ((x) is assumed to be a single-valued function of x| that is
at least twice differentiable with respect to x; and z9, and constitutes a stationary, zero-mean, Gaussian random

process defined by <C(XH )Q(xﬁ)> =&W(x) — x|). The angle brackets here denote an average over the ensemble

1
of realizations of the surface profile function, and § = <<2(XH)>2 is the rms height of the surface. The power
spectrum of the surface roughness is defined by

gk = /dQIH W (x)) exp (—ikj - x)) , (1)

where k| = (k1,k2,0). Each realization of the surface profile function is generated numerically by a two-
dimensional version of the filtering method used in [15], which is based on the power spectrum (1).

This paper is organized as follows. Scattering from two-dimensional randomly rough perfectly conducting
surfaces will be discussed in Section 2, both when the surface roughness is characterized by an an isotropic
power spectrum and when it is characterized by an anisotropic power spectrum. In Section 3 scattering from a
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Figure 1. A sketch of the studied scattering geometry. The figure also shows the coordinate system used, angles of
incidence (6o, ¢o) and scattering (s, ¢s), and the corresponding transverse wavevectors k| and qj, respectively.

two-dimensional randomly rough penetrable surface is considered, specifically scattering from a metallic surface
and from a dielectric surface. Section 4 is devoted to a presentation of results obtained from a purely numerical,
nonperturbative, solution of the reduced Rayleigh equation for the scattering of polarized light from a two-
dimensional, randomly rough, penetrable surface. A discussion of the results obtained, and conclusions drawn
from them, in Section 5, concludes this paper.

2. A PERFECTLY CONDUCTING SURFACE

2.1 Mathematical Formulation

The starting point for the calculation of the electromagnetic field scattered from a two-dimensional rough perfectly
conducting surface is the Stratton—Chu formula!® for the magnetic field in the vacuum

(s — C(x))) H” (x|w) = H(x|w)ine + % /dleu [VQO(X\X')Hng(xh) x JH(XIH|W)7 (2)

where 6(z) is the Heaviside unit step function, and H(x|w)ine is the magnetic component of the incident field.
In writing Eq. (2) we have assumed the time dependence exp(—iwt) for the field, but have not indicated this
explicitly.

The function go(x|x’) is the scalar free-space Green’s function,

exp [i% [x — x/[]

go(x|x) = T xk—x] (3a)
_ /dqu 27 . , : , ab
= @02 alg) T [ty - (e = x])] exp [iawo(ay) s — ] (3b)

where w and ¢ are the angular frequency and speed of light in vacuum, respectively, while ao(g)) = [(w/ c)? —qﬁ] 3 R
with Reag(q)) > 0, Imag(q) > 0. The electric surface current Jp(x|w) is defined by Ju(xj|w) = [n x
H” (x|w)]zs=¢(x))» Where n = (=Ci(x)), —Ca(x)), 1) and (;(x) = 9¢(x))/0z; (j = 1,2). On evaluating Eq. (2)
at x3 = ((x)) + 1 and at x3 = ((x)) — 7, where 7 is a positive infinitesimal, adding the resulting two equations,
and taking the vector cross product of the sum with n, we obtain the integral equation satisfied by Jz (x|w),

Tulxplw) = 238 (xylw) + %P / &2 n x {[[Vgo(x|x’)]] x JH(x1‘|w)}, (1)
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where J;? (x)j|w)ine = 1 X H(X|w)inc|zs=¢(x)» P denotes the Cauchy principal value, and we have introduced the
definition
’ o ’
[ = 169, 5
I;g:('(xh)
Because n - J 7 (x)|w) = 0, only two components of J (x| |w) are independent. We choose them to be Jp (x|w):
and Jy (x)|w)2, and obtain Jy (x| |w)s from

Ju(x)|w)s = Cu(x)) Ju (xlw)1 + Ca(x)) Ja (3 [w)2. (6)

The two coupled, inhomogeneous, two-dimensional integral equations satisfied by Ju(x||lw)12 are solved by
converting them into matrix equations. This is done by generating a realization of the surface profile function
on a grid of N2 points within a square region of the x1x5 plane of edge L, where the discretization intervals for
both directions are Az = L/N. The integrals over this region are carried out by means of a two-dimensional
version of the extended midpoint method,'” and the values of Jp (x||w)1 and Jy(x)|w)2 are calculated at the
points of this grid. The resulting matrix equations are solved by means of the biconjugate gradient stabilized
method.'® The values of Jy(x)j|w)3 are then obtained by the use of Eq. (6).

In these calculations the incident electric field has the form of a p- or s-polarized Gaussian beam, propagating
in the direction of k = (w/c)(sin g cos ¢y, sin g sin ¢g, — cos ). In the case that k = kX, it is given by

& (1) .
E, (x|[w)ine = / dPqy €, (q_|w)exp[iq - x] W(qylk), (7)
9<%

where v = p or s, q+(q),w) = q = ao(g))X3, and W(q)|k)) is

w? w?
W (aylky) = o— exp {*7(% - ku)z} ~ (8)
For an incident field that is p polarized
(i) ao(g))¥1 + @1 X3
£, (a-jw) = %7 (9a)
¢ + o5 (q))]?

while for an incident field that is s polarized

. 2 2,2 2 <
&) q1q2X1 — [q1 + ag(q) )| X2 — q20(q) ) X:
% ) = & 2X1 [1w 20( |\2)] 2 ; 2000(q)) 5 (9b)
clat +ag(a))]=
The scattered electric field, written in terms of Jg (x|w), is
d?q . . '
E(xjw)se = n)? [Ep(ar |w)Fp(as|w) + Es(as|w), (g |w)] exp [ias - x] (10)
where
N _ —ap(g)ay + g%
larl) = —— 5 —— (11a)
Yolap|w) = q) x xs, (11b)
and (v = p, s)
w/e N . .
ulauks) = s [ 5, (ko) - T ) exp [ - ()] (12
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The differential reflection coefficient (OR/9€;) is defined such that (OR/02s)d€s is the fraction of the total
time-averaged flux incident on the surface that is scattered into the element of solid angle d€2¢ about the scattering
direction (65, ¢s). Since we are studying the scattering of light from a randomly rough surface, it is the average
of this quantity over the ensemble of realizations of the surface profile function that we need to calculate. The
mean differential reflection coefficient for the scattering of light of polarization g, the projection of whose wave
vector on the mean scattering surface is k, into light of polarization «, the projection of whose wave vector on
the mean scattering surface is qy, is given by

8Raﬁ 1 w3 2 <“€a(q4r‘w)|2>
= 7 5\ G s 1
< 0, > 4r? (f’) o5 Pinc 1)
where for both polarizations of the incident light,
Pine = w' / d*q) o (qy) exp [—w?(a) — k)] . (14)
9<%

The dependence of the right-hand side of this equation on the polarization index [ is through the dependence
of the amplitude £,(qy |w) on the surface current J g (x)|w) in Eq. (12). The surface current satisfies Eq. (4) in
which the inhomogeneous term depends on the incident field and hence on its polarization 5 = p,s. Therefore
Ea(qy|w) depends implicitly on the polarization / of the incident field and consequently so does the mean
differential reflection coefficient.

If one is interested in nonspecular effects, it is the contribution to the mean differential reflection coefficient
from the light that has been scattered incoherently (diffusely) that is of interest. It is given by

2

() ey g () (et

o0 s - 4m2 Pinc

(15)

We now turn to some results obtained on the basis of this method.

2.2 Results for a Perfectly Conducting Surface
2.2.1 An Isotropic Roughness Power Spectrum

The first set of calculations were carried out for a two-dimensional randomly rough perfectly conducting surface
defined by an isotropic surface height autocorrelation function, i.e. one that depends on the vector x; only
through its magnitude. We have chosen for it the Gaussian form W(x)) = exp(—af/a®). The characteristic
length a is called the transverse correlation length of the surface roughness. The power spectrum of the surface,
given by Eq. (1), in this case has the form

k2a?
_ II
gk = wa? exp ( 4 > (16)

We have carried out calculations of the scattering of p-polarized light from such a surface with an rms height
0 = X and a transverse correlation length a = 2\, where X is the wavelength of the incident field in vacuum.
The incident field had the form of a Gaussian beam, Eq. (7), with w = 4\. The surface, covering an area
L? = 16\ x 16 in the mean surface plane, was generated at the points of a 112 x 112 grid of mesh size Az = \/7
for both directions.

In Fig. 2 we plot the mean differential reflection coefficients as functions of the polar scattering angle 6, for
the in-plane (¢s = 0°,180°) and out-of-plane (¢ = +90°) co-(p — p) and cross-(p — s) polarized scattering
when a p-polarized Gaussian beam is incident on the surface at angles of incidence (6y, ¢g) given by (0°,0°)
and (20°,0°). Results obtained for 12000 realizations of the surface profile function were averaged to obtain
these figures. The calculations for each realization of the surface profile function required 76 CPU seconds on an
Intel Core 2 CPU (Q9550) operating at 2.83 GHz and running the Linux operating system. For the roughness
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Figure 2. The mean differential reflection coefficients, (0Ra3/08s) (8 — «), as functions of the polar scattering angle 6
for the in-plane (¢s = ¢o or ¢s = ¢o + 180°) (a) co-polarized (p — p) and (b) cross-polarized scattering (p — s), and
the out-of-plane (¢s = ¢o £ 90°) (c) co-polarized (p — p) and (d) cross-polarized scattering (p — s) of a p-polarized
incident beam (8 = p) of width w = 4X (fy = 0° and 0y = 20°; ¢o = 0°) scattered from a Gaussian randomly rough
perfectly conducting surface. The Gaussian correlated surface had a correlation length a = 2\ and an rms height § = A. To
facilitate comparison between the various configurations presented in this figure, notice that we have used similar scales for
all ordinate axes. Moreover, to simplify the presentation of the figures, a convention was adopted where negative (positive)
values of 6, correspond to ¢s = ¢o + 180° (¢s = o). (After Ref. 7).

parameters assumed in these calculations the contribution to the mean differential reflection coefficient from the
light scattered coherently is smaller than the contribution from the light scattered incoherently by a factor of
approximately 1074,

There is no single scattering contribution to the mean differential reflection coeflicient in the cases of in-plane
cross-polarized [Fig. 2(b)] and out-of-plane co-polarized [Fig. 2(c)] scattering.! What is plotted in these figures
therefore is due to multiple scattering only. The results plotted in Figs. 2(a) and 2(d) contain a contribution
from single-scattering processes.

The peaks in the retroreflection directions in the results for in-plane co-polarized scattering [Fig. 2(a)] are
enhanced backscattering peaks.!?~22 However, as we will see from the full angular distribution of the intensity of
the scattered light, the structures seen as peaks in the results for in-plane cross-polarized scattering [Fig. 2(b)]
are not real peaks. The results that the out-of-plane co- and cross-polarized scattering [Figs. 2(c) and 2(d)] are
even functions of 6, are consequences of the scattering geometry, namely that ¢y = 0°, ¢s = £90°, and the
isotropy of the power spectrum of the surface roughness.

The full angular distribution of the intensity of the scattered light is presented as contour plots in Fig. 3,
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Figure 3. The complete angular distributions of the mean differential reflection coefficient, (9Raz/9€2s), for the scattering
of an B-polarized Gaussian beam incident on the surface at polar angle §y = 20° and azimuthal angle ¢o = 0°. The
perfectly conducting rough surface was characterized by a Gaussian height distribution of rms-value § = A and a Gaussian
correlation function of transverse correlation length a = 2X\. The incident beam was p polarized in Figs. 3(a)—(c) [left
column|, and s polarized in Figs. 3(d)—(f) [right column]. Moreover, in the top two figures [Figs. 3(a) and (d)] the
polarization of the scattered light was not recorded; in Figs. 3(b) and (e) [central row| only p-polarized scattered light was
recorded; while the bottom two figures correspond to recording only s-polarized scattered light [Figs. 3(c) and (f)]. The
rough surface, covering an area 16\ x 16\, was discretized at a grid of 112 x 112 points corresponding to a discretization
interval \/7 for both directions. The presented figures were obtained by averaging results for the differential reflection
coefficient obtained for 12000 surface realizations. (After Ref. 7).

which correspond to polar and azimuthal angles of incidence (6g, ¢s) = (20°,0°), when the incident beam is
p polarized and the scattered light is p and s polarized. In Fig. 3(a) we present a contour plot of the mean
differential reflection coefficient for the scattering of p-polarized light into both p- and s-polarized scattered light,
i.e. the polarization state of the scattered light was not recorded. It is seen that there is a pronounced enhanced
backscattering peak in the retroreflection direction at s = 20° and ¢s = 180°. From Figs. 3(b) and 3(c),
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where only p-polarized light or s-polarized scattered light is recorded, respectively, we see that the co-polarized
scattering displays a structure that is elongated along the plane of incidence, while the cross-polarized scattering
has a scattering pattern that is elongated perpendicular to this plane. In principle an enhanced backscattering
peak should be present in the retroreflection direction in both co- and cross-polarized scattering.?~2? However,
for the roughness parameters assumed in this work, instead of a well-defined peak in the retroreflection direction
we see a ridge of constant enhanced intensity in parts of the region ¢; < 0, forming a semicircle of constant
polar scattering angle 65 &~ 6y = 20°, with 90° < ¢s < 270° [Fig. 3(c)]. In precisely the retroreflection direction,
05 = 20° and ¢, = 180°, there is little, if any, additional enhancement in the cross-polarized scattering compared
to the intensities at other values of ¢, in the interval [90°,270°]. We speculate that the enhancement ridge seen
in Fig. 3(c) is a constructive interference effect similar to the effect underlying enhanced backscattering.

We note that if we had examined only the in-plane and out-of-plane results for the same angle of incidence,
the peak observed in Fig. 2(b) for 6y = 20° could easily have been interpreted as the well-localized feature in
the retroreflection direction similar to the one present for co-polarized scattering in Fig. 3(b). Thus the angular
distributions of the intensities of the scattered light, such as those presented in Fig. 3, can provide information
that helps in better understanding multiple scattering phenomena.

When the incident beam was s polarized, we obtain the results presented in Figs. 3(d)—(f). Also here an
enhanced backscattering peak is observed, and the intensity distributions of the co- and cross-polarized scattered
light are oriented along and perpendicular to the plane of incidence, respectively.

A necessary, but not sufficient, criterion for the accuracy of a scattering calculation is that energy be conserved
in the scattering process. In scattering from a perfectly conducting surface this requires that the total time-
averaged scattered flux must equal the total time-averaged incident flux. This requirement can be stated as

Usnon) = 3 [aa (FE)—1 5-ps, a7

a=p,s

Under the conditions assumed in obtaining the results presented in Figs. 2 and 3, the value of U,(6y, ¢9) and
Us (0o, ¢o) were calculated to be 0.9962 and 0.9966, respectively. Consequently, the computational approach
outlined in Section 2 conserves energy in the scattering process with an error that is smaller than 0.5%. This
error is expected to be reduced further by decreasing the sampling interval Az and/or by increasing the area
(L?) of the the mean surface.

2.2.2 An Anisotropic Roughness Power Spectrum

The existing computational studies of the scattering of light from two-dimension randomly rough perfectly
conducting surfaces' 7 have been based on the assumption that the surface profile function ¢ (x) is a stationary,
zero-mean, isotropic, Gaussian random process. Very little work has been devoted to the case where ((x)
is an anisotropic random process. In this section we present results obtained by the rigorous computational
approach described in Section 2.1 for the light scattered from a two-dimensional, randomly rough, perfectly
conducting surface defined by a surface profile function that is a stationary, zero-mean, anisotropic, Gaussian
random process.

The surface we assume in these calculations is defined by a surface height autocorrelation function that has
an anisotropic Gaussian form, W (x)|) = exp[—(x1/a1)? — (z2/a2)?] where, for specificity, we assume that a; < as.
Thus, we will refer to the z1 and x5 axes as the minor and major axes of the anisotropy, respectively. The power
spectrum of the surface roughness, defined by Eq. (1), in the present case has the form

(18)

k?a?  k3a3
4 4 |’

g(kH) = Taiazexp {—
and is elongated along the minor anisotropy axis.

To provide a reference against which results for the angular distribution of the fields scattered from an
anisotropic random surface can be compared, we first present, in Fig. 4, contour plots of the angular distributions
of the fields scattered from an isotropic random surface. The incident field is a p-polarized beam with the width
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Figure 4. A p-polarized beam of wavelength A and width w = 4 is scattered from an isotropic perfectly conducing rough
surface characterized by a Gaussian height distribution of rms-value 6 = A\/2 and a Gaussian correlation function of
correlation lengths a1 = a2 = A. The panels show contour plots of the full angular distributions of the mean differential
reflection coefficient, (9Ra,/082s), obtained by a rigorous computer simulation approach for the scattering of the beam
incident on the rough surface at a polar angle 6y = 20° and an azimuthal angle ¢ = 45°. The three panels correspond
to various configurations for the polarization of the scattered light. They are: (a) the polarization of the scattered light
is not recorded [a = p, s]; (b) only p-polarized scattered light is measured [a = p]; and (c) only s-polarized scattered
light is recorded [ = s]. The rough surface, covering an area 16\ x 16\, was discretized on a grid of 112 x 112 points
corresponding to a discretization interval /7 for both directions. The presented figures were obtained by averaging results
for the differential reflection coefficient obtained for 6 000 surface realizations. (After Ref. 8).

parameter w = 4\, where \ is the wavelength of the field. The polar and azimuthal angles of incidence are
(0o, 00) = (20°,45°). The surface is characterized by the Gaussian power spectrum (16), with a correlation
length @ = A. The rms height of the surface is 6 = A/2. The surface was generated on the same grid as the
surface studied in Section 2.2.1. The mean differential reflection coefficient was obtained as the arithmetic average
of results obtained for 6000 realizations of the surface profile function. The three panels in this figure correspond
to different choices for the polarization of the scattered light. Thus, in obtaining Fig. 4(a) the polarization of
the scattered light was not recorded; in obtaining Fig. 4(b) only the p-polarized component of the scattered light
was recorded; while in obtaining Fig. 4(c) only the s-polarized component of the scattered light was recorded.

We see from these results that the co-polarized (p — p) scattering has a dipole-like angular distribution with
the main intensity oriented parallel to the plane of incidence [Fig. 4(b)]. In contrast the cross-polarized (p — s)
scattering has its main intensity distribution oriented perpendicular to the plane of incidence [Fig. 4(c)]. In both
cases the intensity distributions are symmetric with respect to the plane of incidence, and the scattered intensity
patterns simply rotate as the azimuthal angle of incidence ¢y is changed. When the polarization of the scattered
light is not recorded [Fig. 4(a)], the pronounced peak in the retroreflection direction (65 = 0y, ¢5 = ¢ + 180°) is
the enhanced backscattering peak.
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Figure 5. Same as Fig. 4 with the only difference that now the rough surface is weakly anisotropic and characterized by
the correlation lengths a1 = A and a2 = 1.5\, (After Ref. 8).

Turning now to the scattering from an anisotropic surface, in Fig. 5 we present contour plots of the full angular
distributions of the mean differential reflection coefficients when the randomly rough surface is defined by the
power spectrum (18) with a; = X and as = 1.5\. The remaining experimental and computational parameters
have the values used in obtaining the results presented in Fig. 4. The three panels correspond to different choices
for the polarization of the scattered light. In obtaining Fig. 5(a) the polarization of the scattered light was not
recorded; in obtaining Fig. 5(b) only the p-polarized component of the scattered light was recorded; while in
obtaining Fig. 5(c) only the s-polarized component of the scattered light was recorded. Unlike in the scattering
of light from an isotropic surface, the intensity distribution of light scattered from an anisotropic surface in
general is not symmetric with respect to the plane of incidence. It is only when the plane of incidence is parallel
to either the minor or the major axis of the anisotropy that this type of symmetry obtains.

The dipole-like angular intensity patterns in Figs. 5(b) and 5(c) are no longer symmetric with respect to
the plane of incidence, as their isotropic equivalents are. This asymmetry is particularly pronounced in the
cross-polarized scattering [Fig. 5(c)]. It is explained by the fact that the cross-polarized component of the mean
differential reflection coefficient to the lowest (second) order in the surface profile function is proportional to
gla) — k) [(q) x 1A<H)3]2, where g = (w/c) sin f(cos ¢ sin ¢, 0).2*> When the power spectrum g(k;) is given by
Eq. (18), this function is not symmetric with respect to the plane of incidence.

The co-polarized scattering pattern [Fig. 5(b)] is explained in a similar fashion. In this case the contribution
to the mean differential reflection coefficient of the lowest order in the surface profile function contains terms
proportional to g(qy — ky)(qy — k)™ with m = 1,2.2% The maxima of these functions are in the forward
scattering direction and, for an anisotropic surface, move away from the plane of incidence toward the minor
axis of the anisotropy.
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3. A PENETRABLE SURFACE
3.1 Mathematical Formulation

In calculating the electromagnetic field scattered from a two-dimensional randomly rough surface a convenient
starting point are the Franz formulas of electromagnetic scattering theory.?42?® These formulas for the magnetic
and electric fields in the vacuum region x3 > ((x|) can be written as

1
H (xlw) = H(xlw)ine + -V /d%?\ 90(x|x") g ¢ () I 11 (] |w)
ic
_mv x V x /dZIﬁ gg(x|x')|x&:4(x/”)JE(xh|w) (19a)
1
E”(x|lw) = BEX|w)i+ EV X /dQI’H go(x‘xl)‘zgzc(Xj|)JE(x\,l‘w)
ic
-‘rmv x V x /dz.'L‘IH HO(X‘XI)‘IQ=C(X"‘)JH(XIH|w)- (lgb)

The Franz formulas for the magnetic and electric fields in the scattering medium x3 < ((x) can be written as

1
HE(x) = -V x [ gulxi) g ) )
ic
F VXV /d%gl 9o (x5 o T o) (20a)

1
BXGw) = — 2V x [ 0. () o (X))
ic
e A / Q2 g (k[ g e D1 (] ). (20b)

In writing these equations we have introduced the vectors

Juxjlw) = [nxH”(x|w)] ‘ms:C(xH) ) (21a)
— [n x H< (x‘w)} ‘IE3:§(XH) , (21b)
and
Je(xjlw) = [nxE”(xlw)] }m:qx”), (22a)
— [n x E< (x‘w)} }1'3:((?(”) . (22b)

The vector n has been defined in Section 2.1. The scalar free-space Green’s function for an infinite scattering
medium is defined by

exp [ x — x| /d(w)]

g-(x|x") = =] (23a)
k) 2n . / '
= /((QTr)HZ 3] exp [lkH - (x) — xH)] exp [—B(k))|ws — 25]] . (23Db)
where
Bky) = {kﬁ + #w)} ’ Re B(ky) > 0,Im B(ky) < 0, (24)
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and d(w) = (¢/w)[—£(w)]" 2, Red(w) > 0, Imd(w) > 0, while e(w) is the dielectric function of the scattering
medium.

To obtain the equations satisfied by Jp (x||w) and Jp(x||w) we proceed as follows. We take the vector cross
product of Egs. (19a) and (20a) with the vector n, evaluate each product at 23 = ((x)) +n, and 23 = {(x)) =,
respectively, where 7 is a positive infinitesimal, and add the resulting equations. In this way we obtain the
equation

JH(XH‘W) = JH(Xle)inc + ﬁp/dth [[n X {V X [gO(X‘X/) _ gg(x‘x/)}JH(X/H \w)}]
i [ [ x 19 9 an(xlx) — g2 (e T s o)), (250)

where J g (X)||w)ine = 1 X H(x\w)i,,c\m:((xw, and P denotes the Cauchy principal value.

If we next take the vector cross product of Eq. (19b) and of e(w) times Eq. (20b) with the vector n, evaluate
cach product at x3 = ((x)) + 7, and at x3 = ((x)]) — 7, respectively, and add the resulting equations, we obtain

In(xylo) = QJ?Z"!ZJ);“C + o = i’ /d%;‘ [ x ¥  [golx[x') — £(e)ge (xIx') ]I 5 (] )]
o e I (7 9 < oo (x) = g o ). (25)

where JE(x”\w)inc =n X E(x|w)inc|13:§(x“)~

In obtaining Eq. (25) we have used the results

Jira, @2 n(x))x { ¥ x| glxlx) ramcie X1
K h=Cx])En
= £2r J(x)|w) + P/d2xi| n(x|) x {[[V x [g(x[x)] J(me)}} ) (26)

where g(x|x’) is either go(x|x") or g-(x|x’), J(x||w) is either Iy (x)|w) or Jp(x||w), and P denotes the Cauchy
principal value. Equations of the type of Eq. (25) are called Miiller integral equations.?®:2” These equations are
convenient for numerical calculations. Because go(x|x’) and g.(x|x") have the same limiting behavior as x” — x,
the most divergent terms in the integrands, associated with the second derivatives of these Green’s functions,
cancel, rendering the resulting integrals integrable. The terms containing the first derivatives of the Green’s
functions possess integrable singularities.

