                                                                     LIGHT SCATTERING MEDIA OPTICS:

                                                                                          PROBLEMS AND SOLUTIONS

2
ND

 EDITION

                                                                                                                 A. A. KOKHANOVSKY

Preface

                                                            The fir st Edition of this book was warmly welcome d by light scattering

                                   communi ty. The main  idea behind the preparing   this second E dition of the book was

                                   to  wide the range of  so lutions  considered. More illustrations and physic al

                                   discussio ns were added. However, the main idea of the book, namely ˘ the

                                   presentation of main approximate solut ions of light scattering media optics in the

                                   short,  instructive, and user- fr iendly form, was preserved.

                                                            The author is grateful to Prof. Alan R. Jones (Imperial Co l lege, UK) ,  Prof.

                                   Teruyuki Nakajima (Universi ty of Tokyo, Japan), and Prof. Reiner Weichert

                                   (Technical Universi ty Clausthal, Ger many) for many helpful discussi ons of ligh

                                   scattering problems and continuous support. Special thanks are to Prof. A. P. Ivanov

                                   and researches of the Light Scattering Media Optics Laboratory in M insk (B. I.

                                   Stepanov Institute of Physics, Belarus), where I spent  20 years in studies of va rious

                                   aspects of light interaction with inh omogeneous media. I also acknowledge the

                                   support by INTAS grant 99/652.

                                             Last, but not least, I would like to underli ne that this book had never be prepared

                                                                     without help and understanding of my family to whom I devote it

ii

                                                                           PREFACE TO THE FIRST EDITION

                         The main subject of this book is the  interaction of light with disperse systems,

defined as ensembles of small part icles in a host medium, within the framework of the

physical optics. In principle, particles can have a rbitra ry size, chemic al comp osition,

inter nal structure, shape, and concentration. The light field is characte rised by the

Stokes vector or the densi ty matrix.

                         Generally speaking, there are two methods for handling the problem. The fir st

one is to solve the Maxwell´s equations for the system of N  particles. This method can

be used only for small numbers of particles N  because  of limits, imposed by mo dern

computers. Another approach calls for the replacement of a disperse system by a

continuous medium wi t h  some phenome nolo gical propagation constants. The last

method is of frequent use in physical sciences. For instance, the electrodynamics o

continuos media is based on essentia lly the same approach. Namely, the system  of

oscill ating charges is replaced by  a continuous mediu m with a priori  defined values o

the specific conduct i vity, dielectri per mit ivit y, and magnetic perme abili t y . These

quant it ies are calculated within the framework of the quantum mechanics.

                         In the case of disperse of systems, one  should calculate propagation constants

(e.g., extinction and scattering coefficients) in the framework of the classic

electrodynamics of continuous media and consider the light propagation in the

framework of the radiat ive transfer theory afterwards. Such a simplified approach is

possible only if the wavelength of the incident radiat ion is much smaller than the

ext inct ion and scattering lengths, defined as the inver s e values of the ext inct ion and

scattering coefficients. This often holds for the optical ban d  of the electromagne tic

spectrum.

iii

                                                            Both the electrodynamics of continuous media and the radiat ive transfer

                                   theory can be considered as special branches of the mathem atical physics with its own

                                   characte ris tic methods and techniques. For example, the main task of the famous book

                                   of S. Chandrasekhar (1950), devoted to  radiat ive transfer problems, was to present

                                   the subject of the  radiat ive transfer as a branch of the mathematical phys ics.

                                                            My objec tive here is completely different. Exact methods are out f scope of

                                   this book. The main subject is the introduction to the approximate methods of the light

                                   scattering media optics. This is important for the derivat ion of simple equat ions,

                                   which relate microphysical (the size, shape, concentration of particles, their optical

                                   constants) and optical (the intensity o r Stokes vector of the reflected, internal or

                                   transmitted light) properties of disperse systems. But the main key reason for my

                                   approach is that any field of the theoretical physics is not completely developed i

                                   simple s olu tions o f a general problem at some limiting cases are not presented.

                                   According to this intention, the book is divided into following five parts.

                                                            Main definit ions are presented in the introductory Chapter I.

