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Abstract

This thesis consists of three projects that attempt to understand and identify applications
for optical scattering from small nonlinear scatterers.

In the first part of the thesis we consider the direct scattering problem from a collection
of small nonlinear scatterers. We considered all common types of quadratic and cubic non-
linearities within the scalar wave theory. We assume that the scatterers are small compared
to the incident wavelength, thus the Lippman-Schwinger integral equations can be converted
to algebraic equations. We further assume that the nonlinearity is weak, thus the scattering
amplitudes can be calculated by solving the algebraic equations perturbatively. We apply
this method to explore the redistribution of energy among the frequency components of the
field, the modifications of scattering resonances and the mechanism of optical bistability for
the Kerr nonlinearity.

In the second part of the thesis we generalized the optical theorem to nonlinear scattering
processes. The optical theorem is a conservation law which has only been shown to hold in
linear media. We show that the optical theorem holds exactly for polarizations as arbitrary
functions of the electric field, which includes nonlinear media as a special case. As an
application, we develop a model for apertureless near-field scanning optical microscopy. We
model the sample as a collection of small linear scatterers, and introduce a nonlinear metallic
scatterer as the near-field tip. We show that this imaging method is background-free and

achieves subwavelength resolution. This work is done for the full Maxwell model.
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In the third part of the thesis we consider the imaging of small nonlinear scatterers in
random media. We analyze the problem of locating small nonlinear scatterers in weakly
scattering random media which respond linearly to light. We show that for propagation
distances within a few transport mean free paths, we can obtain robust images using the
coherent interferometry (CINT) imaging functions. We also show that imaging the quadratic
susceptibility with CINT yields better result, because that the CINT imaging function for
the linear susceptibility has noisy peaks in a region that depends on the geometry of the

aperture and the cone of incident directions.



Chapter 1

Introduction

This thesis consists of three projects that attempt to understand and identify applications for
optical scattering from systems consisting of small nonlinear scatterers. Nonlinear optics is a
rich and rapidly developing field of study that is concerned with the nonlinear interaction of
light and optical materials. The fundamental physical principle underlying nonlinear optics
is that the electric polarization of material media responds nonlinearly to applied fields,
thus leading to the presence of nonlinear terms in the Maxwell equations. These nonlinear
terms give rise to many interesting effects, including the generation of new harmonics and
the coupling of fields at different frequencies. These phenomena are the building blocks of
optical amplifiers, frequency converters, phase conjugation mirrors, self focusing lens, soliton
transmission systems and optical computing units [17, 81, 77]. Optical nonlinearity also
poses great mathematical challenges. Despite well-known existence and uniqueness results
for the nonlinear Maxwell equations [6, 5], few exact solutions are known except in one
dimension [17, 81, 77].

In the first part of the thesis we consider the problem of scattering from a collection of
small nonlinear scatterers. We begin by investigating the case of a single spherical scatterer.

This problem was solved by Mie in 1908 when the scatterer is linear [59], but there are



no results when the scatterer is nonlinear [71]. To simplify the problem, we assume that
the nonlinearity is weak and the scatterers are small compared to the incident wavelength.
Thus the scattering amplitude can be calculated perturbatively. Note that for sufficiently
small particles, quantum effects may become important [97], which we do not take into
consideration in this thesis. We apply this method to typical quadratic and cubic frequency
mixing processes in the presence of one or two small scatterers, including second harmonic
generation, three wave mixing, the Kerr effect, third harmonic generation and four wave
mixing. We characterize the redistribution of energy among the frequency components of
the field. We also discover modifications of scattering resonances, depending on the type of
nonlinearity. An important finding is that the developed method also reveals the mechanism
of optical bistability for the Kerr nonlinearity in the presence of one scatterer. The results
in this part of the thesis are derived within the scalar theory of electromagnetic scattering,
but can be readily generalized to the Maxwell equations.

The second part of the thesis is concerned with the generalization of the optical theorem
to nonlinear scattering processes. The optical theorem relates the extinguished power in a
scattering process to the scattering amplitude in the forward direction. It has been formu-
lated in a variety of settings including quantum mechanics, acoustics and electromagnetic
theory. However, all of the existing formulations of the optical theorem assume that the
medium is linear [16]. Using a similar approach to [21], we show that the optical theorem
holds when the polarization is an arbitrary function of the electric field. As a special case,
this relation holds for nonlinear media.

As an application of the generalized optical theorem, we develop a model for apertureless
near-field scanning optical microscopy (NSOM). NSOM is a widely used tool to overcome
the diffraction limit by exploiting the fast oscillating evanescent waves in the near field of
the sample. A typical experiment involves illuminating the sample by an incident field from

the far field, scanning a tip in the near field of the sample and recording the scattered field



by a detector placed in the far field of the sample and tip. The image is formed by plotting
the intensity as the position of the tip is varied. Recent experiments have utilized nonlinear
metallic scatterers as near-field tips [41]. The key advantage of this approach is that the tip
acts as a source of a background-free field. We model the imaging system as a collection
of small scatterers: the tip is a small nonlinear metal particle and the sample consists of
small linear dielectric particles. Thus the field at the tip can be calculated by the methods
developed in this thesis. We study in detail the achievable resolution compared to the case
of a linear tip.

In the third part of the thesis we consider the imaging of small nonlinear scatterers in
random media. Many imaging systems involve background media which vary randomly in
space, such as the atmosphere, the ocean, and biological tissues. The effects of these media
on the propagation of light depend on factors including the spatial size and structure of the
inhomogeneities, the magnitude of the fluctuation, and the distance over which the light
propagates. The imaging of small linear scatterers in random media has been extensively
studied for decades [43, 44]. However, the imaging of nonlinear scatterers has only recently
been considered. For instance, in [2] nonlinear imaging of a random medium exhibiting
second harmonic generation was studied by employing the method of Kirchoff migration.
In that work, a two-dimensional systems was studied in which the electromagnetic field
at the fundamental frequency was taken to have transverse-electric polarization, while the
second-harmonic field had transverse-magnetic polarization. In contrast, we consider the
full three-dimensional problem within the scalar theory developed in chapter 1. We con-
sider a scattering background medium with many weak inhomogeneities. The effect of an
individual inhomogeneity is too weak to be observed, but the cumulative effect of all the
inhomogeneities is not negligible over long propagation distances. To account for the scat-
tering from the inhomogeneities, we model the background medium as one realization of

a random process. In addition to investigating Kirchoff migration in this setting, we also



study imaging methods that make use of correlations. We show that the migration images of
both linear and nonlinear susceptibilities focus well in homogeneous media. But in random
media, when the propagation distance exceeds a few scattering mean free paths, the migra-
tion images become unstable. This means that the image in one realization of the random
medium may be difficult to interpret, and the location of the peaks of the images change
significantly in different realizations of the random medium. To obtain stable images for
longer propagation distance, we derive a coherent interferometry (CINT) imaging function
for the linear and quadratic susceptibilities [15]. We show for propagation distances between
a few scattering mean free paths and a few transport mean free paths, the CINT imaging
functions stabilize the images of both linear and quadratic susceptibilities, at the expense of
resolution. However the CINT imaging function for the linear susceptibility has large peaks
in a region that depends on the geometry of the aperture and the cone of incident directions.
This region covers a larger proportion of the imaging domain as the size of the aperture
or the incident cone grows. Thus the linear susceptibility of the scatterers is not visible in
the images if the scatterers are located in this region. This problem is due to the fact that
the randomized incident wave can not be eliminated as a component of the recorded data.
In the meanwhile, the CINT image of the quadratic susceptibility does not suffer from this
problem because that there is no incident wave at the second harmonic frequency. Thus,

imaging the quadratic susceptibility with CINT yields the best result.



Chapter 2

Point Scatterers in Nonlinear Optics

2.1 Introduction

The scattering of waves by spherical particles, or collections of such particles, is a topic of
fundamental interest. It is also of considerable applied importance in fields ranging from
atmospheric science to nano-optics. The problem arises in various settings, including in
quantum mechanics, acoustics and electromagnetism. Indeed, entire volumes have been
devoted to its study [39, 89, 65]. For the case of a single sphere, it is well known that the
scattered field can be expressed as a superposition of partial waves [59, 33]. If the radius of the
sphere is large compared to the wavelength, the evaluation of such sums is both numerically
complex and physically unrevealing. Thus the use of asymptotic methods is essential to
understand phenomena such as Mie resonances and the approach to the diffraction limit [65].
In the opposite limit of a small sphere, which we will refer to as a point scatterer, integral
equation methods can be employed to calculate the scattered field [92]. This approach can
also be extended to treat the case of multiple point scatterers [36, 50, 73]. Here there are
applications to surface plasmon polaritons in nanoparticle waveguides [18, 54, 55, 29, 57,

38], propagation of excitons in molecular chains [37], and spontaneous emission of molecules



in the vicinity of nanostructures [24, 3, 20].

The problem of scattering from spheres has also been addressed in the context of nonlinear
optics. In addition to allowing for a much greater variety of physical phenomena, nonlinear
effects introduce considerable mathematical complexity. For instance, in the case of the Kerr
nonlinearity, exact solutions to the problem of scattering from a sphere are not known. The
same is true for the case of second-harmonic generation (SHG). However, the fact that SHG
is forbidden in the bulk of centrosymmetric systems and takes place only at interfaces can be
used, in some instances, to obtain approximate solutions to the problem of scattering from
spherical particles [31, 30, 66, 71, 79].

In this chapter we consider the problem of scattering from point objects in nonlinear
optics. By making use of integral equation methods, we find exact solutions to a large class
of problems with both second- and third-order nonlinearities. In particular, we study in
detail the processes of second-harmonic generation, sum- and difference-frequency genera-
tion, three-wave mixing, Kerr effect, third-harmonic generation and four-wave mixing. The
theory is developed both for single point-scatterers and collections of point-scatterers. In
each case, we calculate the scattering amplitude and characterize the associated scattering
resonances. For simplicity, we work within the scalar theory of electromagnetic scattering.
The extension to the vector theory poses no particular problems and was partially described
in previous work on the optical theorem in nonlinear optics [52].

The remainder of this chapter is organized as follows. In Sec. 2.2 the necessary back-
ground in nonlinear optics is recalled. In addition, the integral equation formulation of
scattering theory that we use throughout the chapter is derived. In Secs. 2.3 and 2.4 we
consider separately the cases of second- and third-order nonlinearities, respectively. Numer-
ical illustrations of our results are described in Sec. 2.5. Finally, we summarize our results
in Sec. 2.6. Several appendices include the mathematical details of calculations that are too

long to be presented in the body of the chapter.



2.2 Preliminaries

In the scalar theory of electromagnetic fields, the scalar electric field u(r,t) obeys the wave

equation
1 Q*u(r,t) 4w &*P(r,t)

Au(r,t) — 2 o2 2 o

(2.1)

where P is the polarization density [81, 17]. This is a good approximation when the dielectric
susceptibilities of the medium are slowly varying, the nonlinear coupling between distinct
components of the electric fields is weak, and the boundary conditions are imposed far from
the region of interest.

We adopt the following Fourier transformation convention:

flr,w) = /f(r,t)ewtdt, (2.2)
fef) = % / F(r,w)e“td | (2.3)

where the time and frequency dependences are differentiated by the names of the relevant
variables. Note that if f(r,t) is real-valued, then f(r, —w) = f*(r,w). Performing the Fourier

transform of (2.1), we obtain
Au(r,w) + k*(w)u(r,w) = —47k* (W) P(r,w), (2.4)

where k(w) = w/c. Throughout this chapter, we consider incident fields that are monochro-
matic with frequency w.

The polarization may be expanded in powers of the electric field. In principle, the expan-
sion involves infinitely many terms, but only the first few terms are of practical importance.

In this chapter, we restrict our attention to linear, quadratic and cubic media. A medium is



linear if
P(r,w) =y (r,w)u(r,w) | (2.5)

where the coefficient yM(r,w) is the first-order susceptibility. A medium is said to be

quadratically nonlinear if

P(r,w) = xW(r,w)u(r,w) + Z X (1, wi, wo)u(r, wi u(r, w,) | (2.6)

w1 twor=w
where Y (r,w;,ws) are the second-order susceptibilities. The summation implies that the
electric field at the frequencies w; and ws contributes to the polarization at the frequency w

if w; + ws = w. A medium is cubically nonlinear if

P(r,w) = xW(r,w)u(w) + Z X (r, wi, wa, ws)u(r, w )u(r,wo)u(r,ws) ,  (2.7)

w1 tw2twz=w

where Y®) (r, w1, wy, ws) are the third-order susceptibilities. Materials with inversion symme-
try have zero second-order susceptibilities and thus fall into this category.
We will assume that the susceptibilities have full permutation symmetry. Thus, the

quadratic susceptibilities satisfy the conditions

X(2) (I', w2, C«)g) - X(Z) (I', w3, Cdg) = X(Q) (I', w1, —(,()3)

= X(2) (r, —ws,wi) = X(2)(r7w17 —wy) = X(Q)(ra —wa, W) (28)



provided that w; = ws + w3. The cubic susceptibilities satisfy

X(3)(r,WQ,CU3,(U4) = X(3) (r,WQ,W4,W3) = X(3) (r,w3,w2,w4)
= X(S) (r,W3,W4,WQ) - X(S) (I‘,w4,w2,w3) = X(S) (raw4aw3aw2)

= x® (r,wi, —ws, —w3) = X(3)(F>W1, —Wy, —wy) = X(g)(r,wh —ws, —wy)

(2.9)

provided that w; = ws + w3 + wy. This assumption is known to be true for non resonant

frequencies in the anharmonic oscillator model [17].

Suppose that a source generates an incident wave u;(r,w). The solution to the wave

equation (2.4) can be expressed as the sum of the incident field and the scattered field

us(r, w):

u(r, w) = u;(r,w) + us(r,w) .

It follows that the incident field satisfies the equation

Au;i(r, w) + E*(w)u(r,w) =0,

and the scattered field obeys

Auy(r,w) + E (w)u,(r,w) = —47k*(w) P(r,w) .

We then have that the field is given by

u(r,w) = u;(r,w) + /dr’G(r,r’,w)P(r’,w) :

Here the Green’s function G(r,r’,w) obeys

(A + K (w)G(r, v, w) = —47(r — 1)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)



and is of the form

eik(w) [r—r|

G(r,r',w) =

v — |
The asymptotic form of the Green’s function in the far field is

eik(w)r

Gr, 1 w) ~ ———e @ for sy
r

Thus the scattered field behaves as an outgoing spherical wave of the form

eik(w)’r

ug(r,w) ~ Ar,w) ,

r

where the scattering amplitude is defined by

A= kz(w)/ e TR Dy ) dBr
v

2.3 Second-order nonlinearities

(2.15)

(2.16)

(2.17)

(2.18)

In this section we study second-order nonlinear effects including second-harmonic generation

(SHG), sum-difference frequency generation (SDFG) and three-wave mixing (TWM) for a

medium consisting of one or two small spherical inclusions. We assume that the nonlinear

susceptibilities are sufficiently weak that the condition

Z X (1, wi, wa)u(r, wiu(r, wy) < xV(r,w)u(r, w)

w1 Fwor=w

is obeyed.
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(2.19)



2.3.1 Second-harmonic generation

We consider SHG excited by a monochromatic incident field of frequency 2. We then find
that the wave equation (2.1) together with (2.6) and (2.8) gives rise to the pair of coupled

wave equations for the electric fields at the frequencies €2 and 22:

Au(r, Q) + k2(Q)(1 + 4rx D (r, Q))u(r, Q) = —47k2(Q)2x? (29, —Q)u(r, 2Q)u*(r, Q)
(2.20)

Au(r, 29) + E*(2Q)(1 + 4mx D (r, 2Q))u(r, 2Q) = —47k*(2Q)* @ (Q, Q)u(r, Q)% . (2.21)

Note that we have not accounted for the formation of higher harmonics, consistent with the
condition (2.19). It follows immediately from (2.13) that the solutions to (2.20) and (2.21)

are given by

Wr,0) = e, )+ [ EOE 06, 0)
+2k%(Q) / Br'xyP (', 2, —)G(r, v, Qu(r, 2Q)u*(r', Q) ,  (2.22)
u(r,2Q) = kQ(QQ)/d?’r’x(l)(r’,2Q)G(r,r',2Q)u(r’,QQ)

+k2(29)/dST’X@)(r’,Q,Q)G(r,r’,2Q)u(r’,Q)u(r’,Q) . (2.23)

SHG with one point scatterer

Suppose that the scattering medium is a small ball of radius a with k£(Q)a < 1 and k(2Q)a <

1. The susceptibilities are taken to be x(!)(r,w) = n" and Y@ (r,w) = n® for |r| < a and

11



to vanish for |r| > a. Egs. (2.22) and (2.23) thus become

u(r, Q) = wu(r, Q)+ E(Q)pW / &Br'G(r, v, Qu(r', Q)

Ir'|<a
+2K2(Q)y? / B G, Qu(r, 20)u (1, Q) | (2.24)
Ir'|<a
u(r,2Q) = kQ(QQ)n(l)/ cr'G(r, v, Q)u(r’,2Q)
Ir'|<a
+k2(2Q)n®@ / d*r'G(r, v, Qu(r’, Qu(r’, Q) . (2.25)
r'|<a

Using the asymptotic form of the Green’s function given in (2.16), we find that the scattered

fields are of the form

eik(Q)r
us(r,Q) = A(r,Q) ) (2.26)
T
ik (20)r
us(r,2Q?) = A(r,2Q) ) (2.27)
r
where the scattering amplitudes are defined by
4
A,0) = TaR) (M u(0,0) + 20 u(0,20)u"(0,2) (2.28)
4
Ar,2Q) = §a3k2(29)(n(1)u(0,29)+n(2)u(O,Q)u(O,Q)). (2.29)

Here we have used the fact that the radius of the scatterer is small, along with the identity

47

/|/< AP’ e @R g (B (w)r') = ?a?’g(O)(l + O(k(w)a)) , (2.30)
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for an arbitrary function g. To proceed, we must now calculate the local fields (0, 2) and

u(0,29Q). To do so, we set r = 0 in (2.24) and (2.25) and thus obtain

W(0,Q) = u(0,9) + K2(Q)n" / Er G0, 1, Qu(r, Q)

Ir'|<a
+2k2(Q)77(2)/ d*r'G(0, v/, Qu(r’, Qu*(r',29) , (2.31)
r'|<a
u(0,2Q) = E*(2Q)nW / dr'G(0,1', Q)u(r', 2Q)
r'|<a
()@ / B GO, v, Qulr’, Qu(r, Q) . (2.32)
Ir'|<a

Next, we use the fact that for an arbitrary function ¢

/ d*r'G(0,1', w)g(r', w)
Ir'|<a

= 4ma? (% + zék:(w)a + O((k(w)a)2)) 9(0,w) (1 + O(k(w)a)) . (2.33)

We then find that (2.31) and (2.32) lead to a system of nonlinear algebraic equations for the

local fields which are of the form

u(0,9Q) = ui<0,Q)+%a?’k?(Q)GR(Q)(n(l)u(o,Q)+2n<2>u(0,29)u*(0,9)),(2.34)

w(0,20) = %agkz(QQ)GR(QQ)(n(l)u(O,29)—|—77(2)u(0',Q)u(0,Q)), (2.35)

where

Gr(w) = — 4+ ik(w) . (2.36)

13



To solve the above equations we proceed perturbatively. We thus introduce a small parameter

¢ to scale the nonlinear terms in (2.34) and (2.35):

u(0,92) = u;(0,Q)+ 4%@3/@2(Q)GR(Q)(77(1)1¢(0, Q) + 2enPu(0,20Q)u*(0,9)) ,(2.37)

w(0,20) = %aﬁ‘k?(zmaR(zQ)(n(Du(o, 20) + enu(0, 2)u(0,9)) . (2.38)

We then introduce formal expansions for the fields of the form

u(0,9Q) = u(0,9) + ew(0,Q) + u?(0,Q) +--- | (2.39)

u(0,2Q) = u9(0,20) + euM(0,29) + u?(0,2Q) + - - - . (2.40)

For simplicity, we assume that the direction of observation is taken to be z. To simplify
the notation, we set ; = Q, Qy = 2Q, and write u; = u(0,€;), k; = Q;/c and Gg; =

Gr(9;). Then (2.37) and (2.38) become

4
u = u;+ ?ﬁa%fGRl(n(l)ul + 20Putuy) | (2.41)
4
Uy = ?CZBk;GRQ(T](l)UQ —|—77(2)U1U1) . (242)

Next, we expand the fields u; » according to (2.39) and (2.40) and collect like powers of e.
At O(1) we have that

4
ugo) = u§°) + ga%%Gmn(l)ugo) , (2.43)
Thus
1
R (2.45)

1-— %”a?’k%GRm(l) ’
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At O(e) we have

which gives

Thus

At O(€?) we obtain

which gives

Thus

(1)

u®

u®

4
?a?)k%GRm(l)ugl) )

4m
5 B GRu + 0P u?u”)

4m
5 0GR (10 + 0P uu”)

x 0) (0
1 _ %af‘k‘%Gmn(?)ug )Ug)

1 — 4 a3k3G pan™

47 *
S PR G (nVu® + 20 () ) |

3

47 X
5 G + 2 ) )

2 3G 2 () Ouy)
1— %’ra?’k%GRm(l)
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(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)

(2.52)



We can now calculate the scattering amplitude from (2.28). We find that

4

Alr,Q) = gazka( Dy 1 py® 1 2p® (1) Oy Dy 4. (2.53)
4

Ar,20) = ; a3 k2n@ (W) + - (2.54)

Restoring our original notation, we obtain

4
A, Q) = —=aRAQ)((Vu(0,Q) +nVu®(0,Q)

3
+212 (w(0,0))"u(0,20))u; (0,92)") + -+ -, (2.55)
A(r,2Q) = %a3k2(29)n(2)(u(0)(0,Q))2+---. (2.56)

Second-harmonic generation with two point Scatterers

Suppose that two scatterers of radius a are placed at the points r; = (1,0,0) and ry =
(—1,0,0). Thus, the susceptibilities are taken to be M (r,w) = n™ and Y@ (r,w) = n®
for [r — r;| < a and |r — rs| < a and to vanish everywhere else. The solutions to the wave

equations (2.20) and (2.21) become

u(r,Q) = ui(r,Q)—l—k‘Q(Q)n(l)/ d*r'G(r, v, Qu(r’, Q)
[r'—ri|<a
+E2 Q)WY / Br'G(r, v, Qu(r', Q)
[r'—ra|<a
+2E2(Q)n' / dr'G(r, v, Q)u(r’, 2Q)u* (', Q)
[r'—ri|<a

+2k2(Q)n(2)/ d*r'G(r, ', Qu(r’, 2Q)u*(r', Q) , (2.57)
[r'—ra|<a
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u(r,2Q) = E(2Q)nY / Br'G(r, ' Q)u(r’, 2Q)

[r'—ri|<a

+k2(2Q)nW / &cr'G(r, v, Q)u(r’,29)

[r'—ra|<a

+k2(2Q)n? / &r'G(r, v, Q)u(r’, Qu(r’, Q)

[r'—ri|<a

+k2(2Q)n? / Ar'G(r, v, Qu(r’, Qu(r', Q) . (2.58)

[/ —rz|<a

Using (2.16) and (2.30), we find that the scattered fields are of the form

eik(Q)r
w(r,Q) = A0S (2.59)
eik(QQ)r
us(r,2Q) = A(r,2Q) : (2.60)
r

where the scattering amplitudes are defined by

A(r,Q) = %a3k2(9)<n(1)u(r179)+2n(2)u(r172Q>u*(r1’Q)>eik(Q)?-r1

4 v
+§a3k‘2(9)(n(1)u(r2, Q) + 2P u(ry, 20)u* (ry, Q)T (261)