From the definitions of Jy g (x)|w) it follows that n - Jg g(x)|w) = 0. Therefore Jy, g (x)|w) have only two
independent elements, which we choose to be Jy,g(x|w)1 and Jg g(x|w)2. The elements Jy p(x)|w)s are then
obtained from the analogues of Eq. (6). Equations (25) thus provide a system of four coupled, inhomogeneous
two-dimensional integral equations for Jy g (x)|w)1,2-

By the use of a local impedance boundary condition,?®
Je(xjlw)i = Kij(xlw)Ju(xlw);  (i=1,2), (27)

the dependence on Jg(x||w)12 can be removed from Eq. (25a), yielding a pair of coupled, inhomogeneous,
two-dimensional, integral equations for J(x||w)1,2. These equations are converted into matrix equations in
the manner described in Section 2, which are then solved by the biconjugate gradient stabilized method. The
solutions are used to calculate the contribution to the mean differential reflection coefficient from the light

scattered incoherently, by the use of the expressions obtained in Section 2.
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Figure 6. The mean differential reflection coefficients, (ORa,/0s) (p — ) for a p-polarized incident beam of wavelength
A = 632.8nm and width w = 4\, whose polar angle of incidence is 0y = 20°, as functions of the polar scattering angle
0s for the (a) in-plane and (b) out-of-plane scattering. Negative values for 6, are interpreted as in the caption to Fig. 2.
The scattering system assumed in obtaining these results consisted of a silver substrate (e(w) = —16 + i1.088) separated
from vacuum by a Gaussian-correlated randomly rough surface of rms-height § = A\/4 and correlation length a = A/2.
The randomly rough surface covered an area of 16 x 16\ and the discretization length used in the numerical calculations
was Az = A\/7 thus resulting in a 112 x 112 grid of x| values. A total of 5000 surface realizations were used to calculate
(ORap/08s). (After Ref. 14).

3.2 Results for a Penetrable Surface
3.2.1 A Metallic Surface

We first present results for scattering from a metallic surface. We have carried out numerical simulations for the
scattering of a p-polarized beam of light of wavelength A = 632.8 nm and width parameter w = 4\, incident on
a randomly rough silver surface. The dielectric function of silver at this wavelength is £(w) = —16.00 4 i1.088.2%
The surface roughness is characterized by the Gaussian power spectrum (16) with a correlation length a = /2,
and an rms height § = A/4. The rough surface was assumed to cover an area 16\ x 16\ on the mean scattering
surface, and the discretization length Az was A/7 on a 112 x 112 grid of x| values.

In Fig. 6 we present the mean differential reflection coefficients as functions of the polar scattering angle 6
for the in-plane [Fig. 6(a)] and out-of-plane (¢, = £90°) [Fig. 6(b)], co-(p—p) and cross-(p—s) scattering of
the beam when the polar and azimuthal angles of incidence (g, ¢g) are (20°,0°). The results obtained from
N, = 5000 realizations of the surface profile function were averaged to obtain these results. The calculations
required 96 CPU seconds on a 2.67 GHz Intel i7 CPU for each realization of the surface profile function. The
peak at 05 = —20° in the mean differential reflection coefficient for in-plane co-polarized scattering plotted in
Fig. 6(a) is the enhanced backscattering peak.

For the same parameters we present in Figs. 7(a)—(c) the full angular distribution of the mean differential
reflection coefficient when the polarization state of the scattered light is not recorded [Fig. 7(a)], when only the
p-polarized component of the scattered light is recorded [Fig. 7(b)], and when only the s-polarized component
of the scattered light is recorded [Fig. 7(c)]. Similar results, but for an s-polarized incident beam, are presented
in Figs. 7(d)—(f). The peaks observed in Figs. 7(a), 7(b), 7(d), and 7(f) in the retroreflection direction (65 =
0o, ¢s = ¢o + 180°) are the enhanced backscattering peaks.

From a knowledge of the full angular distribution of the mean differential reflection coefficient, the conserva-
tion of energy in the scattering process can be checked by means of Eq. (17). For this purpose the full angular
distribution of the mean differential reflection coefficient was calculated for “nonabsorbing” silver, i.e. for the
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Figure 7. Similar to Fig. 3, but now the scattering medium is silver, and therefore penetrable. The roughness and numerical
parameters assumed in obtaining these results are identical to those used to obtain the results of Fig. 6.

case in which the imaginary part of its dielectric function was set equal to zero, so that e(w) = —16.00. For the
parameters used in obtaining the results presented in Figs. 6 and 7 it was found that U, 4(20°,0°) > 0.995 , a
result that demonstrates the accuracy of our computational approach.

In order to obtain such a good unitarity value it was necessary to treat not only the diagonal elements of the
matrix versions of Eq. (25) accurately, but also close-to-diagonal elements, because of the singular behavior of
the Green’s functions for small arguments. The need to treat close-to-diagonal matrix elements more accurately
than matrix elements between more widely separated points in the solution of the volume integral equation
arising in scattering from finite-sized objects has also been noted.?? If the extended midpoint method was used
in calculating the off-diagonal matrix elements, while the diagonal elements were treated exactly, as in [6] and
[9], a value of U,(20°,0°) = 0.834 was obtained. The ability to calculate unitarity values, and the need to treat
close-to-diagonal matrix elements accurately to obtain good unitarity values, are some of the main results of this
work.
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4. SOLUTION OF THE REDUCED RAYLEIGH EQUATIONS
4.1 Mathematical Formulation

The calculation of the electromagnetic field scattered from a randomly rough surface of a penetrable medium
is greatly simplified if the field in the scattering medium does not need to be taken into account. The use of
an impedance boundary condition at the interface between the medium of incidence and the scattering medium
accomplishes this, so that only the field in the medium of incidence needs to be determined.

The same result can also be achieved by the use of the reduced Rayleigh equation for calculating the scattered
field. In this section we present this equation and describe its numerical solution.

We begin by writing the electric field in the vacuum region x3 > ((x|) as the sum of an incident and a
scattered field, E(x;t) = [E® (x|w) + E®) (x|w)] exp(—iwt), where

B (xlw) = {5 Loy ey + s | €69y + lley x 5] Sﬁ”(kn)} exp [iky - x) = iavo(y )] , (28a)

2
E®) (x|w) = /g;})”z {5 [—ao(q))da) + ay%s] €5 (q) + [a) x %s] 5§5)(qH)} exp [iq) - x| +iao(g))zs] . (28b)

Note that the factors appearing in Eq. (28) in front of el (kj) and &(f)(qu) (o = p,s) are the polarization
vectors as defined previously in Section 2.1, but now written out explicitly. Maxwell’s equations imply a linear
relation between the amplitudes &(f>(qH) and é'[(,l)(ku) of the form (a =p,s, B =p,s)

ED(ay) = D Raplaylky)ES (o). 29
B

The contribution to the mean differential reflection coefficient from the incoherent (diffuse) component of the
scattered light, when incident light of 8 polarization (whose wave vector has the projection k| on the mean
scattering surface) into light of a polarization (whose wave vector has the projection q on the mean scattering
surface), is given by

(Us) L) el ()] o

where S is the area of the plane x3 = 0 covered by the rough surface.

It was shown by Celli and his colleagues®? by the use of the Rayleigh hypothesis,3? the extinction theorem,3*

and the vectorial equivalent of the Kirchhoff integral,3® that the scattering amplitudes Reap(qylky) satisfy the
matrix integral equation

" d%q) I(alp)) — aolgy)lp) —ay) _ I(alpy) + aoky)lpy — k)
S = ot MRl =~ OO Gy, @
with R, and R, forming the first row of the matrix R, where
101Q) = /d2l'|| oxp [—7((x))] exp [-1Q) - 3], (32)

and a(p)) = [e(w)(w/c)? — pﬁ]%7 with Rea(p)) > 0, Ima(py) > 0. The matrices M(py|qy) and N(py|k)) are
given by

B [pygq + alp))by - qoolq)] —<alp)) B x q;ls
M(pyla)) = < 2[5y x dyls aolgy) 254 ) (33a)
and
_ | [pyky = alp)By - kjao(ky]  —2alp) By x kyls
Nk = < —<[py x ks ao(ky) by -k ) ' (336)
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Figure 8. Full angular intensity distribution of the light scattered incoherently from a two-dimensional randomly rough
silver surface calculated by solving the reduced Rayleigh equations. Light of either p (left column) or s polarization
(right column) is incident on the surface at angles of incidence (6o, ¢o) = (25°,45°). The wavelength (in vacuum) of the
incident light is A = 632.8 nm for which frequency w = 27w/ the dielectric function of silver is e(w) = —16.0 + 1.088i.
The white dots indicate the position of the specular direction. The surface parameters assumed in these calculations are
L =25); § = A\/40; and a = A/4. The surface was discretized so that Q = 6.4w/c or equivalently Az = 7/Q =~ 0.0781\.
Figures 8(a)—(c) correspond to a p-polarized plane incident wave, while in Figs. 8(d)—(f) the incident plane wave is s
polarized. In Figs. 8(a) and (d) all scattered light is recorded, i.e. no distinction is made between scattered p- and
s-polarized light. However, in Figs. 8(b) and (e) only the scattered p-polarized light is recorded, while Figs. 8(c) and (f)
include only s-polarized scattered light. The presented figures were obtained by averaging the results for the differential
reflection coefficient obtained for N, = 10000 surface realizations.

Although purely numerical, nonperturbative solutions of the reduced Rayleigh equations for the scattering
of light from one-dimensional randomly rough clean metal surfaces®®37 and coated perfectly conducting sur-
faces®® 3 have been carried out, up to now Eq. (31) has been solved only by small-amplitude perturbation
theory through terms of third order in the surface profile fuction.?®4%41 Here we present some preliminary
results for the mean differential reflection coefficient obtained by a purely numerical, nonperturbative solution of
Egs. (31)-(33). This was done by generating a realization of the surface profile as this was done in the preceding
two sections, and evaluating the function I(|Qy) by expanding the integrand in Eq. (32) in powers of ((x) ), and
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calculating the Fourier transform of ¢"(x) by the Fast Fourier Transform. As in previous sections, the random
surface covered a square region of the x5 plane of edge L, and a grid of N? points was created within this
square so that the (linear) sampling interval is Az = L/N. The infinite limits of integration in Eq. (31) were
replaced by finite ones: |g1] < Q/2, |g2| < Q/2 where Q = 7/Az. A quadratic grid within the square region
of the g1¢2 plane of edge @ was constructed with a grid constant Aq = 2x/L. The integral over this region
in Eq. (31) was carried out by a two-dimensional version of the extended midpoint method, and the values of
Rep(qylk)) were calculated for values of q at the points of this grid for a given value of k, which was a point
on the same grid. The resulting matrix equations were solved by LU factorization. This is a slower solution
method than the biconjugate gradient stabilized method, but has the advantage of being able to handle multiple
right-hand sides, ¢.e. different angles of incidence, more-or-less with no extra addition to the computational time.
With the reflection amplitudes, R.s(qlkj), available, the differential reflection coefficient was then calculated
by the use of Eq. (30).

4.2 Results Obtained by the Solution of the Reduced Rayleigh Equations
4.2.1 A Metallic Surface

As the first example of the application of this approach to the scattering of light from a penetrable surface we
apply it to the scattering of a p- or s-polarized plane wave of wavelength A = 632.8 nm incident on a silver
surface. The dielectric function of silver at this wavelength is e(w) = —16 + i1.088.2° The roughness of the
surface was characterized by the Gaussian power spectrum, Eq. (16), where the transverse correlation length was
given the value a = \/4, while the rms height of the surface was § = A/40. In the calculations the rough surface
was assumed to cover an area of 25\ x 25\ of the plane x3 = 0, while for the wavenumber cut-off we assumed
Q@ = 6.4w/c, which corresponds to a spatial discretization interval of Az = 7/Q ~ 0.0781\ (for both directions).

In Fig. 8 we present contributions to the mean differential reflection coefficients from the light scattered
incoherently as functions of ¢; and g» when a plane wave is incident on the surface at angles (6p, o) = (25°,45°).
Figure 8(a) corresponds to a p-polarized incident plane wave being scattered by the rough surface into both p-
and s-polarized light, i.e. the polarization state of the scattered light was not recorded. However, in Figs. 8(b)
and 8(c) contour plots of the same quantity are presented for the cases where only p-polarized or s-polarized
scattered light, respectively, are recorded. Similar results are presented in Figs. 8(d)—(f) for the case when the
incident light is s-polarized. An arithmetic average of results obtained for N, = 10 000 realizations of the surface
profile function was carried out to produce Fig. 8.

By artificially putting the imaginary part of the dielectric constant of the metal to zero, Ime(w) = 0, so
that there is no absorption in the scattering system, it has been found that the numerical method used to solve
the reduced Rayleigh equation, Eq. (31), conserves energy with an error smaller than 0.5% for the parameters
assumed here.

The numerical calculations used to obtain the results of Fig. 8 required for each realization of the surface
profile function approximately 8.8 cpu hours on a single 12-core 2.4 GHz AMD Opteron computer node and
using approximately 20 GB of memory.

The calculations whose results are presented in Fig. 8 and which were performed by solving numerically the
reduced Rayleigh equations (31), could also have been done by solving the Miiller equations, as was discussed
in Section 3. In order to compare the two approaches, we present in Fig. 9 the results obtained by these two
methods for the contributions to the mean differential reflection coefficients from the light scattered incoherently
as functions of the polar scattering angle 6, for the in-plane (¢s = 0°,180°) and out-of-plane (¢s = £90°)
co-(s — s) and cross-(s — p) polarized scattering when an s-polarized wave is incident on the surface at angles
of incidence (6p, ¢o) = (25°,0°). The roughness parameters assumed in obtaining these results are identical to
those assumed in obtaining Fig. 8. The numerical parameters used to obtain these results were those of Fig. 8
when using the reduced Rayleigh equation. However, when solving the Miiller equations, a Gaussian beam of
width (w = 4)) was assumed to be incident on the surface, which was discretized with an interval Az = \/7 (in
both directions). It is observed from Fig. 9 that the two approaches produce quantitatively similar results. The
minor differences between the results of the two approaches we believe are due to the differences in the areas
covered by the rough surfaces, and to the differences in the discretization intervals, assumed in the two sets of
calculations, which have not been optimized as yet.
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From the results presented in Figs. 8 and 9, we can draw the conclusions that a purely numerical, nonper-
turbative solution of the reduced Rayleigh equation yields accurate results for the mean differential reflection
coefficient that are in good agreement with those obtained by the use of the Miiller equations.

4.2.2 A Dielectric Surface

The reduced Rayleigh equation (31) can also be used for calculating the field scattered from a dielectric surface.
We apply it here to calculate the contribution to the mean differential reflection coefficient from the incoherent
component of the scattered light when a p- or s-polarized plane wave whose wavelength in vacuum is A = 632.8 nm
is incident at (6o, o) = (27.5°,45°) on the surface of a dielectric medium whose dielectric constant is assumed
to be g4 = 2.64 (photoresist). The results are presented in Fig. 10. The randomly rough surface had an
rms roughness of 6 = 31/200 = 0.015\ and it covered a 20\ x 20\ area in the x3 = 0 plane. Moreover, the
wavenumber cut-off assumed in these calculations was @ = 8w/¢, corresponding to a discretization interval of
Az =7/Q = 0.0625\. Except for these differences, the remaining roughness and computational parameters were
the same as the ones assumed in the calculations that produced Fig 8.

By comparing Figs. 8 and 10 it is observed that the overall structure of the angular distributions of the
intensity of the light scattered from a metal and dielectric is rather similar, and that, as expected, the scattered
intensity for the metallic surface is stronger (by a factor of about 70) than that for the dielectric surface.

5. DISCUSSION AND CONCLUSIONS

‘We have shown that the use of the method of moments and the biconjugate gradient stabilized method provides
a formally exact solution to the scattering of p- and s-polarized light from a two-dimensional randomly rough
perfectly conducting surface, with a modest expenditure of computational time. The addition of an impedance
boundary condition on a two-dimensional rough surface to these two methods has been shown to provide a
formally exact solution to the scattering of polarized light from two-dimensional randomly rough metallic surfaces,
also with a modest expenditure of computational time.
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£ L 1 i
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Figure 9. Comparison of the mean differential reflection coefficients for the scattering of s polarized waves from a rough
silver surface with the roughness parameters given in the caption of Fig. 8. The results were obtained by two different
numerical approaches: the solution of the reduced Rayleigh equation (solid lines), and by the use of the rigorous approach
(dashed lines). The numerical parameters and number of surface realizations assumed when using the former approach
were those used to obtain the results presented in Fig. 8. However, when using the rigorous approach, the parameters
given in the caption to Fig. 6 were assumed with the exception that now 6y = 25°, L = 20\, and only a small number of
surface realizations were used (N, = 750) to obtain these results.
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Figure 10. Full angular intensity distribution of the light scattered incoherently from a two-dimensional randomly rough
dielectric surface calculated by solving the reduced Rayleigh equations. The dielectric substrate was taken to be photoresist
which at the frequency of the incident light A = 632.8 nm is characterized by a dielectric constant e(w) = 2.64. The angles
of incidence assumed are (0o, ¢o) = (27.5°,45°), and the white dots indicate the position of the specular direction. These
figures were obtained by averaging results for the scattered intensity obtained for N, = 6 000 surface realizations. The
surface parameters assumed in these calculations were L = 20X; § = 3X/200 = 0.015); and a = A/4. The surface
discretization was done so that @ = 8w/c, or equivalently, Az = 7/Q = 0.0625\. The remaining parameters and the
organization of the sub-figures are identical to those of Fig. 8.

The computational methods employed in these calculations have made it possible to obtain a formally exact
full angular distribution of the intensity of the light scattered from a strongly rough random surface. In the case
of scattering from a perfectly conducting surface, and from a metallic surface when the imaginary part of its
dielectric function is set equal to zero, knowledge of the full angular distribution of the intensity of the scattered
light enables the conservation of energy in the scattering process to be checked. It was found to be satisfied with
an error smaller than 0.5%, a result that testifies to the accuracy of the methods used in our calculations and
the adequacy of the discretization of the mean scattering surface employed in them.

We have also presented results obtained from a rigorous numerical solution of the reduced Rayleigh equation
for the scattering of p- and s-polarized light from a penetrable surface. These results demonstrate the feasibility
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of using this equation in studies of the scattering of light from weakly rough surfaces. The good agreement
between the results obtained by the solution of the reduced Rayleigh equation and those obtained by the use
of the rigorous computational method indicates that the simpler approach yields accurate results for scattering
from surfaces that are not very rough. The limits of validity of this equation have yet to be determined.

The success of the methods used in carrying out the calculations described here opens the door to rigorous
computational studies of other properties of electromagnetic waves scattered from two-dimensional randomly
rough surfaces. These include calculations of the ellipsometric parameters of metallic and dielectric surfaces,
transmission through dielectric surfaces, and all of the elements of the Mueller matrix for scattering from and
transmission through such surfaces. This work will be reported elsewhere.
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Abstract: A nonperturbative, purely numerical, solution of the reduced
Rayleigh equation for the scattering of p- and s-polarized light from a
dielectric film with a two-dimensional randomly rough surface deposited
on a planar metallic substrate, has been carried out. It is found that satellite
peaks are present in the angular dependence of the elements of the mean
differential reflection coefficient in addition to an enhanced backscattering
peak. This result resolves a conflict between the results of earlier approxi-
mate theoretical studies of scattering from this system.
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In the earliest analytic [1] and computer simulation [2,3] studies of the multiple scattering of
light from clean one-dimensional randomly rough surfaces of perfect conductors or of penetra-
ble media, the focus was on the phenomenon of enhanced backscattering. This is the presence
of a well-defined peak in the retroreflection direction in the angular dependence of the intensity
of the light that has been scattered incoherently (diffusely).

In subsequent work on the multiple scattering of light from free-standing or supported films
with a one-dimensional randomly rough surface that support two or more guided waves, new
effects were discovered [4]. These include enhanced transmission, which is the presence of a
well-defined peak in the anti-specular direction in the angular dependence of the intensity of
the light transmitted through the film [5]. Perhaps more interesting was the discovery of satel-
lite peaks in the angular dependence of the intensity of the light scattered from or transmitted
through the film. These are well-defined peaks present on both sides of the enhanced backscat-
tering and enhanced transmission peaks, respectively, that arise from the coherent interference
of guided waves with the frequency of the incident light, but with different wavenumbers [6].

It should be noted, however, that the prediction of these satellite peaks was first made in the
context of the scattering of electromagnetic waves from a dielectric film containing a random
distribution of volume scatterers [7], rather than from a randomly rough surface, when the
thickness of the film is small compared to the mean free path of the electromagnetic wave in
the random medium.

In analytic [8-10] and computer simulation calculations [11-13] of the multiple scattering
of light from clean two-dimensional randomly rough surfaces of perfect conductors and pen-
etrable media, enhanced backscattering was observed in the results. However, when attention
turned to the scattering of light from a perfectly conducting surface coated with a dielectric
film, conflicting results were obtained. In these studies the dielectric-perfect conductor inter-
face was assumed to be planar, while the vacuum-dielectric interface was assumed to be a
two-dimensional randomly rough interface. In the first of these studies Kawanishi ez al. [14]
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applied the stochastic functional approach to this problem and found no evidence for satellite
peaks in their results. They suggested that the ensemble averaging of the intensity of the scat-
tered field restores isotropy in the mean scattering plane, and thereby eliminates the occurrence
of special scattering angles at which satellite peaks could occur. In subsequent work in which
the reduced Rayleigh equation for scattering from this structure [10, 15] was solved in the form
of expansions of the amplitudes of the p- and s-polarized components of the scattered field in
powers of the surface profile function through terms of third order, satellite peaks were found.
However, the contribution to the scattering amplitudes associated with the third-order term was
larger than that from the first-order term for the roughness and experimental parameters as-
sumed in that work. It is therefore possible that these values fell outside the ranges for which a
perturbative solution of the reduced Rayleigh equation is reliable.

Although satellite peaks were observed in experiments carried out by Méndez ef al. [16] that
utilized the double passage of polarized light through a random phase screen, the experimental
conditions were sufficiently different from those studied theoretically in Refs. [10, 14], that
these results could not be used to support the predictions of either of these studies.

In an effort to resolve the issue of whether satellite peaks do or do not exist in the scattering
of light from a rough dielectric film deposited on the planar surface of a metal, in this paper we
carry out a nonperturbative, purely numerical, solution of the reduced Rayleigh equation [17]
for the scattering of p- and s-polarized light from a structure consisting of a dielectric film
deposited on a metal substrate when the dielectric-metal interface is planar, while the vacuum-
dielectric interface is a two-dimensional randomly rough interface. This is an approach that
was used successfully in recent calculations of the scattering of p- and s-polarized light from
a two-dimensional randomly rough interface between a dielectric and a metal [17, 18], which
prompts its application to the present problem.

The system we study consists of vacuum (g)) in the region x3 > d + § (x”), where x| =
(x1,x2,0); a dielectric film (&) in the region 0 < x3 < d + ¢ (x|); and a lossy metal (g3) in
the region x3 < 0. The surface profile function § (XH) is assumed to be a single-valued function
of X| that is differentiable with respect to x; and x,, and constitutes a zero-mean, stationary,
isotropic, Gaussian random process defined by

(canee)) =aw (| —x)|)- M

The angle brackets here denote an average over the ensemble of realizations of the surface
profile function, and 6 = <C 2 (X”)>1/ % is the rms height of the surface roughness.