                                                            Chapter II is devoted to the scattering theor y, based on the Maxwell´s

                                   equations. The main task of this part is to present approximate methods and results for

                                   the calcula tion of propagation constants. The special cases of small and large,

                                   optically so ft and hard particles are considered.

                                                            The subject of Chapter III is approximate results of the radiative transfer

                                   theory. Approximate formulae are presented for the small and large value of the

                                   optical thickness of a scattering layer, weak and strong absorption of light in a

                                   medium, isotropic and highl anisotropic scattering of light by particles.

                                                            Complex problems of close-packed media, where the use of the radiat ive

                                   transfer equation is in question, are touched upon in Chapter IV.

iv

 Chapter V is the outcome of Chapters II-IV. Here the  simple approximate

relat ionships deriv ed are used for the solution o f a number of applied problems. For

the most part attention is given to geophysical applicat ions. Indeed, approximate

methods are most suitable to the solution of geophysic al problems. The investigator in

the laboratory can prepare a special light-scattering medium and desc ribe its optica

properties with exact theoretical methods. This is impossible in the case of natura

media, which are characterized by an extremely complex structure. An exac

knowledge of the microstructure parameters of such media ( particle size

distr ibut ions, chemical co mposit ions of particles, their shapes and concentrations) i

not available a priori. Moreover, these parameters rapidly change in space and time.

Thus, we arrive at the important conclusion that, in the fiel d of geooptics, result

obtained by exact and approximate methods can have about the same accurac ( as

compared with measurements). This gives the book its special value for tackling

atmospher ic optics problems and provides a rationale for its inclusion i n the Wiley-

Praxis Series in Atmospheric  Physics and Climatology. However, I do hope that thi

Chapter  and the book as a whole will be useful for engineers and scientist s, who deal

with applied light-scattering problems in different branches of mo dern  p h ysics,

geophysics, biophysics, and chemical physics.

                         Finally, I thank E leonora Zege, who taught me light scattering.

v

Table of contents

                                   Preface                                                                                                                    ii

                                   Preface to the First  Edition                                                                                 iii

                                   I INTRODUCTION

                                   1.   LIGHT FIELD                                                                                                    1

                                   2.    PARTICLES                                                                                                       7

                                   3.   RADIATIVE TRANSFER                                                                                17

                                   4.   SCATTERING THEORY                                                                                  29

                                   II SINGLE LIGHT SCATTERING

                                   1.  PARTICLES SMALL COMP ARED TO THE WAVE LENGTH                      43

                                   2.  PARTICLES WITH THE DIAMETER COMPARABLE TO THE

                                               WAVELENGTH                                                                                                  53

                                   3.  PARTICLES LARGE COMPARED TO THE WAVELENGTH                       59

                                                  3.1. Geometr ical optics approximat ion                                                                59

                                                  3.2. Spheres                                                                                                          64

                                                      3.2.1 Different ial scattering matrix                                                                  64

                                                     3.2.2  Cross-sec tions                                                                                         67

                                                     3.2.3 Asymmetr y parameter                                                                              73

                                                     3.2.4 Expansio n of the phase function on Legandre polyn omials                     80

                                                     3.2.5 The glor y                                                                                                   83

                                                  3.3. Nonspheric al particles                                                                                   84

                                                  3.4. Edge effects                                                                                                   89

vi

4. PARTICLES WITH THE REFRACTIVE INDEX CLOSE TO THE

REFRACTIVE         INDEX OF A  HOST MEDIUM                                               94

               4.1 Rayleigh-Gans approxima tion                                                                        94

               4.2  van de Hulst approxima tion                                                                           101