4 . -
A(r,2Q) = §a3k2<29)(n(1)u(r1729)+n(2)u<r1’Q)u(th))ezk@Q)r-rl

4 , -
+§a3k2(29)(n(1)u(r1,29) + nPu(ry, Qu(ry, Q))eFEDTTL (2 62)

To calculate the local fields u(ry, §2), u(ry, 2Q2) u(ry, Q) and u(ry, 2§2), we set r = r; and
r =ry in (2.57) and (2.58) and thus obtain a system of nonlinear algebraic equations for the

local fields of the form

u(ry, Q) = w(r, Q)+ 4?ﬂa3k:2(Q)GR(Q)(77(1)u(rl, Q) + 2n@u(ry, 2Q)u* (r, Q))

4Tt .
+§a3k2(Q)G(r1, ro, ) (nWu(rs, Q) + 2nPu(ry, 2Q)u* (r2, Q) ,  (2.63)
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u(ry,29) = %a3k2(2§2)GR(29)(n(l)u(rl,QQ) + nPu(ry, Qu(ry, Q))
+4§a3k2(2§2)6’(r1,r2,QQ)(n(l)u(rQ,QQ) + nPu(ry, Qu(ry, Q) , (2.64)
u(re, Q) = wuy(re, Q) + 4?ﬁa?’kQ(Q)GR(Q)(77(1)u(r2, Q) + 2nPu(ry, 2Q)u* (12, Q))
+4§a3k2(Q)G(r2, ry, Q) (nWMu(ry, Q) + 20Pu(ry, 2Q)u*(r,Q)) ,  (2.65)
u(rq,29)) = 4%(13/{2(29)613(29)(n(l)u(rz,QQ) + nPu(ry, Qu(rs, Q))

4
+§a3k2(2Q)G(r2,r1,2Q)(n(1)u(r1,29) +@u(ry, Qu(r, Q) . (2.66)

As before, we solve the above set of nonlinear equations perturbatively. Accordingly, we

introduce a parameter € to scale the nonlinear terms in (2.63):

u(ry, Q) = w(r, Q)+ 4?ﬁaBkQ(Q)GR(Q)(77(1)u(r1, Q) + 2en@u(ry, 2Q)u* (ry, Q))
+4§a3k2(Q)G(r1,rg,Q)(n(l)u(rg, Q) + 2en@u(ry, 2Q)u* (rs, Q) ,  (2.67)
u(ry, 20) = 4%@3/{2(29)GR(2§2)(n(l)u(rl, 20) + en@u(rr, Qulrs, Q)
+4§a3k2(29)0(r1, rg, 20Q) (nMu(ry, 2Q) + en@u(ry, Qu(ry, Q) , (2.68)
u(re, Q) = wu;(re, Q) + 4?ﬁa3k:2(Q)GR(Q)(77(1)u(1“2, Q) + 2enPu(ry, 2Q)u* (19, Q))
+4§a3k2(Q)G(r2, r, Q) (nWu(ry, Q) + 2enPu(ry, 2Q)u* (r,Q)) , (2.69)

4
u(ry, 2Q) = gang(QQ)GR(QQ)(n(l)u(rg, 2Q) + enPu(ry, Q)u(ry, Q)

4
—I—?Wang(QQ)G(rg,rl, 2Q) (nWMu(ry, 2Q) + en@u(ry, Qu(r;, Q) . (2.70)

We then introduce formal expansions for the fields of the form

u(r, Q) = uO(r, Q) +e«w(0,Q) + Eu?(r, Q) +--- | (2.71)

u(r,2Q) = u9(r,29) + ew®(r,2Q) + EuP (r,2Q) 4 - . (2.72)
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To simplify the notation, we set ; = €2, Qy = 2Q, and write u;(r) = u(r,$;), k; = Q;/c,

Grj = Gr(Q;) and G2 = G(re,r1,8;). Then (2.67) becomes

4
U1<I'1> = ui(rl) ?a:)’k‘ GRI(

Dy (r1) + 2en®uy (ry)us (ry)

+— Pk Groa (N (r2) + 2enPus (ra)u(ra)) |

u2(r1) = —angGRQ(n(l)uQ(rl)+en(2)u1(r1)u1(r1))

3

4
+—aPk3Grao (M us(ra) + enPu (1) us (r2)) |

4
U1<I'2> = Ui(rg) ?a k’2GR1( Ul(I'Q) + 2677( )UQ(I'Q)UT(I'Q))
4
+§a3kf012,1(77(1)u1(r1) + 2enPuy(ry)uj (ry))
4
uy(ry) = gagkgGm(n(l)uz(I‘Q) + en®@uy (12)us (12))

+?CL3/€§G12’2(77(1)U2(I'1> + 677(2)U1 (rl)ul (I'l)) .

The O(1) terms in the expansion are

dr
ug())(rl) - uinc,l(r1>+_a3k’%GR1’l7(l

3

47 . 4
Ugo)(I'?) = Uz’nc2(r2)+§a5k%G12,177(1)U§0)(1'1)+?

4 47
uéO)(rl) _ ?a?)k‘QG 277(1) ()( )_’_?
4 4
ug))(rg) = ECL ]i] Glg 277 Ué )( ) ?a?’kgGRgn(l)

These equations can be put in the matrix form

19

Uine,j (rl)

uinqj (I‘g)

Am
ul®(x1) + ki Groanul” (xs)
a?’k%GRN?(l)UgO)(rZ) ’
kG120 (r)

ud(rz) .

(2.73)

(2.74)

(2.75)

(2.76)

(2.77)
(2.78)
(2.79)

(2.80)



where

M. — 1-— %ra?’kaGRjn(l) _%a?)k?Gm’jn(l)

J
—%GSk?Glz’jn(l) 1-— %a3k]2-GRj77(1)

Similarly, higher order terms in the expansion are uniquely determined as long as the M;’s

are nonsingular. Hence we are able to calculate the scattering amplitude using (2.61).

2.3.2 Sum- and difference-frequency generation

Consider a source with two frequency components €2; and s with ; > €5, The strongest
nonlinear response is called sum- and difference-frequency generation, where waves at fre-
quencies 23 = € + 5 and Qg = Q7 — 2y are generated. The electric fields at the corre-

sponding frequencies obey the equations

Au(r, Q) + KAHQ)(1 + 4oxW (r, Q))u(r, )

= —47S(r, Q) — 4k () (2x P (r, Qs, —Q)u(r, Q5)u* (r, Q)

+ 2¢D(r, Qu, Q)u(r, Q)u(r, Q) | (2.81)
Au(r, Q) + K*(Q)(1 4+ 4mx W (r, Q))u(r, Q)

= —4wS(r, Q) — 47k (Q) (2P (x, Qs, — Q1 )u(r, Q3)u*(r, Q)

+ 2P (1, Qp, —Q)u(r, Q)u*(r, Q) , (2.82)
Au(r,Q3) + k*(Q3)(1 4 4mx W (r, Qs))u(r, Q)

= 4k (Q3)2xP (r, Qy, Q)u(r, Q)u(r, Q) | (2.83)
Au(r, Q) + Q)1+ 4mx W (r, Q))u(r, Q)

= —4rk* () 2xP (r, 1, — Q) ulr, Q) )u*(r, Q) . (2.84)

Eq (2.81) can be solved perturbatively as described in Appendix 2.B.
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2.3.3 Three-wave mixing

Consider an incident field consisting of frequency components €2, 25 and €3 with 2, + €y =
Q3. In this case, the strongest nonlinear effect is referred to as three-wave mixing. The

electric fields at the corresponding frequencies obey

Au(r, Q) + () + 4myV(r, Q))uy (r, Q) = —47S(r, Q)

— 42 (91)2xP (1, Qs, — Q) u(r, Q)i (r, Q) | (2.85)
Au(r, Q) + k() (1 +4rxW (r, Qo))u(r, Qy) = —47S(r, Q)

— 4AmE2(Q9)2xP (1, Qs, — Q) )u(r, Q) (r, Q) | (2.86)
Au(r,Q3) + k() (14 4mxW(r, Q3))u(r, Q3) = —47S(r, Q3)

— 4AmE2(Q3)2x P (r, Qy, Qo)u(r, Q)u(r, Q) . (2.87)

Eq. (2.85) can be solved perturbatively as shown in Appendix 2.C.

2.4 Third-order nonlinearities

In this section we study third-order nonlinearities including the Kerr effect, third-harmonic
generation (THG) and four-wave mixing (FWM). We assume that the nonlinear susceptibil-

ities are sufficiently weak that the condition

Z X(3) (r,wl,wg,wg)u(r, wl)u(r,wg)u(r, w3) < X(1)<I'7 M)U(I',W) (288)

w1 twetwz=w

is obeyed.
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2.4.1 Kerr effect

Suppose a source of frequency (2 is incident upon a cubic nonlinear medium. The strongest

nonlinear effect is the Kerr effect. The electric field obeys the wave equation

Au(r, Q) + E2(Qu(r,Q) = —4xk*(Q)xY(r, Q)u(r, Q)

— ArkA ()3 (r, w, Q, Q, —Q)u(r, Qu(r, Q)u*(r, Q) (2.89)
It follows immediately from (2.13) that the solution to (2.89) is given by

u(r, Q) = ui(r,Q) + 4rk2(Q) / O, Qu(r’, Q) (2.90)

+k2(Q) / dr'x* (', Q, Q, —Q)u(r’, Qu(r’, dru* (', dr) .

Single point scatterer

Suppose that the scattering medium is a small ball of radius a with k(Q)a < 1. The
susceptibilities are taken to be x(!)(r,w) = 7™ and x® (r,w) = 7® for |r| < a and to vanish

for |r| > a. Eq. (2.90) thus become

u(r, Q) = ui(r,Q)+47rk:2(Q)n(1)/ dr'u(r’, Q) (2.91)

Ir'|<a

Q) / dru(r’, Q)u(r’, dryu* (v, dr) .

r'|<a

Using the asymptotic form of the Green’s function given in (2.16), we find that the scattered

field is of the form

(2.92)
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where the scattering amplitude is defined by

Ar,Q) = %a3k2(ﬂ)(n(l)u(0,ﬂ)—I—Sn(g)u(O,Q)u(O,Q))u*(O,Q)), (2.93)

We must now calculate the local field u(0,2). To proceed, we set r = 0 in (2.91) and thus

obtain

W(0,Q) = u(0,9) + K2(Q)n" / Er G0, 1, Qu(r, Q)

Ir'|<a
+3k2(Q)n® / dr'G(0, 1, Qu(r’, Qu(r', Q)u*(r',Q)) . (2.94)

[r'|<a

We then find that (2.94) leads to a nonlinear algebraic equation for the local field which is

of the form

w(0,Q) = ui(O,Q)+%a?’kQ(Q)GR(Q)(n(”u(O,Q)

+3n®u*(0, Q)u(0,Q)u(0,Q)) . (2.95)

Eq. (2.95) is a nonlinear algebraic equation that we solve perturbatively. As before, we

introduce a parameter € to scale the nonlinear terms in (2.95):

u(0,Q) = ui(O,Q)—I—4%&3]62(Q)GR(Q)(77(1)U(0,Q)

+3en®u* (0, Q)u(0,Q)u(0,Q)) . (2.96)

We then introduce formal expansions for the field of the form
u(0,9) = u0,Q) +euV(0,9) + Eu@(0,Q) + - . (2.97)
To simplify the notation, we write u = u(0,Q), k = Q/c and Gg = Gg(2). Then (2.96)
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becomes

4
u=u; + §a3k2GR(n(1)u + e3P uruu) . (2.98)

Next, we expand the fields u according to (2.97) and collect like powers of €. At O(1) we

have
(0) AT s (1,0
u"” =u; + —a’k*Grn*u' . (2.99)

Thus

1
ul® = (2.100)
At O(€) we have
ut = —a®k2Gr(nMu® + 37 (1) Oy @) (2.101)

Thus

B 34@”CL37€2GR77(3) () ©(0)u@(0)u®(0))

M(0) (2.102)
u )
1 — Za3k2G rnMu™(0)
We can now calculate the scattering amplitude. We find that
4
Alr,Q) = ?ﬁang (14 + 5Ou® + 39 (@) Ou@u @)y 4 - . (2.103)
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Restoring our original notation, we obtain

4
Ar,Q) = ga?’kQ(Q)((n(l)u(o)(O,Q)—I—n(l)u(l)(O,Q)

+37@ ()@ (0, 2)u@ (0, 2)u?(0,92))u;(0,9)) . (2.104)

Two point scatterers

Suppose two scatterers of radius a are placed at ry = (1,0,0) and ro = (—1,0,0),. That is,
the susceptibilities are taken to be YV (r,w) = n™ and x® (r,w) = n® for |r —ri| < a and
lr — r3] < a and to vanish everywhere else. Then the solution to the wave equation (2.89)

becomes

u(r, Q) = wu(r, Q)+ E(Q)nW / Br'G(r, v, Qu(r’, Q)

Ir'—r1|<a

+E2(Q)nW / &r'G(r, v, Q)u(r’, Q)

[r'—ra|<a

+3K2(Q)n®) / d*r'G(r, ', Qu(r’, Qu(r’, Q)u*(r', Q)

[r'—ri|<a

+3E2(Q)n® / Br'G(r, v, Qu(r', Qu(r', Qu*(r',Q) . (2.105)

[r'—r2|<a

Using the asymptotic form of the Green’s function in (2.16) and (2.30), we find that the

scattered fields are of the form

eik(ﬂ)r
us(r, ) = A(r,Q) , (2.106)
r
where the scattering amplitudes are defined by
4 e
Ailr, Q) = ?Wa?’k?((l)(n(l)u(rl, Q) + 3n®u(ry, Qu(ry, Q)u’ (ry, Q)
4 e
+§a3k2(9)(77(1)u(r27 Q) + 3nPu(ry, Q)u(ry, Qu’(ry, Q)P (2.107)
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To calculate the fields u(ry, Q) and u(ry,Q2), we set r = r; and r = ry in (2.57) and (2.58)

and thus obtain a system of nonlinear algebraic equations for the local fields:

u(ry, Q) = u;(ry, Q) + 4%@3/62(9)(}3(9)(7](1%(1'1, Q) + 303 u(ry, Qu(ry, Qu*(ry, Q))

4
+§a3k2(Q)G(r1, ra, Q) (nWMu(ry, Q) + 3P u(rs, Qu(rs, Q)u*(ry, Q)) , (2.108)

u(ra, ) = u;(re, Q) + 4%@3/{32(9)(;3(9)(7](1)16(1‘2, Q) + 373 u(ry, Q)u(rs, Qu*(rs, Q))

4
—l—?ﬂagkz(Q)G(rg, r1, Q) (nMu(ry, Q) + 30 u(ry, Qu(r, Qu*(r,Q)) . (2.109)

Note that (2.108) accounts for self interaction, which is omitted by the equation used in
Ref. [40].
We solve this set of nonlinear algebraic equations perturbatively. To proceed, we intro-

duce a parameter € to scale the nonlinear terms in (2.63):

4
u(ry, 2) = u;(ry, Q) + §a3k2(Q)GR(Q)(n(1)u(r1, Q) + 3en®u(ry, Qu(ry, Qu*(ry, Q)
—l—%a?’kQ(Q)G(rl, r2, Q) (1M u(rs, Q) + 3en®u(ry, Q)u(ry, Q)u*(rs, Q)) | (2.110)
dm

u(rg, Q) = u;(re, ) + ?a3k2(Q)GR(Q)(n(1)u(r2, Q) + 3enPu(ry, Qu(ry, Q)u*(ry, Q))

4
+§a3k2(Q)G<I‘2,I‘1, Q) (nVu(ry, Q) + 3en®u(ry, Qu(ry, Q)u*(r,Q)) . (2.111)
We then introduce formal expansions for the fields of the form
u(r, Q) = w9, Q) +ew0,Q) + Eu®(r, Q) 4 - . (2.112)

To simplify the notation, we write u(r) = u(r,Q), k = Q/c, Gg = Gr(Q) and G5 =

G(ra,1r1,2). Then (2.110) becomes
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u(ry) = wu(ry) + %angGR(ﬁ(l)u(I‘l) + 3en(3)u(r1)u(r1)u*(r1))

3

u(es) = i(rz) + 0BGl M u(rs) + den s )u(es)u” (52)

3

The O(1) terms in the expansion are

4 4
uO () = w(ry) + —Wa3k2GRn(1)u§O) (r1) + —Wa3k:fG127](1)u(0) (re) ,

3 3

4 4
u© (r2) = w(ra) + %angGlgn(l)ugo)(rl) + %@%%ng(l)u(o) (rg) .

These equations can be put in the matrix form

Y ul®(ry) _ u;i(ry)

U(O)(U) u;(ra)

where
o 1-— 4?”@316261377(1) —%”a?’k:zGlgn(l)
_4%&3]{;2@127](1) 1— %’ra?’szRn(l)

4
+ PR Gha (M ulrs) + 3en®u(r)u(ro)ut (r2)) |

4
+—7Ta3k:2G12(7](1)u(r1) + 36n(3)u(r1)u(r1)u*(r1)) .

(2.113)

(2.114)

(2.115)

(2.116)

Similarly, higher order terms in the expansion are uniquely determined as long as the M is

nonsingular. Hence we are able to calculate the scattering amplitude using (2.106).

2.4.2 Bistability

Eq. (2.98) is a nonlinear algebraic equation for the local field u. As shown in Appendix 2.A,

(2.98) may have one, two or three roots depending on the choice of the parameters n(!),
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Figure 2.1: Optical bistability. One input intensity may give rise to multiple output inten-
sities. Here ka = 0.15 and n™") = 5.

73, ka and |ug?. As an example, in Fig. 2.1 we plot the quantity the normalized intensity
I = n3|ul?/m as a function of the incident intensity I; = nz|u;|?/m; for ka = 0.15 and
7](1) = 5. We see that when I; exceeds a critical threshold I;, the function I becomes multi-
valued. The resulting nonuniqueness of the solution occurs in the interval I; < I; < I,. The
phenomenon when more than one intensity is possible for a given incident intensity is known
as bistability [81, 17]. We note that bistability for the Kerr nonlinearity in one-dimensional
systems has been studied in [26, 27, 48, 56, 93].

Evidently, bistability leads to hysteresis. Suppose that [; is initially smaller than I; and
is slowly increased to a value larger than I5. Then the output intensity [ is follows the path
a—b—c—d— e If I;is initially larger then I, and is slowly decreased to a value less
than Iy, then [ follows the path e =+ d — f — b — a. We note that the dash-dotted branch
is unstable in the sense that if the system is initially on this branch, it can jump to another
branch under a small perturbation in I;.

We have found the values of ka and n® which permit optical bistability, namely those

that satisfy the constraint

9

ka
L SO (ka2 0/ 1 (Ra)?)

> V2T 47O (ka)2(9/4 + (ka)?)

. (2.117)
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Figure 2.2: Illustrating the unshaded region which allows bistability. The values of ka and
nM) for Fig. 2.1 is given by the point A. The zoomed in region in (b) shows that some
negative values of (') do not permit bistability.

These values are represented by the unshaded region in Fig. 2.2(a). It is possible to obtain
formulas for I} and I, the initial and end points of the folded region in Fig 2.1, when ka
and (V) lies in the unshaded region in Fig. 2.2(a). We do not present these formulas since

they are elementary and cumbersome to display. See Appendix 2.A for further details.

2.4.3 Third-harmonic generation

Consider an incident field of frequency 2. Then a wave at frequency 3(2 is generated in the
process of third-harmonic generation. The electric fields at the corresponding frequencies

obey

Au(r, Q) + E2(Q)(1+ 4nxW(r, Q)u(r, Q) = —47k*(Q)3x® (r, Q, Q, —Q)u?(r, Q))u(r, Q)*
Ak (Q)3x® (30, —Q, —Q)u(r, 3Q)) (u*(r, Q)))? (2.118)
Au(r,3Q) + K*(3Q)(1 4 4mx PV (r, 3Q))u(r, 3Q)) = —47k>*(3Q)x® (r, 2, Q, Q)u?(r, Q) .

(2.119)

Eq. (2.118) can be solved perturbatively as described in Appendix 2.D.
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2.4.4 Four-wave mixing

Consider an incident field consisting of frequencies €21, Qs, Q3 and 4 with Q; +Q+Q35 = Q4.
The strongest nonlinear effect is known as four-wave mixing. The wave equations for the

electric fields at the corresponding frequencies are of the form

Au(r, Q) + k() (1 + dmx W (r, Q))u(r, ) =

— Ak (Q1)6x ) (v, Qu, —Q5, = Qa)u(r, Qy)u* (v, Q3)u*(r, Qs) |
Au(r, Q) + E2(Q) (1 4+ 4mx Y (r, Qo))u(r, Q) =

—A7k2(Q9)6x P (r, 4, —Qs, =1 )u(r, Q) u* (r, Q3)u*(r, Q)
Au(r, Q3) + E2(Q3)(1 + 4 (r, Q3))u(r, Qs) =

— Ak (Q3)6x P (r, Qq, —Q, — Q1 )u(r, Qg)u* (r, Q) (r, Q)
Au(r, Q) + k() (1 + 4D (e, Qu))u(r, Q) =

— 42 (Q4)6x P (r, Q1 o, Q3)u(r, Q) )u(r, Q)u(r,Qs) . (2.120)

Equation (2.120) can be solved perturbatively as described in Appendix 2.E.

2.5 Numerical results

In this section we present numerical results for the nonlinear effects described in Secs. 2.3

and 2.4. We will discuss the following three cases:
1. A single scatterer of radius a centered at the origin.

2. Two scatterers of radii a centered at the points r; and ry on the z-axis. The distance

between the centers of the scatterers is taken to be 3a.

3. Two scatterers of radii a centered at the points r; and ry on the x-axis. The distance
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Figure 2.3: The frequency dependence of the scattering amplitude for linear scatterers. (a)
One scatterer, (b) Two scatterers parallel to the incident wave, (¢) Two scatterers perpen-
dicular to the incident wave.

between the centers of the scatterers is taken to be 3a

In all cases the incident fields are plane waves of the form u; = ugexp(ikoz - r). Since the
wave vector of the incident field is in the z direction, case 2 above is referred to as parallel

illumination and case 3 is referred to as perpendicular illumination.

2.5.1 Linear dielectric

We suppose that the medium consists of one linear scatterer with linear susceptibility x(!
given by

nM if r| <a
xP(r) = (2.121)

0 iflr|>0.
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Using (2.28), the scattering amplitude becomes

i 3 (1)
A = kg (1 ] ) . (2.122)

_ 4%@375277(1)(;1%

We can write the above formula in a more familiar form in terms of the renormalized polar-

izability «, which is defined as

(%]

T RRao(E k)

(2.123)

Here «y is the zero-frequency polarizability, which is defined in terms of the linear dielectric
permittivity (), where
dm (1)

ap = —-a’n (2.124)

and ¢V =1 + 47", We find that (2.122) becomes

A = Fuga . (2.125)

In Figure 2.3(a) we illustrate the frequency dependence of the scattering amplitude for a
dielectric scatterer. We see that there is a scattering resonance at ka ~ 0.3 when n() = 2,
and a stronger resonance at ka =~ 0.2 when n() = 4. Note that the resonance shifts to lower
frequencies for stronger scatterering.