The electric field in the vacuum [x; >d+§ (x”)] is the sum of an incident field and a scat-
tered field, E(x;7) = [E(x|®)inc + E(x| )] exp (—ior), where

E(x|®)inc = {é [Kyjon (ky) + 83k ] Bp (k) + (83 x f‘H)Bs(ku)}

(2a)
x exp (ik) - x) —ion (k| )x3)
d2 c
E(x|0)sc = /%{5 [y o (q)) —R3q)] Ap(qy) + (%3 % le)As(qH)} 2b)

X exp (qu X+ iog (qH)X3) s

while the subscripts p and s denote the p-polarized and s-polarized components of these fields
with respect to the local planes of incidence and scattering. A caret over a vector indicates that
it is a unit vector, and the vector K is defined as k| = (k1,k2,0) (with similar definitions for q
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and p). The functions o;(q)) (i = 1,2,3) are defined by

1/2
ai(q)) = {e,- (9)2 _qﬂ , Reai(q)) > 0, Imoy(gy) > 0. (3)

c
A linear relation exists between the amplitudes 4¢(q)) and Bg(k|) (&, B = p,s), which we
write as

Ao(q)) = %Raﬁ (q)|k))Bg (k) )

where R is the scattering amplitude for incident 3-polarized light scattered into a-polarized
light. The convention we use with respect to the polarization subscripts is

_ (Roolaylky)  Rps(qy k)
R(q\llk”)_<R§pp(q“|k”) Ris(quH)). ©)

It has been shown by Soubret et al. [10] and Leskova [19] that the scattering amplitudes
[Rq 5(q \k”)] satisfy the matrix integral equation

dq
—5M R(q k) =—N k 6
| My R ) = Ny k) ©
called a reduced Rayleigh equation because it is an equation for only the scattered field in the
medium of incidence, and not for the fields in the film and in the substrate.The effects of the
latter two fields are contained in the elements of the matrices M(p)||q)) and N(p)||k) ). With the
shorthand notation c(q, ®) = c(g)|), the elements of these matrices in the forms obtained by
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Leskova [19] are

Myp(pylay) = [pyay + o2(py) (By-&))ea (q))]
1 (e (py) —au(g))lp —q))
o (p)) —oulq))

x Tp(py) exp (i [oa(p)) — ou(q))] )

+[pya) —ealp) By -d)ealq))] o

(= [ealp)) + ()] Ipy —qy)
o (p)) +au(q))

x Ap(py) exp (i [ea(p)) + 0 (q))] d)

Mys(pylay) = = oa(py) (By < )4

1 (e (py) — o (q))lpy —qy)
o (p)) —oulq)) (7b)

1(=[ea(py) +ou(q)] Iy —qy)
o2 (p)) +ou(q))

(Fp(l?) exp (—i[oa(p)) — ai(g))] d)

— Ap(py)exp (i[on(p) + au(q))] d)

Mooy lay) = 2 (By )y o (ay)

I(ea(p)) —aulq))lpy—qj)
o (p)) —ailgy) (7¢)

1(=[ea(py) +ou(q))] Ipy —qy)
o (p)+oulqy)

(Fs(p)exp (=i[ea(p)) —eu(g))]d)

+ As(py)exp (i [oa(py) +oulq))] d)
2
Mss(pylay) = % (p-qy)
I(oa(p)) — o (q)lp) —q))
o (p)) — ou(qy)
(= [oa(p)) +ou(g))] Ip) — )
o (py) +oulq)) ’

(rs(m)exp (=i[oa(py) — on(g))] d) (7d)

+ Ag(py) exp (i [oa(p)) + 0 (q))] d)
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and

Nop(pylKy) = — [kaH —oa(p)) (B 'RH)O‘l (kH)}
1(on(p)) + o (k) lpy —K))
oo (py) +ai (k)

x Tp(py) exp (=i [o2(py) +ou (k)] d)

= iy + 0 (p ) By ey () o
<t ) et LT

No(py ) = = 0a(py) (B > )
R S,
— iy exp i (o) — on (] @) 2= [mg:!pu)m kH()IJH‘)pH - )

Nop (k) = 2 (By )y o )

I(ea(p)) + ou (k) Ip) —K))
o (p)) +ou(ky) (80)

(
1(=[ea(py) — ou (k)] Ip) — k)
o (py) — o (k)

kp)lp| —k
><<1"s([7)exp( i[oa(py) + 0a (k)] d) (QZ(Z‘F)Oi(O!L)('Z“‘) v (8d)

1(= [ea(py) — o (k] Ip) — k)
o (py) — ou(ky) ’

In writing Eqgs. (7) and (8) we have introduced the functions

x (l's(p) exp (—i[oa(p)) +ou(k))] d)

+ As(py)exp (i [ea(p)) — o (k)] d)

® . .
Nes(py k) = 5 (B k)

+ As(py) exp (i [oa(p)) — ou (k)] d)

p(p)) = &205(p), @) + &02(p), ) (%a)
Ap(p)) = &205(p), ®) —&302(p), @) (9b)
and
Ts(p)) = o5(p), ©) + a2 (p), ©) (10a)
As(py) = oa(p), ©) — 2 (p), ©), (10b)
as well as
1(11Q)) = [ & exp (~iQ)x) exp [~i7 (x))] (an

The scattering amplitudes [Ra/; (q \km play a central role in the present theory because the
mean differential reflection coefficient, an experimentally measurable function, can be ex-
pressed in terms of these amplitudes. The differential reflection coefficient (dR/d€Y) is defined
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such that (dR/d€)dQ; is the fraction of the total time-averaged flux incident on the surface
that is scattered into the element of solid angle d€, about the scattering direction (6, ¢s). Since
we are studying the scattering of light from a randomly rough surface, it is the average of this
function over the ensemble of realizations of the surface profile function that we need to calcu-
late. The contribution to the mean differential reflection coefficient from the incoherent (diffuse)
component of the scattered light, when incident light of 3 polarization whose wave vector has
the projection k|| on the mean scattering surface is scattered into light of o polarization whose
wave vector has the projection q| on the mean scattering surface, denoted <8Ra 5/ 3Q.V>inmh, is
given by

(G B b - wfab)?] 20
<§§§>mh é%?iﬁ;“‘) [ Ros et 1)) = RosCa ) (120)
<g§;f>mh ;4nzl\ﬁ?2£2“‘)) [{Rsolaty i) = (RepCa i) ] (12¢)
<‘§1§j>mwh:§4—“§§2§;‘“; [ RssCay kI = [(Restaty i) ] (12d)

where S is the area of the plane x3 = 0 covered by the rough surface. The two-dimensional
wave vectors k| and q) are defined in terms of the polar and azimuthal angles of incidence
(60,¢0) and scattering (6y, ¢5), respectively, by k| = Ver(w/c) sinBy (cos@y,singy,0) and
q = /& (w/c)sin Os(cos g, sin g5, 0). Thus these wave vectors in Eq. (12) are restricted to the
domains k| < /€1(®/c) and g < \/€[(®/c) of the g14> plane.

Up to now Eq. (6) has been solved by small-amplitude perturbation theory through terms
of third order in the surface profile function [10,20]. Here we present results for the mean
differential reflection coefficient and for the full angular distribution of the intensity of the
scattered light obtained by a nonperturbative, purely numerical solution of Egs. (6)—(11), as
described in Ref. [17]. This was done by generating a realization of the surface profile func-
tion numerically on a grid of N2 points within a square region of the x;x; plane of edge L, so
that the (linear) sampling interval was Ax = L/Ny. A two-dimensional version of the filtering
method used in [17,21] was used to generate the profile function [13]. The function /(y|Q)
was then evaluated by expanding the integrand in powers of the surface profile function {(x)),
and calculating the Fourier transform of § ”(XH) by the fast Fourier transform. In evaluating the

integral over q in Eq. (6) the infinite limits were replaced by finite ones: (q% + q%) 12 <Q/2.
The Nyquist sampling theorem requires that |g;| and |g2| be smaller than O, = m/Ax [22, p.
605]. The components of the vector p — q entering /(y|p —qy) lie in the interval [0, 0,
so we have chosen Q = Q.. A grid with a grid constant Aq; = Aqa = Aq = 27/L was con-
structed within the circular region of the ¢ ¢> plane where (q% + q%) < Q/2. The integral over
this region in Eq. (6) was carried out by a two-dimensional version of the extended midpoint
method [22, p. 161] and the values of R, (q) |[k|) were calculated for values of q at the points
of this grid for a given value of k|, which was also a point on this grid. The resulting matrix
equations were solved by LU factorization and backsubstitution. The values of R, (q |k|) and
[Rop(q) k) | were then calculated for N, realizations of the surface profile function. An arith-
metic average of the N, results for each of these functions yielded the averages <Raﬁ (q” |kH)>
and (|Rep(q) k) ), from which the incoherent contribution to the mean differential reflection
coefficients were calculated according to Eq. (12).
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We apply this approach to the scattering of p- and s-polarized plane waves, whose wave-
length is A = 633 nm, incident from vacuum (&; = 1) on a dielectric film (&, = 2.6896 4 0.011i)
coating a silver surface (&5 = —18.28 4 0.481i) [23]. The mean thickness of the film is
d = 0.7564 = 478.5 nm. The roughness of the vacuum-dielectric interface is characterized
by a two-dimensional version of the West—O’Donnell power spectrum [24] given by [8]

4
g1k ) = 3 O(1ky | =)0k — i ), (13)
el

where 6(x) is the Heaviside unit step function, and k- = 0.82(w/c), k+ = 1.97(®w/c). The
rms height of the surface roughness was assumed to be 6 = A /40 = 15.82 nm, the surface
was discretized on a grid of resolution Ax; = Axy = 0.1234 = 77.6 nm and the edge of the
(quadratic) surface was L = 554 = 34.8 um.

The contribution to the mean differential reflection coefficient (dRqp(q)/Ky)/ 895>incoh
from single-scattering processes [second order in C(x”)] is proportional to g(|q — ky|) [8].
Since the power spectrum (13) is identically zero for |kH\ < k_, there is no contribution to the
mean differential reflection coefficient from the light scattered incoherently by single-scattering
processes when the wave vectors q) and k| satisfy the inequality |q; —k;| < k. The contri-
bution to (IRqp(q)|ky)/ BQQincoh when this condition is satisfied is due only to multiple-
scattering processes, including the enhanced backscattering peak and the satellite peaks. These
features are more clearly visible in this case because they do not ride on a large background
due to single-scattering processes. This is the reason that the calculations whose results are
presented here were carried out on the basis of the power spectrum (13).

In Fig. 1(a) we present the contribution to the mean differential reflection coefficient from
the light scattered incoherently as functions of the polar scattering angle 6, for the in-plane
(¢s = ¢ = 45°) co-(p—p, s—s) and cross-(p—s, s—p) polarized scattering when a p- or s-
polarized plane wave is incident on the dielectric surface at angles of incidence (6p, @) given
by (0.74°,45°). (In figures showing in-plane or out-of-plane scattering, we depart from the com-
monly accepted principle of not using negative polar angles, in that we allow for negative 6;.).
An arithmetic average of results obtained for N, = 11,165 realizations of the surface profile
function was carried out to produce these figures. In Fig. 1(b) we present the analogous results
for out-of-plane (¢s = ¢ + 90°) scattering when the roughness and experimental parameters
have the values assumed in generating Fig. 1(a).

In the results depicted in Fig. 1(a) [1(b)] single-scattering processes give no contributions to
the mean differential reflection coefficient for —53.8° < 6, < 56.4° (—55.08° < 6; < 55.08°).
In both figures a well-defined enhanced backscattering peak is seen in the retroreflection direc-
tion. In addition, in Fig. 1(a) additional peaks are seen on both sides of the enhanced backscat-
tering peak in the s — s co-polarized scattering contribution to the mean differential reflection
coefficient. These peaks are identified as satellite peaks.

We base this identification on the following consideration. It was shown in [6] that in the in-
plane co-polarized scattering of light of frequency @ from a one-dimensional randomly rough
surface of a film system when the plane of incidence is perpendicular to the generators of the
surface, satellite peaks occur at scattering angles given by

c
w+\/€1

The wave numbers ¢ (®),q2(®),...,qy(®) are the wavenumbers of the guided waves sup-
ported by the film structure at the frequency of the incident light. Not all of the peaks predicted
by Eq. (14) may be present in the mean differential reflection coefficient. This happens when the
absolute value of the right-hand side of Eq. (14) is greater than unity. Then the corresponding

sin ™" = —sin§y + g (@) — gn(@)]. (14)
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Fig. 1. (a) The contributions to the mean differential reflection coefficient as functions of
the polar scattering angle 65 from the in-plane (¢5s = @) co-polarized (p—p, s—s) and
cross-polarized (p—s, s—p) scattering of light incident on the two-dimensional randomly
rough surface of a dielectric film deposited on the planar surface of silver, whose dielectric
constant is €3 = —18.28 + 0.481i. The wavelength of the incident light is A = 633 nm,
the angles of incidence are (6y,¢p) = (0.74°,45°). The dielectric constant of the film is
& =2.6896+0.011, and its mean thickness is d = 478.5 nm. The roughness of the surface
is characterized by the power spectrum in Eq. (13), with k- = 0.82(w/c), k+ =1.97(w/c),
and its rms height is § = 2/40 = 15.82 nm. (b) The same as (a) for out-of-plane (¢ =
@0+ 90°) scattering.
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peak lies in the nonradiative region of the ¢1¢» plane. In addition, among the real satellite peaks
that should appear in the radiative region, not all may be sufficiently intense to be observable.
The scattering angles defined by Eq. (14) are expected to give the angles at which satellite
peaks occur in the in-plane co-polarized scattering from the two-dimensional randomly rough
surface of the film system studied here.
In the absence of absorption and roughness the {¢;(®)} are the solutions of the dispersion
relation

(g, ®) (82 [€1B3(q), @) + &1 (q), ®)] cot [0 (g, @)d]

T 2e18
+ {2 [e1Bs(q). ) + &1 (g, )] cot® e (g, 0)d] (1)
+4e85e3B1(q), w)lﬁ(l]uﬂ’)}l/z)

in p polarization, and

(g, 0) = % ( [Bi(g), ®) + B3(q), ®)] cot [ea (g, @)d]
£ {[B1(q), @) + B3 (g, ©)]* cot® [0 (g, ©)d] (15b)
+4Bi(q), ©) + Bs(qy, (D)}l/z)

1/2
in s polarization. In these equations f;(g), @) = [qﬁ - si(w/e)z] fori= 1,3, while on (g, ®)
is defined in Eq. (3). The film structure studied in this paper is found to support two guided
waves in p-polarization, whose wave numbers are

g1(w) =1.4391(w/c), q2(®)=1.0119(w/c), (16a)
and two guided waves in s polarization, with wave numbers
q1(w) =1.5467(w/c), q2(w)=1.2432(w/c). (16b)

These results predict satellite peaks at scattering angles 6, = —25.22° and 23.74° in p polar-
ization and at s = —18.13° and 16.65° in s polarization when we are considering in-plane
scattering, assuming the same angles of incidence as in Fig. 1. These scattering angles are in-
dicated by vertical dotted lines in Fig. 1(a). The peaks at 6, = —18.13° and 16.65° are seen
in the s—s co-polarized scattering contribution to the mean differential reflection coefficient.
There is no evidence of satellite peaks at Os(l 2 = 25.22° and 23.74° in the p—p co-polarized
scattering contribution to the mean differential reflection coefficient, presumably because they
are too weak to be seen. These results disagree with those of [10], in which no satellite peaks
were found in the in-plane s—s scattering contribution to the mean differential reflection coef-
ficient (although they are present in this contribution when the dielectric film is deposited on a
planar perfectly conducting surface). However, in [10] the surface roughness was characterized
by a Gaussian power spectrum, not the West—O’Donnell power spectrum assumed here. The
results of earlier calculations [25] of the scattering of p- and s-polarized light from a film with
a one-dimensional randomly rough surface characterized by a Gaussian power spectrum that
is deposited on a planar perfectly conducting surface, display satellite peaks more weakly than
when the roughness is characterized by a West—O’Donnell power spectrum [26].

Turning now to the results for out-of-plane scattering presented in Fig. 1(b), we see that an
enhanced backscattering peak is present in each scattering configuration. It is cut off in each
configuration. This is an artifact of the present calculation that results from the line defined by
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oy = ¢o £90° being exactly one grid point away from the backscattering direction. It is im-
portant to note that in out-of-plane scattering the predominant contribution to the differential
reflection coefficient is in the cross-polarized part. We see that the satellite peaks are now ob-
served in the p—s scattering configuration, meaning that incident p-polarized light excites both
of the s-polarized guided modes with wave vectors in the ¢ = ¢ & 90° directions, which sub-
sequently interfere to cause satellite peaks in out-of-plane scattering. Hence, the well-known
“satellite peaks” found in scattering from 1D surfaces turn into a kind of “satellite rings” for
scattering from 2D surfaces, where part of the ring is co-polarized (s—s in-plane) and part of
the ring is cross-polarized (p—s out-of-plane).

In Fig. 2 we present contour plots of the complete angular distribution of the mean differential
reflection coefficient for the light scattered incoherently from the film system studied here. The
material and experimental parameters used in producing these results have the same values used
in obtaining Fig. 1.

Light of p polarization (left column) or s polarization (right column) is incident on the struc-
ture. In Figs. 2(a) and 2(d) all of the scattered light is recorded; in Figs. 2(b) and 2(e) only the
p-polarized scattered light is recorded; while in Figs. 2(c) and 2(f) only the s-polarized scat-
tered light is recorded. In Fig. 2(f) we see two regions of high intensity in the in-plane polar-
ized (s—s) intensity distribution, centered at radii of approximately 0.29(w/c) at ¢ = 45°, and
0.31(w/c) at ¢, = 225°. These are the satellite peaks seen in the plot of (JdRss/9)incon PIE-
sented in Fig. 1(a). No such regions of high intensity are seen in Fig. 2(b) at radii of 0.34(w/c)
at ¢y = 45° and 0.52(w/c) at ¢, = 225°, where satellite peaks are predicted by Eq. (14) for
in-plane co-polarized scattering of p-polarized incident light. This result is consistent with the
absence of satellite peaks in the result for <9Rpp / 993>incoh presented in Fig. 1(a). The intensity
maxima in the out-of-plane cross-polarized (p—s) scattering intensity distribution depicted in
Fig. 2(c) correspond to the peaks at 6; &~ 19° seen in the plot of (JRg,/IQy) presented in
Fig. 1(b).

The result that satellite peaks are observed in scattering processes in which the scattered light
is s polarized, independent of the polarization of the incident light, is an interesting result of the
present calculations. It may be connected with the fact that s-polarized light is reflected more
strongly from a dielectric surface than is p-polarized light.

In Fig. 3 we present results analogous to those presented in Fig. 1, but for angles of incidence
(60,¢0) = (5.19°,45°). In Fig. 3(a) we present results for the in-plane (¢ = @) co-(p—p,
s—s) and cross-(p—s, s—p) polarized scattering, while in Fig. 3(b) we present results for out-
of-plane (¢ = ¢o +90°) co-(p—p, s—s) and cross-(p—s, s—p) polarized scattering. In the
results presented in Fig. 3(a) [3(b)] single-scattering processes give no contribution to the mean
differential reflection coefficient for —46.85° < 6, < 65.57° (—54.59° < 6, < 54.59°). The
limits of these angular regions are clearly seen in these figures.

A well-defined enhanced backscattering peak is seen in the results plotted in Fig. 3(a). Satel-
lite peaks are predicted by Eq. (14) to occur (in-plane) at 95(]‘2) = —31.18° and 19.68° for
p-polarized incident light, and at 65<1’2 = —23.20° and 12.30° for s-polarized incident light,
when the angles of incidence were the same as in Fig. 3. These scattering angles are indi-
cated by vertical dotted lines in this figure. Peaks at 6, = —23.20° and 6; = 12.30° are present
in the s—s co-polarized scattering contribution to the mean differential reflection coefficient.
There is no suggestion of peaks at 6, = —31.8° and 19.68° in the p—p co-polarized scattering
contribution to the mean differential reflection coefficient, nor any suggestions of peaks in the
cross-polarized (p—s, s—p) contribution to it.

The results for out-of-plane scattering presented in Fig. 3(b) show no enhanced backscat-
tering peaks. The reason for this is simply that since the abscissa points along ¢ = ¢ & 90°,
it does not cut through the backscattering peak, localized at (6;, ¢5) = (6o, ¢ + 180°). We do

incoh
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Fig. 2. The complete angular distribution of the mean differential reflection coefficient
(IR /Iy )incon for the light scattered incoherently from the film structure. The material
and experimental parameters assumed here are those used in obtaining the plots presented
in Fig. 1. Light of either p (left column) or s (right column) polarization is incident on the
structure. In (a) and (d) all (diffusely) scattered light is recorded. In (b) and (e) only the
p-polarized scattered light is recorded, while in (c) and (f) only the s-polarized scattered
light is recorded. The dark dot in each panel indicates the enhanced backscattering peak.
Note that the gray scale bar is cut at both ends in order to enhance the satellite rings. Also
note that the contribution from single scattering is suppressed, i.e. the differential reflection

coefficient is artificially set to O for |q“ -k ’ >k_.
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Fig. 3. The same as Fig. 1, but for angles of incidence given by (6, ¢9) = (5.19°,45°).

see some remainders of the satellite ring structure; the low peaks around 6; ~ +20° are part
of the rings to the upper left in Fig. 4. As the rings decay in strength away from the direction
¢ = ¢p =90°, they are weaker than what is seen in-plane.

As a necessary, but not sufficient, condition of the validity of our simulation results is energy
conservation. If all materials in the scattering system are lossless, i.e. Im(g) =0 (i = 1,2,3),
the power of the scattered light has to be equal to the power of the incident light. Under these
conditions, energy was conserved within 0.03% in our simulations.

In conclusion, in this paper we have presented a nonperturbative approach to the solution of
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Fig. 4. The same as Fig. 2, but for angles of incidence given by (6, ) = (5.19°,45°).
Note that the color bar is cut at both ends in order to enhance the satellite rings. Also
note that the contribution from single scattering is suppressed, i.e. the differential reflection

coefficient is artificially set to 0 for ‘q” -k ’ >k,

#165194 - $15.00 USD  Received 22 Mar 2012; revised 25 Apr 2012; accepted 27 Apr 2012; published 2 May 2012
(C)2012 OSA 7 May 2012/ Vol. 20, No. 10/ OPTICS EXPRESS 11349



the reduced Rayleigh equation for the scattering of polarized light from a dielectric film with
a two-dimensional randomly rough surface deposited on a planar metallic surface. We have
applied this result to calculate the contributions to the mean differential reflection coefficient
from the in-plane co- and cross-polarized components of the light scattered incoherently, as
well as from the out-of-plane co-and cross-polarized components of the light scattered incoher-
ently. The out-of-plane scattering contributions have not been calculated in earlier perturbative
studies of this problem [10, 14]. In addition, we have calculated the full angular distribution of
the intensity of the scattered light, which has helped to refine the conclusions drawn from the
calculations of the mean differential reflection coefficient. The main physical result obtained
in this work is the demonstration that satellite peaks (or rings) can arise in scattering from the
film structure studied here. This result is in agreement with the results of Soubret et al. [10]
but not with those of Kawanishi e al. [14]. A detailed study of the conditions under which
satellite peaks occur is lacking, but perhaps the approach developed here will be used to deter-
mine them. The work reported here also opens the door to the possibility of calculating other
properties of the light scattered from the film system studied here, such as all the elements of
the associated Mueller matrix, and offers the possibility of designing such structures to possess
specified scattering properties. These are problems that have to be left to the future.
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Calculation of the Mueller matrix for scattering of light from two-dimensional rough surfaces
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‘We calculate all the elements of the Mueller matrix for light scattering from a two-dimensional randomly rough
lossy metal surface. The calculations are carried out for arbitrary angles of incidence by the use of nonperturbative
numerical solutions of the reduced Rayleigh equations. We foresee that the ability to model polarization effects
in light scattering from surfaces will enable better interpretation of experimental data and allow for the design of

surfaces which possess useful polarization effects.

DOI: 10.1103/PhysRevA.86.031803

Introduction. When light is scattered from a surface,
it carries a great deal of information about the statistical
properties of the surface in its polarization. Even when the
structures in question are beyond the imaging limit, polarized
optical scattering can be employed to distinguish between
material inhomogeneities, particles, or even buried defects and
the roughness of both interfaces of thin films [1]. However, to
extract information from experimental data, one has to be able
to model the polarization effects [2]. The ability to calculate
the polarization effects found in light scattering also opens the
door to the possibility of designing surfaces which produce
specified polarization properties in the scattered or transmitted
light [3.,4].

All the information about the polarization transformations
light undergoes when scattered from rough surfaces is con-
tained in the Mueller matrix [5-7]. Still, very few calculations
of the Mueller matrix for a two-dimensional randomly rough
surface have so far been carried out by numerical methods,
largely because calculations of the scattering of light from
such surfaces are still computationally demanding [8—11].