                           4.2.1. General equat ions                                                                                101

                           4.2.2. Spheres                                                                                                104

                           4.2.3. Ellipso ids                                                                                             107

                           4.2.4. Circular cylinder s                                                                                109

                           4.2.5. Hexagonal co lumns                                                                             111

4.3. Perelman approxima tion                                                                                     112

5. PARTICLES WITH THE REFRACTIVE INDEX  LARGE COMPARATIVELY

          TO                  THE REFRACTIVE INDEX OF A  HOST  MEDIUM               118

6. LAYERED PARTICLES                                                                                      121

               6.1. General equat ions                                                                                        121

               6.2. Rayleigh approximation                                                                              123

               6.3. Rayleigh-Gans approximat ion                                                                    126

               6.4. Van de Hulst approxima tion                                                                       127

                              6.4.1. Coated ellipso ids                                                                              127

                              6.4.2. Layered spheres                                                                                135

               6.5. Geometr ical optics approximat ion                                                              143

III RADIATIVE TRANSFER

1.  RADIATIVE TRANSFER EQUATION                                                           150

2.  THIN LAYERS                                                                                                  154

3.  THICK LAYERS                                                                                               159

vii

                                                  3.1. General so lut ions                                                                                       159

                                                  3.2. Isotropic scattering                                                                                    166

                                                  3.3. Nonabsorbing optically thick media                                                         172

                                                  3.4. Weakly absorbing optically thick media                                                   177

                                                              3.4.1 Reflec tion and transmissi on functions                                               177

                                                              3.4.2 Polar iza tion of reflected and transmitted light                                   183

                                   4.  ISOTROPICALLY LIGHT SCATTERING LAYERS                                     189

                                   5.  HIGHLY ANISOTROPICALLY LIGHT SCATTERING LAYERS               193

                                               5.1 Small-angle approximat ion                                                                           193

                                                5.2 The small ˘ angle patterns of optically dense disper s e media                       203

                                   6.  STRONGLY ABSORBING MEDIA                                                                  211

                                   7.  WE AKLY ABSORBING MEDIA                                                                      212

                                   8.  DIFFUSION APPROXIMATION                                                                       214

                                   9.  SMALL -ANGLE DIFFUSION APPROXIMATION                                         223

                                   IV LIGHT SCATTERING AND RADIATIVE TRANSFER IN CLOSE-

                                   PACKED DISPERSE MEDIA

                                   1.  SINGLE LIGHT SCATTERING BY DENSELY PACKED  PARTICLES       226

                                   2.  TRANSMITTANCE   OF   LIGHT   THROUGH   A  MONOLAYER OF

                                               DENSLY PACKED LARGE  PARTICLES                                                        234

                                   3.  MULTIPLE LIGHT SCATTERING IN DISPERSE MEDIA WITH DENSELY

                                                PACKED PARTICLES                                                                                        242

viii

V APPLICATIONS

1.  RADIATIVE CHARACTERISTICS OF NATURAL MEDIA                         247

             1.1 Cloudy media                                                                                                247

                         1.1.1  Water clouds                                                                                     247

                         1.1.2  Ice clouds                                                                                          252

             1.2  Snow                                                                                                          256

             1.3  Aerosol

             1.4  Ocean                                                                                                         261

                             1.4.1. Oceanic whitecaps                                                                            261

                             1.4.2 Reflec tion of light fro m ocean                                                           266

2.  IMAGE TRANSFER                                                                                          269

3.  REMOTE SENSING AND INVERSE PROBLEMS                                        279

             3.1. Introduction                                                                                                  279

             3.2. Method of small angles                                                                                281

             3.3. Determina tion of the optical thickness of aerosol layers                             284

             3.4. Determina tion of the microstructure of cloudy media                                 288

4.  BIOOPTICS                                                                                                        292

             4.1. Circular dichro ism and optical rotation spectra of light scattering layers   284

             4.2. Blood optics                                                                                                 301

5.  PLANETARY OPTICS                                                                                      304

Appendix I               REFRACTIVE INDICES                                                        307

Appendix II      EXACT SOLUTIONS OF  LIGHT SCATTERING PROBLEMS

FOR UNIFORM, TWO-LAYERED AND OPTICALLY ACTIVE  SPHERICAL

PARTICLES                                                                                                              316

Appendix III    SPECIAL FUNCTIONS                                                                   320

ix

Appendix IV    LIGHT SCATTERING ON THE  INTERNET                                324

Appendix V     PHASE FUNCTIONS                                                                       326

REFERENCES                                                                                                           335

INDEX