Electromagnetic
Scattering

by Particles and
Particle Groups

Michael |. Mishchenko

CAMBRIDGE



Contents

Preface ... . page xiii
Acknowledgments . ... ... ... ... XV
ACrONYMS Xvii
T Introduction....... ... .. . 1
1.1 General framework ......... ... ... 3
1.2 Electromagnetic scattering ...................coovvviieiineriao... 6
1.3 Furtherremarks ........... . ... . 9
1.4 Energy-budget and optical-characterization problems ............. 10
1.5  Electromagnetic Spectrum ................cooiiiiiiiiiiiiia.. 13
2 The macroscopic Maxwell equations and monochromaticfields .............. .. 15
2.1  The macroscopic Maxwell equations and constitutive relations ... 15
2.2 Boundary conditions ................ ... 17
2.3 Monochromatic fields ...................... ... 19
2.4 Energybudget........... ... ... 21
2.5 Lossless, lossy, and activemedia.................................. 24
Problems . ... ... o 26
Notes and further reading .............. ... ... 27
3  Fundamental homogeneous-medium solutions of the macroscopic
Maxwellequations . ........... ... . ... ... ... ...l 30
3.1  Plane-wave solution ............ ... i 30
3.2 Spherical-wave solution .............. ... ... .. 35
Problems . ...... ..o 39
4  Basictheory of frequency-domain electromagnetic scattering by a fixed
finiteobject ... ... .. ... 41
4.1 Statement of problem ........... ... ... 41
4.2  Existence and uniqueness of solution ............................. 43

vii



viii Contents
4.3  Volume integral equation ........................iiiii. 44
4.4 DISCUSSION ...\ttt e 47
4.5  Dyadic transition operator .................coviiiiiiiiiiiiai. 48
Problems . ... ... 48
Notes and furtherreading ............. .. .. ... ... ... . i 49
5 Farfieldscattering .......... .. . ... ... ... . ...l 50
5.1 Scattering inthe farzone .......................................... 50
5.2 Theoretical criteria of the far-field limit ........................... 53
5.3 Scattering dyadic and amplitude scattering matrix ................ 56
54 ReCIPIOCILY . ..ot 58
5.5 Scale invariancerule ............ ... ... 59
Problems . ... ... o 60
N O S . 60
6 TheFoldyequations.............. ... ... . . ... 62
6.1  Vector form of the Foldy equations................................ 62
6.2  Neumann expansion of the total field .............................. 65
6.3  Far-field Foldy equations ..........................ooiiiiiiiii, 66
6.4  Far-field Neumann expansion of the total field .................... 70
Problems . ... ... 71
Notes and furtherreading ............. ... ... .. ... i 71
7 TheStokesparameters ............. .. ... ... . . ... ..., 72
7.1 The Stokes parameters of a plane electromagnetic wave .......... 73
7.2 Rotation transformation rule for the Stokes parameters ........... 76
7.3 Ellipsometric content of the Stokes parameters.................... 77
7.4  The Stokes parameters of a spherical electromagnetic wave ...... 82
Problems . ... ... 83
Notes and furtherreading ............. ... ... ... . i 85
8 Poynting-Stokestensor .......... ... ... ... . ... ...l 87
Problems . ... ... 88
9  Polychromatic electromagneticfields......................................... 89
9.1  Time-averaged Poynting—Stokes tensor and Poynting vector
of a polychromatic field with monochromatic components ........ 89
9.2  Time-averaged Stokes parameters of a parallel polychromatic
beam with monochromatic components ........................... 91
9.3 Polychromatic field with quasi-monochromatic components . ... .. 92
9.4  Derivative polarimetric characteristics of a polychromatic beam .. 96
Problems . ... ... o 98