An exception [12] is a calculation of the Mueller matrix
for perfectly conducting and metallic surfaces characterized
by a surface profile function that is a stationary, zero-mean,
isotropic, Gaussian random process, defined by a Gaussian
surface height autocorrelation function. These calculations
were carried out by a ray-tracing approach on the assumption
that the surface was illuminated at normal incidence. In this
work it was also shown that due to the assumptions of normal
incidence and the isotropy of the surface statistics, the elements
of the corresponding Mueller matrix possess certain symmetry
properties. Experimental Mueller matrices have later been
interpreted using the ray-tracing method [13]. Zhang and
Bahar [14] carried out an approximate analytic calculation
of the elements of the Mueller matrix for the scattering of
light from two-dimensional randomly rough dielectric surfaces
coated uniformly with a different dielectric material. A related,
yet qualitatively different, system is that of a slab of random

“Paul.Anton.Letnes @ gmail.com
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scatterers deposited on a substrate. The Mueller matrix of this
system was discussed by Lam and Ishimaru [15,16].

In this Rapid Communication we report a step toward
realizing the possibilities mentioned above. We present an
approach to calculating, for arbitrary angles of incidence, all
the elements of the Mueller matrix for the scattering of light
from a two-dimensional weakly rough surface. It is based on
nonperturbative numerical solutions of the reduced Rayleigh
equation for the scattering of p- and s-polarized light from a
two-dimensional rough penetrable surface [10,17].

Theory and computational method. The system we study
consists of vacuum in the region x3 > ¢(x)), where x; =
(x1,x2,0), and a metal whose dielectric function, for angular
frequency o, is e(w) in the region x3 < ¢(x). The surface
profile function ¢(x;) is assumed to be a single-valued
function of x| that is differentiable with respect to x; and x,,
and constitutes a stationary, zero-mean, isotropic, Gaussian
random process defined by (£(x)¢(x])) = 8*W(|x) — x||).
The angle brackets here and in all that follows denote an
average over the ensemble of realizations of the surface profile
function, and § = ({Z(XH))'/2 is the rms height of the surface.
Each realization of the surface profile function was generated
numerically by the filtering method [11,18].

We begin by writing the electric field in the vacuum region
x3 > £(x)) as the sum of an incident and a scattered field,
Ex.t) = [EQ(x|w) + E®(x|w)] exp(—iwt), where

EOxjw) = [£7 (&) (k) + £ kel (k)]
X exp[ik" . iO{o(k||)X3], (la)

d? N N
(2;)"2 [EV@eS(q)) + E(qe(q))]

X exp[iq" - X + l‘O{Q(qH)XﬂA (1b)

EY(x|w) =

Here kj = (ki,k,0), the unit polarization vectors are
&0k = (c/w)aotky)ky + kykal, &0k =k x %,
€9(q)) = (c/o)—aolga + q1%s], e9(q)) = § x %3,
while  ao(gq)) = [(w/c)?* — qﬁ]l/z, with  Reap(q)) > 0,
Imoao(gy) > 0. Here, ¢ is the speed of light in vacuum,
and a caret over a vector indicates that it is a unit
vector. In terms of the polar and azimuthal angles of
incidence (6y,¢0) and scattering (6y,¢;), the vectors Kk
and q are given by k| = (w/c)sin6y(cos ¢y, sin ¢,0) and
q = (w/c) sinfy(cos ¢y, sin ¢;,0).

©2012 American Physical Society
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A linear relation exists between the amplitudes £#)(q)) and
8;0)(ku), which we write in the form (o = p,s)

EV@) = Xy, s ReplaylkES (Ky). @

It was shown by Brown et al. [ 17] that the scattering amplitudes

Rup(qylky) satisfy the matrix integral equation (the reduced
Rayleigh equation)

d*qy I(@(p)) — aolg)lpy

@r)y? a(pp) — aolq))

H(a(py) + aolkplpy — ky)

= N _(pylk)), (3)

U(PH) T O(O(k") Pk

with R, and R, forming the first row of the matrix R, where

— q”)NJr(Pn lq)R(qylk))

Iy1Q) = /dzxn expl—iy¢(xlexp(—iQy - x), (4

and  a(p)) = [e(@)(@/c)* — pj1'?, with Rea(p)) >0,
Ima(py) > 0. The matrices N+ (p |qy) are given by
Nx(pylqp)
_ (ann T a(ppy - qreolqy)

—2a(plpy x q;ls
+2[py x ql0(g)) ’

A A
e I
®)

These equations were solved by the method described in detail
in Ref. [10]. First, a realization of the surface profile function
was generated on a grid of Ny x N, points within a square

(M)
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region of the x| x, plane of edge L. In evaluating the q; integral
in Eq. (3) the infinite limits of integration were replaced by
finite ones, |q;| < Q/2, and the integral was carried out by
a two-dimensional version of the extended midpoint rule [19]
using a grid in the g, ¢, plane that is determined by the Nyquist
sampling theorem and the properties of the discrete Fourier
transform. The function /(y|Q)) was evaluated by expanding
the integrand in Eq. (4) in powers of {(x)) and calculating the
Fourier transform of ¢"(x)) by the fast Fourier transform. The
resulting equations were solved by LU factorization.

The scattering amplitudes R.g(qylk)) play a central role
in the calculation of the elements of the Mueller matrix. In
terms of these amplitudes the elements of the Mueller matrix
M are [20]

Myy = C(Rp 1P + [Rop* + [Ry” + | Rys ).
My = C(IRp > + [Rop* = [Rp” — | Rys ).
M3 = C(R,,,,R;S —+ RX,,R;‘S + R,;SR;‘,,, + R“R;‘p),
My = iC(Rp, Ry + Ry Ry, — Rys R, — Ry R;,),
My = C(IRpp|* = [Rop” + IRy > = [R5 ),
My = C(IR > = |Rop* = [Rps|* + [R5 ),
My3 = C(Rp, Ry — Ry R}, + Rps R}y, — R R,
Moy = iC(Rp Ry — Rep R, — Rypo Ry, + Ry RY),
Mz = C(Ry, R}, + Rop Ry, + Rps RY, + Res R}y)),

.
P
Mz, = C(RyyR}, + Ry RS, — Rps Ry — Ry R,

FIG. 1. (Color online) Color-level plots
of the contribution to the Mueller matrix
elements from the light scattered incoherently
as functions of ¢, and ¢, for angles of
incidence (6y,¢0) = (2°,45°). An ensemble
consisting of N, = 10000 surface realiza-
tions was used in obtaining these results.
The elements, (M} )incon (i,j = 1,2,3,4), are
organized as a matrix with (M;)incon in the
top left corner, (M3 )incon top row and second
column, etc. The white spots indicate the
specular direction in reflection.

-0.50.0 05 1.0 -0.500 05 1.0 =0.5 0.0 0.5 1.0 =0.5 0.0 0.5 1.0
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Ms3 = C(Rpp R, + Ry RY, + Rys R, + Ry R,

My = iC(Ryp R}, + Ry R, — Ry RY, — Ry R,

My = —iC(R,,RY, — RyyRY, + Ry R, — Ry RY),

My = —iC(R,pRY, — Ry R, — Ry RY + Ry R,

Mz = —iC(R,,RY, — Ry, RS, + Ry RY, — Ry, R,

My = C(Ryp R, — Ry RY, — Rys R, + Ry R, (6)

where

1 ( ® )2 cos? 0,

€= D

2wc/ cosby

and L? is the area of the plane x3 = 0 covered by the rough
surface. For clarity, we note that the conventions used in
deriving the above expressions for the elements of the Mueller
matrix are as follows. The Stokes parameters are defined as

|Ep I + | Es
_ |Ep 1 — | Eq|? @)
2Re(E,E) |

2Im(E, E)

< T ~

where the superscript * denotes complex conjugation, and
E, and E, are the amplitudes of the p- and s-polarized
components of the electric field, respectively. It is also of
importance to note that the definition of the handedness of
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0.02

FIG. 2. (Color online) Same as Fig. 1,
but now for angles of incidence (0y,¢p) =
(25°,45°).
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circularly polarized light is opposite to that of, e.g., Hauge
etal. [21].

As we are concerned with scattering from a randomly
rough surface, it is the average, (M), of the Mueller matrix
over the ensemble of realizations of the surface profile
function that we seek. In evaluating an average of the form
(RapR}5) we can write Ryg as the sum of its mean value
and its fluctuation about the mean, Ryg = (Ryp) + (Rup —
(Ryp)). We then obtain the result (Ra,gR;js) = (Raﬁ)<R;6> +
((RaﬁR;,;) — (Rap)(R};)). The first term on the right-hand
side of this equation arises in the contribution to an element
of the ensemble averaged Mueller matrix from the light
scattered coherently (specularly); the second term arises in
the contribution to that ensemble averaged matrix element
from the light scattered incoherently (diffusely). It is the latter
contribution, (M)incon, that we calculate.

Results. We have calculated in this way the 16 elements of
the Mueller matrix when light of wavelength A = 457.9 nm is
incident on a two-dimensional randomly rough silver surface
whose dielectric function at this wavelength is e(w) = —7.5 +
0.24i [22]. The roughness of the surface is defined by a sur-
face height autocorrelation function W(|x;|) = exp(—xﬁ/az),
where a = /4 and the rms height § = A /40. For the numerical
parameters we used L = 251 and N, = 319, which implies
that Q/2 = 3.2(w/c) is the cutoff in the integral in Eq. (3) [10].
The calculated Mueller matrices were found to be physically
realizable and therefore self-consistent by the method of
Ref. [23].
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FIG. 3. (Color online) The incoherent contribution to the diagonal
Mueller matrix elements, (M;;)incon, in the plane of incidence
(parameters as in Fig. 2). The vertical dotted line indicates the
backscattering direction. The lines, from top to bottom, correspond
toi = 1,2,4 and 3.

The results presented in Fig. 1 were obtained for angles
of incidence (6y,¢0) = (2°,45°), i.e., for essentially normal
incidence. The first thing to notice from Fig. 1 is that the
individual matrix elements possess the symmetry properties
predicted by Bruce [12,24]. The elements of the first and last
column are circularly symmetric; each element of the second
and third columns is invariant under a combined 90° rotation
about the origin and a change of sign; and the elements of
the second column are 45° rotations of the elements of the
third column in the same row [25]. Note that the elements
(M31)incohs {Ma1)incoh> (M14)incon> and (Ma4)incon are zero to
the precision used in this calculation. However, simulations
indicate that this does not hold for anisotropic surfaces.

The results presented in Fig. 2 were obtained for angles of
incidence (6p,¢p) = (25°,45°), and display some interesting
features. The elements (M1} )incoh, (M22)incoh> and {(M33)incon
contain a (weak) enhanced backscattering peak at q; = —k;
(Fig. 3). The absolute value of the element (Ma4)incon has a dip
in the retroreflection direction. This dip is not present in the
results of a calculation based on small-amplitude perturbation
theory to the lowest (second) order in the surface profile
function, and is therefore a multiple-scattering effect, just as
the enhanced backscattering peak is. In contrast to what was
the case for normal incidence, the elements (M3 )incon and
(M>4)incon are no longer zero.
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If we denote the ensemble average of the contribu-
tion to a normalized element of the Mueller matrix from
the light that has been scattered incoherently by m;; =
(M;;)incon/ (M1 )incon, We can estimate the order of magnitude
of the Mueller matrix elements by calculating the quantities
sij = (Imi;(q))l)q,, Where

2

(f@p)e, = f dq f (@) ~—s. ©)

and the integral over q; is taken over the circular region 0 <
q < a)/c. It was found that s11, 522, 523, 532, $33, S44 are of
O(1), 512, 513, 821, S34, S42, 543 are of O(0.1), and s14, 524, 531,
s41 are of O(0.01). These results are only weakly dependent
on the polar angle of incidence 6y, for the values of 6 assumed
in this study.

Conclusion. We have presented an approach to the calcula-
tion of all 16 elements of the Mueller matrix for light scattered
from a two-dimensional, randomly rough, lossy metal surface,
for arbitrary values of the polar and azimuthal angles of
incidence. It is based on a rigorous numerical solution of
the reduced Rayleigh equation for the scattering of p- and
s-polarized light from a two-dimensional rough surface of a
penetrable medium that captures multiple-scattering processes
of all orders. The results display multiple-scattering effects in
certain matrix elements, such as an enhanced backscattering
peak in the retroreflection direction, and an unexpected dip
in the same direction. The matrix elements also display
symmetry properties that, for normal incidence, agree with
those predicted by Bruce [12].

The approach used and the results presented in this Rapid
Communication will lead to a better understanding of the
polarimetric properties of random surfaces. Such knowledge
may be critical for improved photovoltaic and remote sensing
applications. It also has the potential to be used in engineering
surface structures which produce well-defined polarization
properties in scattered and transmitted light.
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Abstract: A formalism is introduced for the non-perturbative, purely
numerical, solution of the reduced Rayleigh equation for the scattering
of light from two-dimensional penetrable rough surfaces. As an example,
we apply this formalism to study the scattering of p- or s-polarized light
from two-dimensional dielectric or metallic randomly rough surfaces by
calculating the full angular distribution of the co- and cross-polarized
intensity of the scattered light. In particular, we present calculations of
the mean differential reflection coefficient for glass and silver surfaces
characterized by (isotropic or anisotropic) Gaussian and cylindrical power
spectra. The proposed method is found, within the validity of the Rayleigh
hypothesis, to give reliable results. For a non-absorbing metal surface the
conservation of energy was explicitly checked, and found to be satisfied to
within 0.03%, or better, for the parameters assumed. This testifies to the
accuracy of the approach and a satisfactory discretization.
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1. Introduction

Wave scattering from rough surfaces is an old discipline which keeps attracting a great deal
of attention from the scientific and technological community. Several important technologies
in our society rely on such knowledge, with radar being a prime example. In the past, the in-
teraction of light with rough surfaces was often considered an extra complication that had to
be taken into account in order to properly interpret or invert scattering data. However, with the
advent of nanotechnology, rough structures can be used to design novel materials with tailored
optical properties. Examples include: metamaterials [1, 2], photonic crystals [3], spoof plas-
mons [4], optical cloaking [5-7], and designer surfaces [8, 9]. These developments have made
it even more important to have available efficient and accurate simulation tools to calculate both
the far- and near-field behavior of the scattered and transmitted fields for any frequency of the
incident radiation, including potential resonance frequencies of the structure.

Lord Rayleigh was the first to perform systematic studies of wave scattering from rough sur-
faces when, in the late 1800s, he studied the intensity distribution of a wave scattered from a
sinusoidal surface [10,11]. More than three decades later, Mandel’shtam studied light scattering
from randomly rough surfaces [12] thereby initiating the field of wave scattering from surface
disordered systems. Since the initial publication of these seminal works, numerous studies on
wave scattering from randomly rough surfaces have appeared in the literature [13-19], and
several new multiple scattering phenomena have been predicted and confirmed experimentally.
These phenomena include the enhanced backscattering and enhanced transmission phenom-
ena, the satellite peak phenomenon, and coherent effects in the intensity-intensity correlation
functions [19-24].

These studies, and the methods they use, can be categorized as either perturbative or purely
numerical (and non-pertubative). While the former group of methods is mainly limited to
weakly rough surfaces, and therefore have limited applicability, the latter group of methods can
be applied to a wider class of surface roughnesses. Rigorous numerical methods can in princi-
ple be used to study the wave scattering from surfaces of any degree of surface roughness. Such
simulations are routinely performed for systems where the interface has a one-dimensional
roughness, i.e., where the surface structure is constant along one of the two directions of the
mean plane [19,25]. However, for the practically more relevant situation of a two-dimensional
rough surface, the purely numerical and rigorous methods are presently less used due to their
computationally intensive nature. The reason for this complexity is the fact that for a randomly



rough surface there is no symmetry or periodicity in the surface structure that can be used to
effectively reduce the simulation domain. For a periodic surface, it is sufficient to simulate a
single unit cell, while for a random surface the unit cell is in principle infinite.

A wide range of simulation methods are currently available for simulating the interaction of
light with matter, including the finite-difference time-domain (FDTD) method [26], the finite-
element method (FEM) [27,28], the related surface integral equation techniques also known as
the boundary element method (BEM) or the method of moments (MoM) [29-33], the reduced
Rayleigh equation (RRE) technique [18,34—40], and spectral methods [32].

The FDTD and FEM methods discretize the whole volume of the simulation domain. Due
to the complex and irregular shape of a (randomly) rough surface, it is often more convenient,
and may give more accurate results (for the same level of numerical complexity) [41], to base
numerical simulations on methods where only the surface itself needs to be discretized. This
is the case, for example, for the surface integral technique and the reduced Rayleigh equation
methods.

The reduced Rayleigh equation is an integral equation where the unknown is either the scat-
tering amplitude or the transmission amplitude. In the former (latter) case, one talks about the
reduced Rayleigh equation for reflection (transmission). For reflection this equation was origi-
nally derived by Brown et al. [34], and subsequently by Soubret et al. [39,40]. Later it has also
been derived for transmission [42] and film geometries [39,43,44].

In the past, the surface integral technique has been used to study light scattering from two-
dimensional randomly rough, perfectly conducting or penetrable surfaces [33, 45, 46]. How-
ever, to date, a direct numerical and non-perturbative solution of the two-dimensional reduced
Rayleigh equation has not appeared in the literature, even if its one-dimensional analog has been
solved numerically and has been used to study the scattering from, and transmission through,
one-dimensional rough surfaces [35-37]. The lesson learned from the one-dimensional scatte-
ring studies reported in Refs. [35-37] is that simulations based on a direct numerical solution
of the reduced Rayleigh equation may give accurate non-perturbative results for systems where
alternative methods struggle to give the same level of accuracy. Moreover, the reduced Rayleigh
method also requires less memory for the same surface dimensions when compared to, e.g., the
rigorous surface integral technique.

The main aim of this paper is to present a numerical method and formalism for the solution of
the two-dimensional reduced Rayleigh equation for reflection. While we exclusively consider
reflection, the formalism for transmission will be almost identical, and the resulting equation
will have a similar form as for reflection. Additionally, the equation for transmission or reflec-
tion for a film geometry, i.e., for a film of finite thickness on top of a substrate, where only one
interface is rough, will also have a similar form. The method presented will be illustrated by
applying it to the study of the scattering of p- or s-polarized light from two-dimensional metal-
lic or dielectric media separated from vacuum by an isotropic or anisotropic randomly rough
surface.

This paper is organized as follows: First, in Sec. 2 we present the scattering geometry to
be considered. We will then present some relevant scattering theory, including the reduced
Rayleigh equation for the geometry under study (Sec. 3), followed by a detailed description of
how the equation can be solved numerically (Sec. 4). Next, we will present some simulation
results obtained by the introduced method (Sec. 5). We then discuss some of the computational
challenges of this method (Sec. 6), and, finally, in Sec. 7 we draw some conclusions.

2. Scattering Geometry

We consider a system where a rough surface separates two regions. Region 1 is assumed to be
vacuum (&€ = 1), and region 2 is filled with a metal or dielectric characterized by a complex
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Fig. 1: (Color online) A sketch of the scattering geometry assumed in this work. The figure also
shows the coordinate system used, angles of incidence (6, ¢9) and scattering (6;, @), and the
corresponding lateral wavevectors k| and q|, respectively.

dielectric function & (®), where the angular frequency is @ = 27¢c/A, with A being the wave-
length of the incident light in vacuum and c¢ the speed of light in vacuum. The height of the
surface measured in the positive x3 direction from the x;x;-plane is given by the single-valued
function x3 = {(x)), where x| = (x1,x2,0), which is assumed to be at least once differentiable
with respect to x; and x,. Angles of incidence (6, ¢y ) and scattering ( 6y, ¢;) are defined positive
according to the convention given in Fig. 1.

In principle, the theory to be presented in Sec. 3 can be used to calculate the scattering of
light from any surface, provided it is not too rough. However, in this paper, we will consider
randomly rough surfaces where (XH) constitutes a stationary random process defined by

(Cx)) =0,
(CxPEx))) = 8°W(x) —x)"),

where the angle brackets denote an average over an ensamble of surface realizations. In writing
1/2

ey

Egs. (1) we have defined the root-mean-square height of the surface, § = (¢ 2(xH)> and
W (x| —x)") denotes the height-height auto-correlation function of the surface, normalized so
that W(0) = 1 [19]. According to the Wiener-Khinchin theorem [47], the power spectrum of
the surface profile function is given by

g(ky) = / dx) W (x)) exp (—iky -x)) )
The power spectra that will be considered in this work are of either the Gaussian form [33]

kZ 2 k2 2
g(kH) = Taja exp <1(11 — 2612) N

4 4 3

where a; (i = 1,2) denotes the lateral correlation length for direction 7, or the cylindrical
form [38]

glky) = [0k —k-)8 (ks — k)], @



where k| = [K||, 8 denotes the Heaviside unit step function, and k. are wavenumber cutoff
parameters, with k_ < k.. The cylindrical form in Eq. (4) is a two-dimensional generalization of
the power spectrum used in the experiments where West and O’Donnell confirmed the existence
of the enhanced backscattering phenomenon for weakly rough surfaces [21].

3. Scattering Theory

We consider a linearly p- or s-polarized plane wave which is incident on the surface from
region 1, with the electric field given by E() (x;r) = E) (x|®) exp(—it) where

E(O) (x|a)) = gm) (kH)exp [ikH X —iay (kH)X3] s (5a)
with
EO(k)) = — < [kyon (k) + &3k ] €9 (k) + (% x k) & (k sb
() = = 5 [y (k) + Raky | &7k ) + (R < Ky ) &7 (k) (5b)
and
0)2 1/2
o (ky) = (62—13) , Rea; >0, Imay > 0. (5¢)

Here, and in the rest of the paper, a caret over a vector indicates a unit vector. The expressions in
front of the amplitudes é"éo) (kH ) (¢ = p,s) in Eq. (5b) correspond to unit polarization vectors for
incident light of linear polarization o.. Moreover, k| = (k1,k2,0) denotes the lateral component
of the wave vector k = k| — ot(k )&3. When the lateral wavenumber satisfies k| < ®/c, as will

be assumed here, k|| is related to the angles of incidence according to
. .
k = ?sm 6o (cos ¢, sin @, 0) , (6)

where ¢ denotes the speed of light in vacuum and 6y and ¢y are the polar and azimuthal angles of
incidence, respectively (Fig. 1). When writing the field of incidence, E(¥) (x;7), a time harmonic
dependence of the form exp(—iwr) was assumed. A similar time dependence will be assumed
for all field expressions, but not indicted explicitly.

Above the surface roughness region, i.e., for x3 > max § (XH ), the scattered field can be written
as a superposition of upwards propagating reflected plane waves:

B sjo) = | AL 619 ay) ¢ exp i -+ i) (Ta)
(2m)? I [ 1(q))x3] 5
where

E9(a)) = = [a)01(q)) %)) £ (a)) + (% x4)) &7 (q))- (7b)

The integration in Eq. (7a) is over the entire plane, including the evanescent region ¢ > ®/c.

Therefore, both propagating and evanescent modes are included in E® (x|w).
We will assume that a linear relationship exists between the amplitudes of the incident and
the scattered fields, and we write (for o = p,s)

@) = X Raplayliy)&s” (). v
B=ps



Here we have introduced the so-called scattering amplitude Ry p(qy|K| ), which describes how
incident 3-polarized light characterized by a lateral wave vector k| is converted by the surface
roughness into scattered light of polarization o and lateral wave vector q. When g < @ /c, the
wave vector | is related to the angles of scattering (6, ¢5) by

q = %sin 65 (cos ¢y, sin ¢, 0) . )

Below the surface region, i.e., for x3 < min § (x” ), the transmitted electric field can be written
as

dZ
EY(x)|w) = / (2;)“25 (o) x exp [ip) - x) —i0a(py)x3] (102)
with
1
Oipy) = - 62((0)% Boa(p)) +13p|] éap(t)(l)u) + (%3 % PH) (Pu) (10b)

In writing Eqgs. (10) we have introduced wave vectors of the transmitted field p = p — 02 (p) )X3,
where

2 1/2
o(p)) = [ez(w)?z —pz] ; Reay >0, Imap > 0. (In

In complete analogy to what was done for reflection, a transmission amplitude Ty (pH k)
may be defined via the following linear relation between the amplitudes of the incident and
transmitted fields (o = p, s)

&)=Y Tup(pylk)Ey” ()). (12)
B=p,s

Since the form of the electric fields given by Eqgs. (5), (7), and (10) apply far away from the
surface region, they are referred to as the asymptotic forms of the electric field. These equations
automatically satisfy the boundary conditions at infinity.

In passing we note that once the incident field has been specified, the scattered and transmit-
ted fields are fully specified outside the surface roughness region if the reflection [Rg (q” \kH )]
and transmission [T, (pjj|k) )] amplitudes are known. We will now address how the reflection
amplitude can be calculated.