In Figure 2.3(b) we illustrate the frequency dependence of the scattering amplitude for
two scatterers in the case of parallel illumination. We see that for n() = 2, there is a
primary resonance at ka ~ 0.3 and a secondary resonance at ka =~ 0.25. For n") = 4, there
are two resonances as well. We note that the amplitude increases and the resonances shift to
lower frequencies. In Figure 2.3(c) we illustrate the frequency dependence of the scattering

amplitude in the case of perpendicular illumination. We see that for n(t) = 2, there is a
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Figure 2.4: Frequency dependence of the scattering amplitude at the incident frequency in
SHG. The parameters are given by n) = 2, ¢ = n®@uy/nM. (a) One scatterer, (b) Two
scatterers parallel to the incident wave, (¢) Two scatterers perpendicular to the incident
wave.

resonance at ka ~ 0.28. For n() = 4, the resonance does not split. As before, the amplitude

increases and the resonance shifts to a lower frequency.

2.5.2 Second-harmonic generation

We begin with the case of a single scatterer and suppose that the second-order susceptibility
x? given by

n® if r| <a
Y?(r) = (2.126)
0 if [r| >0,

which corresponds to a homogeneous sphere of radius a centered at the origin. We also

introduce the small parameter ¢ = n?u/n). In Figure 2.4(a) we illustrate the frequency
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Figure 2.5: Frequency dependence of the scattering amplitude in SHG. The parameters are
as in Fig. 2.4. (a) One scatterer, (b) Two scatterers parallel to the incident wave, (¢) Two
scatterers perpendicular to the incident wave.

dependence of the scattering amplitude at the incident frequency for e = 0.01. We see that
the scattering amplitude increases and the resonance appears at approximately the same
frequency as in the linear case with ¢ = 0. The frequency dependence of the second-harmonic
scattering amplitude is shown in Figure 2.5(a).

Next we consider the case of two scatterers. In Figure 2.4(b) we illustrate the frequency
dependence of the scattering amplitude at the incident frequency in the case of parallel
illumination. We see that when ¢ = 0.01, the primary resonance acquires a larger amplitude
and shifts to a slightly higher frequency, while the secondary resonance is as in the linear
case. We note that a weak third resonance forms at in intermediate frequency. The frequency
dependence of the second-harmonic scattering amplitude is shown in Figure 2.5(b).

Finally, in Figure 2.4(c) we show the frequency dependence of the scattering amplitude
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Figure 2.6: Frequency dependence of the scattering amplitudes when two plane waves are
incident upon linear scatterers. The linear susceptibility is n(!) = 2. (a) One scatterer, (b)
Two scatterers parallel to the incident wave, (¢) Two scatterers perpendicular to the incident
wave.

at the incident frequency in the case of perpendicular illumination. We see that the pri-
mary resonance acquires a large amplitude and shifts to a slightly lower frequency. A weak
secondary resonance also forms at a higher frequency. The frequency dependence of the

second-harmonic scattering amplitude is shown in Figure 2.5(c).

2.5.3 Sum-difference frequency generation

We consider two incident waves in the z direction: wuy; = wujgexp(ikioz - r) and uy =
g €xp(ikaoZ - T). Let k3o = k1o + koo and kg = k1o — kag. We then consider the following set
of parameters. The quantity kspa = 0.7, so the wave numbers are all functions of kj5. That
is, koga = 0.7 — kiga and kya = 2kipa — 0.7. Results are shown for 0.35 < kiga < 0.7, so
that all the wave numbers are positive. The field amplitude ugg is taken to be ugy = u10/2.

We first consider the linear case with € = n®ug/n™ = 0 and nV) = 2. In Figure 2.6(a) we
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Figure 2.7: Frequency dependence of the scattering amplitudes in SDFG. The parameters
are given by n(V) = 2, e = n@uy/nM = 0.05. (a) One scatterer, (b) Two scatterers parallel
to the incident wave, (¢) Two scatterers perpendicular to the incident wave.

illustrate the frequency dependence of the scattering amplitude for a single linear scatterer.
We see that u; decreases for all frequencies shown, uy has a resonance at kjpa ~ 0.43, and
ug = uq = 0. This result is consistent with Figure 2.3(a). Next we consider the case of
two scatterers with parallel and perpendicular illumination. In Figure 2.6(b) we illustrate
the frequency dependence of the scattering amplitude for the case of parallel illumination.
We see that u; decreases for all frequencies, us has a primary resonance at kypa ~ 0.39
and a secondary resonance at kjpa ~ 0.45, and uz = uy = 0. This is again consistent with
Figure 2.3(b). In Figure 2.6(c) we illustrate the frequency dependence of the scattering
amplitude for the case of perpendicular illumination. We see that u; decreases on the entire
domain, us, has a resonance at kiga =~ 0.45, and us = uy = 0. This is consistent with
Figure 2.3(c).

Next we consider the nonlinear case with ¢ = 0.2. In Figure 2.7(a) we plot the scattering

amplitude for a single scatterer. We see that uz has a resonance at kjpa ~ 0.42, uy has a
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Figure 2.8: Frequency dependence of the scattering amplitudes when three plane waves with
wave numbers k19 + kog = k3¢ are incident upon linear scatterers. The linear susceptibility
is n) = 2. (a) One scatterer, (b) Two scatterers parallel to the incident wave, (c) Two
scatterers perpendicular to the incident wave.

resonance at kijpa ~ 0.49. In Figure 2.7(b) we plot the scattering amplitude for the case
of parallel illumination. We see that uz has a primary resonance at kipa ~ 0.39 and a
secondary resonance at kjga =~ 0.45, uy picks up a resonance at kijga ~ 0.5, and u; picks up
two tiny resonances at kjpa ~ 0.4 and kjpa ~ 0.5. In Figure 2.7(c) we plot the scattering

amplitude for the case of perpendicular illumination. We see that us develops a resonance

at kijpa ~ 0.45 and u4 has a resonance at kjga ~ 0.47.

2.5.4 Three-wave mixing

We consider three incident waves in the z direction: uy; = u1g exp(ik10z-r), ug; = Uz exp(ikooz-
r) and us; = ugg exp(iksoz - r), satisfying the three-wave mixing condition k19 + koo = k3o.
We then consider the following set of parameters. The quantity kspa is fixed to be 1, so the

three-wave mixing condition implies that kygga = 1 — kjpa. We also assume that ugg = uq0/2
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Figure 2.9: Frequency dependence of the scattering amplitudes in TWM. The parameters
are given by V) = 2, € = n@uy/nV) = 0.2. (a) One scatterer, (b) Two scatterers parallel to
the incident wave, (¢) Two scatterers perpendicular to the incident wave.

and usg = 2uqg.

We first consider the linear case with € = n®uy/n) = 0 and n* = 2. In Figure 2.8(a)
we plot the scattering amplitude for a single scatterer. We see that u; has a resonance at
kipa =~ 0.3, us has a resonance at kjpa ~ 0.7, and ug is a constant since kzpa = 1 is indepen-
dent of kijpa. Next we consider the case of two scatterers with parallel and perpendicular
illumination. In Figure 2.8(b) we plot the scattering amplitude for the case of parallel illu-
mination. We see that u; has a primary resonance at kjpa =~ 0.3 and a secondary resonance
at kpa ~ 0.25, us has a primary resonance at kjgpa ~ 0.7 and a secondary resonance at
kipa = 0.75, and us is a constant. In Figure 2.8(c) we plot the scattering amplitude for the
case of perpendicular illumination. We see that u; has a resonance at kiga ~ 0.3, us has a
resonance at kiga ~ 0.7, and ug is a constant.

Next we consider the nonlinear case with € = 0.2. In Figure 2.9(a) we plot the frequency

dependence of the scattering amplitude for a single scatterer. We see that a second resonance
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Figure 2.10: Frequency dependence of the scattering amplitude in the Kerr effect. The
parameters are given by nM = 2. € = n®ug/n. (a) One scatterer, (b) Two scatterers
parallel to the incident wave, (¢) Two scatterers perpendicular to the incident wave.

of u; appears at kijgpa ~ 0.7, a second resonance of us appears at kjpa =~ 0.3, and ug has
two antiresonances at kjpa = 0.3 and kjpa = 0.7. In Figure 2.9(b) we plot the frequency
dependence of the scattering amplitude for the case of parallel illumination. We see that a
third resonance of u; appears at kjpa ~ 0.7, a third resonance of uy appears at kjga = 0.3,
and ug has two antiresonances at kjpa = 0.3 and kjpa = 0.7. In Figure 2.9(c) we plot
the scattering amplitude for the case of perpendicular illumination. We see that a second
resonance of u; appears at kjpa ~ 0.7, a second resonance of uy appears at kiga ~ 0.3, and

uz has two antiresonances at kjpa = 0.3 and kjga = 0.7.

39



2.5.5 Kerr effect

We consider an incident field of the form u; = ug exp(ikoz-r) and define the small parameter
e = n®u2/nM. In Figure 2.10(a) we plot the scattering amplitude for a single scatterer
with € = 0.002. We see that in the presence of the nonlinearity, the amplitude increases
and the resonance shifts to a lower frequency. Next we consider two linear scatterers with
parallel and perpendicular illumination. In Figure 2.10(b) we plot the scattering amplitude
for the case of parallel illumination for ¢ = 0 and ¢ = 0.0002. We see that in the presence
of the nonlinearity, the primary resonance acquires a larger amplitude without a shift and
the secondary resonance is nearly unchanged from the linear case. In Figure 2.10(c) we plot
the scattering amplitude for the case of perpendicular illumination for e = 0.02. We see that
in the presence of the nonlinearity, the primary resonance acquires a larger amplitude and

shifts to a slightly lower frequency.

2.5.6 Third-harmonic generation

We consider an incident field of the form wu; = ugexp(ikoz - r) and define the small parame-
ter € = n®u2/nM. Note that to obtain third-harmonic generation, we must work to order
O(€*). In Figure 2.11(a) we plot the scattering amplitude at the incident frequency for a
single scatterer with e = 0.002. We see that in the presence of the nonlinearity, the ampli-
tude increases, the resonance shifts to a lower frequency with kgpa ~ 0.26 and a secondary
resonance appears at kga ~ 0.3. The frequency dependence of the third-harmonic ampli-
tude is shown in Figure 2.12(a). Next we consider the case of two scatterers in parallel and
perpendicular illumination. In Figure 2.11(b) we plot the scattering amplitude for the case
of parallel illumination for e = 0.002. We see that in the presence of the nonlinearity, the
primary resonance grows in amplitude and the secondary resonance is unchanged from the

linear case. The frequency dependence of the third-harmonic scattering amplitude is shown
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Figure 2.11: Frequency dependence of the scattering amplitude at the incident frequency in
THG. The parameters are as in Fig. 2.10. (a) One scatterer, (b) Two scatterers parallel to
the incident wave, (¢) Two scatterers perpendicular to the incident wave.

in Figure 2.12(b). In Figure 2.11(c) we plot the the scattering amplitude for the case of
perpendicular illumination for € = 0.02. We see that in the presence of the nonlinearity, the
primary resonance acquires a larger amplitude and shifts to a lower frequency at kga == 0.23.

A weak secondary resonance also forms at kga =~ 0.3. The frequency dependence of the

third-harmonic scattering amplitude is shown in Figure 2.12(c).

2.5.7 Four-wave mixing

We consider four incident waves in the z direction: u1; = w19 exp(ik10Z 1), us; = ugg exp(ikogz-
r), uz; = uggexp(ikspz - r) and uy = ugoexp(ikyz - r), satisfying the four-wave mixing
condition kg + koo + k3o = ks9. We further consider the following set of parameters. We take

kspa to be fixed at 0.5 and kga set to 1. Thus the four-wave mixing condition implies that
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Figure 2.12: Frequency dependence of the scattering amplitude at the third-harmonic fre-
quency in THG. The parameters are as in Fig. 2.10. (a) One scatterer, (b) Two scatterers
parallel to the incident wave, (¢) Two scatterers perpendicular to the incident wave.

ksga = 0.5 — kypa. We assume that ugg = u19/2, uzp = 2u1p and ugg = ujp. We introduce the
small parameter € = n®u2/n® with ) = 2.

We first consider the linear case with e = 0 In Figure 2.13(a) we plot the scattering
amplitude for a single scatterer. We see that u; has a resonance at kipa ~ 0.3, us has
a resonance at kiga =~ 0.2, and w3z and uy are constant since kspa = 0.5 and kya = 1
are independent of kjpa. In Figure 2.13(b) we illustrate the frequency dependence of the
scattering amplitude for two linear scatterers placed parallel to the incident waves. We see
that v, has a primary resonance at kjpa ~ 0.3 and a secondary resonance at kjga ~ 0.25, us
has a primary resonance at kjga ~ 0.2 and a secondary resonance at kjga ~ 0.25, and u3 and
uy are constants. In Figure 2.13(c) we plot the scattering amplitude for two linear scatterers

placed perpendicular to the incident waves. We see that u; has a resonance at kjga ~ 0.3,
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Figure 2.13: Frequency dependence of the scattering amplitudes when four plane waves
with wave numbers kig + koo + k39 = k4o are incident upon linear scatterers. The linear
susceptibility is given by () = 2. (a) One scatterer, (b) Two scatterers parallel to the
incident wave, (c) Two scatterers perpendicular to the incident wave.

us has a resonance at kiga ~ 0.25, and us and uy4 are constants.

Next we consider the effects of nonlinearity with e = 0.1. In Figure 2.14(a) we plot the
scattering amplitude for a single scatterer. We see that us and u4 develop small resonances
at kipa ~ 0.22 and kjpa = 0.28. The shapes of the u; and uy curves are nearly unchanged.
In Figure 2.14(b) we plot the scattering amplitude for the case of parallel illumination. We
see that uz and uy obtain small resonances at kijga ~ 0.2, kjga = 0.5 and kiga =~ 0.3. The
shapes of u; and uy curves are again unchanged. In Figure 2.14(c) we plot the scattering
amplitude for the case of perpendicular illumination. We see that the forms of u; and wus
stay approximately the same, uz picks up a resonance at kijpa = 0.25 and w4 also picks up a

resonance at kiga = 0.25.
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Figure 2.14: Frequency dependence of the scattering amplitudes in FWM. The parameters
are given by V) = 2, € = n®uy/nV) = 0.1. (a) One scatterer, (b) Two scatterers parallel to
the incident wave, (¢) Two scatterers perpendicular to the incident wave.

2.6 Discussion

We have investigated the theory of point scatterers in nonlinear optics. We considered in
some detail the most important examples of quadratic and cubic nonlinearities, including
second-harmonic generation, sum- and difference-frequency generation, three-wave mixing,
Kerr effect, third-harmonic generation and four-wave mixing. Numerical results for the
cases of one- and two-particle scattering were presented, emphasizing the manner in which
scattering resonances are modified by the presence of nonlinearity. In future work, we plan
to study the corresponding problems for the Maxwell equations. It may also be of interest
to consider the extension to analogous problems in quantum optics, as was recently done
for point scatterers in linear optics [78]. Finally, applications to nano-scale imaging with

nonlinear contrast agents may be envisioned [52].
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Appendix

2.A Bistability

In this Appendix we characterize the roots of the algebraic equation (2.98), which leads to
conditions for bistability. To proceed, we suppose that n and ® are real. We nondimen-
sionalize (2.98) by writing
4
u/u; =1+ —Wa?’kQGR(n(l)u/ui + 303w u/ui | Pu ) (2.127)

3

which can be rewritten as
e|z]?2+ Az+B =0, (2.128)

where € = 3n®|u;|? /0, 2 = u/u;, A=1/3 - B, B =1/(47a*k*Grn") and G is defined

by (2.36). Next, we introduce the real variable
r=|z*. (2.129)
Eq. (2.128) thus becomes

erz+Az+B=0. (2.130)
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Note that

= 2.131
: A+er’ ( )
—Az—B
I (2.132)
€z
Eliminating z we have
B |2
_ 2.133
’A +er| ( )
which can be written as
r((ap +er)? +a3) — b2 —b5=0, (2.134)

where a; = ReA, a; = ImA, by = ReB and by = ImB. Note that a; = 1/3 —b; and ay = —by

since A = 1/3 — B. The parameters b; and b, can be written in terms of ka and 7V as

3/2
by = 2.135
P 4O (ka)2(9/4 + (ka)?) (2.135)
ka
by = — : 2.1
27 4O (ka)2(9/4 + (ka)?) (2.136)
The corresponding inverse transformation is given by
3bs
ka = ——= 2.1
a o, (2.137)
3/2
n = / (2.138)

A7y (ka)2(9/4 + (ka)?) -

Using the above results, we find that the conditions ka > 0 and n(V) # 0 imply that byby < 0.
Making use of (2.129), (2.131) and (2.132), we see that the complex roots of (2.128) are in

one to one correspondence to the real roots of (2.134), which is a cubic polynomial in r with
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real coefficients. Recall that to determine the number of real roots of a cubic polynomial

with real coefficients of the form
ar® + bz +cx +d, (2.139)
we examine the discriminant A, defined as
A = b*c? — dac® — 4b3d — 27a*d* + 18abcd . (2.140)

If A >0, (2.139) has 3 distinct real roots; if A = 0, (2.139) has 3 real roots, with at least
two of them coinciding; if A < 0, (2.139) has 1 real root and 2 complex roots. If we denote

the discriminant of the left hand side of (2.134) by A,, we obtain
A= —LEf(e) (2.141)
r=—grc f(e), :
where

fle) = (2187} + 4374b%b2 + 2187b3)e® — 12(—1 4 3b1 ) (b2 + b2)((1 — 3by)? + 81b2)e

+4b3(1 — 6by + 9b7 + 9b3)* . (2.142)

It follows that (2.134) has more than one real root on a nondegenerate interval only when
A, > 0, namely when f(e) < 0. Note that f(e€) is a quadratic polynomial in € whose leading

coefficient is positive. The discriminant of f(e), A, is given by
A, = 144((1 — 3by)* — 2703) (b3 + b3)* . (2.143)

Evidently, A, > 0 when |1 — 3b;| > 1/27|by|. In this case, f(¢) has two real roots, which
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we denote €; and €;. For €5 < € < €1, we have that f(¢) < 0 and A, > 0, so (2.134) has 3

distinct real roots and (2.128) has 3 distinct complex roots. Thus, the set of values of b; and

2

Figure 2.15: Illustrating the regions of multistability.

by which allows (2.128) to have 3 roots for some values of € is |1 —3b;| > v/27|by| and b1by < 0
as shown by the shaded region in Fig. 2.15. The region in the second quadrant corresponds
to negative values of n!), whereas the part in the fourth quandrant corresponds to positive

values of V. The condition (2.117) follows immediately from (2.135) and (2.136).
n y

2.B Sum-difference frequency generation

The scattering amplitudes of sum-difference frequency generation with one or two small
spherical scatterer(s) can be found in a strictly parallel manner to the method of Section
2.3.1. The steps can be sketched as follows. First write the solutions to (2.81) as integrals
of the Greens function (2.15). Then using the fact that the scatterers are small balls, i.e.,

(2.30) and (2.33), we get that for one point scatterer, the scattering amplitudes are given by

4
Alr, ) = g”a%?(szl)(n(”u(o, 1) + 27Pu(0,Q3)u" (0, ) + 27 u(0, Q4)u(0, Q) |

(2.144)
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4
Alr, Q) = —a® k() (1Vu(0, Q) + 27Pu(0,23)u" (0, Q1) + 2P u(0, 01 )u*(0,))

3

4
Alr,Qs) = §a3/{:2(93)(77(1)u(0, Q) + 20D u(0,01)u(0, Q) |

A ) = TR0 (0, 24) + 217u(0,0,)u"(0,0))

where the local fields u(0,€2) and u(0, 292) satisfies the equations

U(O, Ql)

U(O, Qg)

U(O, Qg)

U(O, Q4>

u;(0,Q) + %a?’ﬁ(Ql)GR(QI)(n(Uu(O, Q)

+2nPu(0, Qs)u*(0,2) + 27 u(0, Q)u(0,0s)) |
u;(0,8) + 4%@3#(92)@12(92)(77(1)“(0, )

+27Pu(0, Q3)u*(0, Q) + 2P u(0, Q1)u*(0,)) ,

A (05) Crl03) (0, 03) + 20 u(0, )u(0, )

R (04 Ga(2) (1 (0, 0) + 20u(0, )’ (0,2))

and for two point scatterers, the scattering amplitudes are given by

A(I‘, Ql)

A(I‘, Qg)

41
?a3k2(§21) (T](I)U(I'h Ql)

+20Pu(ry, Qg)u* (r1, Qo) + 20Pu(ry, Qu)u(ry, Qy))er
4%@31432(91)( u(ry, Q1) + 20 Pu(ra, Q3)u*(ry, Q)
+2nPu(ry, Q)u(rs, Q)T

%03]?2(92)(77(1)”&(1'1, Q) + 20Pu(ry, Q3)u*(ry, Q)

+20 P u(ry, Q)u (ry, Q)@

+4§a3k2(92)(n(1)u(r2, Q) + 2n(2)u(r2, Q3)u*(re, 1)
+2nPu(ry, Q) )u (g, Q) e F T2
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(2.145)
(2.146)

(2.147)

(2.148)

(2.149)
(2.150)

(2.151)

(2.152)

(2.153)



41 . _
A(I‘, Q3) — ?ai’)kQ(QS)(n(l)u(rh QS) + 277(2)U(I'1, Ql)u<r1, 92))6116(93)1'-1'1

47 . -
+§a3k2(93>(77(1)u(1”2,93) + 20 u(ry, D )u(ry, Qp))e™ T2 (2.154)
41 A -
Alr, () = ?a%Q(sz)(n(l)U(rl,sz) + 2P u(ry, O )u (11, Q) ek )T

4 . N
+§a3k2(94>(n<1>u(r2, Q) + 20@u(rs, Q) (12, Q2))e* (T2 (2 155)

where the local fields u(ry, 1), u(ry, Qs), u(ry, 23) and u(ry, Q4), u(re, 1), u(ra, Q2), u(ry, Q3)

and u(rq, €)y) satisfy the equations

47
u(ry, Q1) = wi(ry, Q) + ga?’kz(Ql)G’R(Ql)(n(l)u(rl, 0) + 277(2)u(r1, Q3)u*(rq, Qo)

4
+20Pu(ry, Qu)u(ry, Q) + gaz)’k?(Ql)G(rh ry, 1) (M u(rs, Q)
+277(2)u(r2, Qg)u* (I‘g, QQ) + 277(2)11,(1'2, Q4)U<I‘2, Qg)) s (2156)

47
U(I‘l, QQ) = ui(rl, Qg) + ?CLBI{?z(QQ)GR(QQ)(T](l)U(I'l, Qz) + 277(2)U(I'1, Qg)u*(rl, Ql)

4
+2n(2)u(r1, Ql)u* (I'l, Q4)) + ?a3k2(§22)G(r1, Iy, QQ)(T](I)U(I'Q, Qg)

20 u (e, Qa)u (r2, ) + 20 u(rs, Q) (12, %)) (2.157)

4
U(I‘l, Qg) = ?a3k2(Qg)GR(Qg)(n(l)u(rl, Qg) + 277(2)U(I'1, Ql)u(rl, QQ))

4
+§a3k2(Qg)G(r1,rg,Qg)(n(l)u(rQ,Qg) + 20 u(ry, Q) )u(ry, Q) , (2.158)

u(ry, Q) = 4?”@%2(94)%(94)(n“)u(rl, Q) + 27 u(ry, Q)u*(ry, Qo))
+4§a3k2(94)6’(r1, ra, ) (nVu(ry, Q) + 20Pu(rs, O )u*(ry, Q) (2.159)
u(ry, 1) = wi(ry, ) + 4%@3#(91)@(1?271‘1,Ql)(ﬁ(l)u(rlaQl) )
+2nPu(ry, Q)u* (r1, Qo) 4+ 20D u(ry, Q)u(ry, Q)
+4§a3k2(Ql)GR(Ql)(n(l)u(rg, ) + 277(2)u(r2, Q3)u™(ra, Q22)
+20Pu(ry, Qy)u(rs, )) (2.160)
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U(I‘Q, Qg) =

U(I‘Q, 93) =

U(I‘Q, Q4> =

41
UZ'(I'27 Qg) + ?a3k2(Qg)G<I‘2, Iy, QQ)(T](I)U(I'l, Qg)
+277(2)’LL(I'1, Q3)U* (I‘l, Ql) + 2’[7(2)U<I'1, Ql)u*(rl, 94))
@R ()G R(22) (M ulra, Q) + 20 u(rs, Q)u* (rs, Q1)

+2’I7(2)U(I'2, Ql)u* (1‘2, 94)) s (2161)
A7
?a3k2(93)G(r2, r1, Q) (nWu(ry, Q3) + 20Pu(ry, Q)u(r, Q)

4; P R() G () (1D u(ra, Os) + 20D u(ra, 0 )u(rs, D)) . (2.162)

4m
?a3k2(94)6’(r2, r1, Q) (nVu(ry, Q) + 20Pu(ry, O )u* (ry, Q)

4
+§a3k2(94)GR(Q4)(n(l)u(rg, Q4) + 277(2)U(I'2, Ql)u* (I‘Q, Qg)) . (2163)

2.C Three-wave mixing

Here we derive the sc

attering amplitude for three-wave mixing given in (2.85). For the case

of one point scatterer, the scattering amplitudes are given by

A(I‘, Ql)
A(I‘, QQ)

A(I‘, Qg)

4

= ?ang(Q )(nWu(0, Q) 4+ 2P u(0, Q3)u*(0,9,)) | (2.164)
_ %%%2@2)( u(0, ) + 29 u(0, Q) (0,)) . (2.165)
_ %a3k2(93)(n(1)u(0,93) + 2 u(0,21)u(0, ) . (2.166)

The local fields u(0, 2) and (0, 2§2) can be obtained by solving the equations perturbatively.