Furtherreading ........ ... . 98



Contents ix
10 Polychromatic scattering by fixed and randomly changing objects .............. 99
10.1 Monochromatic scattering by a fixed object ....................... 99
10.2  Polychromatic scattering by a fixed object ....................... 101
10.3  Stochastic scattering object. ..., 103
104 ErgodiCity .......iiiii 107
Problems . ... ... 109
Notes and furtherreading ................. ... ... ... ... ... . 109
11 Measurement of electromagneticenergyflow ................................ 111
11.1  Direction-insensitive detectors .......................oviiiiin... 112
11.2  Photoelectric detector as a Poynting-meter ....................... 114
11.3  Preisendorfer’s radiance-function meter.......................... 117
11.4  Well-collimated radiometers ....................cccoviiiiiiiiin... 120

11.5 Response of a well-collimated radiometer to polychromatic
Light o 125
11.6  Panoramic radiometers ................cooiiiiiiiiiinaiinaaiin... 128
Problems . ... ... 128
Notes and furtherreading ................. ... ... ... i 129
12 Measurement of the Stokes parameters ..................................... 131
12,1 POIAriZers ... ...t 131
12.2  Retarders ....... ... 134
12.3  Measurement of the Stokes parameters........................... 135
Problems . ... ... 136
Furtherreading ........ ... ... 136
13 Description of far-field scattering in terms of actual optical observables . ....... 137
13.1  Electromagnetic response of a well-collimated radiometer ....... 137
13.2  Phase matriX ...........ccooiiiiiii 145
13.3  EXtNnCtion MatriX ...........ooiuiiiniiiiiee e, 149
13.4  Energy-budgetproblem ......................... ... ............. 151
13.5 Derivative characteristics of far-field scattering .................. 153
13.6  Polychromatic far-field scattering by a fixed object .............. 156
13.7 Far-field scattering by a stochastic object ........................ 157
13.8 Far-field scattering by an ergodic random object ................. 159
13.9 Ensemble averaging .................oooiiiiiiiiiiiii 160
Problems ... ... 165
Notes and further reading .............. ... ... ... 166

14 Electromagnetic scattering by a small random group of sparsely

distributedparticdles .......... .. ... ... 168
14.1 Single-scattering approximation for a fixed group of particles ... 169



X Contents
14.2 Ensemble-averaged Poynting—Stokes tensor of the total field .... 171
14.3  Energy-budget problem .............. ... .o 175
14.4 Response of a remote well-collimated radiometer ................ 176
14.5  First-order-scattering approximation ............................. 177
14.6  Analysis of the first-order-scattering approximation.............. 179
Problems . ... ... 182
15 Statistically isotropic and mirror-symmetricrandom particles .................. 184
15.1 Symmetries of the Stokes scattering matrix ...................... 186
15.2  Statistically isotropic and mirror-symmetric random particle .. ... 189
15.3  Phase matrix ...........oooiiiiiiii 190
15.4  Exact forward-scattering direction and extinction matrix ......... 193
15.5 Exact backward scattering..........................oiiiii.L. 196
15.6  Scattering cross section and asymmetry parameter ............... 198
15.7  Spherically symmetric particle ....................... ...l 200
15.8  Effects of morphology and orientation ........................... 200
15.9 Normalized scattering and phase matrices........................ 201
15.10 Expansion in Wigner d-functions ................................ 203
Problems ... ... 209
16  Numerical computations and laboratory measurements
of electromagneticscattering ............ ... ... ... 212
16.1 Numerically exact theoretical techniques......................... 213
16.1.1 The Lorenz—Mie theory ................................. 213
16.1.2 Separation of variables method .......................... 215
16.1.3 Multisphere and superposition 7-matrix methods ........ 215
16.1.4 Finite element method ..................... ... ..., 216
16.1.5 Finite difference time domain method ................... 217
16.1.6 Point-matching method .......................... ... ... 217
16.1.7 Volume integral equation methods....................... 218
16.1.8 T-matrix method .............. ... ... ... ... ............ 219
16.1.9 Pros and cons of numerically exact computer solvers
ofthe MMEs ....... ... 224
16.2  Geometrical optics approxXimation................................ 225
16.3 Controlled laboratory measurements ............................. 231
16.3.1 Measurements in the visible and infrared ................ 232
16.3.2 Measurements at microwave frequencies ................ 233
Problem . ... ... 235
Notes and further reading ................ ... i 235
17 Far-field observables: qualitative and quantitativetraits ..................... 238