3.1. The Rayleigh Hypothesis

Above the surface, i.e., in the region x3 > maxC (XH) the total electric field is equal to the
sum of the incident and the scattered field, E”) (x|w) + E© (X|a)) Below the surface, in
the region x3 < min{(x)), it equals the transmitted field, EY(x|®). In the surface rough-
ness region, min{(x)) < x3 < max{(x), these forms of the total field will not generally
be valid. In particular, when we are above the surface but still below its maximum point,
ie., §(x) <x3 <max{(x)), the expression for the scattered field will also have terms con-
taining exp [qu X —ioy (q||)X3]. Similarly, the transmitted field in the surface region has to
contain an additional term similar to Eq. (10a) but with the exponential function replaced by
exp [qu “X|| +i0n (q”)x3] (and a different amplitude).

If the surface roughness is sufficiently weak, however, the asymptotic form of the fields,
Egs. (5), (7), and (10), can be assumed to be a good approximation to the total electric field in



the surface roughness region. This assumption is known as the Rayleigh hypothesis [10,11,17],
in honor of Lord Rayleigh, who first used it in his seminal studies of wave scattering from
sinusoidal surfaces [10, 11]. For a (one-dimensional) sinusoidal surface, x3 = {ysin(Ax;), the
criterion for the validity of the Rayleigh hypothesis, and thus equations that can be derived from
it (like the reduced Rayleigh equation to be introduced below), is known to be {yA < 0.448,
independent of the wavelength of the incident light [48, 49]. For a randomly rough surface,
however, the absolute limit of validity of this hypothesis is not generally known, though some
numerical studies have been devoted to finding the region of validity for random surfaces [50].
Even if no absolute criterion for the validity of the Rayleigh hypothesis for randomly rough sur-
faces is known, it remains true that it is a small-slope hypothesis. In particular, if the randomly
rough surface is characterized by an rms height &, and a correlation length a (see Sec. 2 and
Ref. [19] for details), there seems to be a consensus in the literature on the Rayleigh hypothesis
being valid if § /a < 1 [17,50]. We stress that the validity of the Rayleigh hypothesis does not
require the amplitude of the surface roughness to be small, only its slope.

3.2.  The Reduced Rayleigh Equations

Under the assumption that the Rayleigh hypothesis is valid, the total electric field in the surface
region, min & (x) < x3 < max {(x| ), can be written in the form given by Egs. (5), (7) and
(10) [with Egs. (8) and (12)]. Hence, these asymptotic fields can be used to satisfy the usual
boundary conditions on the electromagnetic field at the rough surface x3 = { (XH) [51,52]. In
this way, one obtains the so-called Rayleigh equations, a set of coupled inhomogeneous integral
equations, which the reflection and transmission amplitudes should satisfy.

In the mid-1980s, it was demonstrated by Brown et al. [34] that either the reflection or trans-
mission amplitude could be eliminated from the Rayleigh equations, resulting in an integral
equation for the remaining amplitude only. Since this latter integral equation contains only the
field above (below) the rough surface, it has been termed the reduced Rayleigh equation for
reflection (transmission). Subsequently, reduced Rayleigh equations for two-dimensional film
geometries, i.e., a film of finite thickness on top of an infinitely thick substrate, where only
one interface is rough, was derived by Soubret e al. [39,40] and Leskova [43,44]. Moreover,
reduced Rayleigh equations for reflection from clean, perfectly conducting, two-dimensional
randomly rough surfaces [53] and reduced Rayleigh equations for transmission through clean,
penetrable two-dimensional surfaces [42] have been derived.

For the purposes of the present study, we limit ourselves to a scattering system consisting
of a clean, penetrable, two-dimensional rough surface x3 = § (XH) (Sec. 2). If the scattering
amplitudes are organized as the 2 X 2 matrix

_ ( Rpplaylky)  Rps(qylky)
R(q”|k)< Rii(Qn\kH) Ri((mkn) ) ()

the reduced Rayleigh equation (for reflection) for this geometry can be written in the form [38—
40]

/ d*q) 1(ea(p)) — aulq)lp) —aj)
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where
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and

(14c)
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where the integrals in Egs. (14a) and (14b) are over the entire q)-plane and x-plane, respec-
tively. Reduced Rayleigh equations for transmission, or film geometries with only one rough
interface, will have a similar structure to Eq. (14) [39,40], and can be solved in a completely
analogous fashion.

It should be mentioned that the reduced Rayleigh equation can serve as a starting point
for most, if not all, perturbation theoretical approaches to the study of scattering from rough
surfaces [19]. For example, McGurn and Maradudin studied the scattering of light from two-
dimensional rough surfaces based on the reduced Rayleigh equation, going to fourth order
in the expansion in the surface profile function, and demonstrating the presence of enhanced
backscattering [38].

3.3.  Mean Differential Reflection Coefficient

The solution of the reduced Rayleigh equation determines the scattering amplitudes
Rop(q)k)). While this quantity completely specifies the total field in the region above the
surface, it is not directly measurable in experiments. A more useful quantity is the mean dif-
ferential reflection coefficient (DRC), which is defined as the time-averaged fraction of the
incident power scattered into the solid angle d€Q; about the scattering direction q. The mean
DRC is defined as [38]

<9Ra,3> 1 ®? cos?6,

2
0Q T 24722 cos 6o <’Raﬁ (q”|kH)’ >’ (13

where L? is the area of the plane x3 = 0 covered by the rough surface. In this work, we are
mainly interested in diffuse (incoherent) scattering. Since we consider weakly rough surfaces,
the specular (coherent) scattering will dominate, and it will be convenient to separate the mean
DRC into its coherent and incoherent parts. By coherent scattering, we mean the part of the
scattered light which does not cancel when the ensemble average of Ry is taken, i.e., the part
where the scattered field is in phase between surface realizations. Conversely, the incoherent
part is the part which cancels in the ensemble average. The component of the mean DRC from
incoherent scattering is [38]

< 8Raﬁ > 1 ®? cos?6,
incoh
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The contribution to the mean DRC from the coherently scattered light is given by the difference
between Eqgs. (15) and (16).

3.4. Conservation of Energy

As a way to check the accuracy of our results, it is useful to investigate energy conservation.
If we consider a metallic substrate with no absorption, the reflected power should be equal
to the incident power. The fraction of the incident light of polarization 8 which is scattered
into polarization ¢ is given by the integral of the corresponding mean DRC over the upper

hemisphere:
IRyp
%aﬁ:/dﬂs<ags>. 17)




For a non-absorbing metal, if we send in light of polarization 8, we should have Y. %55 = 1,
if energy is conserved. While the conservation of energy is useful as a relatively simple test, it
is important to note that it is a necessary, but not sufficient, condition for correct results.

4. Numerical Solution of the Reduced Rayleigh Equation

The starting point for the numerical solution of the reduced Rayleigh equation is a discretely
sampled surface, from which we wish to calculate the reflection. We will limit our discussion
to quadratic surfaces of size L x L, sampled on a quadratic grid of N, x Ny points with a grid
constant

L
Ax = N, (18)

In this paper, we will present results for numerically generated random surfaces. These are
generated by what is known as the Fourier filtering method. Briefly, it consists of generating
uncorrelated random numbers with a Gaussian distribution, transforming them to Fourier space,
filtering them with the square root of the surface power spectrum g(k| ), and transforming them
back to real space. The interested reader is referred to, e.g., Refs. [25,33].

The next step towards the numerical solution of the reduced Rayleigh equation is the evalua-
tion of the integrals / (}/|QH) defined in Eq. (14b). These integrals are so-called Fourier integrals
and care should be taken when evaluating them due to the oscillating integrands [54]. Using
direct numerical integration routines for their evaluation will typically result in inaccurate re-
sults. Instead, a (fast) Fourier transform technique with end point corrections may be adapted
for their evaluation, and the details of the method is outlined in Ref. [54]. However, these cal-
culations are time consuming, since /(y|Q|) must be evaluated for all values of the arguments
y=ou(py) — oa(q)) and y = o (py) — o (k) ".

Instead, a computationally more efficient way of evaluating / (Y\QH) is to assume that the
exponential function exp [—iy{(x))], present in the definition of /(|Q)), can be expanded in
powers of the surface profile function, and then evaluating the resulting expression term-by-
term by Fourier transform. This gives

o (_in\n
Q) =y =7

n=0

£M(Qy), (192)

where é’ () (Qy) denotes the Fourier transform of the nth power of the profile function, i.e.,

Q) :/dzxn ¢"(x))exp (—iQ) X)) (19b)

In practice, the sum in Eq. (19a) will be truncated at a finite value n = J, and the Fourier
transforms are calculated using a fast Fourier transform (FFT) algorithm.

The advantage of using Eqs. (19) for calculating 1(7]Q| ), rather than the method of Ref. [54],
is that the Fourier transform of each power of § (X”) can be performed once, and changing the
argument Y in / (}/|QH) will not require additional Fourier transforms to be evaluated. This re-
sults in a significant reduction in computational time. The same method has previously been
applied successfully to the numerical solution of the one-dimensional reduced Rayleigh equa-
tion [35-37].

It should be noted that the Taylor expansion used to arrive at Eq. (19) requires that
|}/C (XH)| < 1 to converge reasonably fast, putting additional constraints on the amplitude of

IFor the calculations used to generate the results presented in this paper, this would amount to evaluating / (y\QH)
on the order of 10'° times.



the surface roughness which may be more restrictive than those introduced by the Rayleigh
hypothesis. Hence, surfaces exist for which the Rayleigh hypothesis is satisfied, but the above
expansion method will not converge, and the more time-consuming approach of Ref. [54] will
have to be applied.

Next, we need to truncate and discretize the integral over q| in Eq. (14a). We discretize q|
on a grid of equidistant points, with spacing Ag, such that

q; = <°2@ +iAq, —% +qu,0> , (20)
where i,j =0,1,2,...,N,— 1, and 2 = Aq(N, — 1). Here, N, denotes the number of points
along each direction of the grid. The length of the vector q);; we denote by 9, = |qu.j|. Ad-
ditionally, we limit the integration over q to the region ¢ < 2 /2. The choice of a circular
integration domain reduces the computational cost, and will be discussed in more detail in
Sec. 6. Converting the integral into a sum by using a two-dimensional version of the standard
mid-point quadrature scheme, we get the equation:

(Aq>2 I(aﬂpoaquQpquRJWp|mnﬂuq.¢mp=
q\\,‘jgg/z Y Y

aZ(pH)_al(quj)

2D
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Ocz(p”) +0oq (kH)
Here, the sum is to be taken over all q;; such that q|,; < 2/2, where q);; = ‘q”ij . This

sum yields a matrix equation where the unknowns are the four components of R(q; ij|kH ). Itis
evident from Eq. (8) that if we consider incident light of either p or s polarization, we need only
calculate two of the components of the scattering amplitude to fully specify the reflected field.
Hence, we solve separately for either p-polarized incident light, i.e., R, and Ry, or s-polarized
incident light, i.e., Rys and R, In either case, we have twice as many unknowns as the number
of values of q;; included in the sum in Eq. (21). Note that the left hand side of the equation
system is the same for both incident polarizations, and will also remain the same for all angles
of incidence, as k|| only enters at the right hand side of Eq. (21).

In order to solve for all unknowns, we need to discretize p as well, to obtain a closed set
of linear equations. Using the same grid for p; as for q; will give us the necessary number
of equations, as Eq.(21) yields two equations for each value of p|. Since we integrate over a
circular q domain, with q discretized on a quadratic grid, the exact number of values of q);;

will depend on the particular values of 2 and N, but will be approximately (7/ 4)N3.

In order to take advantage of the method for calculating / (}/|QH) described by Eq. (19), it is
essential that all possible values of p —q) and p| — k| [see Eq. (21)] fall on the grid of wave
vectors Q| resolved by the Fourier transform of the surface profile we used in that calculation.
First, we note that when p| and q) are discretized on the same quadratic grid, the number of
possible values for each component of p — q will always be an odd number, 2N, — 1, where
Ny is the number of possible values for each component of p and q. Thus, by choosing N,
such that 2N, — 1 equals the number of elements along each axis of the FFT of the surface
profile we used to calculate the integrals in Eq. (19b), we ensure that the required number of



points is resolved by the FFT 2. Hence, we choose

Ny+2
N, = {;J , 22)

where | x| is the floor function of x, which is equal to the largest integer less than or equal to x.
Next, we let Ag equal the resolution of the FFT [54], i.e.,

2
Ag=— 23
9=7 (23)
and we let 2 be equal to the highest wavenumber resolved by the FFT [54],
2 =Aq|N,/2|. 24)
In the end, we get the equation
Ag\? 1 (Otz(p”kl) —ou(q; )Py _quj) n
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where qy|;;» as well as py,, and k| . are defined on the grid given by Eq. (20), with
i,j,k,d,mn=0,1,2,...,N,— 1, and where N;, Aq and 2 are given by Egs. (22), (23) and
(24), respectively.

Evaluating Eq. (25) for all values of py,, satisfying py, < £2/2, and assuming one value
of kj . suchthatk —~< /c, and one incident polarization 3, results in a closed system of
linear equations in Ry (quj|kan) where a = p,s. Repeating the procedure for both incident
polarizations allows us to obtain all four components of R(qu.j|k||mn).

With the reflection amplitudes R (q”l.j ky ) available, the contribution to the mean differ-
ential reflection coefficient from the light that has been scattered incoherently is obtained from
Eq. (16) after averaging over an ensemble of surface realizations.

In passing we note that to avoid loss of numerical precision by operating on numbers with
widely different orders of magnitude, we have rescaled all quantities in our problem to dimen-
sionless numbers. When considering an incoming wave of wavelength A, angular frequency o,
and wave vector k, we have chosen to rescale all lengths in our problem by multiplying with
®/c, and all wavenumbers by multiplying with ¢/ m, effectively measuring all lengths in units
of A /27, and the magnitude of wave vectors in units of ®/c.

5. Results

To demonstrate the use of the formalism for solving the reduced Rayleigh equation, the first
set of calculations we carried out was for two-dimensional randomly rough silver surfaces. The
surface roughness was characterized by an rms height of § = 0.0254 and an isotropic Gaussian
power spectrum [Eq. (3)] of correlation lengths a; = a; = 0.25A. In Figs. 2(a) and 3(a) we
present simulation results for the contribution to the mean differential reflection coefficients

ZNote that since the FFT always resolves the zero frequency, and the FFT of a purely real signal is symmetric about
the zero frequency under complex conjugation, it is always possible to calculate an odd number of elements along each
axis of the FFT
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(a) Results averaged over 14,200 randomly rough silver
surface realizations. The wavelength (in vacuum) of the
incident light was A = 457.9 nm, and the dielectric func-
tion of silver at this wavelength is & = —7.5+ 0.24i.
The surface power spectrum was Gaussian (Eq. (3)), with
correlation lengths a; = ap = 0.25A and rms height § =

(ORap /003 e,  10°

(b) Results averaged over 7,000 surface realizations with
dielectric constant & = —16+ 1.088i, which corresponds
to silver at A = 632.8 nm. The surface power spectrum
was of the cylindrical type (Eq. (4))), with k_ = 0.82m/c,
ky =1.97w/c, and rms roughness & = 0.025A. The an-
¢gles of incidence were 6y = 1.6° and ¢g = 45°.

0.025A. The angle of incidence was 6y = 18.24°

Fig. 2: Incoherent part of the mean differential reflection coefficient (Eq. (16)), showing only
the in-plane scattering as a function of outgoing lateral wave vector. In both cases, the surface
realizations covered an area L x L, where L = 251, and the surface was discretized on a grid of
319 x 319 points. The position of the specular peak (not present in the incoherent part) and the
enhanced backscattering peak are indicated by the vertical dashed lines.

from light of wavelength (in vacuum) A = 457.9 nm that was scattered incoherently from a
rough silver surface of size 251 x 251, discretized into 319 x 319 points. The dielectric function
of silver at this wavelength is & = —7.5 4 0.241, and the angles of incidence were 6y = 18.24°
and ¢p = 45°.

Figure 2(a) shows the in-plane scattering for this system. The enhanced backscattering peak,
a multiple scattering phenomenon, is clearly visible, and is as expected strongest in p — p
scattering, since p-polarized light has a stronger coupling to surface plasmon polaritons [19].
Figure 3(a) shows the full angular distribution of the mean DRC for the same system. In
Figs. 3(a)(a)—(c) and Figs. 3(a)(d)—(e) the incident light was p- and s-polarized, respectively.
Figures 3(a)(c) and 3(a)(f) show scattering into s-polarization, Figs. 3(a)(b) and 3(a)(e) show
scattering into p-polarization and in Figs. 3(a)(a) and 3(a)(d) the polarization of the scatted light
was not recorded. In particular from Fig. 3(a)(b), we observe that the enhancement features seen
in Fig. 2(a) at angular position 8; = —6y, are indeed enhancements in a well-defined direction
corresponding to that of retro-reflection, and not some intensity ridge structure about this direc-
tion (as has been seen for other scattering systems [45]). Moreover, the structures of the angular
distribution of the intensity of the scattered light depicted in Fig. 3(a) are consistent with what
was found by recent studies by using other numerical methods [45,46]. The results presented in
Figs. 2(a) and 3(a) were obtained by averaging the DRC over an ensemble consisting of 14,200
surface realizations.

A test of energy conservation was performed by simulating the scattering of light from a non-
absorbing silver surface (Im & = 0) with otherwise the same parameters as those used to obtain
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(a) All parameters are the same as in Fig. 2(a). (b) The same as in Fig. 3(a), except that & = 2.64, and
the results are averaged over 21,800 randomly rough sur-
faces.

Fig. 3: Incoherent part of the mean differential reflection coefficient (Eq. (16)), showing the
full angular distribution as a function of outgoing lateral wave vector. The specular position is
indicated by the white dots.

the results of Figs. 2(a) and 3(a). For this scattering system we found |% — 1| < 0.0003, i.e.,
energy is conserved to within 0.03%, something that testifies to the accuracy of the approach
and a satisfactory discretization.

As a further test, we studied the scattering from a set of (absorbing) silver surfaces with the
same parameters used to obtain Figs. 2(a) and 3(a), except that the rms roughness 6 was varied
between 0 and 0.045A, while the correlation lengths were held constant at a; = a; = 0.254 = a.
For the purpose of comparison, we also performed simulations for a similar set of surfaces but
assuming no absorption, i.e., & = —7.5. The results of these tests are presented in Fig. 4.

The reduced Rayleigh equation is only valid for surfaces of small slopes [17]. We have
found that at least for the parameters used in obtaining Fig. 4, our code gives good results for
an rms roughness to correlation-length ratio § /a < 0.12, as judged by energy conservation. For
larger values of §/a, the results look qualitatively much the same, but the ratio of reflected to
incident power starts to become nonphysical (increasing past 1), as seen in Fig. 4. It is noted
that decreasing the sampling interval Ag, with 2 unchanged, did not change this conclusion in
any significant way, indicating that the observed lack of energy conservation was not caused by
poor resolution in discretizing the integral over .

The next set of calculations we performed was for a dielectric substrate characterized by
& = 2.64. Otherwise, all roughness parameters were the same as for the silver surface used to
produce Figs. 2(a) and 3(a). The mean differential reflection coefficient for light scattered inco-
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herently by the rough dielectric surface is presented in Fig. 3(b). By comparing these results to
those presented in Fig. 3(a), we notice that the dielectric reflects less than the silver (the figures
show only the incoherent scattering, but the same holds for the coherent part), which is as ex-
pected. The ratio of reflected to incident power for these data was % = 0.0467 for p-polarized
light at an angle of incidence of 6y = 18.24°. Moreover, from Fig. 3(b) we also notice the ab-
sence of the enhanced backscattering peak, which is also to be expected since this phenomenon
(for a weakly rough surface) requires the excitation of surface guided modes [19]. Note that for
a transparent substrate, it is not possible to verify the conservation of energy without also calcu-
lating the transmitted field. Therefore, energy conservation has not been tested for the dielectric
substrate geometry.

So far, we have exclusively considered surfaces with statistically isotropic roughness. For
the results presented in Fig. 5, we simulated the light scattering from a silver surface of the
same parameters as those assumed in producing the results of Figs. 2(a) and 3(a), except that
now the surface power spectrum was anisotropic, with correlation lengths a; = 0.254 in the
x1 direction and a; = 0.75A in the x, direction and an rms roughness of 6 = 0.025A. Figure 5
shows the incoherent part of the mean DRC averaged over 6,800 surface realizations. In this
case, there is more diffuse scattering along the x; direction than the x; direction, which is to
be expected, since a shorter correlation length means the height of the surface changes more
rapidly when moving along the surface in this direction. The interested reader is encouraged to



consult Ref. [33] for a more detailed study of light scattering from anisotropic surfaces.

Finally, for the results presented in Fig. 2(b), we have simulated the scattering of light from
a surface of size 254 x 251, discretized into 319 x 319 points, with & = —16 4 1.088i, corre-
sponding to silver at a wavelength A = 632.8 nm. The surface power spectrum was cylindrical
[see Eq. (4)], with k_ = 0.82w/c, k. = 1.97w/c and rms roughness 6 = 0.025A, and the
angles of incidence were (6o, ¢p) = (1.6°,45°). Figure 2(b) shows the in-plane, incoherent part
of the mean differential reflection coefficient averaged over 7,000 surface realizations.

From perturbation theory [17,19], we know that for an incident wave of lateral wave vector k”
to be scattered via single scattering into a reflected wave of lateral wave vector q, we must have
g(q” — kH) > 0, where g(k ) is the surface power spectrum [Eq. (2)]. Since the power spectrum
in this case is zero for |q — k|| < 0.82®/c, we have no contribution from single scattering in

the angular interval from 6; = —53.5° to 6; = 56.7° (for the angles of incidence assumed here).
The enhanced backscattering peak, which is due to multiple scattering processes, is clearly
visible in Fig. 2(b) (at 6, = —6)) partly because it is not masked by a strong single scattering
contribution.

5.1.  Comparison with surface integral method

As a way to test our results, we have compared simulation data obtained by the method pre-
sented in this paper to results calculated by the surface integral method described in Ref. [33].
In both cases, we considered randomly rough silver surfaces at an incident wavelength of
A = 632.8 nm, corresponding to a dielectric constant of & = —16 + 1.088i. The surface
roughness was characterized by an isotropic Gaussian powerspectrum, a correlation length of
a = 0.254 and rms-roughness & = 0.025A. In the reduced Rayleigh simulations, we used a
quadratic surface of edges L = 251, discretized to 319 x 319 points. In the surface integral sim-
ulations, the quadratic surface had edges L = 201, and was discretized on a grid of 160 x 160
points. Additionally, for the surface integral method an impedance boundary condition (See
Ref. [33] for details) and a finite size beam of full width 84 was used. The reason for the
differences in parameters is the larger memory requirements of the surface integral method.

The results are presented in Figs. 6(a) (p-polarized incident light) and 6(b) (s-polarized in-
cident light), where the data from the reduced Rayleigh simulations are indicated by the solid
lines, and the data for the surface integral method by the dashed lines. The results of Figs. 6(a)
and 6(b) show that rather consistent results are obtained by the reduced Rayleigh method and
the surface integral method at least for the scattering geometries studied here. Moreover, the
total reflected energy obtained from the two methods were equal to three significant digits.
However, we find that the surface integral method gives slightly less diffuse scattering that
what is obtained by the reduced Rayleigh method. We speculate that this is caused by the more
limited resolution used in the surface integral simulations.

To increase the resolution in the surface integral simulations to a surface of 319 x 319 points
would have required significantly more memory than the about 12GB required to obtain the
reduced Rayleigh simulation results presented here. Performing similar simulations by the sur-
face integral method will require 308GB which is a 25 times increase compared to the require-
ments of reduced Rayleigh method [33]. Furthermore, if fully rigorous surface integral sim-
ulations should be performed, i.e. without imposing the impedance boundary conditions, the
corresponding memory footprint of the simulations would be 1,234GB. These figures demon-
strate some of the significant practical advantages that the reduced Rayleigh equation method
has over the more general surface integral method.
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Fig. 6: Comparison of the incoherent part of the mean differential reflection coefficient
(Eq. (16)), showing in-plane and out-of-plane scattering as function of scattering angle as calcu-
lated by the reduced Rayleigh method (solid lines) and the surface integral method of Ref. [33]
(dashed lines). The angle of incidence was 6y = 25°. The surface roughness was Gaussian, with
a correlation length of @ = 0.254 and rms-roughness 6 = 0.025A. For the RRE simulations, a
quadratic surface of edges L = 25A, discretized to 319 x 319 points was used. In the surface
integral simulations, the quadratic surface had edges L = 20\, and 160 x 160 points. In both
cases, a dielectric constant of & = —16+ 1.0881 was used. This corresponds to silver, for an
incident wavelength of A = 632.8 nm.