W(0.2) = ui(0,90) + T R(Q)Gr() (1Vu(0, ) + 2P u(0, Q)" (0, D)) .

u(0,922) = wu;(0

3
(2.167)
) + @R Gr( ) (1u(0, 02) + 24 u(0, 2u)u (0,))
(2.168)
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u(0,93) = %G?’k?(Qs)GR(Q?))(U Ju(0,923) + 20 u(0,Q1)u(0,0y)) .

For the case of two point scatterers, the scattering amplitudes are given by

47 : -
Alr, ) = a2 Q) u(rr, Q) + 20D u(rr, Qg )u” (xr, Qp) eI

a2 () (1 Vulra, Q) + 2D urs, Qo) (12, Q)N
Ar, ) = %ang(Qﬁ(W(l)U(rl» Qo) + 2P u(ry, Qs)u* (1, Q) )eF @
+4—7Ta3k2(§22)(77(1)u(r2, D) + 2n(2)u(r2, Q3)u*(ra, Ql))eikmzﬁ""2
Al Q) = a0 Ou(re, Q) + 2 u(rr, Qulry, Q)OI

47T A _
3 3]{32(93)( (I'Q, Qg) + 277( ) (I‘Q, Ql)u(rQ, Qg))em(ﬂ?’)r.m .

(2.169)

,(2.170)

,(2.171)

(2.172)

The local fields u(ry, 1), u(ry, Qa), u(ry, Q3), u(re, 1), u(re, Q) and wu(rg, 23) can be

obtained by solving the equations perturbatively.

arn, ) = wi(rn, Q)+ %%3k2(91>GR<91)( u(ry, )

4
—|—277(2)u(r1, Q3)u*(r1, Q) + —a?’k‘z(Ql)G(rb Iy, Ql)(n(l)u(rQ, )

3
+277(2)u(r2, Q3)u*(ra,Q2)) ,

47
U(I‘l, Qg) = ui(rl, Qg) + ?a3k2(92>GR<Q2)(77(1)U(I‘1, Qg)

(2.173)

41
+27’](2)’LL(I'1, Qg)u* (I‘l, Ql)) + ECL?)]{?Q(QQ)G(I'l, Iy, QQ)(T](I)U(FQ, Qg)

+2n(2)u(r2, Q3)u*(ra,24))

ey, Q) = (e, Q) + 4?”@3/@2(93)%(93)( u(ry, Q)
T @u(ry, Q)uler, ) + 4%@3/@2(93)(;(“,1«2,93)(n<1>u(r2,93)
+2n(2)u(r2, Q) )u(ra, Q) ,
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U(r2791) = Ui(r2791)

4
+§a3k32(91)G(r2, Iy, Q1)(U(1)U(T17 M) + 277(2)1&(1'1, Q3)u”(r1,Q22))

4
+§a3k2(91)03(91)(n<1>u(r2, ) + 20@u(rs, Qa)u* (12, Q) ,  (2.176)
U(I'2,Qz) = Uz‘(r2792)
4
+§a3k2(92)e(r2, r1, 00) (1D u(ry, Qo) + 20@u(rr, Qa)u* (r1, Q1))

4m
+?a3k2(92)GR(QQ>(n(l)u(r27QQ) + 20Pu(ry, Qg)u(re, ) ,  (2.177)
U(I‘2>Qs) = Ui(I‘Q,QS)

4
+§a3k2(93)g(r2’ vy, Q) (M u(ry, Q3) + 7@ u(ry, Qi )u(ry, Q)

4
+§a3k32(93)GR(Qg)(n(l)u(rQ, Qg) + 277(2)U(I'2, Ql)u(rg, Qg)) . (2178)

2.D Third-harmonic generation

Here we derive the scattering amplitude for third-harmonic generation as given in (2.118).

For the case of one point scatterer, the scattering amplitudes are of the form

47

Alr,Q) = ?a3l{:2(9)(77(1)u(0,9)+377(3)(u(0,9))2u*(0,§2)
+37®u(0,30)(u*(0,Q))%) , (2.179)
Ar,30) — 4%@%2(39)(77(1%(0,39)+77(3)(u(0,§2))3). (2.180)

The local fields u(0, 2) and (0, 2€2) can be obtained by solving the equations perturbatively.

We thus obtain

u(0,Q) = u;(0,9Q) + %ﬂa%ZGR(Q)(n(”u(o,Q)
+317®) (u(0,Q))%u* (0, Q) + 3n®u(0,3Q)(u*(0,2))?) , (2.181)

w(0,30) — 4?”@3k203(39)(n<1>u(0,39)+n<3>(u(o,9))3). (2.182)

93



For the case of two point scatterers, the scattering amplitudes are given by

A(r, Q)

A(r,3Q)

4
= B (nVu(ry, Q)

3
+303) (u(ry, Q)2 (r1, Q) + 3P u(ry, 3Q) (u* (ry, Q))?) eV

4
2, ) + 39 (e, )P (12, )

130D u(ry, 30) (u” (v, ©))2) MO (2.183)

47 ' R
= S’ KMV u(ry,30) + 1 (u(ry, Q)T

+ @R (3Q) (0 u(rs, 39) + 1) (u(rs, Q))3)eFEDEE (2.184)

The local fields u(ry, Q), u(ry, 3Q2), u(ra, Q) and wu(ry, 3Q2) can be obtained by solving the

equations perturbtively.

u(ry, Q) =

u(ry,3Q) =

u(ry, Q) =

U(I‘Q, 39) =

(e, Q) + %a%?(n)GR(Q)(n@)u(rl, Q) + 37 (u(rs, Q)2 (r1, )

+3n® u(ry, 3Q) (u (rl,Q))2)+%QSkz(Q)G(rl,rQ,Q)(n(l)u(rg,Q)

+30 (u(rs, )" (r2, Q) + 30 u(rs, 30) (u*(r2,2))?) | (2.185)

%a3k2(3Q)GR(3Q)(77(1)u(r1, 30) + 1 (u(r1, Q))?)

+ B2 (3Q) G (r, T2, 3Q) (1Vu(ra, 39) + 7P (u(rs, Q))) (2.186)
4
wi(ra, Q) + %a?’kz(Q)G(rg, r1, Q) (nWu(ry, Q)

30 (u(rr, )2 (x4, Q) + 37@u(rr, 30) (u* (11, 2))?)
+4§a3k2(Q)GR(Q)(n<Uu(r2, Q) + 30 (u(ra, Q) ?u*(rs, Q)
+30Pu(ry, 3Q) (u*(ry, Q))?) , (2.187)
%a3k2(3Q)G(r2, v, 30) (M u(rr, 30Q) + 7 (u(rr, 2))%)
Bk (30) GR(39) (1 WVu(ra, 3Q) + 7 (u(rs, Q))?) . (2.188)
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2.E  Four-wave mixing

Here we derive the scattering amplitude for four-wave mixing given by (2.120). For the case

of one point scatterer, the scattering amplitudes are of the form

Alr, Q) = %aBkQ(Ql)(n(l)u(O,Ql)+677(3)u(0,Q4)u*(0,93)u*(0,§22)), (2.189)
4

A(r,Qy) = ?ﬂa?’kz(ﬂz)(n(l)u(ﬂ,ﬁﬂ+677(3)u(0,94)u*(0,§23)u*(0,§21)), (2.190)

A(r,Q3) = 4?71-@3]{52(93)(7](1)’&(0,93)+67](3)U(0,Q4)u*(0,92)u*<0,91>>, (2.191)

4
Alr, Q) = §a3k2(94)(n(1)u(0,94)+677(3)u(0,Ql)u(O,Qz)u(O,Qg)). (2.192)

The local fields can be obtained by solving the equations perturbatively.

w(0,9) = u(0,Q)
+4§a3k2(91)(}3(§21)(n(l)u(o, Q1) + 69Pu(0, Q)™ (0, Q3)u*(0,)) ,
(2.193)
u(0,9Q2) = u;(0,€s)
+4§a3k2(92)GR(Q2)(n(l)u(O, Q) + 6730, Q) (0, Q3)u*(0,9Qy)) ,
(2.194)
w(0,Q5 = u;(0,Qs)
+4§a3k2(93)GR(Q3)(n“)u(o, Qs) + 67u(0, Q)u* (0, Q)u*(0,9))) ,
(2.195)
w(0,Q) = u(0,Q)
+4§a3k2(94)GR<Q4)(n“)u(o, Q) + 673 u(0, Q) u(0, Qy)u(0,Qs)) .

(2.196)

95



For the case of two point scatterers, the scattering amplitudes are given by

4 . -
Alr, &) = ?agkg(ﬁl)(n(l)u(rhﬁl)‘|“677(3)10(1“1,Q4)u*(r1,Qg)u*(rl,QQ))e’k(Ql)r'rl

4 . N
+§a3k2(91)(ﬁ(1)u(rza 1) + 67 u(ra, Qu)u* (ra, Q3)u” (re, Qo)) e @Fr2

(2.197)

4 . ~
Ar, Q) = %agkz(ﬂﬂ(ﬁ(l)u(rhﬁz)+67](3)U(r1,§24)u*(r1,Qg)u*(rl,Ql))e’k(QQ)r'“

47T * * 7 /I'\'l‘
+?a3k2(92)(77(1)u(1"2,92) + 67 @ u(ra, Qu)u* (re, Q3)u* (1o, Q1)) PIFT2

(2.198)
4dm e
Alr, Q3) = 36631?2(93)(77(1)“(?1,93)+6?7(3)u(r1,Q4)u*(r1,Qg)u*(rl,Ql))e”“(Q”r'“

4m o
+?a3k2((23)(77(1)u(r2, 93) + 67’](3)U(I'27 Q4)U*(I'2, QQ)U*<I'2, Ql))ezk(93)r-r2 s

(2.199)
4T , -
Alr,Qy) = ?a3k2(94)(n(1)u(r1a94)+677(3)U(1'1,Ql)u(1‘1,Qg)u(rl,Qg))em(Q‘*)r'rl

4 o
0" () (1 Vulra, Q) + 60V ura, Q)ulra, Qa)u(ra, %))t @

(2.200)

The local fields U(I‘l,Ql), U(I‘l,Qg), U(I'l,Qg) and u(rl,Q4), U(I‘Q,Ql), U(I‘Q,QQ), U(I‘Q,Qg)

and u(rs, €4) can be obtained by solving the equations perturbatively.

u(ry, Q1) = w(ry, Q)
+4§a3k2(Ql)GR(Ql)(n(l)u(rl, Q1) + 6B u(ry, Q)u*(r, Q3)u*(ry, Q)
+4§a3k2(Ql)G(r1, rs, Ql)(n(l)u(rg, 0) + 677(3)u(r2, Qq)u*(ry, Q3)u*(ra, Qo))
(2.201)
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u(ry, Q) = wui(ry, Q)
A
+—a3k‘2(Qg)GR(Q2)(n(l)u(rl, QQ) + 67’](3)’&(1'17 Q4)U*(I'1, Qg)u*(rl, Ql))

3
4
+§a3k2<Qg)G(r1, ry, QQ)(T](I)U<I'2, QQ) + 677(3)u(r2, Q4)U* (1'2, Qg>u*<r2, Ql)) s
(2.202)

U(rh 93) = ui<r17 Qs)
4
+—a3k2(Qg)GR(Qg)(n(l)u(rl, Q3) + 67](3)U(I'1, Q4)U*(I'1, QQ)U*<I'1, Ql))

3

4
+§a3k2<93)a(r1, ra, Q) (1D u(rs, Qs) + 67 u(ra, Qu)u (ra, Oo)u (12, 1)) |
(2.203)

u(ry, ) = wui(r, Q)
A
+—a3k2(94)GR(Q4)(n(l)u(rl, 94) -+ 67’](3)U(I'1, Ql)u(rl, Qg)u(rl, Qg))

4
+§a3k2(94)6’(r1, ro, ) (MM u(ry, Q) + 69 u(rs, O )u(ry, Qs)u(rs, Q3)) |
(2.204)

u(ry, 1) = wu(ry, Q1)
AT
—|——a3k2(Ql)G(r2, ry, Ql)(n(l)u(rl, Ql) + 67](3)U(I'1, Q4)u* (I'l, Qg)U*(I'l, Qg))

4
+_Wa3k2<Ql)GR(Ql)(U(l)u(rmQl) +677(3)u(r2,Q4)u*(r2,§23)u*(r2,92)) ;
(2.205)

U(I'za Qz) = Ui<r27 92)

4

—i—%a?’lf
4

T B2 (Q0) G () (0D u(ra, Qo) + 67D u(ra, Qu)u* (ve, Q) (ra, 1)) |

3
(2.206)

(€22)G(ra, 11, 92)(77(1)“(1"1, Q) + 677(3)’“(1'17 Qq)u”(re, Q3)u’(r1, )
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U(F2, Q3) = Ui(r2, Q3)

4
+—7ra3k2(93)G(1"27 Iy, Q3)(77(1)1&(1“1, Q3) + 677(3)10(1“1, Qq)u*(r1, Qo)u*(re, (1))

3
4
+§a3]€2<93)GR(Q3)(T](l)lb(rz, Q3) —+ 677(3)u(r2, Q4)U* (1'2, QQ)U*<I'2, Ql)) s
(2.207)

u(ry, Q) = w4(ry, Q)
4
"‘?(13]{32(94)61(1'2, ry, 94)(7](1)U<I'1, Q4) + 67](3)U(I'1, Ql)u(rl, QQ)U(I'I, Qg))
4
+§a3k2(94)GR(Q4)(n(l)u(rg, Q) + 67 u(ry, Q1 )u(ry, Q)u(rs, Q3)) (2.208)
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Chapter 3

Optical Theorem for Nonlinear Media

3.1 Introduction

The optical theorem is a basic result in scattering theory that is of both fundamental interest
and considerable applied importance [62]. It can be formulated in a variety of settings,
including quantum mechanics, acoustics and electromagnetic theory. In its simplest form,
the optical theorem relates the power extinguished from a plane wave incident on a scattering
medium to the scattering amplitude in the forward direction of scattering. For the case of
electromagnetic scattering, the extinguished power P, is given by

Cc

P, =
2k

ImA - E; | (3.1)

where kg is the wavenumber, Eq is the incident field and A is the scattering amplitude in
the forward direction [90, 45, 16]. In physical terms, the loss of power from the incident field
is due to interference between the incident field and the scattered field within the volume of
the scatterer.

The standard derivation of the optical theorem makes use of the ansatz that the scattered
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field E; behaves asymptotically as an outgoing spherical wave of the form

eikor
E, ~ A ,  kor — 00, (3.2)
r

where A is the scattering amplitude which depends on the direction of observation. The
above ansatz may be justified for the case of material media in which the polarization is
related to the electric field by a linear constitutive relation. Moreover, in this situation, the
optical theorem may be derived without invoking the asymptotic behavior of the scattered
field [21, 53].

The optical theorem is normally considered within the framework of linear optics [16].
However, the ansatz (3.2) is very general. That is, all properties of the scatterer are encoded
in its scattering amplitude, which can, in principle, be arbitrarily prescribed. Thus, there
is no reason to restrict the optical theorem to the linear response regime. Making use of
this observation, in this chapter we consider the optical theorem in the context of nonlinear
media. We derive an expression for the extinguished power that holds when the polarization
is an arbitrary function of the electric field. To some extent, this result may be expected
on physical grounds. However, we provide a proper mathematical justification following the
approach of Refs. [21, 53]. We specialize our result to the cases of quadratic and cubic
nonlinearities. We also study in detail the processes of second-harmonic generation and the
Kerr effect for small scatterers. Our results on scattering from small nonlinear particles are
of independent interest, since exact solutions to nonlinear scattering problems are, to the
best of our knowledge, known only in one dimension [81, 17].

The remainder of this chapter is organized as follows. In Sec. 3.2, we present some
basic results in nonlinear optics and scattering theory that will be used later in the paper.
Sec. 3.3 presents the derivation of the optical theorem in the form we require, without the

use of asymptotics. In Sec. 3.4, we consider separately the cases of second- and third-order
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nonlinearities. Numerical results for small scatterers are presented in Sec. 3.5. Finally, in
Sec. 3.6 we consider applications to apertureless scanning near-field optical microscopy in
which the tip exhibits a nonlinear optical response. We investigate the cases of second- and
third-harmonic generation and characterize the achievable resolution for a model system

consisting of two scatterers. A discussion of our results is presented in Sec. 3.7.

3.2 Preliminaries

In this section we collect several results in nonlinear optics and scattering theory that will
be useful in the derivation of the generalized optical theorem. We begin by recalling that

the Maxwell equations in a source-free nonmagnetic medium are of the form

V.-D = 0, (3.3)
10B
V-B = 0, (3.5)
10D
B--2" - 0.
\Y = 0 (3.6)

Here E is the electric field, B is the magnetic field, D is the electric displacement field and

P is the polarization. In addition, D and P satisfy the relation
D = E+47P. (3.7)

Throughout this chapter, we will use the following Fourier transformation convention:

flr,w) = /f(r,t)ewtdt, (3.8)
flet) = % / Fr,w)e“td | (3.9)
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where the time and frequency dependence of all quantities are displayed explicitly. We note
that if f(r,t) is real-valued, then f(r, —w) = f*(r,w). Upon Fourier transforming (3.3)—(3.6)

we obtain

V- D(r,w) = 0, (3.10)
V x E(r,w) — ik(w)B(r,w) = 0, (3.11)

V-B(r,w) = 0, (3.12)
V x B(r,w) + ik(w)D(r,w) = 0, (3.13)

where k(w) = w/c. Throughout this chapter, we consider only monochromatic incident fields
with an e~™* time dependence.
If the medium is linear, the polarization is given by

Pr,w) = X2 (r50)By(r,0) (3.14)

ij

) is the first-order susceptibility. Here we have adopted the summation convention,

where x;;

whereby repeated indices are summed. For the case of quadratic nonlinear media,

Fi(r,w) = xi) (Gw)Bj(w) + Y X wrw) By(r,wn) (v, w) | (3.15)
w1two=w
where XS,)C is the second-order susceptibility. The sum implies that the electric field at the

frequencies wy; and wy contributes to the polarization at the frequency w if w; +ws = w. For

cubic nonlinear media,

Pr,w) = xJ(mw)Ejw) + Y xS (riwr, wa,ws) By (r, wi) By (r,ws) Ey(r,ws) (3.16)

w1tw2twz=w
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where Xg’,ll(r; wi,ws,ws) are the third-order susceptibilities.

We will assume that the susceptibilities have over all permutation symmetry. This as-
sumption is quite standard and holds for nonresonance frequencies in the classical anhar-
monic oscillator model and in quantum optics [81, 17]. However, we note that over all
permutation symmetry, also known as Kleinman symmetry [17], can be broken in a variety
of systems [32, 94, 87, 80, 82, 25].

The wave equation for the electric field E(r,w) is obtained by taking the curl of (3.4)

and eliminating the magnetic field B(r,w) using (3.6). We then have
V x V x E(r,w) — k*(w)E(r,w) = 47k*(w)P(r,w) . (3.17)
The solution of the wave equation (3.17) is given by
Bi(ri) = Bucalr.) + (w) [ drGy(e,rio) P ) (3.18)

where Ei,.(r,w) obeys (3.17) with P = 0. The Green’s function G;; is of the form [84]

/ 1 /
Gij(l‘, r ;(.U) = (5” + W&@) G(I‘, r ;w) s (319)
where
o . eik(w) [r—r’| )
(r,rw) = Tr—r] (3.20)

Straightforward calculation shows that the Green’s function has the following asymptotic

form

eik(w)r

Gij(r,1;w) ~ (85 — Tary)e Rl (3.21)
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when r > /. Using this result, we find that the scattered field behaves as an outgoing

spherical wave of the form

eik(w)r

Esi(r,w) ~ Ai(r,w) (3.22)

r

where the scattering amplitude is defined by
AF.w) = K (@) (0 — 7iF) / &' Py w) e (3.23)

Following standard procedures, the conservation of energy follows immediately from

(3.17) and takes the form

Im(E*(r,w) - P(r,w)) , (3.24)
where the Poynting vector S is defined by

S(r,w) = 8—;3Re(E(r, W) x B*(r,w)) . (3.25)

We recall that the time-dependent Poynting vector is defined as

S(r,t) = EE(r,t) x B(r,t) . (3.26)

Note that by an abuse of notation, S(r,w) is not the Fourier transform of S(r, ).

For time-harmonic fields, the time average of the Poynting vector

_ 1/t
S = lim —/ S(r,t)dt (3.27)
0
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is well defined. It follows that

S=) S(rw). (3.28)

We note that for nondispersive media, the analog of the Manley-Rowe relations can be

(1)

shown to hold. That is, if the susceptibilities y;;’, Xg,l and Xg?,ll are purely real, then V-S = 0.

The proof is given in Appendix A.