17.1  Deterministic particle ... 238



Contents Xi

18

19

20

17.2  Random spherical particle ............... ...l 247
17.3 Random morphologically complex particle ...................... 251
17.4  Optical characterization ..........................ooiiiiiiiin.... 266
Problems . ... ... 269
Furtherreading .......... .. .. .. . . 269
Electromagnetic scattering by discrete random media: farfield ................ 270
18.1 Is there multiple scattering? ..............................co.... 271
182  Speckle ... ..o 274
18.3 Dynamic and static scattering .................................... 277
18.4  Static scattering by a random particulate volume ................. 277
18.5 Conditions of applicability of the single-scattering

APPIrOXIMALION . ...\ttt ettt e 283
Problems . ... ... 284
N O S .t 285
Near-field scattering by a sparse discrete random medium:
microphysical radiative transfertheory ................. ... ... 286
19.1 The Twersky approximation .......................coooiiiiin... 287
19.2  The Twersky expansion of the coherent field..................... 290
19.3 Coherentfield ............ ... 293
19.4 Transfer equation for the coherent field .......................... 298
19.5 Ladder approximation for the dyadic correlation function .. ...... 299
19.6 Integral equation for the ladder specific coherency dyadic ....... 309
19.7 Integro-differential equation for the diffuse specific

coherency dyadic ... 312
19.8 Radiative transfer equation ........................ ... ... 314
19.9 Statistically isotropic and mirror-symmetric random particles . ... 318
19.10 Energy-budget problem .............. ... 318
19.11 Reading of a well-collimated radiometer ......................... 319
19.12 External observation point ......................coiiiii... 322
19.13 Summary of assumptions and approximations ................... 324
19.14 Corollaries of the microphysical radiative transfer theory ........ 329
19.15 “Independent” scattering ..................coooiiiiiiiiiiiaiin... 331
19.16 Gaseous Media ..........oouuiiiiiii i 332
Problems . ... ... 333
Notes and furtherreading ................. ... ... ... ... ... .. 334
Radiative transfer in plane-parallel particulatemedia ........................ 338
20.1 The standard problem .................. ... .. ... ..o 339
20.2  Integral equation ............. ... ... 342

20.3  Scalar approxXimation .................coveiiiiiiiiiiiiii, 343



Xii Contents

20.4  Directional reflectance and spherical and plane albedos ..........
20.5 Polarization as an effect and as a characterization tool ...........
Problems . ... ...
Notes and furtherreading .................. ... ... ... ... i

21 Weaklocalization ........... ... ... ...
21.1 Weak localization by a sparse discrete random medium ..........
21.2  Weak localization by a plane-parallel discrete random

MedIUM ...
21.2.1 Exact backscattering direction ...........................
21.2.2 Angular dependence of weak localization: Rayleigh
SCAMETINE .o\ttt et ettt
Problems ... ... o

22 Epilogue . ... ...
Problems .. ... ... .. .

A Dyadsanddyadics ............... .. ...,
Problems . ... .. ...
Notes and furtherreading ............... ... ... ... ... .. i,

B  Free-space dyadicGreen’sfunction ................... ... ... ... ...

Problems . ... .. ...

Notes and furtherreading .................. ... ... ... ... i

Eulerrotationangles ........... ... . ... ...

Spherical-wave decomposition of a plane wave in thefarzone ............. ...

Integration quadratureformulas ..................... ... ... ... ...

Wignerd-functions ......... ... ...

Furtherreading .......... ... .

G  Stationary phase evaluation of adoubleintegral .............................