5.2.  Comparison to experimental data

As a further consistency check of our results, we have compared our simulations to experimen-
tal scattering data from well characterized surfaces previously published by Alcala et al. [55].
The two surfaces in question were prepared on gold substrates. The first surface, sample 0061
in Ref. [55], had roughness characterized by a Gaussian powerspectrum of correlation length
a = 19 um and rms-roughness of 6 = 0.5 um. The second surface, sample 7047, was charac-
terized by Gaussian powerspectrum with correlation length @ = 9.5 pum and rms-roughness of
0 = 1.6 um. The wavelength of the incident light was A = 10.6 wm, for which the dielectric
constant of gold is & = —2489.77 +2817.36i, and the polar angle of incidence was 6y = 30°.

In our simulations, we used the same roughness parameters as those used in the experiments
by Alcald et al., and we considered quadratic surface realizations of edges L = 307, discretized
to 319 x 319 points. However, in performing the simulations, we used an approximation where
the substrate was treated as a perfect electric conductor. This approximation is expected to be
valid as the skin depth of gold at the wavelength of the incident light is about 34 nm [55].

The advantage of assuming that the substrate is a perfect conductor is that the corresponding
reduced Rayleigh equations will then not explicitly contain & [53]. If a large but finite value for
& is used, the series expansion used to calculate the integral /(y|Q) [see Egs. (14b) and (19a)]
will be numerically unstable.

In Figs. 7(a) (sample 0061) and 7(b) (sample 7047) we compare experimental scattering data
to the corresponding simulation results obtained by the method just described. We observe from
these figures generally good agreement for both polarizations of the incident light. The agree-
ment between the measured and simulated data is best for s polarization. For p polarization,
there seems to be a slight shift of the simulated data compared to what was observed experi-
mentally. It is speculated that this may be caused by an alignment problem in the experiment
since the specular peak is not located at 6; = 6 in the measurements of p to p scattering.
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Fig. 7: The mean differential reflection coefficient, showing in-plane scattering as function of
the scattering angle 6;. Experimental data obtained by Alcald et al. [55] for polar angle of
incidence 6y = 30°, are shown by the blue solid lines, and our simulation results by the green
dashed lines. For the simulation results, only the incoherent component of the mean differential
reflection coefficients are shown. It is noted that the slight shift of the simulations data relative
the measured data for p to p scattering (Fig. 7(b)(a)) is most likely caused by the angle of
incidence used in the experiments being somewhat smaller than 6y = 30° which was assumed
in the simulations.

6. Discussion

A challenge faced when performing a direct numerical solution of the reduced Rayleigh equa-
tion for the scattering of light from two-dimensional rough surfaces is the numerical complexity.
In this section, we discuss some of these issues in detail.

6.1. Memory Requirements

Part of the challenge of a purely numerical solution of the reduced Rayleigh equation by the
formalism introduced by this study, is that it requires a relatively large amount of memory.
With approximately .4 = (7/ 4)Nq2 possible values for qy, the coefficient matrix of the linear
equation system will contain approximately (2.4)? elements, where the factor 2 comes from
the two outgoing polarizations. Hence, the memory required to hold the left hand side of the
equation system will be approximately 4.421, where 7 is the number of bytes used to store
one complex number.

If each element is a single precision complex number, which is what was used to obtain the
results presented in this paper, then 7 = 8 bytes, and the matrix will require approximately
271'2N3 bytes of memory for storage. For instance, with the choice N, = 319, which was used
in all the simulations presented in this paper, and that corresponds to N, = 160 [Eq. (22)], the
coefficient matrix will take up approximately 12 GB of memory.

Note that if we instead performed the q integration in Eq. (14a) over a square domain
of edge 2, the number of elements in the resulting coefficient matrix would be (2N§)2 =
(16/m2)(2.4)2. Hence, by restricting the q) integration present in the reduced Rayleigh equa-
tion to a circular domain of radius 2/2, the memory footprint of the simulation is approxi-
mately 72/16 ~ 0.62 of what it would have been if a square integration domain of edge 2
was used. For this reason, a circular integration domain has been used in obtaining the results



presented in this paper. However, we have checked and found that using a square q integration
domain of a similar size will not affect the results in any noticeable way. Indeed, if this was not
the case, it would be a sign that 2 was too small.

When determining the system size, we can freely choose the length of the edge of the square
surface, L, and the number of sampling points along each direction, Ny. These parameters will
then fix the resolution of the surface, Ax, the resolution in wave vector space, Ag, the number
of resolved wave vectors, N,, and the cutoff in the q integral, 2 [see Egs. (18), (23), (22), and
(24)]. The combination of Ag and 2 then determines the number of resolved wave vectors that
actually fall inside the propagating region, |q | < @/c, which is identical to the number of data
points used to produce, e.g., Fig. 3(a).

As we are not free to choose all the parameters of the system, it is clear that some kind of
compromise is necessary. The number of sampling points of the surface along each direction,
Ny, and how it determines N, via Eq. (22), determines the amount of memory needed to hold
the coefficient matrix, as well as the time required to solve the corresponding linear set of
equations. Hence, the parameter N, is likely limited by practical considerations, typically by
available computer hardware or time. For a given value of N,, it is possible to choose the edge
of the square surface, L, to get good surface resolution, at the cost of poor resolution in wave
vector space, or vice versa. Note also that changing L will change 2 via Ag [see Egs. (23)
and (24)]. If 2 is not large enough to include evanescent surface modes, like surface plasmon
polaritons, multiple scattering will not be correctly included in the simulations, and the results
can therefore not be trusted. The optimal compromise between values of N, and L depends on
the system under study.

6.2. Calculation Time

The simulations presented in this paper were performed on shared-memory machines with 24
GB of memory and two six-core 2.4 GHz AMD Opteron processors, running version 2.6.18
of the Linux operating system. The code was parallelized using the MPI library, and the setup
of the linear set of equations ran on all 12 cores in the timing examples given. The linear
equation solver used was a parallel, dense solver based on LU-decomposition [54] (PCGESV
from ScaLAPACK), which runs efficiently on all 12 cores. Setting up the equation system
scaled almost perfectly to a large number of cores, while the solver scaled less well, due to the
need for communication. Numerically solving the reduced Rayleigh equation for the scattering
amplitudes associated with one realization of a rough surface, discretized onto a grid of 319 x
319 points, took approximately 17 minutes on the architecture described above, and required
about 12 GB of memory. Out of this time, approximately 100 seconds was spent setting up the
equation system, 950 seconds was spent solving it by LU decomposition, and typically around
1 second was spent on other tasks, including writing data to disk. Table 1 shows timing and
memory details of the calculations, including other system sizes.

Based on the discussion in Sec. 6.1, we note that the use of a circular q| integration domain
also significantly reduces the time required to solve the resulting linear system of equations.
When using a dense solver, the time to solve the systems scales as the cube of the number of
unknowns. Thus we expect the CPU time to solve the matrix system for a circular integration
domain of radius 2/2 to be about half (73 /2°) the time to solve the corresponding system
using a square domain of edge 2.

The ratio of the time spent solving one equation system to the total simulation time per
surface realization increases with increasing system size, as the time to set up the equation
system is @ (N?), while the time to solve the linear system by LU decomposition scales as
O(N®). 1t is clear from Table 1 that for any surface of useful size the runtime is completely
dominated by the time spent in solving the linear set of equations.



Since the time solving the equation system dominates the overall simulation time, we inves-
tigated if one could improve the performance of the simulations by using an iterative solver
instead of a direct solver based on LU decomposition. For example, Simonsen et al. [45] re-
cently reported good performance using BiCGStab [56] on a dense matrix system of a similar
size. In our preliminary investigations into using iterative solvers, we found that convergence
with BiCGStab was slow and unreliable for our linear equation systems. However, it should be
stressed that we did not use a preconditioning scheme, which could potentially yield signifi-
cantly improved convergence.

From Eq. (14a) it follows that changing the angles of incidence and/or the polarization of
the incident light changes only the right hand side of the equation system to be solved. Hence,
an advantage of using LU decomposition (over iterative solvers) is that the additional time
required to solve the system for several right hand sides is negligible, since the overall majority
of time is spent factorizing the matrix. Conversely, the time spent using an iterative solver (like
BiCGStab) will scale linearly with the number of right hand sides. For these reasons, we have
chosen to use an LU-based solver.

Table 1: Walltime spent to solve the RRE for various values of Ny on a shared-memory ma-
chine with two six-core 2.4 GHz AMD Opteron processors. Included are total time (#), time
to setup the coefficient matrix of the equation system (f.s) and the time to solve the equation
system (Zso1ve)- Also included is the memory required to store the coefficient matrix of the linear
equation system for each run (M ygs). The time to set up the right hand side of the linear equa-
tion system is negligible compared to the left hand side, and have therefore not been included
here.

Ny tims(s) 1u(s) to(s) Mius(GB)

199 10 58 69 1.8
239 28 171 200 3.8
279 56 429 486 7.0
319 97 946 1,045 12.0
369 154 1916 2,074 19.2
399 266 3,625 3,895 29.4

6.3. GPU implementation

Currently, performing simulations like those presented in this paper on a single desktop com-
puter is prohibitively time consuming due to inadequate floating point performance. However,
the increasing availability of powerful graphics processing units (GPUs) has the potential to
provide computing power comparable to that of a powerful parallel machine, but at a fraction
of the cost. As the most time-consuming step in our simulations is the LU decomposition of the
system matrix (see Table 1), this is where efforts should be made to optimize the code. With this
in mind, the simulation code was adapted to (optionally) employ version 1.0 of the MAGMA
library [57] for GPU-based LU decomposition. Performance was compared between a regular
supercomputing service and a GPGPU (General Purpose GPU) testbed. On the regular service,
the code was running on a single compute node containing two AMD 2.3 GHz 16-core proces-
sors and 32 GB of main memory. On the GPGPU testbed, the hardware consisted of a single
Nvidia Fermi C2050 processor with 3 GB of dedicated memory and 32 GB of main system
memory. For these two computer systems, the initial performance tests indicated that the LU
decomposition took comparable time on the two architectures for a system of size N, = 100
(the difference was less than 10%). The time using the GPGPU testbed included the transfer



of the system matrix to and from the Fermi card and the decomposition of the matrix. Even
though these results are preliminary, it demonstrates that there is a possibility of performing
simulations like those reported in this study without having to resort to costly supercomputing
resources. Instead, even with limited financial means, they may be performed on single desktop
computers with a state-of-the-art GPU.

7. Conclusion

We have introduced a formalism for performing non-perturbative, purely numerical, solutions
of the reduced Rayleigh equation for the reflection of light from two-dimensional penetrable
rough surfaces, characterized by a complex dielectric function &(w).

As an example, we have used this formalism to carry out simulations of the scattering of p- or
s-polarized light from two-dimensional randomly rough dielectric and metallic surfaces charac-
terized by isotropic or anisotropic Gaussian and cylindrical power spectra. From the scattering
amplitudes, obtained by solving the reduced Rayleigh equation, we calculate the mean differ-
ential reflection coefficients, and we calculate the full angular distribution of the scattered light,
with polarization information. For the scattering of light from weakly rough metal surfaces, the
mean differential reflection coefficient shows a well-defined peak in the retro-reflection direc-
tion (the enhanced backscattering phenomenon). From previous experimental and theoretical
work, this is to be expected for such scattering systems. Moreover, the obtained angular dis-
tributions of the intensity of the scattered light show the symmetry properties found for strongly
rough surfaces in recent studies using other simulation methods.

For the purpose of evaluating the accuracy of our simulation results, we used the conserva-
tion of energy for a corresponding non-absorbing scattering system. This is a required, but not
sufficient, condition for the correctness of the numerical simulations. By this method, we found
that within the validity of the reduced Rayleigh equation our code produces reliable results, at
least for the parameters assumed in this study. In particular, for a rough non-absorbing metal
surface of the parameters used in this study, energy was conserved to within 0.03%, or better.
This testifies to the accuracy of the approach and a satisfactory discretization. Moreover, we
also performed simulations of the scattered intensity for systems where the rms roughness of
the surface was systematically increased from zero with the other parameters kept unchanged.
It was found that energy conservation was well satisfied (for the parameters assumed) when the
ratio of rms roughness (8) to correlation length (a), satisfied 8 /a < 0.12.

We believe that the results of this paper provide an important addition to the collection of
available methods for the numerical simulation of the scattering of light from rough surfaces.
The developed approach can be applied to a wide range of scattering systems, including clean
and multilayered scattering systems, that are relevant for numerous applications. The memory
requirements, while not insignificant, are still smaller than for the surface integral method by
about an order of magnitude. Hence, the current method can be applied to systems which were
previously outside the reach of numerical simulations.
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Abstract. The Rayleigh hypothesis is the assumption that the field in the region above
(below) a rough surface can be expressed as a weighted sum of upwards (downwards) propagating
scattered (transmitted) modes, and that these expressions can be used to satisfy the boundary
conditions on the fields at the surface. This hypothesis is expected to be valid for surfaces of
sufficiently small slopes. For one-dimensional sinusoidal surfaces, the region of validity is known
analytically, while for randomly rough surfaces in one and two dimensions, the limits of validity
of the Rayleigh hypothesis are not known. In this paper, we perform a numerical study of the
validity of the Rayleigh hypothesis for two-dimensionally rough metal and perfectly conducting
surfaces by considering the conservation of energy. It is found for a perfect electric conductor
(PEC) that the region of validity is defined by the ratio of the root-mean-square roughness, 4,
over the correlation length, a, being less than about 0.2, while for silver we find §/a $0.08 for
an incident wavelength A\ = 457.9 nm. Limitations in our simulations made us unable to check
the Rayleigh hypothesis for roughness where § > 0.13\.

1. Introduction

Randomly rough surfaces are abundant in nature and such structures may influence surface
processes and phenomena in numerous ways. Lord Rayleigh is credited for being the first to
study how wave scattering from surfaces is influenced by their roughness. In particular, at the
end of the 19th century, he studied how waves are scattered by sinusoidal surfaces [1,2]. To this
end, he assumed that the fields in the surface region, defined as the spatial region between the
maximum and minimum point of the surface, can be written in a form similar to the asymptotic
fields. This means that the reflected (transmitted) fields can be expressed as a weighted sum of
upward (downward) propagating plane waves [see Eq. (4) and Ref. 3 for details].

This way of writing the fields in the surface region is an approximation which is expected to
be valid if the surface structures have sufficiently small local slopes. Today this approximation is
known as the Rayleigh hypothesis in honor of its inventor [1-4], and most perturbation theoretical
treatments of the scattering problem can be constructed based on the assumption that the
Rayleigh hypothesis is valid [3]. Moreover, by applying the Rayleigh hypothesis and imposing
the boundary conditions satisfied by the fields at the surface, the so-called reduced Rayleigh
equation for reflection (transmission) can be derived from the resulting coupled set of integral
equations after eliminating the transmission (reflection) amplitudes [3,5]. The reduced Rayleigh
equation, which contains either the unknown reflection or transmission amplitudes, has recently
been solved by direct numerical means to produce non-perturbative results [3,6-8].



To take full advantage of an approximation, it is imperative to know its region of validity.
About 75 years after its introduction, it was proven mathematically that the Rayleigh hypothesis
for a sinusoidal surface!, i.e., a surface which deviates from its mean by x3 = (gsin(Az), is
formally valid if (oA < 0.448 [9,10]. However, for a randomly rough surface, the precise region
of validity is still not formally known. For rough surfaces that are constant along one direction
in the mean plane, i.e., their height can be written as x3 = ((z1), there have been attempts to
use direct numerical solution of the one-dimensional reduced Rayleigh equation to evaluate the
validity of the Rayleigh hypothesis [11].

To the best of our knowledge, no attempt at a numerical study of the validity of the Rayleigh
hypothesis has been reported in the literature for surfaces that are randomly rough along both
directions of the mean plane. The lack of such a study in the literature is probably due to the
significant computational cost. The purpose of this paper is to fill this gap in the literature
by reporting some preliminary results for the validity of the Rayleigh hypothesis applied to
electromagnetic wave scattering from two-dimensional randomly rough metal and perfectly
conducting surfaces. Since this problem has no known analytic solution, we approach it by using
a purely numerical solution of the reduced Rayleigh equation, which was recently implemented
and tested [7].

For scattering from non-absorbing metallic substrates in vacuum, one must require that the
power incident upon the rough metal surface equals the power reflected from it, since no energy
can be transmitted through the metal. Hence, by numerically studying the conservation of
energy in the scattering process over the surface roughness parameter space, one may indirectly
get information about the validity of the Rayleigh hypothesis which underlies the simulation
approach being used. It should be stressed that the conservation of energy is a necessary,
but not sufficient condition for correct results. Hence, the region of validity of the Rayleigh
hypothesis for the systems we study here may in fact be even more restricted than what we
report.

This paper is organized as follows: In Section 2, we define the geometry and some conventions
used throughout the paper. Next, in Section 3, we describe the asymptotic field expansions, and
write down the reduced Rayleigh equation for reflection from a perfectly conducting substrate, as
well as the expression we will use to evaluate the conservation of energy, and we briefly describe
how we proceed to solve the reduced Rayleigh equation. In Section 4, we present our results.
We also include a discussion of these results, and what they can tell us about the limits on the
validity of the Rayleigh hypothesis, as well as some discussion of other potentially limiting steps
in our approach. Finally, we present some concluding remarks and some thoughts about further
work in Section 5.

2. Scattering geometry

The system we study consists of vacuum (g7 = 1) in the region z3 > ¢ (mH), where z| = (21, 22,0)
and a perfect electric conductor (PEC) or a metal in the region 3 < ¢ (:cH). The surface profile
function ¢ (:L'H) is assumed to be a single-valued function of ) that is differentiable with respect

to x1 and 9, and constitutes a zero-mean, stationary, isotropic, Gaussian random process defined
by

(clapca))) = 62w (‘xu | D . (1)

Here the angular brackets denote an average over the ensemble of realizations of the surface
profile function. In writing Eq. (1), we have defined the root-mean-square height of the surface,

5= <C2(a:H)>l/2, and W(zx) — :cil) is the height-height auto-correlation function of the surface,

! The coordinate system used is defined in Fig. 1.



Figure 1. (Color online) A sketch of the scattering geometry assumed in this work. The figure
also shows the coordinate system used, angles of incidence (6, ¢o) and scattering (65, ¢5), and
the corresponding lateral wavevectors k)| and g, respectively.

normalized so that W (0) =1 [3]. The correlation functions that will be considered in this work
is isotropic and of the Gaussian form, given by

w (’x”‘) =exp <fxﬁ/a2) , (2)
where a denotes the lateral correlation length.

3. Scattering theory
The electric field in the vacuum [x3 > (:cH)] is the sum of an incident field and a scattered
field, E(z;t) = [E(x|w)inc + E(x|w)sc] exp (—iwt), where

E(:Elw)inc :{5 [I;:”al(ku) + @3]43” Bp(k”) + (@3 X I;:”) Bs(kH)} exp (ikH x| - ioq(k’”)l’g)

E(a]w)sc = / (C;f){w |@jas(ay) - @sq] Ap(ay) + (@5 < 4)) As<q”>} (3)

X exp (qu x|+ ial(qu)xg) .

Here the subscripts p and s denote the p-polarized and s-polarized components of these fields
with respect to the local planes of incidence and scattering. The expressions in front of the
amplitudes A, and By, are the unit polarization vectors for p polarized light, and similarly the
expressions in front of the amplitudes Ag and By are the unit polarization vectors for s polarized
light. A caret over a vector indicates that it is a unit vector. The third component of the wave
vector q in vacuum, ag(q)), is given by

1/2

a1(q)) = [(%)2 - qﬂ ) Reai(q),w) > 0, Imaa (g, w) > 0. (4)



We assume that a linear relation exists between the amplitudes An(q)) and Bg(k|) (o, B = p,s),
which we write as

Ao(qy) = Ragp(aqylky)Bs(ky).
8

It can be shown that the scattering amplitudes, organized into the following 2 x 2 matrix

o) — [ Beolayley) Bos(qylky)
R(q) H)*( RZE(qMW R:S(q|||k\|) )

satisfy the matrix integral equation [12]

d’q)
+ _ —_—
/WM (pylg)R(q)lk)) = —M" (py|k))- (6a)
This equation is known as the reduced Rayleigh equation since it is an equation for the scattered
field in the medium of incidence only. The elements of the matrices M* for a perfect electric
conductor take the form
9 A 4
4cPIa =@/ By By % a1l
M*(pylq)) =I(Za1(q))|py — q)) . [ﬁ‘f‘lx(‘fi"”)]s @ AH ; (6b)
i? al(q”) p“ ’ qH

where
1(71Q)) :/d%u exp (-iQ) - ) ) exp 7 ()] (6c)

For a penetrable metal or dielectric surface, the corresponding matrix elements are given
explicitly in Ref. 7, and will not be repeated here.

3.1. Mean Differential Reflection Coefficient

The solution of the reduced Rayleigh equation determines the scattering amplitudes R,z (q” |k||)7
where o and [ signify the polarization of the reflected and incident light, respectively. When
the incident field is known, this quantity completely specifies the scattered field in the region
above the maximum point of the surface. However, Ralg(q”|k”) is not directly measurable in
experiments. A more useful quantity is the mean differential reflection coefficient (DRC), which
is defined as the fraction of the time-averaged incident power which is scattered by the surface
into the solid angle d€)s about the scattering direction q defined by the angles of scattering
(05, ps) (see Fig. 1). The mean DRC is defined as [13]

ORu.p 1 w? cos?b, 2
< 20, > = 242 cosfo. <\Raﬂ(q”|’“n>\ > ™

where L? is the area of the plane z3 = 0 covered by the rough surface, and 6y is the angle of
incidence (see Fig. 1).




3.2. Conservation of Energy

To test whether the Rayleigh hypothesis is fulfilled, we use the conservation of energy as a
criterion. Considering a perfectly conducting substrate, all the incident power must be reflected,
and we can check whether our calculations conserve energy from the reflected field alone. The
fraction of the time-averaged incident power in the form of light of polarization 3, scattered by
the surface into light of polarization «, is given by the integral of the corresponding mean DRC

over the upper hemisphere:
" OR.p
g = [ dQ .

If the substrate is non-absorbing, and the incident light has polarization /3, one should have

U= Uap =1, (9)

since energy is conserved in the scattering process. To improve statistics, we define the quantity

ot (10)
2
which we calculate by separately calculating both U, and Us for each surface realisation, and
taking their average. This is the quantity we will use when testing the validity of the Rayleigh
hypothesis.

While the conservation of energy is a necessary, but not sufficient, condition for correct results,
we have previously made successful direct comparisons of results obtained by the numerical
solution of the reduced Rayleigh equation for weakly rough surfaces against both experimental
data, and simulation results obtained by the rigorous surface integral method [14-16]. We are
thus confident that our approach works well for weakly rough surfaces. Furthermore, if we hold
the transverse correlation length of the surface roughness fixed, while increasing the rms height
of the surface, we typically see that at some point, U starts increasing past 1. While U > 1 is
clearly unphysical, and thus evidence that the technique is not working, &/ = 1 is not by itself
proof that the results are correct (for a non-absorbing substrate). Still, our comparisons with
both experimental data and other numerical data indicate that the conservation of energy is a
useful guide to the validity of our approach.

Thus, in this paper we use Y =~ 1 as a criterion for when our approach is valid when considering
a perfect electric conductor, and & $1 when considering a penetrable metal. Note that this
criterion does not directly test the Rayleigh hypothesis, but rather our complete method for
solving the scattering problem, which among other things relies on the Rayleigh hypothesis.
There could be other reasons why our approach fails for strongly rough surfaces, and this will
be discussed in more detail when considering our results.

3.3. Solving the reduced Rayleigh equation

To solve the reduced Rayleigh equation, we begin by numerically generating a realization of
the surface profile function on a grid of N2 points within a square region of the x1x9 plane of
edge L, so that the in-plane sampling interval is Az = L/N,. A two-dimensional version of the
filtering method used in Refs. [7,16,17] is used to generate the surface realizations from a given
correlation function.