3.3 Optical theorem

In this section we derive the optical theorem for nonlinear media following the approach
of [21, 53]. We begin by recalling some basic facts from scattering theory [16]. We consider
a general nonlinear medium, whose polarization is defined by either a quadratic or cubic
nonlinearity. We suppose that a field E;,. is incident upon the medium and write the total

electric field as the sum

E =Ey +E,, (3.29)

where Ej is the scattered field. It follows from (3.17) that E; obeys
V x V x Ey(r,w) — E*(W)E,(r,w) = 47k*(w)P(r,w) . (3.30)

The energy carried by the scattered field is associated with the Poynting vector S, which is
defined by

Ss(w) = —=Re(Es(w) x Bi(w)) . (3.31)

65



Evidently, S, obeys the conservation law

V- S,(r,w) = C’;(“)Im(E:(r,w) P(r,0)), (3.32)

T2

which is a consequence of (3.30).
Suppose that the scattering medium is contained in a volume V. Then the power absorbed

by the medium is given by

P,(w)=— /av S(r,w) - nd*r , (3.33)

where 1 is the outward unit normal to 0V and the presence of the overall minus sign signifies
that this is the flux of the Poynting vector of the wave traveling into the medium. Converting
the above surface integral to a volume integral by means of the divergence theorem and

making use of (3.24), we have

P,(w) = ck(w) /V Im(E*(r',w) - P(r,w))d*" . (3.34)

272

In a strictly similar manner, we define the scattered power as

Py(w) = /av S.(r',w) - nd*r’ . (3.35)

We then obtain from (3.32) that

ck(w)

272

Pi(w) =—

/‘/Im(E:(r’,w) P, w)dr . (3.36)

We define the extinguished power P, to be the total power lost from the incident field due
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to absorption and scattering:

P.(w) = Py(w) + Ps(w) . (3.37)

It follows from (3.34) and (3.36) that the extinguished power is given by

P,(w) = &) /V m(EL (¢, w) - P(r',w))d* . (3.38)

272 inc

We note that if either Eqgs. (3.15) or (3.16) for the polarization is inserted into the above
expression, we see that the power extinguished from the incident field is due to interference
between the incident field and the total field within the volume of the scatterer.

We can now rewrite (3.38) in terms of the scattering amplitude, provided that the incident

field is a plane wave of the form
Eine(r,w) = Eg(w)e* @B (3.39)

where § is the direction of propagation. Upon comparing (3.38) and (3.23), we obtain the

optical theorem

P.(w) ImA(s,w) - Ej(w) . (3.40)

o
- 2n2k(w)

Using this result, we see that the time-averaged extinguished power is given by

Po=Y Pw) =55 ZO ﬁImA@, W) Ef(w) | (3.41)

w>0

We note that the optical theorem (3.40) applies to both linear and nonlinear media. In

Sec. 3.4, we specialize this result to the cases of quadratic and cubic nonlinearities. Here
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we remark that in the case of a linear medium with an incident monochromatic field of the

form
Ei(r,w) = eik(“)g'r(Eo(S(w -+ Ed(w+9Q), (3.42)
(3.41) becomes
— c
P.—— ImAG,Q)-E. 3.43
27’(’2]{3(9) m (S ) 0 ( )

We have thus recovered the familiar form of the optical theorem (3.1). Finally, we note that
(3.40) is an ezxact result. That is, it has not been derived by making use of the asymptotic

behavior of the electric field.

3.4 Second- and third-order nonlinearities

Evidently, in order to apply the optical theorem (3.41) it is necessary to first obtain the
scattering amplitude. In this section we calculate the scattering amplitude for second- and
third-order nonlinearities. We begin with the case of second-order nonlinearity and, for
simplicity, discuss only the problem of second-harmonic generation (SHG). In this setting,
we analyze the scattering of an incident monochromatic wave from a spherical particle whose
size is small compared to the wavelength. Next, we turn our attention to the case of third-
order nonlinearity, where we restrict our attention to the Kerr effect. Once again, we calculate
the extinguished power for a small particle and study the associated resonant scattering.
We note that the method we develop for calculating the scattering of light from a small
nonlinear inhomogeneity may be of independent interest. In particular, it is readily extended
to collections of small inhomogeneities, which is a physical setting that arises in applications
to biomedical imaging and nonlinear microscopy [91, 85, 95, 96, 41, 67, 68]. We plan to

report the results of such calculations elsewhere.
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3.4.1 Second-order nonlinearity

We consider SHG excited by a monochromatic incident field of frequency 2. We assume

that the second-order susceptibility is sufficiently weak so that the condition

Z Xg,)g(r;wl,wg)Ej(r,wl)Ek(r,wg) < ngl.)(r;w)Ej(w) (3.44)

w1 two=w

is obeyed. We then find that the wave equation (3.17) together with (3.15) and the permu-

tation symmetry of Xg,)c gives rise to the pair of coupled wave equations

VxVxErQ) — FQE(rQ) =4rk*(Q) () (r, Q) B;(r, Q)
+ 200,20, —Q) Ey(r, 2Q) Ei (r, Q) (3.45)
V xVxEr20) — k(20)E(r,20) = 47k*(2Q) (x} (r, 2Q) B, (r, 20)

+ x2(r,Q, Q) E(r, Q) Eu(r, Q) | (3.46)

for the electric fields at the frequencies 2 and 2. Note that we have not accounted for the
formation of higher harmonics, consistent with the condition (3.44).

It follows immediately from (3.18) that the solutions to (3.45) and (3.46) are given by

Ei(r,Q) = Fiei(r,Q) + K (Q) / X (1, )Gy (r,v; Q) By (', Q)

+22(Q) / Py, 20, — Q)G (.1 Q) B, 20 B (', Q) . (347)

Ei(r,2Q) k2(29)) / ) (1, 20)Gij(r, 15 2Q) B (r', 29)

+ k2(29) / Erxr, Q, Q)G (r, v 20) B, Q) By (r', Q) . (3.48)

Suppose that the scattering medium is a small ball of radius a with k(©)a < 1 and

(2)

k(2Q)a < 1. The susceptibilities are taken to be XS’)(I'%W) = 778) and x5 (r;w) = 772(]2,1 for
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lr|] < a and to vanish for |r| > a. Equations (3.47) and (3.48) thus become

Ei(r,Q) = Eue(r, Q) + K (Q)n) / PPr'Gij(r,r'; Q) (v, Q)
r'|<a

2@ / Gy ) B 20X, Q) (3.49)
/| <a
Ei(r,2Q) = K / &P Gy (v, v 20) B (¢, 2Q)
[r'|<a
+ K2)n / PPr' Gy (r,x'; 20) By (r', Q) Ey(x', Q) (3.50)
Iv'|<a

Using the asymptotic form of the Green’s function given in (3.21), we find that the scattered

fields are of the form

eik(Q)r
El(r,Q) = Ai(r,Q) — (3.51)
ik (20)r
Ei(r,2Q) = Ai(r,29Q) , (3.52)
r
where the scattering amplitudes are defined by
am g g2 6 @) A
Ai(r,Q) = 5 (615 — 1) k() (3, Ex (0, Q) + 21,3, Ex(0,2Q) E7(0,9)) , (3.53)
47 PN
Aifr,20) = —a®(0y =TTk (22) (0 5(0,29) + iy (0, Q) Ei(0,9)) . (3.54)

Here we have used the fact that the radius of the scatterer is small, which leads to the

identity

47

/| A gk w)e) = T 0)(1+ Olk(w)a) (3.55)

for some function g. The local fields E;(0, ) and E;(0, 2€2) can be calculated perturbatively

as shown in Appendix 3.B.1.
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3.4.2 Third-order nonlinearity

The treatment of the Kerr effect parallels that of SHG. We consider the Kerr effect excited by
a monochromatic incident field of frequency €2. We assume that the third-order susceptibility

is sufficiently weak so that the condition

ST X rwn we) By (r, wr) Bi(r, w2) By(r, ws) < x4 (13 w) B (w) (3.56)

w1 Fw2tws=w

is obeyed. We then find that (3.17) together with (3.16) and the permutation symmetry of

XS‘,ZJ gives rise to the wave equation

VxVxErQ) — BOQE(rQ) =4rk*( Q) (r, Q) E)(r, Q)

3 (0,0, Q, —Q) By (r, Q) By (r, Q) B (1, Q) . (3.57)

Note that we have not accounted for the formation of higher harmonics, consistent with the

condition (3.56). It follows immediately from (3.18) that the solution to (3.57) is given by

Ei(r,Q) = Eies(r, Q) + k2(Q) / d%’xg}j(r',gz)(;ij(r,r';Q)Ek(r',g)

+3K2(Q) / By (1 0,0, Q)G O B QB QELW,Q) . (358)

Suppose that the scattering medium is a small ball of radius a with k(Q)a < 1. The
(1)

susceptibilities are taken to be x;;’(r;w) = 77@] and kal(l‘ w) = ngj’;l for |r| < a and to

vanish for |r| > a. Equation (3.58) thus become

Ei(r,Q) = Bl m+k2<mn<}3/| < d*r'Gij(r, 1, Q) Bi(r', Q)

ok, / Gy (e, 13 Q) ER(r, Q) B/, Q) B (¢,Q)) . (3.59)

Ir'|<a
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Using the asymptotic form of the Green’s function given in (3.21), we find that the scattered

field is of the form

eik(ﬂ)r
El(r,Q) = Ai(r,Q) . (3.60)
where the scattering amplitude is defined by
Ar,Q) = 6, — Q) (1Y B0, Q) + 3 Q)EZ,(0,9
i(r,Q) = ga(z‘j—ﬁ?”j)k () (nj, Ex(0,2) + 3,3, Ex(0, Q) E1 (0, Q) E7,.(0,9))
(3.61)

Once again, we calculate the local fields F;(0, ) perturbatively, as shown in Appendix 3.B.2.

3.5 Numerical results

In this section we apply the optical theorem (3.41) to linear, second- and third-order nonlinear
media. We present numerical results for several cases of interest, including second-harmonic
generation and the Kerr effect. We will see that the effect of the nonlinearities is to modify

the linear scattering resonance of small scatterers.

3.5.1 Linear response

We consider an isotropic medium with 77281 ) = 77(1)6ij and assume that all the higher-order
susceptibilities vanish. The incident field is taken to be a unit-amplitude plane wave of the
form Ei,. = Egexp(ikos-r) with Eq = EyX and s = z. Using (98) and (91), the extinguished

power becomes

_ 80, 3 77(1)
Pe - ? Oa Im (1 — 4?71-]{20/377(1)GR . (362)
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0.5"

Figure 3.1: Frequency dependence of extinguished power for a single linear scatterer. Here
Py = a*cE3.

We can write the above formula in a more familiar form in terms of the renormalized polar-

izability «, which is defined as

(%]

= : 3.63
1 — k2aqg [1/a + i2k] (3.63)

(0%

where «y is the zero-frequency polarizability, which is defined in terms of the linear dielectric

permittivity ). Here

a* (3.64)
where ) = 1 4+ 47, We find that (3.62) becomes

2Q)
P, = ?Eglmoz : (3.65)

In Figure 1 we illustrate the frequency dependence of the extinguished power for a dielectric
scatterer of size a = 100nm with €() = —5.28. We see that there is a scattering resonance

at ka ~ 0.7.
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3.5.2 Second-harmonic generation

We consider the case of a medium with isotropic n™") and n® obeying permutation symmetry.

That is, 771(]1 ) = 77(1)%- and 775?1 = 1®, with the other 771(]2,1 vanishing. We also assume that
the incident field E;,. points in the x direction and the direction of observation § is taken to

be in the z direction. It follows from (3.91) that the extinguished power P, is given by

82
P, = Za'tm (1 E(0.9) + nV EP (0,2) + 203 (B (0, 2)" BV (0,20) By, (0,9) )

(3.66)

In Figure 2 we illustrate the frequency dependence of the extinguished power for SHG.
The scatterer size is a = 100nm and Ej is taken to have unit amplitude. Plots are shown
for e = n@Ey/n™M = 0,0.1,0.2,0.3. We see that the resonance shifts to lower frequencies
and its amplitude increases by more than a factor of two relative to the linear case. The
physical situation considered corresponds to the material 5-BaB2Oy4 [17]. We note that there
does not appear to be a simple physical argument to predict the extent or direction of the

reported frequency shifts.

3.5.3 Kerr effect

We consider the case of a medium with isotropic 7" and 7® obeying the permutation

(1) (3)

* 3) with all other Nijw vanishing. We also

symmetry. That is, n\)) = 4, and n\7), = 1
assume that the incident field E;,. points in the x direction and the direction of observation

s is taken to be in the z direction. It follows from (3.103) that the extinguished power P, is
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Figure 3.2: Frequency dependence of extinguished power for a single nonlinear scatterer with
SHG. Here Py = a?cE?.

given by

82
P = S (0 B (0,9) + VB (0,9)

+3n 1 (B0, 2)(B) " (0,2) ()" (0,9)) E;,(0,9)) (3.67)

In Figure 3 we illustrate the frequency dependence of the extinguished power for the
Kerr effect. The scatterer size is a = 100nm and Fj is taken to have unit amplitude. Plots
are shown for e = n®E2/n™ = 0,0.01,0.02. We see that the resonance shifts to higher
frequencies relative to the linear case. As may be expected, the effect is less pronounced
than in the case of SHG. As above, we do not know of a simple physical argument to predict

the extent or direction of the reported frequency shifts.

3.6 Application to near-field microscopy

Near-field scanning optical microscopy (NSOM) is a widely used experimental tool to over-

come the diffraction limit of optical microscopy [64]. In a typical experiment, an apertured
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Figure 3.3: Frequency dependence of extinguished power for a single scatterer with Kerr
nonlinearity. Here Py = a?cE?.

probe (often a metallic coated optical fiber) is brought into the near-field of a sample and
employed as an optical source. The image is formed by scanning the probe and recording
the intensity of light scattered into the far-field. In a reciprocal arrangement, the probe
may be used as a detector with the illumination incident from the far-field. In either case,
the resolution of the resulting image is controlled by the size of the probe rather than the
wavelength of light.

Apertureless NSOM is an alternative to the above approach in which the illumination
and detection both take place in the far-field [64, 46]. The experimental setup is illustrated
in Figure 3.4, in which an incident field illuminates a metallic tip that is placed in the near-
field of the sample. The image is obtained by scanning the tip and measuring the scattered
field with a detector that is placed in the far-field of the sample and the tip.

A refinement of apertureless NSOM is to introduce a fluorescent tip, which allows for the
spectral isolation of the detected light and improvement in signal to noise ratio (SNR) by
background suppression [51]. Spectral isolation may also be achieved by utilizing a tip that
has a nonlinear optical response [91, 85, 95, 96, 41, 67, 68]. This approach has the advantage
that it is not affected by fluorescent photobleaching. Experiments in which SHG, THG and

four-wave mixing have been utilized for aptertureless NSOM in a dark-field configuration
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Figure 3.4: Illustrating the apertureless NSOM experiment.

have recently been reported [41].

In this section we develop a model for SHG and THG apertureless NSOM. We consider
a system in which a nonlinear metallic tip is placed in the near-field of a pair of small
dielectric particles, which are taken to have only a linear optical response. The setup is
shown in Fig. 3.4 and the mathematical details are presented in Appendix C. We begin with
the case of SHG. Denote the wavelength of the incident field by A\. The sample consists
of a pair of dielectric spheres of radius A/(107) and susceptibility 77’4”1 ) = 0.49;5, located at
the positions r; = (0, 2>,0) and ry = (0, —22,0), which corresponds to a separation of

207 T 207
~ A/10. The tip has radius a = \/(107), linear susceptibility n(!) = —0.4, second-order
susceptibility nﬁ)l with ng)lEo/ﬁ(l) = 0.2 and all other 77@'(]2111 vanishing, and is scanned in
the planes x = xg. In all numerical experiments, the incident electric field is a plane wave
polarized in the x direction with wave vector k(2)z. In Fig. 3.5 images of the extinguished
power are shown in three different scan planes corresponding to x¢ = 2a, 2.5a and 3a. We see
that the scatterers are well resolved with subwavelength separation in the closest scan plane
and that the resolution degrades rapidly with distance from the plane z = 0. Qualitatively

similar results are found for the intensity of scattered second-harmonic light, as illustrated

in Fig. 3.7.
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(a) xg = A/(bm) (b) my=\/(4m) (¢) mo=3\/(107)

Figure 3.5: Apertureless NSOM images of the extinguished power P, for SHG. The suscep-
tibility of the tip is nﬁ)lEo /7Y = 0.2. Tmages are shown in the planes # = zy as indicated.
The field of view of each image is 3A\/(57) x 3\ /(57). A linear scale is used in the colormap.

Next we consider the case of THG. The setup is the same as in the case of SHG, except
that the third-order susceptibility of the tip is 178)11, with nﬁ)uEg /7Y = 0.2 and all other
'r]f?,zl vanishing. Once again, we find that the scatterers are better resolved in the closest
scan plane. We also note that the relative extinguished power is smaller than in the case of
SHG and that the intensity of the scattered third-harmonic is correspondingly greater. See
Figs. 3.6 and 3.8. In Fig. 3.9 the extinguished power along a line in the closest scan plan is
compared for SHG and THG. It is found that the the extinguished power for the case of a
SHG tip is an order of magnitude larger than for a tip exhibiting THG. The corresponding

result for the scattering amplitude is shown in Fig. 3.10.

3.7 Discussion

In this chapter we have presented a generalization of the optical theorem for the scattering
of nonlinear electromagnetic waves. We consider in some detail the most important exam-
ples of quadratic and cubic nonlinearities. The theory is illustrated for the case of small

inhomogeneities in the settings of second-harmonic generation and the Kerr effect. In par-
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e

= \/(5m) xo = A/(4m) (¢) xo =3X/(10m)

Figure 3.6: Apertureless NSOM images of the extinguished power P. for THG. The suscep-
tibility of the tip is nﬁ)HEO /i) = 0.2. Images are shown in the planes x = z, as indicated.
The field of view of each image is 3A/(57) x 3\/(57). A linear scale is used in the colormap.

e

= \/(5n) xg = A/ (4m) (¢) xo=3\/(107)

Figure 3.7: Apertureless NSOM 1mages of the far-field intensity at frequency 22 in SHG.
The susceptibility of the tip is 7711 EO /7 = 0.2. Images are shown in the planes z = z¢ as
indicated. The field of view of each image is 3\/(5m) x 3\/(5m). A linear scale is used in
the colormap.
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(a) o =)/ (57) (b) zo = \/(4n) (¢) zo = 3\/(107)

Figure 3.8: Apertureless NSOM images of the far-field intensity at frequency 3¢2 in THG.
The susceptibility of the tip is nﬁ’)llEo /1) = 0.2. Images are shown in the planes x = g
as indicated. The field of view of each image is 3\/(57) x 3)\/(57). A linear scale is used in
the colormap.

P[Py

Figure 3.9: Extinguished power P./P, along the line defined by x = A\/(57) and z = 0,
which corresponds to the closest scanning plane. Graphs are shown for SHG and THG. Here
Py = a*cE?.
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400;
300;
200;
100A
—(;. 6 —0“ 4 —d. 2 : 0.‘2 0“4 0.‘ 6 ky

Figure 3.10: Far-field intensity along the line defined by = A\/(57) and z = 0, which
corresponds to the closest scanning plane. Graphs are shown for SHG and THG. Here
Ay = aF).

ticular, we describe the manner in which scattering resonances are modified by the presence
of nonlinearity. As a second application, we consider the problem of computing the signal in
a nonlinear near-field microscopy experiment. We note that the use of a tip with a nonlinear
optical response affords the possibility of background suppression and spectral isolation of
the detected signal. In future work, we plan to study the inverse problem for nonlinear
near-field microscopy, whose goal is to reconstruct the linear optical properties of a sample
illuminated by a nonlinear tip. This will necessitate the development of a scattering theory
that incorporates contributions from the tip and the sample and their respective interactions,

as was done for the corresponding linear problem [83].
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Appendix

3.A Conservation of energy

Here we show that for nondispersive media, the analog of the Manley-Rowe relations hold [17].

That is, if the susceptibilities ngl-), X,ff,l and Xﬁj.’,ll are purely real, then V- S = 0. We treat
the cases of quadratic and cubic nonlinearity separately. Note that for an incident field

consisting of a sum of a finite number of frequencies, the integral in (3.28) becomes a sum.

3.A.1 Quadratic nonlinearity

We begin by inserting the quadratic polarization (3.15) into the statement of energy conser-

vation (3.24). We then have

VoSrw) = cm (B ) Ew))

w
+ —Im( Z Xg,)g(r;wl,wg)E;‘(r,w)Ej(r,wl)Ek(r,w2)> . (3.68)

w1 Fwor=w

Making use of (3.28), the time-averaged divergence of energy current is

w

V-Sr) = Zglmu%)(m)mr w)Bj(r,w))

—1—2 Z o ——l X”k(r wi, wa) B (r,w) E;(r, w) Bk (r,ws)) . (3.69)

w wltwas=w
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(1)

The first sum is zero since x;;’ (r; w) E; (r,w) B (r,w) is real for each w, due to the permuta-

tion symmetry of XZ(-;). The second sum vanishes as a consequence of the overall permutation

symmetry of Xff,l and the constraint w; + ws = w.

3.A.2 Cubic nonlinearity

For cubic nonlinearity we have

VSm) =Y #Im(xg)(r; W)EL(r,w)E;(r,w))

w k
—I—Z Z %Im(){gﬁl(r;wl,wg,wg)Ei (r,w)E;(r,w)Eg(r,wr) Ey(r,ws)) . (3.70)

w witwrtwz=w

The first sum is zero by the same argument as above. The second sum can be shown to

be zero using the overall permutation symmetry of XS,)CI and the constraint w; +ws + w3 = w.

3.B Calculation of local fields

Here we calculate the local fields of small scatterers for both second-harmonic generation

and the Kerr effect.