H Hintsand answerstoselectedproblems .....................................

T mo N



Preface

The phenomena of scattering and absorption of light and other electromagnetic
radiation by small particles and particle groups are central to a great variety of
science and engineering fields. Owing to a large body of research, the discipline
of studying these phenomena has recently undergone profound and paradigm-
shifting developments. Among the most important advances are the following:

e Dramatic improvements in numerical solvers of the Maxwell equations cou-
pled with the ever growing computer capability have enabled direct, numeri-
cally exact modeling of electromagnetic scattering by particles and particle
groups of unprecedented morphological complexity.

e The rigorous physical basis of monochromatic and polychromatic scattering
by random particles and random particle groups has been established.

e Owing to the development of a rigorous microphysical approach, the centu-
ries-old disciplines of directional photometry and radiative transfer have be-
come legitimate branches of physical optics.

e Direct computer solutions of the Maxwell equations have confirmed the
mesoscopic origin of radiative transfer and weak localization of electromag-
netic waves (also known as coherent backscattering) in sparse particulate
media.

The main purpose of this textbook is to provide a self-contained and accessi-
ble summary of these developments in the framework of a thorough introduction
to the fundamental physical and mathematical principles of the subject. Particular
attention is paid to key (and often overlooked) aspects such as time and ensemble
averaging at different scales, ergodicity of stochastic scattering objects, and the
physical nature of measurements afforded by actual directional photometers and
photopolarimeters. Given its subject matter and specific content, it is hoped that
this textbook will be useful to graduate students and researchers in terrestrial and
planetary remote sensing, physical and biomedical optics, optical communica-

Xiii



Xiv Preface

tions, optical particle characterization, atmospheric physics, oceanography, and
astrophysics.

Consistent with its overall objective, this textbook features more than 120
end-of-chapter exercises of varying complexity. The simplest ones require the
student to complete derivations that are sketched but not detailed in the main text
or serve to illustrate certain key concepts and results. Most of these exercises are
relatively straightforward, but can sometimes be tedious. Some exercises invite
the student to think on issues not specifically covered by the textbook but none-
theless useful for understanding the main text. A few exercises border on re-
search projects and may have been the subject of recent publications. The more
challenging exercises are supplemented by hints or full solutions collected in
Appendix H.

Several appendices provide the requisite mathematical background beyond
the standard calculus and vector calculus material and help making this textbook
a one-stop resource suitable for self-study or classroom use. The reference list is
intended to be representative but not necessarily comprehensive. Preference is
given to classical papers, monographs, and state-of-the-art reviews. Most chap-
ters are concluded by notes briefly outlining the history of the subject and help-
ing the reader navigate through more advanced literature.

In many respects this textbook is an outgrowth of the previous monographs
by Mishchenko et al. (2002, 2006) in which the reader can find further technical
details as well as a plethora of specific examples and applications. Both mono-
graphs are available on-line and will hereinafter be referred to as MTL1 and
MTL2, respectively.

For consistency, I closely follow the notation adopted in MTL1 and MTL2
and denote vectors using the Times New Roman Bold font and matrices using the
Arial bold font. Unit vectors are denoted by a caret, whereas dyads and dyadics
are denoted by the symbol «<». The Times New Roman Italic font is reserved for
scalar quantities, important exceptions being the square root of negative one, the
differential sign, and the base of natural logarithms, which are denoted by Times
roman characters i, d, and e. Another exception is the relative refractive index,
which is denoted by a sloping sans serif m. Simple angular brackets (---) are
used to denote an average over a time interval much longer than the period of
time-harmonic oscillations of a monochromatic electromagnetic field. Double
brackets ({:--)) denote an average over a “sufficiently long” time interval 7, the
actual value of 7 being defined by the specific context. Averaging over a parame-
ter X other than time is denoted by (---),. All color plates are grouped together
into the “Color plates” section and are numbered decimally per chapter as Plate
M.N, where N is the plate number in Chapter M.
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