The next step is to evaluate the integrals /(v|Q)) defined in Eq. (6c). These integrals
are so-called Fourier integrals and care should be taken when evaluating them due to the
oscillating integrands [18]. Using direct numerical integration routines for their evaluation will
typically result in inaccurate results. Instead, a (fast) Fourier transform technique with end



point corrections may be adapted for their evaluation (the details of the method is outlined in
Ref. [18]). However, these calculations are time consuming. In solving for R(qlk)), we will
discretize both py, g| and k|, and I(’y|QH) must be evaluated for all relevant combinations of
the arguments v = £a1(p|) and Q| = p| — g and Q| = p; — k). For the calculations used
to generate the results presented in this paper, this would amount to evaluating I (7|QH) on the
order of 10% times per surface realization.

A computationally more efficient way of evaluating I (W\QH) is to assume that the exponential
function exp [—i’y((wu)], present in the definition of I(’y|QH), can be expanded in powers of its
argument, and then evaluating the resulting expression term-by-term by employing the Fourier
transform. This gives

I(v1Qy) :Z(_:%)TL@")(QHX (11a)
n=0 :

where f (")(Q“) denotes the Fourier transform of the nth power of the surface profile function,
ie.,

In practice, the sum in Eq. (11a) will be truncated at a finite value of n. The Fourier transforms
are calculated using a fast Fourier transform (FFT) algorithm.

The primary advantage of using Eqgs. (11) for calculating /(v|@Q)) is that the rewrite in
Eq. (11a) moves « outside the integral, and calculating the integral in Eq. (11b) by FFT gives
us the value of the integral as a function of QH' By using the proper discretization, we can
make sure that the values of Q) resolved by the FE'T" are precisely those we need when setting
up a linear equation system to solve for Raﬁ(qH|kH). This alternative way of evaluating the
I-integrals results in a significant reduction in computational time. The same method has
previously been applied successfully to the numerical solution of the one-dimensional reduced
Rayleigh equation [6,19,20].

It should be noted that the Taylor expansion used to arrive at Eq. (11a) requires |’yC (:l:H)} <1
to converge reasonably fast. Even though the series expansion of the exponential function is
always convergent in theory, this procedure might not be numerically stable for large values
of |fy((a:||)|7 in particular due to the oscillatory nature of the series when Re y((z) < 0.
Thus, limited numerical precision means that using the expansion presented in Eq. (11a) places
additional constraints on the amplitude of the surface roughness which may be more restrictive
than those introduced by the Rayleigh hypothesis. In particular, the Rayleigh hypothesis places
a constraint on the maximum slope of the surface roughness, while the numerical procedure
used to evaluate the I-integrals, needed to solve the reduced Rayleigh equation, also limits the
amplitude of the surface roughness. Hence, surfaces exist for which the Rayleigh hypothesis is
satisfied, but the above expansion method will not converge numerically, and the much more
time-consuming approach of Ref. 18 will have to be applied.

Finally, in evaluating the integral in Eq. (6a) over q the integration limits were truncated

to the circular region defined by (q% + q%)l/ 2 < @/2. The Nyquist sampling theorem requires

that |¢1| and |g2| be smaller than Q. = 7/Az [21, p. 605]. The components of the vector P —q
entering /(v[p| — g|) lie in the interval [-@Q, Q], so we have chosen @ = Q.. A quadratic grid
with grid constant Ag = 27/L was constructed within the circular region of the ¢1g2 plane
where (g% + q%)l/2 < @/2. The integral over this region in Eq. (6a) was carried out by a two-
dimensional version of the extended midpoint method [21, p. 161] and the values of Rns(q) k)
were calculated for values of g on the grid for a given value of kj| (or equivalently, a given angle
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Figure 2. Contour plot of AU = U — 1, i.e., the deviation from unity of the fraction incident
power reflected from randomly rough surfaces on perfectly conducting substrates. The surface
roughness is characterized by the correlation function given in Eq. (2), with the correlation
length, a, given on the horizontal axis and the rms height of the surface, J, on the vertical axis.
The slope of the diagonal dashed line is given by §/a = 0.2.

of incidence), which was also a point on the grid. The resulting matrix equations were solved
by LU decomposition and back substitution [21, page 48]. In this way we obtain R,s(q)|k)),
from which the mean DRC can be calculated [see Eq. (7)]. For a more detailed description of
how we solve the reduced Rayleigh equation, we refer the interested reader to Ref. 7.
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Figure 3. Contour plot of U, the fraction of incident power reflected from randomly rough
surfaces on silver substrates. The incident wavelength is 457.9 nm, which corresponds to a
dielectric constant of e = —7.540.24i. The surface roughness is characterized by the correlation
function given in Eq. (2), with the correlation length, a, given on the horizontal axis and the rms
height, §, on the vertical axis. The white area in the bottom right corner represents parameters
for which we have no data, but where we are confident the value of U is the same as in the
surrounding region. The white area in the upper left represents values of U greater than 1.1.
The slope of the diagonal dashed line is given by §/a = 0.08.

4. Results

The direct numerical solution method of the reduced Rayleigh equation from Sec. 3 has been used
to calculate the scattering amplitudes Rag(q”|k||) for randomly rough surfaces of edges L x L,
where L = 15\. The surface profile function ((x)) was discretized to N, x N, points, with
N, = 319, and the roughness was characterized by the height-height autocorrelation function
given by Eq. (2). The sum in Eq. (11a) was truncated at n = 20. Solving the reduced Rayleigh
equation for one surface realization with these parameters takes approximately 17 minutes on
a machine with two six-core AMD Opteron 2.1 GHz processors. The majority (around 90%) of
this time is spent performing the LU-decomposition of the linear equation system.

The first set of results we present is for a perfectly conducting substrate. For this system,
Fig. 2 depicts a contour plot of AU = U — 1, i.e., the deviation from unity of the fraction of
reflected power, as a function of the transverse correlation length, a, and the rms height, ¢, of
the rough surface. The contours are defined by —1072 < AU < —107%, —=107* < AU < 1074,
107* < AU < 1072, and 1072 < AY. The results of Fig. 2 were obtained from calculations



on a grid of points in parameter space defined by 6 € [0.02),0.18)\] and a € [0.1X,2.0\] with
spacing Ad = 0.01\ and Aa = 0.1\. For each pair of surface parameters (a,d), we calculated
the fraction of reflected power, U, and averaged the solution over 20 surface realizations. This
was found to be sufficient to get convergent results, at least for the surface type and parameters
considered in this work.

In the wave scattering from a perfectly conducting substrate, one should formally always
have U = 1 independent of the level of surface roughness. However, in numerical calculations
this condition may, or may not, be satisfied. The latter case may indicate that the numerical
method is being applied outside its range of validity, and that the results cannot be trusted.
From Fig. 2 we find that for weakly rough surfaces I deviates from 1 by less than 10™4, and that
the boundary between the regions defined by |AU| < 10™* and |AU| > 10~* is approximately
given by 6 = 0.2a (indicated by the diagonal dashed line in Fig. 2) for sufficiently small §/\.

For a Gaussian correlation function, which was used to produce the results of Fig. 2, the
rms slope of the surface is given by v/26/a [22]. Thus, the limit of the validity of the Rayleigh
hypothesis being given by a linear relationship between § and a is consistent with the local
slope of the surface being the critical parameter. Since the Rayleigh hypothesis is a small slope
approximation, our finding is not unexpected [4]. Hence, for perfectly conducting substrates, we
find the Rayleigh hypothesis to be valid for surfaces of rms slope less than about 0.28.

The Rayleigh hypothesis is not expected to introduce any additional restrictions, for example
on the amplitude of the rough surface. However, from Fig. 2 we observe that regardless of the
correlation length, ¢ deviates from 1 when § > 0.13. Since this is not an expected consequence
of the Rayleigh hypothesis, one may wonder about the cause of this behaviour.

As was discussed in Sec. 3.3, with increasing amplitudes of ¢ (mH), we no longer expect
to be able to accurately calculate the integrals 1 (v\QH). Preliminary tests indicate that this
problem can be alleviated somewhat by increasing the order up to which the sum in Eq. (11a)
is carried out, but at some point limited numerical precision, leading to numerical cancellations,
becomes an issue. Hence, we concluded that the upper finite roughness level for which U starts
deviating significantly from 1 is not a consequence of the Rayleigh hypothesis. Rather, it is
a numerical artifact of how the integrals encoding the surface roughness are calculated. We
speculate that using an alternative way of calculating I(’y|QH) which is not based on a series
expansion may resolve this issue, but at the cost of significantly increased computational time.
A more promising approach might be to employ software libraries which allow calculations to be
carried out with arbitrary precision. Tests we have performed, as well as the results of Ref. 11,
indicate that higher precision allows the accurate calculation of the integrals I (7|QH), though
again this comes with a price in terms of computational time.

The second set of results that will be presented is for a silver substrate. Here the wavelength
of the incident light was assumed to be 457.9 nm, for which the dielectric function of silver is
€o = —7.5+ 0.24i. In Fig. 3, we present the dependence over parameter space of U, i.e., the
fraction of the incident power reflected from randomly rough silver surfaces. Since the silver
substrate is absorbing, ¢ will now in general be less than 1, but & > 1 still represents an
unphysical situation. Again, the values of the rms height, §, and transverse correlation length,
a, were varied, ranging from 0.02 to 0.18\ in 0.01)\ increments for §, and from 0.1\ to 2.9\
in 0.1\ increments for a. For each pair of values, (a,d), we calculated U, and averaged the
solution over 10 surface realizations. The white area in the upper left corner of Fig. 3 represents
values where ¢/ > 1.1. The large white area in the bottom right corner of Fig. 3 represents
surface parameters for which we did not perform any calculations. This was done to reduce
computational time, since we are rather confident that for these parameters we will find ¢/ < 1.

For a silver substrate, the region of validity of the Rayleigh hypothesis is less pronounced
than for the same geometry but with a perfectly conduction substrate. Unlike in a perfect
conductor, light can penetrate into the silver and so-called surface modes can be excited.



Changing roughness allows light to couple more or less strongly into intermediate surface modes
before being scattered back into the vacuum, and the coupling to surface modes is not only
dependent on the amplitude of the surface, but also on the length scale of the surface structures.

Still, with these physical differences between a perfectly conducting and a silver substrate, we
observe by comparing Figs. 2 and 3 that the structure of the region of validity of the Rayleigh
hypothesis appears roughly similar. For a silver substrate, it follows from an inspection of Fig. 3
that the region of validity is defined by the intersection between the following two regions: (%)
0 £0.08a corresponding to a critical rms slope of 0.11; and (77) § $0.13\. Note that the critical
rms slope is less for a silver (0.11) than a PEC substrate (0.28), while the second region is the
same for the same two substrates.

5. Conclusions

We have presented preliminary results for the numerical investigation of the validity of the
Rayleigh hypothesis obtained by studying the fraction of power reflected from rough surfaces.
In this way it is found that the Rayleigh hypothesis is valid for perfectly conducting substrates
when § £0.2a and for silver substrates when § $0.08a, where 6 denotes the rms height and a the
correlation length of the surfaces roughness. These regions correspond to critical rms slopes of
0.28 (PEC) and 0.11 (silver), respectively. Both regions are bounded upwards by an rms height
of approximately § ~ 0.13\. We argue that this is not an inherent limitation of the Rayleigh
hypothesis, which is a small-slope approximation, not a small-amplitude approximation, but
rather a consequence of the way we calculate the integrals I(7|Q) [see Eq. (11)] present in the
reduced Rayleigh equation. It may be possible to get around this limitation by using increased
numerical precision, or another algorithm for calculating I(v|Q)), but at the cost of increased
computational time.
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We investigate numerically multiple light scattering phenomena for two-dimensional randomly rough metallic
surfaces, where surface plasmon polaritons mediate several surface scattering effects. The scattering problem is
solved by numerical solution of the reduced Rayleigh equation for reflection. The multiple scattering phenomena
of enhanced backscattering and enhanced forward scattering are observed in the same system, and their presence
is due to the excitation of surface plasmon polaritons. The numerical results discussed are qualitatively different
from previous results for one-dimensionally rough surfaces, as one-dimensional surfaces have a limited influence

on the polarization of light.

OCIS codes:

1. Introduction

A hot topic in the electronics and photonics community
is plasmonics, due to the prediction that surface plas-
mon polaritons (SPPs) can carry information faster and
with less energy loss than electronic circuits [1]. Sur-
face plasmon polaritons can have a penetration depth
in metal on the order of 10nm, i.e., two orders of mag-
nitude smaller than the wavelength of visible light in
vacuum. This means that plasmonics allows light to be
concentrated and manipulated by structures well below
the diffraction limit from classical optics.

Surface plasmon polariton excitation is also being in-
vestigated as a way to improve the performance of pho-
tovoltaic devices. For thin solar cells, with a thickness
on the order of 1pm, the path length of light travel-
ling through the cell is insufficient to absorb more than
a small fraction of the incident energy. By converting
light into SPPs which can propagate along the dielectric-
metal interface at the back of the photovoltaic cell, it is
possible to absorb a larger fraction of the incident en-
ergy [2].

Since SPPs propagate along the interface of a metal,
they are sensitive to conditions on the surface, making
SPPs well suited for sensor applications. Such devices
are often called surface plasmon resonance (SPR) sen-
sors, and can be used for, e.g., microarray analysis of
proteins [3] or DNA [4].

At a flat interface, incident light cannot couple to
SPPs due to momentum mismatch. By manipulating
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the surface roughness, however, it is possible to con-
trol the coupling of incident light into SPPs. In this
paper, we consider light reflected from randomly rough
surfaces with particular statistical properties, and study
the multiple scattering phenomena which arise due to
SPPs. Several multiple scattering phenomena have been
predicted theoretically and/or confirmed experimentally.
For example, enhanced backscattering was predicted by
McGurn et al. [5] and later confirmed experimentally by
West and O’Donnell [6]. The enhanced backscattering
phenomenon is a double scattering phenomenon, caused
by constructive interference between a wave scattered
(at least) twice by the surface, and its time-reversed
partner. The excitation of SPPs is usually involved in
this process. For weak (low rms) surface roughness, scat-
tering processes are usually dominated by single scat-
tering, which may mask higher order scattering contri-
butions. Hence, West and O’Donnell designed a sur-
face whose roughness had a power spectrum which sup-
presses single scattering in a certain angular interval, al-
lowing multiple scattering effects to be seen more clearly
[6]. The surface in question had a surface profile func-
tion dependent on only one of the axes in the surface
plane; colloquially, we refer to such surfaces as “one-
dimensional”. This power spectrum is now known as
the West-O’Donnell spectrum or the rectangular spec-
trum.

Enhanced forward scattering was first predicted the-
oretically by O’Donnell [7], who termed it the enhanced
specular peak phenomenon(8]. O’Donnell investigated
the scattering of light from surfaces with weak, one-
dimensional roughness by the use of perturbation the-
ory, and reported an enhancement in the specular di-
rection of the intensity of the light scattered diffusely



by the rough surface. To lowest order in the surface
profile function, this phenomenon appears as an eight-
order contribution to the intensity within small ampli-
tude perturbation theory, and for one-dimensional sur-
face roughness it is caused by constructive interference
between counterpropagating SPPs; see Fig. 10 of Ref. 7.
To confirm these findings, O’Donnell and Méndez subse-
quently studied surface scattering from one-dimensional
surfaces by direct solution of the one-dimensional re-
duced Rayleigh equation [9]. Their findings were later
confirmed by Simonsen [10] who also performed a de-
tailed numerical study of this phenomenon, focusing on
the competition between how light couples into and out
from SPPs, and how one SPP can couple to another
counterpropagating SPP.

Up till now, the enhanced forward scattering phe-
nomenon has not been studied for two-dimensional
randomly rough surfaces neither by perturbation the-
ory nor by computer simulations. Moreover, only a
few numerical studies of enhanced backscattering have
appeared in the literature for two-dimensional rough-
ness. In this paper, we investigate light scattering
from two-dimensionally rough surfaces by means of large
scale computer simulations, with a focus on phenomena
caused by the excitation and interference of SPPs. In
particular, we are interested in the enhanced backscat-
tering phenomenon and the less studied phenomenon of
forward scattering enhancement. The understanding of
such phenomena could be useful for the understanding
and controlling light-plasmon coupling in plasmonic cir-
cuits. Furthermore, two-dimensional surface roughness
leads to significant polarization effects that cannot be
taken into account in a one-dimensional model.

This paper is organized as follows. In Sec. 2, we dis-
cuss the relevant theory, including how the statistical
properties of the surface roughness decide which scat-
tering processes are allowed. Section 3 presents results
from numerical simulations, exhibiting enhanced for-
ward scattering and enhanced backscattering. Finally,
concluding remarks are presented in Sec. 4.

2. Theory

The system under study consists of a metallic substrate
in vacuum [Fig. 1(a)]. We assume that the vacuum-
metal interface has a randomly rough structure, and the
metal is characterized by a complex dielectric function
eo(w). The vacuum dielectric constant is 1 = 1. The
height of the surface is given by the single-valued func-
tion x3 = ((x|), where x| = (¥1,72,0) is the lateral
component of the position vector, x. We assume that
¢(x)) is at least once differentiable with respect to
and zo. The angles of incidence (A, ¢p) and scattering
(0s, ¢s) are defined positive according to the convention
given in Fig. 1(b).

In this paper, we will consider randomly rough sur-
faces where ((x) constitutes a stationary random pro-

Vacuum (g1 = 1)

Substrate (silver, e2)

k T3

(b) Definition of wave vectors and polar angles.

Fig. 1. (Color online) Sketches of the system under study
(surface roughness not shown). (a) The light of wave vec-
tor k incident on the surface causes scattering into various
propagating modes (of wave vector q) and the excitation of
surface plasmon polaritons (Kspp). In this study, we assume
e1(w) = 1, and e2(w) is taken from Ref. 11. (b) Definition
of the lateral wave vectors (k| and q)) as well as the polar
angles of incidence and scattering.

cess defined by

(<)) =0, (1a)
{Coaetxy) )y = 82W (k) - x)), (1b)

where the angle brackets denote an average over an en-
semble of surface realizations. In writing Eq. (1) we
have defined the root-mean-square height of the sur-
face, 0 = <<2(XH)>1/2, and W(x) — x|) denotes the
height-height auto-correlation function of the surface,
normalized so that W(0) = 1 [12]. In the discussion
below, and when generating realizations of the surface
profile function, it is more convenient to work with the
power spectrum of the surface, rather than using the
auto-correlation function directly. The power spectrum,
g(k)), of the surface profile function is defined by

g9(k) = /d%u W(x))exp (~iky-x),  (2)



where k| = (k1,k2,0) is the lateral component of the
wave vector, k. The power spectra that will be con-
sidered in this work are of the cylindrical form, where

g(ky) = 191(ky) + v2g2(F)) (3a)

and g; (i = 1,2) are given by [13]

gilky) = kf%kﬂ (k= kD)0 (K = k)) . (30)

In Eq. (3a), 71 and 72 are real constants defined such
that 1,72 > 0 and 93 + 72 = 1. Furthermore,
ky = |ky|, 6(-) denotes the Heaviside unit step func-
tion, and k‘:(é) are wavenumber cutoff parameters, with
Y < k(ﬂ < k? < kf)‘ The Heaviside step func-
tions in Eq. (3b) cause each of the g;’s to have a cylin-
drical shape: g; is zero for kj < k@, a positive con-
stant for k(j) < k< kﬁf), and zero for kj > kﬁ).
The constants «; determine the relative amplitudes of
|

B ) {

c
w

the outer and inner cylindrical parts of the power spec-
trum. The power spectrum described by Eq. (3) is a two-
dimensional generalization of the one used by O’Donnell
and Méndez [9] and Simonsen [10] in their previous nu-
merical investigations of enhanced forward scattering
from one-dimensional randomly rough surfaces.

We note that the power spectrum used by West and
O’Donnell [6] in their experimental confirmation of en-
hanced backscattering is a one-dimensional special case
of Eq. (3), with 74 =1 and 72 = 0 (or vice versa).

2.A. The reduced Rayleigh equation

The electric field in the vacuum above the surface
[Ig > max ( (XH)] can be expressed as the sum of an
incident field and a scattered field,

E(x[t) = [E© (xlw) + B (x|w) | exp (—iwt) . (4)

where w is the angular frequency of the incident (and
scattered) light. The superscripts (0) and (s) on the
electric field vectors indicate the incident and scattered
field, respectively. Furthermore,

[y (ky) + %oy | €00 0k) + (%o x K ) 5§°>(ku)} exp [ik) - x —iavs (ky )as] (52)

dz c
E®(x|w) :/ A { [y (q)) — %sqy] E(ay) + (%3 x @) 5§S)(Q||)} exp [iq) - x) +iai(g))zs],  (5b)

w

(2m)?

where Eég)(qu) and c‘,'g)(k“), with a, 8 = p,s, are the
amplitudes of the a-polarized and [-polarized compo-
nents of these fields with respect to the local planes of
incidence and scattering, respectively. The wave vector
of the incident light is k, which is of length |k| = w/c,
where c is the speed of light in vacuum. The expressions
in front of the field amplitudes are the unit polarization
vectors. The wave vector of the scattered light, q, has
lateral component q = (q1,¢2,0), and is related to the
angles of scattering as indicated by Fig. 1(b). A caret
over a vector indicates that it is a unit vector. Finally,
the functions ;(q)), i = 1,2 are defined by

W2 1/2
Ou(‘]H) = {57: (;) - CJﬂ ) (6)
Rea;i(q)) > 0, Ima;(q)) > 0.

A linear relation is assumed to exist between the am-
plitudes S((f)(qu) and Eg))(ku) (a,8 = p,s), which
we express in terms of the scattering amplitudes
Rap(qylky) [14):

S a) = Y Raslalk)EY (k).
B=p,s

In order to obtain an equation for the scattering am-
plitudes, we first write down an expression for the trans-
mitted field, B® (x|w), which is valid in the region
x3 < min((x) below the surface. We then assume the
Rayleigh hypothesis, which states that for a sufficiently
smooth surface, |V< (x”)| < 1, these asymptotic expres-
sions for the fields are valid also in the surface roughness
region [min ((x) < x3 < max ((x)] [15, 16], and can be
used to fulfill the boundary conditions satisfied by the
electric and magnetic fields at the surface z3 = ((x).
From the resulting set of coupled matrix integral equa-
tions, it is possible to eliminate the amplitudes of the
transmitted (reflected) field so that a single matrix in-
tegral equation results for the amplitudes correspond-
ing to the field above (below) the surface. The result-
ing equation is known as the reduced Rayleigh equation
for reflection (transmission). For details regarding the
derivation of the reduced Rayleigh equation, we refer to
Refs. 14 and 17.

If the scattering amplitudes are organized as the 2 x 2
matrix

Rpp(ay k) Rps(qylk
R(qH ‘kH) - ( Rspgg\‘\l “k\‘\‘)) Rss((g\‘\‘ |‘k\‘\‘) > ’ (7)



/ d*qy I (e2(p)) — ai(g))lp) — qy)
(2m)? az(p)) — ai(q))

where

M (pylq))R(qylk)) = —

the reduced Rayleigh equation for reflection from a two-
dimensional surface can be written in the form [13, 17,
18]

I (a2(py) + o (k) lpy — )
aa(py) + a1 (ky)

M~ (py k), (8a)

1(1Qy) :/d2I\\ exp [—i7¢(x))] exp (-iQ) - x|) , (8b)

and

M*(pylqy) = (

The integral in Eq. (8b) is evaluated by expanding the
exponential exp [—iy((x))] in powers of its argument,
and integrating the resulting series term-by-term by the
fast Fourier transform (FFT). In practice, the sum is
truncated at a finite order sufficient to give convergent
results (n = 20 was used in this work). The integration
domain used for the integral in Eq. (8a) is truncated
to cover the circular region q < Q/2, and the inte-
gration was converted to a finite sum over this domain
by a two-dimensional version of the standard mid-point
quadrature scheme. From this sum, we can obtain a lin-
ear system of equations (one for each value of p), which
can be solved to find Rap(qlk).

For the simulations presented in this paper, we have
used numerically generated, discrete realizations of the
surface profile function. These realizations covered a
square area of size L x L in the zx2 plane, determining
the integration limits in Eq. (8b). The surface realiza-
tions were discretized onto a quadratic, equidistant grid
of N, x N, points. Each realization was generated by a
two-dimensional version of the Fourier filtering method
presented in, e.g., Refs. 19 and 20. For a detailed dis-
cussion of how one can proceed to solve the reduced
Rayleigh equation numerically, we refer to Ref. 21.