3.B.1 Second-harmonic generation

We now calculate the local fields E;(0,$2) and E;(0,22). To proceed, we set r = 0 in (3.49)
and (3.50) and thus obtain

Ei(0,9Q) = Einei(0,9Q) + () / &' Gy (0,1 Q) By (v, Q)

Ir'|<a

+ 2K2()n?) PGy (0,1 Q) Ey(x', Q) EF (X, 2Q) | 3.71
Jkl J l
Ir'|<a
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Ei(0,2Q) = k(2)n) / Pr'Gi;(0,1';2Q) By (v, 2Q)
r'|<a

RO / G0, 200 B, B, Q). (3.72)
Ir'|<a
Next, we use the fact that for a function g;,

/| | d*r'Gi;(0,1; w)g; (v, w)
r'|<a
B dma® 1

K <_a3k2(w)

+ % + ng(w) + O(kz(w)a)) gi(0,w) (1 4+ O(k(w)a)) , (3.73)

which is derived in Appendix 3.B.3. We then find that (3.71) and (3.72) lead to a system of

equations for the local fields which are of the form

47

Ei(0,9) = Buei(0,9) + 5 ()’ Cr(Q) (0] E;(0,2) + 203 E,(0,22) E(0,9) .
(3.74)
4
E(0,20) = k() Gr22)(n E;(0,20) +1)E,(0, Q) E(0,9) . (3.75)
where
1 1 2
Grw) = ——5—+—+izk(w) . (3.76)

The above is a set of nonlinear algebraic equations which we solve perturbatively. To

proceed, we introduce a parameter € to scale the nonlinear terms in (3.74) and (3.75):

®) E;(0,20)EL(0,9))

ijk

4
E(0.9) = Fuucs(0.9) + 5 K (Q)a’Cr(Q)(n B,(0,9) + 2

(3.77)

4T 2 @ p.(0,9)E,(0,Q)) . (3.78)

ijk

(2Q)a*Gr(2Q) (0 E;(0,29) + 7
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We then introduce formal expansions for the fields of the form

E(0,Q) = E20,9) +eEN0,Q) + EP0,Q) +-- -, (3.79)

Ei(0,20) = E9(0,2Q) + eEM(0,2Q) + E2(0,2Q) + -+ . (3.80)

For simplicity, we consider the case of isotropic n® and n® obeying permutation sym-

(1)

metry. That is, n;;” = nVd;; and 72 = 5@, with the other 2 vanishing. We also assume

ijk

that the incident field E;,. points in the z-direction and the direction of observation § is
taken to be in the z-direction. To simplify the notation, we set 2; = €2, Qy = 2Q), and write
(Ei); = Ej(0,), ki = Q;/c, (Bine)i = Einci(0,2) and Ggr; = Gg(€;). Then (3.77) and

(3.78) become

(B = (Bucdit K G () (Br)s + 26nE)( D) (B
(B = TR Craln® (Ba)i+ enlU(B); (B (381)

Next, we expand the fields (£;); according to (3.74) and (3.75) and collect like powers of e.
At O(1) we have that

4
(E = (B + ki Gran® (E0)"

(B = 0. (3.82)

Thus

Eine)s
ENO = (Einc)i . 3.83
( 1)1 1—4?”16%@3633177(1) ( )
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At O(e) we have

(B = ?kiagGRln(l)(E1)§1)>
AT
(B2 = k3’ Craln® (B2 + (B (B))
which gives
1 A7 1 2 0 0
() = ke’ Cran™ (Ba)” + 0y (B (B)))
Thus
™ 2 0 0
(B = %k§a3GRQn§1)1(E1)§)(E1)§)
2)1 1 %’Tkga?’Gmn(l)
At O(€?) we obtain
AT
(B)F = SRECumE)D +2GED ()]
which gives
2 4m 2 2 (0
B = TR Gumn(E)D + 20 (2)(ED)
Thus
™ 2 N 1
(@ — SHCCmn (B (E))

1~ T 423G gy

(3.84)

(3.85)

(3.86)

(3.87)

(3.88)

(3.89)

(3.90)

We can now calculate the extinguished power P, from (3.40). We find that up to the order
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891 0 9 9 NG 1 i
P = =La'tm (O (E)Y + 0V (EDP + 2 (EDD (B (Ene)}) - (3.91)

3.B.2 Kerr effect

Here we calculate the local field E;(0, §2). To proceed, we set r = 0 in (3.59) and thus obtain

E(0,9) = Eues(0,9) + Q) / G (0,1: Q) By(x', Q)

Ir'[<a
+ 3k2(Q)77]klm/ d*r'Gi; (0,1, Q) Ey(r', Q) By (', Q) EL (Y, Q) . (3.92)

/| <a

We then find that (3.92) leads to an equation for the local field which is of the form

+ 20 Q)G VB0, )

+377§?11ZE;<07 Q) Ey(0,9)E(0,9)) . (3.93)

El(OJ Q) = Einc,i(07 Q)

The above is a nonlinear algebraic equation which we solve perturbatively. To proceed, we
introduce a parameter € to scale the nonlinear terms in (3.93):

+ 4%1@2@3(9)01%(9)(77(1)@(0, Q)

+3en, E1(0,Q) E(0,Q)E(0,)) . (3.94)

Ez(Oa Q) = Einc,i(oa Q)

We then introduce formal expansions for the field of the form

Ei(0,Q) = E20,9) +EM0,Q) + EP(0,9) + (3.95)
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For simplicity, we consider the case of isotropic n and n® obeying the permutation

(1)

3)
i j

symmetry. That is, 5\l = M4, and n\7), = n®, with all other 775] ., vanishing. We also
assume that the incident field E;,. points in the z-direction and the direction of observation
s is taken to be in the z-direction. To simplify the notation, we write (E£); = E;(0,;),
k=Q/cand Gg = Gg(2). Then (3.94) becomes

(B): = (Buc)i + SR Galn (B): + 3 (B (EW(EN) (3.96)

Next, we expand the fields (E); according to (3.95) and collect like powers of €. At O(1) we

have that

4
(E)) = (Bine)i + gk%”aRn(U(E)(O) . (3.97)

Thus

(0) Einc,i
(B =1~ 203G (3.98)

At O(e) we have

y 4w 1 3) ¢ oy (0 0 0
(E))" = Sk a*Grin(E)” + 33 (B (2 (B2)”) (3.99)
which gives
4m 3 (0 0 0
(E))" = Sk a*Grin(E)Y + 3l (B9 () (B))") . (3.100)
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Thus

263G 30 (B (0)(E) Y (0)(B)(0)
N 1— %k2a3GR77(1)

(3.101)

and

(5)D(0) — ERCCaim (B OB O)(E)(0) (310
1 1 — %erG:aGRn(l) ’ ’

We can now calculate the extinguished power P. from (3.40). We find that up to the order
O(e)

0 1 3 1\ (0 0 0 *
P = =2 (0 (B) + () + 30 (B (B) O ()" (Bue)i) - (3.103)

3.B.3 Evaluation of the Integral (3.73)

Here we show

Ara® (1 2 1
/ dST/Gij(O, I‘I; w) = 7;(1 ( ) =
r'|<a

For notational convenience, we put k = k(Q2). Then

1
/ d*r'Gy;(0,1;w) = / d*r ((Sij + ﬁaﬁj) -
v’ <a x| <a "
(3.105)
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The second term vanishes when ¢ # j. Using the fact that

ikr

(V2 + 12 67 — —4mo(r) (3.106)
we have
1 eikr 11 eikr
dr—0,0,— = Bro;—= | —k? —47d
[ rigonns = [ #rigss (25 i)
ikr
B 5 € 4m
= —(51']‘ </|;.<ad r 3r + @) . (3107)
So
2 ethr 47
/|r/<a Ir'Gig(0,xw) = b (/|r|<a d3r§ ro @) ' (3.108)
Since
ikr 4 2
/ dgrer - 7;“ (2 +ika+0((k¢a)2)) , (3.109)
Ir|<a

we obtain the required result.

3.C Near-field scanning optical microscopy

Here we derive the basic equations governing the NSOM experiments described in Sec. 3.6.

3.C.1 Second-harmonic generation

The sample and the tip are taken to be small balls of radius a centered at rg, r; and rs.

(1) (1)

The corresponding susceptibilities are x;;’(r;w) = /f;) for [r —ro| < a, X3’ (r;w) = ng) for

Ir —ri| <aand |r —ry| < a, and Xg,)ﬁ(r;w) = 771(]2,1 for |r| < a. In this setting, the solutions
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to the wave equations of SHG (3.45) and (3.46) are

Ei(r,Q) = Euc(r, Q) + K (Q)7}) /| | Pr'Gii(r,x'; Q) Ep(r', Q)
r'—ro|<a

/ B Gy (r, v Q) By(x', Q)

/ dBT/Gij(I', I‘/; Q)Ek(r’, Q)

+ 23 Qn'y / PPr'Giy(r,r'; Q) Ee(v, 2Q)EF (v, Q) ,  (3.110)

[r'—ro|<a

Eir20) = Q)70 / Gy (x5 Q) B (r', 200)

[r'—ro|<a

+ kQ(QQ)n](-,?/ d*r'Gyj(r,v'; Q) B (', 2Q0)

r'—ri|<a

+ K22 / PGy (r,r'; Q) B (v, 2Q)
[r'—r2|<a

R / Gy (e, OB, O ER,Q) . (3.111)
[r'—ro|<a

Using the asymptotic form of the Green’s function given in (3.21), we find that the scattered

fields are of the form

6ik(Q)r
ErQ) = Afr,Q) , (3.112)
T
6ik(2§2)7’
E(r,20) = Air,2Q) , (3.113)
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where the scattering amplitudes are defined by

Ai(r, Q)

Ai(r, QQ)

4?”@3(5@ — i) K () (g3 Bi(ro, ) + 20 Ex(x0, 20) B (ro, ©2) )P0
a5 — PR QY B, Q)

%a?’(aij R (D By, Q)2 (3.114)
4%(13(6” — Tzr])k2(2§2)(njk i (ro, 2Q2) + n]k%Ek(ro, Q) E)(rg, Q)) ek Vo
(8 = TR Q)Y By, 20)c P

%”a?’(csi] R (20, V (g, 2Q) e CVFT2 (3.115)

Setting r = ro, r = r; and r = ro in (3.110) and (3.111), and carrying out the indicated

integrations we obtain

Ei(r07 Q)

El'(ro, QQ)

©) B (ro, 2Q) Ef (ro, Q)

ijk

4
Einc,i<r07 Q) + ?k2<9) SGR(Q)(TIZ])EJ (1‘0, Q) =+ 277

47 47

5 KA Q)0 Gy e, o Q) B (r1, Q) + 5 kA (Q)a Gy (v, x0; Q) Ei(r2, Q)
(3.116)

47

- k(20 a*GR(29) () Ej(re, 29) + 0 Bj(ro, ) Ey(ro, Q)

1

%kQ(QQ)a Gy (r1,10; 200 Ex(r1, 26)

dm

?k (202)a*G;(ra, To; 29)77 L ) Ei(rs,29) |
(3.117)
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(DEJ(I.L Q) ’

j

Ei(r,Q) = Einc,i(rl,QH%”/@2(9)@303(9)7;
+ %kQ(Q)&GU(rl, ro; Q) (75 Ei(ro. Q) + 203 By (r0, 2Q) Ef (10, 2)))
+ 4%/62(Q)a3G,~j(r1,rg;Q)nﬁ)Ek(rg,Q), (3.118)
Fy(r,20) = %k?(zg)a%R(zQ)ng)Ej(rl,29)
+ %ﬂk?(z@)&cﬁ (r1, 103 2Q) (7)) Er(r0, 290) + 1) B (vo, Q) Ey(x0, 2))

4
+ §k2(20)a3G2j (r1, 123 2003 By (v, 202) (3.119)

4

Ei(ry,Q) = Einc,i(rQ,QHEM(Q)aSGR(Q)n(DEJ(rQ,Q),

ij
+ kA (Q)aP Gy (ra, To; Q) (7)) Er(ro, Q) + 2180 By (v, 2Q) E (ro, 2))

+ kA (Q)aPGiy(ra,t QN Ei(r1, Q) (3.120)

4_7Tk;2

Ei(ry,2Q) = (2Q)a*Gr(2Q)n) Ej(r2, 2Q)

47
+ KRGy xo; 20)(7')) Ex(ro, 290) + 1) Bi (vo, Q) Ey(r0, 2))

4_7T]€2

5 K (20)a° Gy (r2, 115 20)n',) Er(r1,2Q) (3.121)

Following the procedure indicated in Appendix B, the above equations can be solved per-

turbatively for the local fields.

3.C.2 Third-harmonic generation

As above, the sample and the tip are small balls of radius a centered at rg, r; and ry. The

susceptibilities are ngl.)(r;w) = 17’5;) for |r — ro| < a, ngl-)(r;w) = ni(}) for r —ri| < a and
lr — ro| < a, and Xgilll(r;w) = ng’,zl for |r| < a. We begin with the general cubic-nonlinear

wave equations which are correct to order e:

VxVxE(rQ) — kK(QE(r,Q) =4rk*(Q)(x) (r, Q) E;(r, Q)
+ 3O (9,0, Q) E(r, Q) By (r, Q) Ef (r, Q) . (3.122)
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VxVxE([r3Q) — k((3Q)E(r,30Q) = 47rk2(3Q)(X” (r,3Q)E;(r, 3Q)

+ XGu(r, Q. Q)E)(r, Q) Ex(r, Q) Bi(r, Q)) . (3.123)
It follows immediately from (3.18) that the solution to (3.122) and (3.123) is given by

Ei(r,Q) = Biei(r,Q) + £ (Q) / ) (1, Q) Gy (r, v Q) By (v, Q)
+ 3k%(Q) / X (12, Q, Q) Gy (v, 1 Q) By (v, Q) By(r, Q) EL (1, Q)
(3.124)
Eir,30) — k2(39) / D 30) Gy (.1 3Q) By (1, 30)
+  3k*3(Q) / d%’xg.i),m(r’,ﬁ,Q,Q)G,-j(r,r';SQ)Ek(r',Q)EZ(r’,Q)Em(r',Q)),

(3.125)

For the specific set up described at the beginning of this section, Equations (3.124) and
(3.125) become

E(0,Q) = Fpeir, Q)+ K(Q7Y / Gy (r, v Q) BL(r, Q)

[r'—ro|<a
+ K /| | &' Gy (r,x'; Q) B (r', Q)
r'—ri|<a

+ kQ(Q)nﬁ)/ dr'Gii(r,v'; Q) E(x, Q)
v’ —r2|<a

k@, / Gy (v Q) B, Q) B, Q) B (', Q) (3.126)

[r'—ro|<a
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EZ‘(I', 39)

- k2(39)?7§,1€) / d*r'Gii(r, v’ 3Q) (v, 3Q)

[r'—ro|<a

+ K31, / PGy (r, v 3Q) B (', 30)

[r'—r1|<a

+ K31, / ' Gy(r,r'; 3Q) B (', 302)

|r’'—ra|<a

+ KB, / Pr' Gy (r,r'; 30) By (v, Q) B (x', Q) B (v, 2))(3.127)

[r'—ro|<a

Using the asymptotic form of the Green’s function given in (3.21), we find that the scattered

field is of the form

eik(Q)r
El(r,Q) = Ai(r,Q) (3.128)
T
6ik(3Q)r
Ei(r,3Q) = A(r,30)—— (3.129)
where the scattering amplitude is defined by
41 e .
A, Q) = a8y — )k (Q) (5 Bi(r0, ) + 31530, B (0, Q) Er(xo, Q) B, (r0, )
Am o~ 7 T-r
+ ?a3(5zj — TZT])]{/Q(Q)?]](}C)E]C (I‘l, Q)e k(Q)rry
Am o~ i Tr
+ 5 a0~ RER Qg Bi(re, Q)M (3.130)
41 N
Air,30) = a8y — FiF) K (BQ) [y Bulro. 32) + 1531, B (0. ) Bi(x0, ) By (0, )
4 R . _
+ §a3(5lj — )R (B3O By (ry, 30) BV
4 R e
+ %a?’(éij — PFKA (31, By (r2, 3Q)e VT (3.131)

Setting r = rp, r =r; and r = ry in (3.127) and (3.127), and carrying out the indicated
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integrations we find that

EZ‘(I'(), Q)

Ei<r27 Q)

Ei (I'(), 39)

4
Bine(ro, Q) + —-a’k* Q)7 Gr(Q) By (ro, )
dm a3l2 1)~ .
3 k (Q)njk Gz] (I'(), Iy Q>Ek(r17 Q)

4
?0,3]{52(9)7’]§]1€)GU(I', ro; Q)Ek<r2, Q)

4
ga%%mSmJMGR(Q) (0, ) Ex(ro. Q) B (x0,2)) | (3.132)

Eine,i(r1, ) + 3k2<Q)n]k)Gij(r17 ro; () Ejy(ro, €2)

3
4
?ﬂagkz(ﬁ)ng)%(r, r; Q) E;(r', Q)

47
3 SkQ(Q)njk;)Gij (r1,12; Q) Ey(ra, )

%a3k2(9>3n§i}mc:ij(rl, ro; Q) Ey(ro, Q) Ey(ro, Q) EZ (r, ), (3.133)
FEinei(ra, Q) + 3 ?’kQ(Q)n],c Gij(re,ro; Q) Eg(ro, Q)
%a%?(@)nﬁ)@j(rz, v Q) Ey(rr, Q)

Q) R (r2,0)

%Q%Z(Q)Bmklm(}” (ro,ro; Q) Ex(ro, Q) Ei(ro, Q) Er (r0,£2)) , (3.134)
4; a1 (37 Gr(3Q) E; (ro, 30)

4%@%2(39)77]26*” (ro,r1;3Q) Ex(rq, 3Q2)

4?”@31@2(39)77];@] (ro, Ta; 3Q) By (12, 3Q2)

%ast(3Q)W§23mGR(3Q)Ek(r0, Q) Ei(ro, Q) Epy (1o, ) (3.135)
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Ei(ry,3Q) = %”a%?(gmﬁaij(rl, ro; 30Q) B (1o, 302)

+ %a?’kQ(BQ)ng)GR(BQ)Ej(rl,3Q)

+ %a3k2(3ﬂ)n§?Gij(r1, ro; 3Q) By (T2, 3€2)

+ %af”k?(?,fz)nﬁ}m(;ij(rl,ro;3Q)Ek(r0,Q)E,(r0,Q)Em(ro,Q)) , (3.136)
Ei(r,3Q) = %a?’k?(sg)@,?(;ij(rg, ro; 3Q) Ey(ro, 3Q2)

+ %ai”k?(m)nﬁ)@j(rg, r1;3Q) Ey(r1, 3Q)

+ %a?’k?(3Q)n§;>GR<3Q>Ek<r2,39)

47
+ ?a3k2(3ﬂ)n§igmGi]~(r2, r0; 3Q) Ex (ro, Q) Ei(ro, Q) B (1, Q)) . (3.137)

Following the procedure indicated in Appendix B, the above equations can be solved per-

turbatively for the local fields.
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Chapter 4

Second-harmonic Imaging in Random

Media

4.1 Introduction

We consider imaging of /N small nonlinear scatterers at locations y;, for j = 1,..., Ny,
in a medium occupying a bounded domain V' C R™ with piecewise smooth boundary 0V,
for m > 2. We restrict our attention to the case of second harmonic generation (SHG), but
more general quadratic or cubic nonlinearities could be treated similarly. The data-gathering
setup is illustrated in Fig. 4.1. The medium is illuminated by monochromatic plane waves at
frequency w, in the directions of the unit vectors 8;, for j = 1,..., Ny. These vectors belong
to a cone C with axis along the unit vector ¥ and small opening angle «. The illuminated
part of the boundary of V' is assumed smooth, with small curvature. Moreover, ¥ is almost
in the normal direction of the boundary of V, so the plane waves penetrate the domain.
The resulting waves are measured by an array of receivers located at points @, in the array

aperture A, for s = 1,..., N,. The array lies on one side of the boundary 0V, and the

scatterers are confined to a small region R near the center of V', at distance of order L from
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Figure 4.1: Setup of the imaging problem. Here A denotes the array, C' the cone of incident
directions, R the search region and V' the imaging domain.

OV. The linear size (diameter) of R is r < L. The linear size a of the array aperture A is
small with respect to L, and the unit vector m, pointing from the center of R to the center
of A, is oriented at a nearly right angle with respect to the directions of the incident plane
waves.

The imaging problem is to estimate the locations of the IV, nonlinear scatterers from the
measurements at the array of the wave fields at frequency w and the second harmonic 2w.
When the medium in V' is known and non-scattering, we can image with coherent methods
known as matched filtering in the signal processing [86] and radar literature [63], migration
in seismic imaging [8], and backprojection in tomography [61]. These methods assume a
linearized (Born) data model, and form an image by superposing the array measurements
backpropagated in the known medium to points y® in the imaging region R. The back-
propagation is done analytically when the Green’s function is known, or numerically, and
its purpose is to compensate the phases of the measurements at points y® near a scatterer

location, so that they add constructively there, and the imaging function displays a peak.
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We refer henceforth to such imaging as migration, and note that it is robust with respect to
additive, Gaussian noise [9].

We are interested in imaging in heterogeneous media, containing numerous small inho-
mogeneities that interact with the waves. An inhomogeneity by itself is much weaker than
any of the scatterers that we wish to image. However, when the waves propagate at a large
enough distance L, the cumulative scattering of the inhomogeneities becomes significant and
must be taken into account in imaging. This is difficult because in applications it is impos-
sible to know the microstructure of the medium (the inhomogeneities) and we cannot hope
to determine it from the data. Thus, imaging is carried in an uncertain environment. We
incorporate this uncertainty in the data model by studying imaging in random media. The
goal is to understand if it is possible to obtain robust estimates of the nonlinear scatterer
locations from the measurements gathered by the array in one fixed realization of the random
medium. Such robustness is known as statistical stability, and it means that the images vary
little from one realization to another.

We study with analysis and numerical simulations imaging of nonlinear scatterers embed-
ded in random media, in two regimes where cumulative scattering by the inhomogeneities
causes large distortion of the wave field measured at the array. In physical terms, this means
that the distance L is larger than the scattering mean free path S, which is the characteristic
length scale on which the waves randomize [74]. The analysis uses a geometrical optics model
[75], where the typical size ¢ of the inhomogeneities is large with respect to the wavelength
A, and L > S > £, so that the net scattering effects in the medium amount to large random
wavefront distortions. In the numerics, we consider a regime with ¢ ~ X\, where the waves
interact more efficiently with the inhomogeneities. Because we are interested in coherent
imaging, we take L smaller than the transport mean free path, which is the characteristic
distance at which the waves forget their initial direction [74] due to scattering. At larger dis-

tances the waves are in a radiative transfer or diffusion regime, and only incoherent imaging
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methods would work [4].

Both the analysis and numerical simulations show that the random distortions of the
array measurements are very different than additive noise, and cannot be mitigated just by
summation, as in migration. Ideally, the distortions would be mitigated by the backprop-
agation of the measurements in the true medium, as in time reversal [35]. However, this
cannot be done in imaging because the medium is unknown. We can only backpropagate in
the hypothetical reference medium with known and smooth wave velocity, as in migration.

The coherent interferometric (CINT) method [11, 12] is designed to mitigate random
wave distortions by imaging with cross-correlations of the measurements instead of the mea-
surements themselves. The CINT imaging function is given by the superposition of cross-
correlations backpropagated in the reference medium to the imaging points y*. Its math-
ematical expression resembles that of the time reversal function analyzed in [70, 69], and
its statistical stability and resolution are studied in [12, 13]. Unlike in time reversal, where
super-resolution of focusing occurs, the stability of CINT comes at the expense of resolution,
which is determined by two characteristic scales in the random medium: the decoherence
frequency and length. These quantify the frequency offsets and receiver separations over
which the waves become statistically uncorrelated, and must be taken into account in the
calculation of the cross-correlations [11]. Moreover, they determine the conditions under
which CINT is statistically stable. This can be formally understood as a consequence of the
law of large numbers, due to the summation in the imaging function of many statistically
uncorrelated terms, when the array aperture a is much larger than the decoherence length
and the probing signals have bandwidth that is larger than the decoherence frequency [12].

In this chapter we study CINT imaging with time harmonic waves, so there is no summa-
tion over the frequencies. Such summation is essential for the statistical stability of CINT,
and of time reversal for that matter [10], when scattering in the medium causes significant

reverberations (delay spread). Here we consider weaker scattering regimes, like random
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geometrical optics, where imaging can be done at a single frequency [13].

4.2 Formulation of the problem

In this section we describe the model of the data and define the migration and CINT imaging

functions analyzed theoretically and numerically in the following sections.

4.2.1 Random model of the array data

We consider for simplicity scalar waves, modeled by Helmholtz’s equation with random wave

speed ¢(x) defined by

1
() =3 1+ 4mn(x)], (4.1)

o
where ¢, is the reference speed, assumed constant, and n(x) is the linear susceptibility of the
medium, a mean zero, stationary random process that is bounded almost surely so that the
right hand side in (4.1) remains positive. We also assume that n(x) is mixing [47, Section
4.6.2], which means in particular that its autocorrelation function is integrable. The NN, small
scatterers embedded in the random medium are modeled by the linear susceptibility 7, (x)

and the nonlinear one 7, (x). These functions have small amplitude and support concentrated

<

Hoo

near the points y;, for j = 1,..., N,, and satisfy the weak nonlinearity assumption ||,
Im, |, which allows us to write the following quadratic model of the waves as derived in

Ch. 2:

Au, (z;0) + k*[1 + dmn(z)]u, (z;0) = —47k*[n, (2)u, (x; 8) + 21, (@)u, (x; 0)u; (23 6)]

A, (x;0) + (2k)°[1 + dmn(a)]u, (x; 0) = —4m (2k)* [, (z)u, (2 0) + n, (x)u;(x: 0)],  (4.3)
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for x € V', with excitation by an incoming plane wave at frequency w
D (- @) — oikO-
ug )(x;0) = e, (4.4)

where k = w/c, is the wavenumber, 6 is a unit wave vector, and the star denotes complex
conjugate. We denote by u, (x; ) the generated wave at frequency w, and by u,(x; @) the
wave at the second harmonic 2w. This is emitted at the nonlinear scatterers modeled by
the susceptibility 7,(z). The scattered waves u, (x;0) — v (x; 0) and u,(x; 0) also satisfy
outgoing boundary conditions at 9V, because outside V' the medium is homogeneous, with
wave speed ¢,.