2.B. Mean differential reflection coefficient

When the incident field is known, the quantity
Reap(qylk)) completely specifies the total electromag-
netic field in the region 3 > max((x)). However,
Reop(qylky) is not directly measurable in experiments. A
quantity well suited for experimental studies is the mean
differential reflection coefficient (MDRC), (ORqp/0%%),
which is defined as the time-averaged fraction of the in-
cident power scattered into the solid angle df2; about
the scattering direction, §. The relationship between

pa £ a2(pBy - qroalay) —Fo(p))
£ [by x &, on(qy) P-4

By x &y, ) ‘ (80)

I
Rap(qylk)) and the MDRC can be written as [13]

ORup\ 1 w?  cos? b 2
< 0 >_ L2 4w2¢® cos by <|Raﬁ(q”‘k”)‘ > ©)

Since we are studying weakly rough surfaces, light scat-
tered coherently (specularly) by the rough surface will
dominate. However, some of the light incident on the
surface will also be scattered incoherently (diffusely) by
the rough surface. In theoretical and numerical studies,
it is advantageous to separate these two contributions.

By light scattered coherently by the surface, we mean
scattered light that is in phase from one surface real-
ization to the next, so that the intensity of light scat-
tered coherently (from /3 to a polarization) will be pro-
portional to |<Raﬁ(qH|kH)>|2. The contribution to the
MDRC from the light that has been scattered incoher-
ently by the rough surface is defined as [13]

OR.p 1 w?  cos? 0,
695 incoh B L2 472¢? cos 60 (10)

% [(| Ras(aag )| = [(Reas ey )]

The contribution to the MDRC from the light scattered
coherently is therefore given by the difference between
Egs. (9) and (10). We will see below that enhanced
backscattering and enhanced forward scattering are both
phenomena observed in the incoherent component of the
MDRC, even if in the case of enhanced forward scatter-
ing it is observed in the specular direction.

We also note that the quantity R.s(q)lk)) can be
used to construct the Mueller matrix for reflection from
a rough surface [22]. The Mueller matrix contains all
linear transformations of the polarization of light under-
going scattering from a rough surface, including polar-
ization and depolarization.




2.C. Surface plasmon polaritons

Surface plasmon polaritons are electromagnetic modes
that are confined to dielectric-metal interfaces, where
the dielectric function of the cladding is positive and
the (real part of the) dielectric function of the substrate
is smaller than the negative of the dielectric function of
the cladding [23]. The dispersion relation of SPPs at a
flat vacuum-metal interface is [23]

w ez (w) 12
kspp(w) = - (m) (11)

where kgpp (w) is the length of the wave vector of the SPP
mode. For silver at wavelength A = 457.9nm (in vac-
uum), for which the dielectric function is e (w) = —7.5+
0.24i [11], it follows that keyp = (1.074 + 0.003i)w/c
(w = 2mc/A). The imaginary part of ke, can be in-
terpreted as an inverse decay length of the SPP mode,
whereas the real part corresponds to the wave number
of the mode.

Multiple scattering phenomena such as the enhanced
backscattering and enhanced forward scattering are, for
weakly rough surfaces, typically caused by the incident
light exciting SPPs that are subsequently scattered zero
or more times before coupling into a mode propagat-
ing away from the surface [12]. In particular, in one-
dimensional small-amplitude perturbation theory, the
lowest order contribution to the enhanced forward scat-
tering peak in the mean DRC has its origin in quadruple
scattering processes [7, Fig. 10].

2.D. Allowed and forbidden scattering processes
From small amplitude perturbation theory [12, 24], it
can be shown that a single scattering event from lat-
eral wave vector k| to q) is allowed only if the power
spectrum evaluated at the wave vector transfer kg. is
non-zero, i.e.,

g9 (ksc) >0, ke = q| — kH (12)
This condition holds for scattering between propagating
modes; between evanescent modes; and from propagat-
ing to evanescent modes, and vice versa. For isotropic
power spectra, such as those studied in this paper
[Eq. (3)], the requirement (12) simplifies to

9 ([kse]) > 0. (13)

To better understand the physical implications of
condition (13), and to facilitate our interpretation of
the simulation results presented later in this paper, we
present a visual model for discussing relevant scattering
processes in Fig. 2. Before starting the discussion, we
remind the reader that modes for which & < w/c are
propagating in the vacuum, whereas for k| > w/c, the
corresponding fields are evanescent, i.e., the field am-
plitudes decay exponentially along both directions per-
pendicular to the surface. Moreover, at the wavelength

A = 457.9nm, assumed in the simulations presented be-
low, the vacuum-silver interface supports surface plas-
mon polaritons of lateral wave vector kg, = 1.074w/c
(see Sec. 2.C). For simplicity, we have neglected the
imaginary part of the wave number, as it is small com-
pared to its real part.

In passing, we note that the polarization state of light
can be modified at each scattering event, subject to the
requirement that SPPs are always p-polarized. We will,
however, not discuss polarization effects of single scat-
tering events in this section.

We will now discuss Fig. 2, which was produced un-
der the assumption that the surface power spectrum is
identical to that in Eq. (3), and characterized by the

values for k(ii’) used in the later simulations (Sec. 3):
kY = 0.782w/c, K\ = 1.366w/c, k®) = 2.048w/c, and

kf) = 2.248w/c. The annular regions, indicated by blue
shaded regions in Fig. 2, represent the nonzero parts of
the surface roughness power spectrum.

First, we consider the scattering process k| — qj
[Fig. 2(a)] that corresponds to the lateral wave vector
(or momentum) transfer ke.. In Fig. 2(a) the incident
lateral wave vector, k, is placed so that it starts at
the origin of wave vector space, O; the same is done for
q)- We superpose blue shaded regions representing the
power spectrum so that the center of the power spectrum
is located at the end of k). Thus, if ke indicates a point
inside the blue shaded regions (the power spectrum), the
scattering process k| — q is allowed. Moreover, at the
same time, if ¢ < w/c, the process k| — q results in a
scattered mode that can propagate away from the sur-
face. On the assumption that both k) and q| are prop-
agating in vacuum, one realizes that kj [for the value of
k| used in Fig. 2(a)] can be converted into q through
a single interaction with the surface roughness (single
scattering) only within a crescent-like region. This re-
gion is defined by the shaded blue region which resides
inside the circle ¢ = w/c, indicated in black in Fig. 2(a).
Outside this crescent region, the scattering process is ei-
ther not allowed or ¢ > w/c, meaning that the mode is
evanescent (non-propagating). When later studying the
full angular distribution of the scattered light (Fig. 3),
we will see that this observation is important.

We now turn to the possibility of exciting SPPs by the
incident light, a situation addressed in Fig. 2(b). The ex-
citation k| — kg, of SPPs is subject to the constraints
in Eq. (13). In particular, we have that the excitation of
a surface plasmon polariton by the incident field char-
acterized by k| is only allowed if

EY < |kapp — Ky < KV (14)

or (less relevant for the parameters used in this study,
due to the large 6y required)

2 2
K < [kapp — K| < K2 (15)

Consequently, it is only possible (for the power spectrum
used in this study) to excite surface plasmon polaritons



(a) Scattering from wave vector k| into wave vector q. The (b) Excitation of a surface plasmon polariton by incident light.
scattered mode is propagating, since |q|| < w/c, with w/c ~ The surface plasmon polariton is not propagating in vacuum,
indicated by the black ring. as kspp > w/c. The parts of the black ring (of radius kspp)

which lie in the blue region represent legal SPP excitation

processes.

(c) Scattering of a surface plasmon polariton into a bulk (d) Scattering of a surface plasmon polariton (kgé{,). Two
propagz}ting mf)de.. Itegal propagatir{g modes are those for legal scattered modes (kgg)p and kg%,) are shown. The black
which gy lies inside the blue region and ¢ < w/e. ring indicates legal wave vectors for SPPs.

Fig. 2. (Color online) Four scattering processes important for understanding the results of this study. A detailed discussion of
the figure is found in the text. All subfigures 2(a)—(d) are drawn to correct and identical scale for the parameters ki) and £2
used throughout this study. The blue annular regions indicate the non-zero parts of the power spectrum, i.e., the ranges of kg
allowed by the power spectrum. The lengths of k| in Figs. 2(a) and (b) correspond to (6o, o) = (27°,45°).

for small (or very large) angles of incidence. The excita- polaritons cannot be excited by the incident light for
tion of a surface plasmon polariton is shown in Fig. 2(b). angles of incidence 6y > 17°. For out of plane scatter-
The black ring indicates the length of the possible SPP ing, however, SPP excitation is allowed also for 6y > 17°.
wave vectors. In the plane of incidence, surface plasmon This is qualitatively different from scattering from a one-



dimensionally rough surface.

2.E. Enhanced backscattering

For weakly rough surfaces, the presence of the enhanced
backscattering phenomenon typically requires the ex-
citation of surface plasmon polaritons. For strongly
rough surfaces, on the other hand, it can take place
through multiple scattering between vacuum propagat-
ing modes [25, 26]. For the weakly rough surfaces dis-
cussed here, the SPP channel is by far the dominant
contribution to the backscattering enhancement. As
such, the presence of the enhanced backscattering phe-
nomenon for weakly rough surfaces requires first that in-
cident light can couple to SPPs, i.e., g (‘kspp -k |) >0,
as discussed in the previous paragraph. Second, the ex-
istence of enhanced backscattering requires that SPPs
can couple out into the anti-specular direction, i.e., that
] (|7k|| — kspp{) > 0. This implies, with the power spec-
trum used here, that

kY < ko + K| < £ (16)

Coupling from SPPs to vacuum propagating modes is
illustrated in Fig. 2(c). For the parameters used in this
study, the outer cylindrical part of the power spectrum
essentially does not contribute to the scattering process
kopp — k|, as k(f) ~w/c+ kgpp.

For one-dimensionally randomly rough surfaces [7, 10],
the scattered wave vectors are confined to the plane of in-
cidence, and all quantities in Egs. (12)—(16) can be writ-
ten as scalars. Thus, there is a sharp and well-defined
angular cutoff for the excitation of surface plasmon po-
laritons in this case. For two-dimensionally rough sur-
faces, however, incident light can couple to SPPs which
do not propagate in the plane of incidence. This can
allow scattering processes which would be forbidden in
the one-dimensional case, and any limits derived using
the one-dimensional model will become “fuzzy” for two-
dimensional surfaces.

2.F. Enhanced forward scattering
For SPPs to contribute to enhanced forward scattering,
it is required that the power spectrum allows both the
excitation and counterpropagation of surface plasmon
polaritons, as well as coupling from SPPs to vacuum
propagating modes in the specular direction.

For the scattering of an SPP of wavevector ké%,i, to an
SPP of wavevector kgi) to be allowed, it is required that

g ( kgii, — kt(,ll))p > 0. For the power spectrum used in

this study, this condition is fulfilled if

1
R < |k, — k| < w2, (17)
or
K < k2, — k| < kP, (18)

The counterpropagation requirement is the rationale for
adding the outer annulus to the power spectrum (3).
This annulus is narrow, and centered at kj = 2kgpp,
meaning that it facilitates scattering where |ke| =
2kspp, i.e., counterpropagation of SPPs. This corre-
sponds to the fulfillment of Eq. (18), and is illustrated
by the green vectors in Fig. 2(d) (kgf,l) and kgg'pl)).

We note that for two-dimensionally rough surfaces it
is possible for an SPP to be scattered out-of-plane by
the g1 part of the power spectrum. This can happen
when Eq. (17) is fulfilled, as shown in red in Fig. 2(d),

where the resulting lateral wave vector is denoted kégi)‘

The principles discussed above are also valid for sys-
tems consisting of a metallic substrate on which a di-
electric thin film has been deposited, with a vacuum or
lossless dielectric cladding, where either interface of the
film is randomly rough [27]. The generalization to dif-
ferent power spectra should also be obvious. We note
that if the power spectrum of the randomly rough sur-
face is, e.g., Gaussian, the single scattering contribution
to the MDRC is typically dominant. In such cases, it
can be challenging to separate single scattering effects
from multiple scattering effects.

3. Results

In this section, we present results for the MDRC when
light is scattered from rough silver surfaces. For all
the results presented here, the (vacuum) wavelength of
the incident light was A = 457.9nm, and the dielec-
tric function of the Ag substrate at this wavelength is
g9 = —7.5 4 0.24i. The vacuum dielectric function is
g1 = 1. The rough surfaces were characterized by the
power spectrum (3), defined by the wavenumber parame-

ters: k) = 0.782w/c, k(Y = 1.366w/c, k) = 2.048w/c,

and k_(f) = 2.248w/c. Furthermore, the amplitudes ~;
were chosen such that v2/v1 = 0.75, which was found
in Ref. 10 to give a relatively strong enhanced forward
scattering effect. The rms surface roughness was taken
to be § = 0.025); the edge of the square region covered
by the rough surface was L = 36); and this region was
discretized at a grid of N, = 359 points along each of
the 1 and x5 directions.

As the Nyquist theorem [28] relates resolution in po-
sition space and wave vector space, the values of N,
and L lead to the following numerical parameters: The
wavenumber cutoff in the integral in Eq. (8a) was Q/2 =
2.493w/c; the resolution in q) was Ag = 0.0279w/c; and
N, = 180 values of q| were resolved along each of the ¢;
and ¢y axes [21]. The results presented were obtained by
averaging the results over an ensemble of 10, 825 surface
realizations. Simulating the scattering from one surface
realization took approximately 17 minutes on a machine
with two six-core AMD Opteron 2.4 GHz processors, and
required about 12 GB of memory. For a discussion of the
details of how the calculations were performed, we refer
to Ref. 21.

In Fig. 3, we present the full angular distribution of
the MDRC, including polarization effects. Figure 3(a)-
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Fig. 3. (Color online) The full angular distribution of the
incoherent contribution to the MDRC, assuming the surface
properties stated in the text. The angles of incidence were
(60, ¢0) = (12.5°,45°). The subplots show scattering (b)
from p polarization to p polarization, (e) s — p, (¢) p — s,
and (f) s — s. In (a), the incident light was p-polarized,
but the polarization of the scattered light was not recorded,
and in (d) the incident light was s-polarized. The enhanced
forward scattering peak is most easily seen in the p — p
configuration (b). The sharp circular edge, centered on kj, is
caused by the suppression of single scattering due to the form
of the power spectrum; see discussion in Sec. 2.D, Eq. (3)
and Fig. 2(a).

(¢) shows the MDRC for p-polarized incident light, and
in Fig. 3(d)—(f) the incident light was s-polarized. In the
upper row, the polarization of the scattered light was
not recorded; in the second row, only the p-polarized
component of the scattered light was recorded; and in
the third row, only the s-polarized component of the
scattered light was recorded. The full angular inten-
sity distribution displays important information, hidden
from the reader of in-plane or out-of-plane cuts of the
MDRC (e.g., Fig. 4). Notably, we observe that the in-
tensity distribution depends on which linear polariza-
tion is used to illuminate the surface, as well as which
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Fig. 4. (Color online) The in-plane (i.e., for ¢s = ¢o) part
of the MDRC for light scattered from a rough silver surface
with rms roughness § = 0.025X. The angles of incidence were
(0o, d0) = (12.5°,45°). The results were obtained by aver-
aging over 10,825 surface realizations. The most prominent
enhanced forward scattering peak is in p — p polarization,
but a small contribution in s — p polarization can also be
seen. Enhanced backscattering is observed in all polarization
combinations.
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Fig. 5. (Color online) The p — p contribution to the MDRC
for the same surface properties as in Fig. 4, for several dif-
ferent angles of incidence. In all cases, we observe the en-
hanced forward scattering peak. The effect is most powerful
in the vicinity of 6y = 12°. For polar angle of incidence
0o = 29.5°, it is not possible to achieve enhanced forward
scattering through the in-plane SPP channel; hence, the peak
at 05 = 29.5° has a different explanation.



linear polarization is recorded in the (simulated) detec-
tor. Furthermore, the crescent regions of the MDRC of
high intensity show for which angles of scattering single
scattering is allowed, as per the theoretical discussion in
Sec. 2.D.

One of the significant differences between the light
scattering from one-dimensional and two-dimensional
rough surfaces is the absence of polarization effects in
the former case (assuming the plane of incidence to
be perpendicular to the grooves of the surface). No-
tably, for light scattering from rough two-dimensional
surfaces, the light scattered out-of-plane is significantly
cross-polarized.

The enhanced forward scattering phenomenon ex-
presses itself as a peak in the specular direction of the
intensity of the light scattered incoherently by the rough
surface. For this reason, in Figs. 4 and 5 we present the
incoherent component of the MDRC in the plane of in-
cidence (i.e., for ¢s = ¢p).

Figure 4 shows the incoherent component of the
MDRC for 6y = 12.5°, for all combinations of incident
and scattered polarizations. Since SPPs can only be ex-
cited in p-polarization, it is reasonable to assume that
light scattered through the temporary creation of an
SPP will be predominantly p-polarized. When exam-
ining Fig. 4, we only observe enhanced forward scatter-
ing, i.e., a peak in the forward direction, for p — p and
s — p scattering. We also note that the enhanced for-
ward scattering peak is much more well-defined in p — p
than in s — p scattering. It is worth noting that for an-
gles 0, > —34.4°, in-plane single scattering of light is
forbidden due to the power spectrum used [Eq. (3) and
Fig. 2]. Consequently, the “edge” seen at the left hand
side of Fig. 4 is mainly caused by the single scattering
of light for angles 0, < —34.4°.

By studying the 6y dependence of (9R,/0%;)
(Fig. 5), several effects caused by the shape of the power
spectrum can be observed. The positions of the “edges”
caused by the suppression of single scattering is directly
related to the power spectrum: To leading order in the
surface profile function, the intensity of single scatter-
ing is proportional to the power spectrum of the sur-
face [12, 24]. For the surface parameters assumed here,
single scattering is forbidden for |q|| 7kH| < kM =
0.782w/c. Thus, the cylindrical shape of the power spec-
trum leads to a region around k| into which less light is
scattered, as single scattering is suppressed here.

Also in Fig. 5, a sharp edge is observed for the case
of 6y = 29.5°, at 05 ~ —60°. The location of this edge
is given by the outer edge of the inner cylinder of the
power spectrum, k(j). Due to the the power spectrum
vanishing between the inner and outer cylinder [Eq. (3)],
single scattering is forbidden for 6, < —60°.

Of greater interest, and one of the main points of
this paper, are the peaks observed in the forward and
backward directions. The vertical dotted lines in Figs. 4
and 5 show the expected positions of the enhanced for-
ward scattering peaks, and we see that in each case,

these coincide with the observed peaks. The effect is
most pronounced for the polar angle of incidence around
0 ~ 12°. For angles of incidence above 17°, it is not pos-
sible for surface plasmon polaritons to be excited in the
plane of incidence, since the power spectrum (3) is zero

for ky + kepp > kErI) for in-plane scattering [10]. Never-
theless, a peak in the incoherent part of the MDRC and
in the specular direction is visible for 6y = 29.5°. Our
interpretation is that the origin of this peak is the pres-
ence of the go part of the power spectrum; see Fig. 7(b)
and the corresponding discussion.

In accordance with previous work on light scattering
from two-dimensionally randomly rough surfaces [17—
19, 21, 22, 27], we observe enhanced backscattering
in Figs. 4 and 5. The enhanced backscattering peak
is located in the retro-reflection direction, 65 = —0y.
The effect is present in both co-polarized and cross-
polarized scattering. This is in contrast to the case
of one-dimensional surface roughness, where enhanced
backscattering can only be observed in the p — p polar-
ization configuration.

A complete scan of the angles of incidence for which
one observes enhanced backscattering and enhanced for-
ward scattering is presented in Fig. 6. In these figures,
the enhanced backscattering peak and the enhanced for-
ward scattering peak are shown as “ridges” in the color
map. As the ridges follow the 40y directions very well,
we conclude that they indeed represent the phenomena
enhanced backscattering and enhanced forward scatter-
ing. For enhanced forward scattering, which is a quadru-
ple scattering effect, the peak is somewhat broader than
the enhanced backscattering peak, which is a double (or
higher order) scattering effect. Briefly put, the two-
dimensional nature of the rough surface allows for more
freedom in the choice of scattered wave vectors, leading
to a wider peak.

For comparison with the results shown in Fig. 5, we
have also performed simulations for the cases where
7 = 1,792 = 0 [Fig. 7(a)], or where v3 = 0,72 = 1
[Fig. 7(b)]. In the former case, only the inner annulus
of the power spectrum is present, and in the latter case,
only the outer annulus is present. The other simulation
parameters were as follows. The edges of the simula-
tion domain in the xjx9 plane was L = 30\, and was
discretized at N, = 319 points along each of the lat-
eral axes. The dielectric function, the power spectrum
parameters km, and the rms surface roughness parame-
ters were the same as before. The parameters N, and L
were reduced for these simulations in order to save com-
puter resources. This also leads to a different discrete
set of 05 being resolved (cf. Fig. 5).

The results for vy = 1,72 = 0 are presented in
Fig. 7(a). In this case, incident light can couple to SPPs,
but it is not possible to couple from one SPP to an-
other SPP traveling in the opposite direction (counter-
propagation). Thus, enhanced backscattering, which to
lowest order is a double scattering process, is allowed.
Enhanced forward scattering, on the other hand, is a
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Fig. 6. (Color online) Contour plots of the incoherent, in-plane, and p — p part of the MDRC as a function of angle of incidence

(6o) and scattering (6s).

We assume ¢s = ¢ in these figures. (a) The enhanced backscattering peak is shown as a purple

“ridge” at 65 = —6y. (b) The enhanced forward scattering peak is shown as a purple “ridge” at 6; = 6p. Note that the color

map has been truncated [cf. (a)] to show the peak more clearly.

quadruple scattering process, dependent on scattering
from SPPs to counterpropagating SPPs. Hence, there
is no enhanced forward scattering peak when o = 0.
The shoulder visible in Fig. 7(a) does not move as 6y
increases, meaning that it is not related to the enhanced
forward scattering phenomenon, but is a result of the
shape of the power spectrum.

In Fig. 7(b), we show the results for v; = 0,72 = 1.
In this case, both single scattering and coupling from
incident light to SPPs are prohibited. Instead, incident
light will excite evanescent modes which are not reso-
nant modes of the surface. These may be scattered sev-
eral times before coupling out into vacuum propagating
modes. The width of the triangular structure seen in the
MDRC in Fig. 7(b) is determined by the width of the
outer annulus of the power spectrum.

In order to verify the correctness of the numerical re-
sults, the total reflected power normalized by the total
incident power was calculated. In all cases it was found
to be lower than 1, which is expected due to absorp-
tion. If one (artificially) assumes the substrate to be
lossless, the normalized reflected power should in prin-
ciple be identical to 1. For the surface parameters used
in this study, and with Im(e2) = 0, the normalized total
reflected power was 1.000 =+ 0.007 for all angles of inci-
dence. We stress that the conservation of energy is a
necessary, but not sufficient, criterion for the validity of
the simulation results [21].

4. Conclusion

In conclusion, we have studied, by a non-perturbative
numerical method, two phenomena observed in rough
surface scattering, namely enhanced forward scattering
and enhanced backscattering. These are both phenom-
ena observed in the diffuse (incoherent) part of the mean
differential reflection coefficient, and are caused by con-
structive interference between surface plasmon polari-
tons propagating along a vacuum-metal interface. In
particular, the observation of enhanced forward scatter-
ing has not previously been reported for systems con-
taining two-dimensionally rough surfaces. The two-
dimensional nature of the rough surface studied here
gives significantly more freedom in the allowed scatter-
ing channels when compared to one-dimensionally rough
surfaces, giving less sharp “cutoffs” caused by the power
spectrum.

A simple visual model for determining which scatter-
ing processes are allowed by two-dimensionally rough
surfaces has also been given (Fig. 2). This model can
be used to determine for which combinations of angles
of incidence and scattering enhanced backscattering and
enhanced forward scattering can be observed.

The enhanced forward and backward scattering phe-
nomena are dependent on the presence of surface guided
modes. Enhanced backscattering has already been ob-
served in a thin film system in both polarizations [27].
We expect that enhanced forward scattering can also be
observed in thin film systems for all polarization combi-
nations, as such structures support surface guided modes
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(a) In-plane part of the p — p contribution to the MDRC for (b) In-plane part of the p — p contribution to the MDRC for

a power spectrum with y; = 1 and 2 = 0.
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Fig. 7. (Color online) In plane p — p scattering for power spectra with (a) v1 = 1,72 = 0 and (b) v1 = 0,72 = 1. With
v1 = 0,72 = 1, coupling into SPPs is suppressed. With 71 = 1,v2 = 0, coupling into SPPs is allowed, but not scattering from
an SPP to a counterpropagating SPP. This allows enhanced backscattering, but not enhanced forward scattering.

in both p and s polarizations. We leave this investiga-
tion to future work, as the required computational effort
is significant.
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