As illustrated in Fig. 4.1, we consider Ny illuminations of the medium by plane waves
travelling in directions 8;, for j = 1,..., Ny, and denote by U the “ideal data set”, given by

the wave fields at the receivers,
U={u(xs,0,), u,(zs,60,), s=1,...,Ny, g=1,...,Ng}. (4.5)

Note that u, and u, are random fields, and the actual array measurements are for a single
realization of the medium. These are the data used to form images, as explained in the next

sections. We only use the set U for the statistical analysis of the imaging functions.

4.2.2 Migration imaging

The migration image formation assumes that the medium in V' is homogeneous (n = 0),
and that the recorded waves scatterer only once at the unknown scatterers. If the medium

were homogeneous, we could write the solution of (4.2)-(4.3), denoted by u, , and u, ,, using
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Lippmann-Schwinger’s equation

u, ,(x;0) = ul (x;0) + kQ/ dy Go(x, y;w)[n, (y)u, ,(y; 0) + 2n,(y)u, , (y; 0)u; (y; 0)]

\%

uy,(@:0) = (2k)? /V dy G, y: 20), ()1, (43 0) + 1, (0. (:0)]

where G, is the outgoing Green’s function multiplied by 4x. It is given by

eikkl:_y'

in three dimensions, and by

Golx,y;w) = inH" (k|x — y])

in two dimensions, where H(()l) is the Hankel function of the first kind.

(4.6)

(4.7)

(4.8)

(4.9)

The linear forward model for the scattered waves, assumed equal to u, , — ugi) and u, ,,

is obtained from the Born approximation of (4.6)-(4.7). Since we have two wave fields and

two unknown susceptibilities, we introduce two forward mappings

Ei[n;)(zs, 0,) = (jk’)z/ dy n,(y)Gol®s, y; jw)e 0y,
v

(4.10)

These take the susceptibilities 7, to the the scattered waves at the receiver sensors indexed

by s = 1,..., Ng, for the illuminations indexed by ¢ = 1,..., Ny, and frequencies jw, for

j=12.
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Let us denote by d, and d, the array data, given by

d,(xs,04) = “le) (5;64) — ugi)(:cs; 0,) +n,(xs;6,), (4.11)
d,(xs,0,) :ug”e“l)(ws;eq)+n2(m8;9q), s=1,...,Ng, g=1,..., Ny, (4.12)
where uyeal), for j = 1,2, denote the waves in the real medium, one realization of the random

model, and n, and n, model additive Gaussian noise (due to the measurement of the data),
uncorrelated and identically distributed. Using the forward mappings (4.10), we formulate

the linear output least squares minimizations

LS .
77]- = arg 1min ||d] - P;[UJ]H; (413)
j

that estimate the unknown susceptibilities 7, by n],LS, for j = 1,2. The minimizers njLS satisfy

the normal equations

Nz Np

FUE )™ = F'd )" = k2SS Galy" @ jw)e 0" d (2,,0,),  (4.14)

s=1 g=1

where the index H denotes the adjoint with respect to the Euclidian inner product, and the

star denotes complex conjugate. The integral (normal) operators F H F, map njLs to

FUE " = [ dyn W)k (u" v) (4.15)
v
and their integral kernels
N. Np
K, y) = ()" Golms, y:jw)Ga(y", @y jw)e M0 v (4.16)
s=1 g=1

are equal, up to constant factors, to the time reversal point spread functions at frequencies
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Jw, for 7 =1,2.

In our setting, the kernels (4.16) peak along the diagonal y = y, so we can replace
formally the left hand side in (4.14) by njLS(yR) multiplied by some constant. In imaging
we are interested in the support of the sussceptibility, so we can neglect the constants and

obtain from (4.16) the migration imaging functions

Nz Ny

My =D Gyt @ jw)e MV d (2,,0,),  j=1.2. (4.17)
s=1 q=1
Because kly® — x| > 1 and the array aperture a is much smaller than |z, — y| = O(L)
for y® in the search region R (recall Fig. 4.1), we can approximate the Green’s function in
(4.17) by

Go(yR, Ty jw) ~ C’jeijMyR_ms‘, (4.18)

for constant C;, and j = 1,2. This is both in three and two dimensions, as follows from
the asymptotics of the Hankel function in (4.9). Thus, the right hand side in (4.17) is
the superposition of the measurements, with phases compensated relative to the imaging
point yf. The superposition is needed for focusing the image and averaging out the noise.
When y# is close to a scatterer location, and the medium in V is either homogeneous or has
negligible effect on the waves so that their propagation is approximated by G,, the phases
in the coherent part of d; are cancelled approximately. Then, the terms add constructively
and the imaging function displays a peak.

We are interested in imaging in stronger scattering media, where G, is not a good model
for wave propagation, and the migration imaging function (4.17) either does not focus or

gives spurious peaks at locations that may not be close to the scatterers.
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4.2.3 Coherent interferometric imaging

Let us define the backpropagated data to the imaging point y** by

b,(xs, 04, y') = d,(xs, 0,)G*(y", azs;jw)e_ijkgq'yR, s=1,...,Ng, q=1,..., Ny, j=1,2.
(4.19)

The CINT imaging function is formed by superposition of local cross-correlations of b,, as

we now explain. By local we mean that we cross-correlate only at nearby receivers and for

nearby incoming illuminations
\a:s — .’133/’ S X, ’0(] — Oq/’ S @, (4.20)

where © and X are scales that account for the decorrelation of the waves due to scattering in
the random medium [11]. Intuitively, waves travelling along very different trajectories inter-
act with different parts of the random medium, assumed to have no long range correlations
(i.e., mixing), so they are decorrelated. Note that in practice the decorrelation parameters
are usually unknown, so they must be estimated from the data, either using statistical data
analysis or by optimization, which seeks to improve the focusing of CINT images, as ex-
plained in [11]. We denote henceforth the true decorrelation parameters in the medium by
Xg; and Oy, to distinguish them from those used in the calculation of the cross-correlations,
and assume that

X/Xq; =0(1), ©/0,=0(1). (4.21)

We also refer to X, ; as decoherence lengths and ©4 as decoherence angles. Note that the
decoherence length is proportional to the wavelength, so it depends on j. We suppress for

simplicity of notation the dependence of the thresholding parameter X on j.

107



Let us introduce the center and offset sensor locations

/ N, (4.22)

Too = (s +Ty)/2, T,y =Ty — Ty, 5,8 =1,...

and direction vectors
gqq’ = (0q+0;)/2, gqq’ = Oq —Oq/, q,q/ = 1,...,N9. (423)

,N,, and the offsets by

We count the center variables by s 1,...,N_and g = 1,...

fs*zl,...,ﬁw and ¢ = 1,...,]%. The local cross-correlations are
N, Ny - ~ _ ~ _ ~
A Ry _ TN (0N, (. Ts 5 0 g\ (- T 07 g
Gl On ) = 2 2 1¢<y>‘b(§>bj(%+79q+?y )b (= 50— 5 u"),
s=1 g=
(4.24)

where ® is a smooth window of support of order one, used to limit the receiver and director

offsets by X and ©.
The CINT imaging function is formed by the superposition of (4.24). To explain why,

consider the model backpropagated data in the reference medium,
b, , (x5, 04, y") = (jk)2/ dyn, (Y)Go(y, Ts; jw) Gy, @y juw)e 0 vy, (4.25)
1%

and use it to form the cross-correlations C;,, the analogues of (4.24). If we had a point
scatterer at imaging point y*, modeled by n,(y) = <7’]j7yR> 5(y — y*), we would obtain that

(4.26)

with
0, ") = G ()
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and

N % 0, 2 Ts — 0 2
im0 = 3550 ()0 B) oo 500 ) )

fi Mg*

Let then M, be the linear mapping that takes p; to the model cross-correlations (4.26),

M;[ol(®s, 07.9"™) = p(y™) L;(®s, 07, 4"), (4.28)

and formulate the least squares problem

N, Ny

arg min ZZ/ dyR |C (T, q7y Mj[ﬂ](fgaaﬁa yR)

5=1 g=1

=12 (429

As in the case of migration, this involves a linearization in the unknown susceptibility, as it
assumes that the contribution of multiple scatterers is additive. The minimizer solves the

normal equations

MIM;[p)(y"™) = MICI(y"™) =D Ci(@s. 05, y") L;(Zs, 05, y"), (4.30)

which have a simple form in our setting, where the Green’s function may be approximated

as in (4.18), and the mapping M; becomes a multiple of the indentity

M;[0](®s, 83, y™) = Cip; (y"), (4.31)

with redefined constants C;. Neglecting the constants, we obtain from (4.30) the CINT

imaging function

N, Ng
IOy =N " C(@s, 05,9, (4.32)

=1 g=1
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Remark: Model (4.25) assumes the complete removal of the direct waves that have not
interacted with the scatterers that we wish to image. In homogeneous media this is achieved
by the subtraction of the incident wave from the measurements. However, in random media
the direct wave reaching the array is not close to ugi), so the subtraction in (4.11) does not
achieve its purpose. The unwanted direct wave may be removed in our geometrical setting
if the array of sensors can differentiate among arrival directions and the scattering medium
is not strong enough to mix the directions of the waves, as is the case in the geometrical
optics regime considered in our analysis. Such differentiation may be achieved for example
by an approximate plane wave decomposition of the measurements, using a discrete Fourier
transform with respect to the coordinates of the receivers in the surface of the array. We
do not make any differentiation here, and work instead with (4.12), to illustrate the effect
of the unwanted direct arrivals on the imaging of n,. This problem does not extend to the

second harmonic wave, which is emitted at the nonlinear scatterers.

4.3 Analysis of the migration and CINT point spread
functions

In this section we analyze the migration and CINT imaging functions (4.17) and (4.32), for a
point-like scatterer in the random medium, in a geometrical optics regime with large random
wavefront fluctuations. The analysis is basically the same in two and three dimensions, so
we focus attention on the three dimensional case.

We model the susceptibility of the medium by

T
drn(x) = op <Z> ) (4.33)
using a random, stationary process p of dimensionless argument, with mean zero and Gaus-
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sian autocorrelation

Efu(h)u(0)] = ¢, (4.34)

This autocorrelation is convenient for the analysis, because it allows us to obtain explicit
expressions of the statistical moments of the imaging functions. The process p is normalized

so that the maximum of (4.34) equals one, and

/R doE [u (%) ﬂ(O)] = (2m)%23,

Thus, the scale o in (4.33) quantifies the amplitude of the random fluctuations of the sus-
ceptibility, and ¢ quantifies the correlation length, the typical size of the inhomogeneities.
We begin with the scaling in section 4.3.1 and then describe in section 4.3.2 the random
geometrical optics model of wave propagation. We base our imaging on the linearized data
model defined in section 4.3.3, justified by the weak nonlinearity. With this model we
calculate in sections 4.3.4 and 4.3.5 the expectation and variance of the migration and CINT

images, in order to study their resolution and statistical stability.

4.3.1 Scaling

Let y be the location of the point-like scatterer, assumed to lie near the center of the domain

V', and let L to be the distance between y and the center of the array, so that
|$5—y|zL, |y—y(l)(0q)|zL’ 3:17---7Na:7 (]:1,...,N9,

where we denote by y®(8,) the incident point on OV of the ray entering the domain in
the direction 6, and passing through y. The unit vector n points from y to the center of
the array aperture A, and for simplicity we suppose that the array is square planar, and

orthogonal to m. We take the origin of the system of coordinates at the center of A, with
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one axis parallel to m, so that we can write henceforth
x=(x,,0), VxeA, (4.35)

with two dimensional vectors | in the plane of the array.
The random geometrical optics wave propagation model described in the next section

applies to the regime of separation of scales
Al L, (4.36)
with small amplitude o of the fluctuations of the susceptibility, satisfying
o< (LD, o< VM/L. (4.37)

As shown in [75, Chapter 1], the first bound in (4.37) is needed so that the waves propagate
along straight rays, and the variance of the amplitude of the Green’s function is negligible.
The second bound ensures that the second order (in o) corrections of the travel time are
negligible. We estimate in the next section that the standard deviation of the random travel

time fluctuations is of order v ¢L/c,, so to see large wavefront distortions we assume
o> ——. (4.38)

This is consistent with (4.37) when ¢ > Vv AL.

We already stated that the array aperture a is small with respect to L. To simplify the
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calculations, we consider a paraxial regime! with
a < ALHY* < L. (4.39)

The illumination directions belong to the cone C' with axis along the unit vector ¢/ that is

assumed orthogonal to n. The opening angle a of the cone satisfies

a=0 (E) . (4.40)

The search region R is centered at y. It is a cube of side length r satisfying

2
r<— <a (4.41)

so that we can use the following approximation of the Green’s function in the reference

medium
R. : 1 > g, |z =yl R
Go(x, Y™ jw) = —exp |ijk | y)' + ——7—— | | ; Vy" e R. (4.42)
L 2L

Here we wrote y* = (yF, yﬁq), with y‘f equal to the distance of y* from the array, along

n, and y the two dimensional vector orthogonal to n. With this notation we note that
y” = L.

We expect from the analysis in [13] that to obtain statistically stable CINT images

we need a > ¢. There are many scalings that allow VAL < ¢ < a, so we choose one that

simplifies slightly the moment calculations of the random travel time corrections. Specifically,

Imaging may be done with larger apertures and wider opening angles of the illumination cone C, but
the expressions of the imaging functions become complicated. The analysis presented here may be used in
such cases, after segmenting the aperture and illumination cone in subsets satisfying our assumptions. The
results apply for each subset, and the images are obtained by summation over the subsets.
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we consider the length scale ordering

A< VAL <l < MY < a< MY < L,

and gather the assumptions (4.37)-(4.38) on o in

A )V
— LKL o K £
VAL L
Here we used that
e
VM/L VAL T

and we note that (4.43) is consistent because

VAL A 6 AL2)/3 A V12
—:(_) <1 Q:(_) <1

(AL2)1/3 L (AL3)1/4 L

4.3.2 The random geometrical optics model

(4.43)

(4.44)

We refer to [75, Chapter 1] and [13, Appendix A] for the derivation of the geometrical optics

model. It holds in the scaling regime defined by (4.43)-(4.44).

The geometrical optics approximation of the Green’s function, denoted by G, is

(4.45)

where G, is given by (4.8), and the random phase v is given by the integral of the fluctuations

1 along the straight rays

ol — ! 1-—1¢ tx
v(@,y) = %/ dtﬂCT)y*?)-
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The approximation of the direct wave, which enters the medium as the plane wave (4.4), is
ugd)(:zz; 9) _ ez'k:a-achz‘lw(ac,e)7 (4‘47)

with random phase

ol —x® ! —tx  tx®
y(m,e):%(eﬂ/o dtu<(1 ;) 4! 5(0)>' (4.48)

Because
e —y|l~L, VexecA and |z— w(i)(9)| =0(L), VYxe AUy},

we can use [13, Lemma 3.1] to conclude that the normalized processes

2 v(z,y) 2 V(. 0)

v(x,y) = (27T)1/40\/m’ Y(x,0) = @0 o/l — 20 (8)|

converge in distribution to Gaussian ones in the limit ¢/L — 0. Obviously, (4.49) are mean

(4.49)

zero, with variance

. 1 1 t—t’)2]w _y’2
Ef(z,y)) = =Y dt/ dt’ {—( ]
[V( y)] E\/ﬁ 0 0 exp 262

xr— p® 1 1 2| — 2
E[2(x, 0)] %/0 dt/o 4 exp [—(t ) lw ) } ~1,  (451)

~1, (4.50)

where we used (4.34). Thus, the variance of the random phase fluctuations in (4.45) and
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(4.47) is

21.2 _ L

EE[V? (x, y)] ~ 210 kf‘w d =0 (02%) , (4.52)
21201 — 2 (0 I

R (x, 0)] ~ YT E'f 220l _ (02%) , (4.53)

and we conclude from the assumption (4.44) that cumulative scattering in the medium has

a significant net effect on the waves, manifested as large random wavefront distortions.

Randomization of the waves

Because the processes (4.49) are approximately Gaussian for ¢ < L, we can approximate

the expectation of the Green’s function (4.45) by

E[G(z,y; jw)] = Go(x, y; jw)E [exp [ijkv(x, y)]]

~ Go(ma yajw) €xXp |:_

= Go(x,y; jw) exp {— (4.54)

where S; are the scattering mean free paths

8
Si=——° =102 455
T \2ro?(jk)2¢ / (4.55)

The scaling relation (4.38) ensures that S; < | — y| &~ L, so the mean Green’s function is

exponentially small. Clearly,

Gz, y; jw)| = |Go(z, y; jw)|
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so the standard deviation is

std [Gla, y: jo)] = 1/ |Gol@.y: j) — [E[G(@,y: jw)] ~ [Golayijw) . (4.56)

This is much larger than (4.54), so the wave is randomized by scattering in the random
medium. In our regime the randomization arises due to the large phase jkv in (4.45).

A similar calculation for the direct wave (4.47) gives

E[u)” (@;6)] = ¢*E [exp [iky (2. 0)]

FE[ (e, 9)]}
2

— ™
= exp {ik@ S — W] , (4.57)
1

~ ugi)(a;; 0) exp [—

and since |z —2(0)| = O(L) > S; and !ugd)(a:; 6)| = 1, we conclude that ugd) is randomized

and therefore very different than the incident plane wave ugi).

Decorrelation of the waves

The statistical moments of the wave fields are determined by the second moments of the
phases (4.46) and (4.48), which are approximately Gaussian. These moments are derived
in appendix 4.A.1, using the assumptions (4.43)-(4.44). We use them in appendix 4.A.2 to

derive the second moments stated in the next lemmas.

Lemma 4.3.1 Let x,a’ be two points in A. The second moments of the Green’s function

(4.45) are

. * . 1 . |5L'L_yl|2 |wl—ﬂ3¢|2
EG(z,y; jw)G" (@' y; jw)] = 75 exp [wk <L+ 5T T x| (4.58)

where we recall that &, and y, are the components of x and y in the plane orthogonal to m,
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and L 1is the distance from y to the center of the array. The length scales Xq; are given by

N TN VY]

The decay in (4.58) with the receiver offsets models the decorrelation of the waves due to
scattering in the random medium, so we call X ; the decoherence lengths. The next lemma

quantifies the decorrelation of the waves travelling in different directions.

Lemma 4.3.2 Let x,x’' be two points in A, and @ and @' be two illumination directions in

the cone C'. The second moments of the direct wave are

E [ud(x, 0)ui(z',07)| ~ eik@o-2"0)

3| Py@|? — 3|z — 2(0)|@ - Pyl + |z — 2)(0)[2| P56

el )

(4.60)

X exp (—

with Xq1 defined as in (4.59), the notation x = x — @', - 0', and the orthogonal
projection

Py =1—99". (4.61)

The second moments of the waves impinging on the scatterer at y are

E U‘il(yﬁ)u‘f(yﬁ’)} ~ e (4.62)
with
X Wi 14
Q= ——2 _—0| = |<=-<1 4.63
Ty -y o) (am) L (4.63)

The dimensionless scale ©4 defines the direction offset over which the incoming plane

waves remain statistically correlated when they reach the scatterer at y. Note that in our
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scaling we have

0
Xy, < < a, @d<<z<<oz:O<%>.

This is essential for obtaining statistically stable CINT images, as we show later.

We state next one more wave decorrelation result needed in the next sections. It says
that the Green’s function from the scatterer to the array and the direct wave impinging on
the scatterer are statistically decorrelated. This is expected because these waves traverse

different parts of the random medium.

Lemma 4.3.3 Let @ be a point in A and 0 a unit vector in the illumination cone C'. We

have
» g _lz—yl _ly—3D ()]
E [G(@,y; jo)e 0] ~ E[G(@,y; ju)] E [0 x Gy (@, yijw)e 5 5 =0,

(4.64)

The proof is in appendix 4.A.2.

4.3.3 The linearized data model in the random

medium

Using the weak nonlinearity assumption, we can write approximately the solutions of equa-

tions (4.2)-(4.3) as

uy (x5 0) ~ ugd)(m; 0) + k* (1) G(zx, y; w)ugd) (y;0), (4.65)

up(; 0) & (2k)? () G, 5 20) [ul” (: 0))%, (4.66)

where we modeled the point-like scatterer by the net susceptibilities (1;), given by the integral

of n; over its small support contained inside a ball centered at y, of radius much smaller
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than A:

<77j>=/vdym(y), j=12

The Green’s function in equations (4.65)-(4.66) models the propagation of the waves in the
medium, from the scatterer to the array, and it is modeled by (4.45). The direct wave ugd)
models the incident plane wave distorted by the random medium, as given in equation (4.47).

The random model of the data (4.11)-(4.12) at the array is

di(x, 0) = "0 [M1@O 1] 4+ k% (1) Gz, y;w)ev O+ @), (4.67)

do(x, 0) = 4k* () G(, y; 2w)e v O+ o), (4.68)

for £ € A and 0 in the cone C' with axis along ¥ and opening angle a. We neglect for
simplicity the additive, uncorrelated noise, which is much easier to mitigate than the random

medium distortions.

4.3.4 Analysis of migration imaging

We assume in this and the following section that the number N, of sensors in the array
aperture A is large, so that we can replace the sums over the receivers by integrals over the
aperture

Neg

>~ [ das

s=1 A
where the symbol “~” denotes approximate, up to multiplication by a constant. Recall that
x is the two dimensional vector in the square aperture A of side a. We also approximate

the sums over the incident directions 8, by integrals over the unit vectors € in the cone

C', parametrized by the polar angle ¢ € (0,«) between 6 and ¢ and the azimuthal angle
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B € [0, 2n]

q=1
The migration imaging function (4.17) at search points y* € R is modeled (up to multi-

plicative constants) by

J

T (y") =/Adm/Cd9dj(w79)GZ(yR,w;jw)6_ij’“y'9, (4.69)

with d; given by (4.67)-(4.68). We describe first its focusing in homogeneous media, and

then consider random media.

Homogeneous media

The model of the migration imaging function in homogeneous media is

TM(y™) = (k)2 () / dz. Go(@,y: jw)Gi(y", 2 jw) / 16 WD (4.70)
7 A c

It has a separable form, given by the product of two integrals over the array aperture A and
the cone C' of illuminations.

The integral over the aperture is
a? ijk <?JH —yﬁ#—i‘yL ‘ZZ_L‘yRP >

/Adau Go(m, y; jw)Gh(y", x; jw) ~ 7€

M_—y%)m(mw_—y%), (4.71)

% Smc( 2L 2L

where we used the paraxial approximation (4.42), and indexed by 1 and 2 the components
of y, and y in the plane orthogonal to m, for coordinate axes parallel to the sides of the
square aperture. This is the classic calculation of the point spread function of time reversal

in homogeneous media. It localizes the scatterer in the plane orthogonal to n with resolution
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of the order A\L/(ja).

The integral over the cone C of illuminations is
a 2m
/ A0 ¢iik0-(y—y") _ / dp Singpeijkcossoﬂ-(yy}z)/ s eiijin‘PCOSmPﬂ(y*yR”’ (4.72)
c 0 0

and we can simplify it using the assumptions (4.40) and (4.41) on the small opening angle

« and the linear size r of the search domain. We approximate

2
kecospd-(y—y®) =kd - (y—y")+0 (%) ~ kY- (y —y"),
and
. (I3T
ksin ¢ cos B|Py(y — y")| = ke cos B|Py(y — y™)| + O (E) ~ kg cos | Py(y — y™)),

and obtain that

o' 2m
/ A0 ¢17k0-(y—y") ~ iik9-(y—y™) / do o / d 3 ¢'ike cos BIPs(y—y")|
c 0 0

— 9 ik (y—y") / dp o Jy (jk:<p|P,9(y - ’yR)D
0

=27 e’jk”(?&l*yR)Oé‘]1 (ljk‘a|P19(y - yR)|)
Jk| P (y — y*)|

(4.73)

where J; are the Bessel functions of the first kind for ¢ = 0, 1. This expression is large when

Poty-w91=0 () =0(3).

and gives the focusing in the plane orthogonal to 19, and therefore along n.
The imaging function is the product of (4.71) and (4.72), and it focuses at y with reso-
lution AL/(ja).
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The migration image in random media

To analyze the behavior of the migration imaging function in random media, we calculate
in appendix 4.B its expectation and standard deviation. The result is summarized in the

following proposition.

Proposition 1 The expectation ]E[Ifw(y)} of the migration imaging function (4.69) eval-
uated at the scatterer location y is exponentially smaller than its standard deviation. The
signal to noise ratio (SNR), which is the ratio of the expectation to the standard deviation,

18 proportional to

exp {—ﬁ} , (4.74)

where S; is defined in (4.55) . We will refer to terms proportional to (4.74) as “exponentially

small”.

This result means that we cannot draw any conclusion about the focusing of the migration
image by studying its statistical expectation. Because the waves that reach the array are
randomized in our scaling, as stated in section 4.3.2, the migration image is also randomized,
and has very large fluctuations with respect to its mean. This manifests in practice by the
fact that the image may not be focused and reproducible, as it changes unpredictably with
the realizations of the random medium. Migration does not work due to this lack statistical
stability. This is because that there is no mechanism for mitigating the wave randomization
in the migration image formation. The integration over the array aperture and over the
illumination directions only takes care of additive and uncorrelated noise, but it cannot deal

with the large random wave distortions due to scattering in the medium.
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4.3.5 Analysis of CINT imaging

The CINT imaging function is as defined in (4.32), with the sums replaced by integrals over
the aperture A and the cone C', except for one modification motivated by Lemma 4.3.2. This
says that the waves decorrelate over offsets 0 =6-0in the plane orthogonal to ¥, so we

replace the windowing in (4.32) by

o(2) o (%0),

where Py is as defined in (4.61). We also take a Gaussian window ®(z) = exp(—|z|*/2) to
simplify the calculations. The thresholding parameters X and © are of the same order as
the decoherence scales X4 ; and ©4, and we recall that 19 and n are orthogonal.

The CINT image is formed with cross-correlations of the measurements at points x +
x/2 € A, and for incident plane waves with unit wave vectors 6 + 0 /2 € C. In our system
of coordinates with origin at the center of A, which is planar square of side a, we have

x = (x,,0)and = (z,,0), with

(z1, %) € {(z,E)ER4: 2] <2, and |3 < min{a — 2|2, 3X}, j:1,2}. (4.75)

VIS

Here we used that the offset is limited by the essential support of the Gaussian window

_ & .2
2@ = (- yyz) = (- 55

which is three times its standard deviation. Note that since X ~ X;; < a, the offsets x|
are limited by 3X for most center points x|, so we can obtain a good approximation of the

imaging function by using the simpler set

A:{(z,E)ER4: 2] <2 and |5 < 3X, j:1,2}. (4.76)

N
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We denote by ffA dx | dx | the integral over A.
To define the set that supports @ and 5, we use the orthonormal basis {9, n,}, with

vector m aligned with the projection Py#, so that
0 = |0|(VY cos p + 1 sin p), v € (0,q). (4.77)

Since |6 & 8/2| = 1, we have

6-6=0, |0]=+/1-102/4, (4.78)

and using the decomposition

6 = 059 + 0,m + 0:C, (4.79)

we can solve for the component of 0 along the axis of the cone C,
Oy = —tangpgn. (4.80)

This gives that

2
—1— =0+ 02+ 0(a”6)), 6] =1+ 0(07), (4.81)

6] = 62 +
COos” ¢

where we used that
|Py0|* = 62 + 02 = 0(82),

due to the Gaussian thresholding window with © = O(04). We write then that (8,0) € C,

the set defined by vectors 6 of the form (4.77), with norm as in (4.81), and

0= gn (n —Ytanyp) + ggc. (4.82)
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We parametrize C by the polar angle ¢ € (0,«), the azimuthal angle g € (0,27), and the
components @7 and 54 of 6. The angle § determines the unit vectors m and ¢ in polar
coordinates, in the plane orthogonal to . We also denote by [ c d0d0 the integral over C.

The analysis of CINT in homogeneous media is not interesting. This is because the
windowing of the receiver and direction offsets is not necessary, and once we remove it, the
CINT imaging function becomes the square of the migration function. We analyze separately
the imaging of the linear and quadratic susceptibilities in random media. The calculations
are similar, except that in the linear case data (4.67) have an extra term due to the randomly
distorted direct wave. We begin with the imaging of the quadratic susceptibility, which uses

the simpler data model (4.68).

Imaging of the quadratic susceptibility

Data (4.68) backpropagated to y™* € R are modeled by

by (m:tg, B:Eg,yR> — 4K () G(a::l:%,y; 2w)G§ <zc:|:§,yR; 2w>61'21c(49+‘§)-(yyR)Jrz'ziw(y,eig)7
(4.83)
for & = (x,,0) and & = (Z,,0) with (z,,%,) € A, and (0,0) € C. The image is formed

with the cross-correlations of (4.83)

TOINT(yR / / dzx dF, / / 1046 ¢~ 7+~

)b*( %,9 _ —,yR), (4.84)

be(m+— 9+2

and its focusing and statistical stability are described in the next proposition proved in

appendix 4.C.

126



Proposition 2 The expectation of the CINT imaging function is given by

or)3 X\’
B [2T(y") = O3 (44 om0,
1 (2kX. |y —yB\? 1 B2
X exp | —5 — 5 (26| Py(y — 1)) (4.85)
2 L 2
where X, and O, are defined by
L_1, 1 L1 4
X2 X X3, 02 02 o

The SNR of the imaging function evaluated at the scatterer location is of the order (a/l)?.

Since in our scaling ¢ < a, the SNR of the CINT image is very high, meaning that
ZZCINT<yR) ~E [IZCINT<yRﬂ )

This is the statement of statistical stability. The focusing of the image is determined by the
exponential in (4.85). The first term gives the focusing in the plane of the array, and the
second in the plane orthogonal to 19, which is orthogonal to the normal n to the array. By
assumption (4.21) we have X, ~ X 5 and © ~ Oy, and using definition (4.63) of ©, we

conclude that the CINT resolution is

AL\ _ AL
ly-y"| <O (y) > = (4.86)

a

The cost of stability comes at the expense of resolution, which is worse than in homogeneous

media. Note that

)\L/Xe_O( a? )_O(a20)<< a? <1
AL?/a? LX42 MWL VALS
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so the peak of the CINT image can be observed in the search region R with linear size r

satisfying (4.41).

Imaging of the linear susceptibility

The backpropagated data (4.67) to y® € R is

(w505 5.97) = [3058) ] Go s (028 (2 0)

+ k2 <771> G<m + g, Y; W) GZ (ZL‘ + %, yR, w)eik(eig)'(y—yR)+ik')/<y,9+g) .

(4.87)

The first term is due to the uncompensated direct wave which has not interacted with the
scatterer at y. The second term is the useful one in inversion. The imaging function is given

by the superposition of the cross-correlations of (4.87),

CINT/. R ~ g~ ~ @112 |Pyh?
77 (y") = Ada:d:r;L d0d0 ¢ 237~ 267
C

~ 0 ~
Xbl(w+§a0+§7yR)bT<w_%70__73/1%)7 (488)

with the same notation as in the previous section. The following proposition, proved in

appendix

Proposition 3 The expectation of the imaging function (4.88) evaluated at points y® in the

mmaging region R is given by

1

B[z "] (2r)? (k2 <m>za@ea_Xe>2
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with X, and O, defined by

L1 111
Xin

Xz~ X2 02" o2 @

Moreover, the SNR of the imaging function evaluated at the scatterer location is very large,

of the order (a/().

The uncompensated direct wave in (4.87) does not play a role in this result because we
limit the search points y to the small region R centered at y. If we searched in the whole
domain, we would see the effect of the direct waves at points y near the array, as stated in

the next proposition.

Proposition 4 The expectation of the imaging function (4.88) is large at points yf near
the array. Moreover, the set of such points grows as we increase the aperture size and the
opening angle of the cone of illuminations, in the sense that the larger these are, the further

the points from the array that contribute to the image.

We refer to the end of appendix 4.C.2 for the proof, and to the numerical simulations
in the next section that verify this statement. Proposition 4 is interesting because it says
that while in general it is advantageous to have a diverse set of illuminations and a larger
aperture, this is not so when we cannot eliminate from the measurements the direct waves
that have not interacted with the scatterers that we wish to image. These lead to spurious
image peaks that cover a larger and larger neighborhood of the array as we increase the
opening angle of the cone of illuminations and the aperture, and make it difficult to locate
the scatterers unless we know approximately where to search, and they are located in a

favorable position.
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Figure 4.2: The migration images in a homogeneous medium of ") (left) and n® (right).
4.4 Numerical results

In this section we present numerical results with data calculated by solving the nonlinear
equations (4.2)-(4.3), as explained in appendix 4.D. To decrease the computational cost, the
numerical study is in two dimensions. The setup is like in Figure 4.1, but the scaling regime
is different than the one used in the analysis section 4.3. This is for two reasons. The first
is that the scaling there requires very long distances of propagation of the waves, over many
wavelengths, which makes the forward solver in appendix 4.D prohibitively expensive. The
second reason is that we wish to explore numerically a different scattering regime, that is
difficult to analyze theoretically, and yet gives qualitatively similar results to those predicted
by the theory in section 4.3.

We consider a square domain V' of side length 20\. The array covers the entire bottom
side of V', and the system of coordinates has the origin at the center of the array, with the
xp-axis pointing horizontally to the right. Denote the wavelength of the incident field by
A. The domain V' contains one small scatterer modeled by a disk of radius 0.1\, centered
at y = (—1.5X,19)). The linear susceptibility of the scatterer is 1, and the quadratic
susceptibility of the scatterer is 0.01. We take a wide cone C' of illuminations, parametrized
by the angle ¢ € [—7F, 7], with center direction 9 pointing horizontally, to the right. We use

20 incident angles and 81 sensors in the aperture a = 20\.
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Figure 4.3: One realization of the susceptibility pu.

The migration images of n; and 7 in a homogeneous medium are shown in Fig. 4.2. They
peak at the scatterer location denoted by the circle. We observe that the resolution of the
images is of the order of the wavelength. Since this is smaller for the second harmonic, the
resolution of the image of 7, is better.

We study imaging in a random medium, generated numerically with random Fourier
series [34] for the Gaussian autocorrelation function (4.34) with correlation length ¢ = 0.3,
and amplitude o = 0.01 x (47). We display in Figure 4.3 one realization of . The migration
and CINT images of 7; and 7, in a small search region near the scatterer are shown in Figures
4.4 and 4.5, for two realizations of the random medium. The thresholding parameters in the
CINT image formation are X; = 2X, = 7A and © = ¥. We observe that as predicted by the
theory in section 4.3, the peaks of the migration images dance around the location of the
scatterer, from one realization to another, whereas the peak of the CINT images of 7; and
12 is more stable and near the scatter. Moreover, the statistical stabilization comes at the
expense of resolution, as the CINT images are blurrier than those in homogeneous media
displayed in Figure 4.2.

The images of the quadratic susceptibility, displayed in Figure 4.5 are slightly better
than those of the linear susceptibility, shown in Figure 4.5. This is because we limited the

search domain to the vicinity of the scatterer, and as predicted by the theory in section 4.3,
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Figure 4.4: The migration (top row) and CINT (bottom) row images of the linear suscepti-
bility 7; in two realizations of the random medium. The scatterer location is shown with a
black circle.

the uncompensated direct waves in the array data do not have an effect far from the array.
However, as shown in Figure 4.6, these waves cause strong artifacts of the images of the
linear susceptibility over a large set of points. As predicted by the theory, the image of the

quadratic susceptibility is clearly better and it has the highest peak at the scatterer.
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Figure 4.5: The migration (top row) and CINT (bottom) row images of the quadratic sus-
ceptibility 7, in two realizations of the random medium. The scatterer location is shown
with a black circle.
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Figure 4.6: CINT images of the linear susceptibility (left) and qlﬂfadratic susceptibility (right).
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Appendix

4.A Statistical moments

In this appendix we calculate the statistical moments of the wave fields. We begin in section
4.A.1 with the second moments of the random phases, which are approximately Gaussian
distributed in our scaling regime. Then we calculate the second moments of the waves in

section 4.A.2.

4.A.1 Moments of the random phases

We prove here the following lemma.

Lemma 4.A.1 Let x,x’' be two points in the array aperture A. The second moments of the

processes (4.46) and (4.48) are approzimated by

2 2£ I 1 2 , 9
Elv(z,y)v(z', y)] ~ ik 4’58 y\/ dte‘z?|”cL_$i| ’ (4.90)
0

and

2 i 1 ) )
E[V(a) 0)7($/ 0/)] ~ 210 g’w, B wl( )(0,)| / dt e—ﬁ|Pf) [(1—t)(w'<l)(9')—w(l)(9))+t(m’—:l:)]|2
s y 4 ; .

(4.91)
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The cross-moments satisfy

El(z,0)v(z’ y)] <X, [Ely(y,0)v(@y)]| <\ (4.92)

Proof: Definition (4.46) and the Gaussian autocorrelation (4.34) give

2l — " ! ! 1—t t 11—t t
Ejv(z,y)v(@, y)] = [z —yllz yl/ dt/ W | (L-ty  t= p -ty t=
4 0 0 ¢ [ ¢ ¢

2 — g 1 1 ’ 1 (!
_¢ |z Zile y|/ dt/ dtle—%%\(t —t)(m—y)+t (x —w)|27 (4.93)
0 0

for &, 2’ € A. We change variables
(t7tl) ~ (’{,t,), t= (t'—t)]az—y\/ﬁ,

with ' € (0,1) and t € (—(1 — t')|@ — y|/¢,t'|x — y|/¢), and use that |x —y|/f ~ L/l > 1

to extend the t integral to the real line. We obtain
2 g ! - 1 / !
E[v(z, y)v(x', y)] ~ —W/ dt' e~ zz ! P =)l (4.94)
0

where P is the orthogonal projection on the plane orthogonal to  — y. In our setting we

have
rx—y a
—n|=0|(—- 1 4.95
|z — vy n‘ (L> <5 (4.95)
and we can estimate the projection in (4.94) by
Px'-x) P,z —=x) a? T
== — P,=1- : 4.
7 7 +0 L) nn (4.96)
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The residual in (4.37) is negligible by assumption (4.43), that gives

a> VL
<« X«
T

Equation (4.90) follows from (4.94) and (4.96).
The derivation of (4.91) is essentially the same, so let us calculate the cross-moments.

We obtain from (4.46), (4.48) and the Gaussian autocorrelation (4.34) that

2 - t T — m() t(x! y x
E[y(w,e)y(a:’,y)]_ [ — 2(6)[|2' — yI/ dt/ &t 6_, @=2©) , tte’~y)  u-o | |

(4.97)

where the result is obviously positive, so no absolute value is needed. Changing variables

|wl_y| T,:t,‘w—.’,ﬂ(i)(G)’

"o (T, T T = _
N R —,

and extending the integrals to the real line, we obtain the upper bound

5202 ) »
E[y(x,0)v(x', y) 6/ dT/ T’ e” |rorT e . (4.98)

Expanding the square in the exponent,

2

‘T’0+T< /_y)+y_w - {T’JFT@'(:B/_Z/)Jr‘g'(y_gc)]2
|z’ — y| ¢ [z’ — y l
/ 2
+‘Pe [T(w _y)+y_m}
|z — y| ¢

with Py = I — 00”7, we obtain after integrating in 7" that

2o (2 = —y)

E[y(z, 0)v(a y)] < - — / " are Pl =]l (4.99)

4
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To evaluate the T integral we proceed similarly, by decomposing the vector Py(y —x) in two
parts: One along the vector Pyp(x’ — y) and the other orthogonal to it. Then, we expand

the square in (4.99) and obtain after integration in 7" the upper bound

2?02

4 ‘Pe (@ ~y) ‘ .

="~y

Ely(z, 0)v(x',y)] < (4.100)

Equation (4.92) follows from the assumptions (4.40), ¥ L n and equation (4.96) which give

so that the right hand side in (4.100) is O(c?¢?). But by assumption (4.44),

pYA
292 2
L T <N,

with the last inequality implied by the upper bound on ¢ in (4.43). This concludes the proof
of Lemma 4.A.1. I

4.A.2 Second moments of the wave fields

Let us suppose in this section that
-yl >z —yl, |z-29(0) >z -2, (4.101)

and use the results of Lemma 4.A.1 to derive the second moments of the wave fields. Note
that the first inequality in (4.101) is only involved in the proof of (4.58) and the second
inequality in (4.101) is only involved in the proof of (4.60), thus if the distances satisfy

the opposite of inequality (4.101), the same analysis applies once we exchange the primed
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quantities with the unprimed ones in the statement of Lemma 4.A.1 and its proof.

Proof of Lemma 4.3.1: Using that the phases are approximately Gaussian,

3k

(e @} (4102)

E[G(z, y; jw)G*(z', y; jw)] = Go(z, y; jw) Gy (2, y; jw)e

with exponent written using (4.90) and (4.55) as follows

(]k)Q / 2 |33 y| |m/ y| 2|ml y| /1 . < |m’ —x ‘2
E T —v(ax = -+ — dt e 22 1PL7%L]
2 { |:V( ) y) V( 9 y)i| } S] S] S] 0 € 2t

Since |x —y|, |’ —y| = L > S, this is very large and therefore (4.102) is negligible, unless

the integral is close to one. This happens when
x — x| <L, (4.103)

in which case we can use a Taylor expansion of the exponential and obtain the approximation
2

1 2 2 /
_ ot r r, — I
dt e | .| zl_l—Q
0 6¢

Substituting in (4.102), we get

le—yl=l2' -yl |2 —=y|?
E[G(z,y; jw)G* (@', y; jw)] = Go(z, y; jw) G (2, y; jw)e ” Pdi o, (4.104)
with
35; 35;
X, -:61/—3%6\/—”. 4.105
& 2|x’ — y| 2L ( )
We also have
_ 2 2
ooyl- ey~ Y @) —n e +0(T) =0 (%) o)



where we used (4.95) and that A is orthogonal to n. But definition (4.55) of S; and assump-

tions (4.43)-(4.44) give

|z -yl — |2’ — yl] a’ a*lo®\ o’ _ o
o) _ 1 41
S, O\zg ) =9\ ) <sm <p <t (4.107)

so the first term in the exponent of (4.104) is negligible. Equation (4.58) follows from
(4.104), (4.106) and the paraxial approximation (4.42) of G,. This formula is derived under
assumption (4.103). If this doesn’t hold, the moment is exponentially small, as explained
above. This is captured in the expression (4.106) be the exponential decay on the scale X, ;,

which is much smaller than ¢ because S; < L. U

Proof of Lemma 4.3.2: Again, using the approximate Gaussianity of the phases, we

obtain from definition (4.47)
E uf(w,e)u'f(;c',e/)] ~ M@= 0~ E{h(@0) (001} (4.108)

with the last term in the exponent following from (4.91)

ke 0 e 20O o @@ 2 - (0)
_E _ / / ~ _
S E{b(@.0) —o(a 6]}~ Fg e B <

1
X / dt e~z [Pl 1-0@ O @) -2 @)@ -] (4 109)
0
We conclude as above that since |x — = (8)], |2’ — 2’ ()| > S, the right hand side in
(4.108) is small unless

| Po (2’ — )]
l

[Py (2" (8") — x1(0))|

<1, < 1. (4.110)
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By definition

z(0) =z — |z - z0(0)0, V@) =a' |z~ 200 (4.111)

so the last inequality in (4.110) implies that the angle between 8 and €’ must be small.
With the assumption (4.110), we can approximate the integral using the Taylor expansion

of the exponential,

, |lz—=®@)—l2’-2'D©)| |p,51215 Pyl Pyald) 2
X - _

o T E{b(@0) = 0} 51 2X74 (4.112)

Y

with S defined in (4.55), X4, defined in (4.105), = z — @/, and 2% = 2 (9) — 'V (@").
The first term in the exponential in (4.112) is of the same order as in the estimate (4.107),

and is negligible. The second term can be rewritten using (4.111), which gives

jz —20(0)] + |z' — 2'(8"))

50— 5 — (o — 29(8)| — |2 — 2'0(9')]) 8 . g 0, (4.113)
where 8 = (0 + 0')/2 and 8 = 6 — 6. Note that
. (1)0 . 1 (i) o 2 2 2
[z — = (0)] - |« — = <>|\:O( a ):O(_M><<_“ <1,
Xa1 LXg1 ML VL3

where we used the definition of X,; and the scaling assumptions (4.43)-(4.44). Thus, we

can neglect the second term in the right hand-side of (4.113), and get

)~z — |z —29(8)]6. (4.114)
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Gathering the results we obtain

B @0) (8} 3| Py|? — 3|z — 2(8)|Z - Pyb + |& — () (0)|2| Pyb)?
e 2 ~ exp (— 5% );
d,1

(4.115)

as stated in the lemma. O

Proof of Lemma 4.3.3: We calculate that

E [G(z,y; jw)e 0] ~ G, (z, y;jw)e—(jé)QE{[V(wvy)—v(yﬂ)}Q}

_le—yl_|ly—3D(9)]

~ Go(x,y; jw)e i 5 (4.116)

where the first approximation is because the phases are approximately Gaussian, and the

second approximation is because, as shown in Lemma 4.A.1,
kK |E [v(z,y)v(y. 0)]] < 1. (4.117)

The statement of the lemma follows. [J

4.B Statistics of the migration image

To prove Proposition 1 we use Lemmas 4.3.1-4.3.3, and the following estimates implied by

the estimate (4.117),

E |G(x,y; jw)G* (2, y; jw)@ijk[v(yﬂ)—v(y,o’)]}

~ E[G(z, y; jw)G* (2, y; jw)| E [eij'““(y"’)‘”(y’e'”] , (4.118)
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and
E [G*(:v’, y;jw)eijkh(yﬂ’)—v(wﬂ)}] ~E[G* (2, y;jw)|E ek (y,0") = (.0)] | (4.119)

We analyze separately the imaging of the linear and quadratic susceptibilities.

4.B.1 Imaging of the linear susceptibility

Definitions (4.67) and (4.69), and the estimates (4.57), (4.64) give that the expectation of

the image is

R * R ik6-(z—yR) _le—2W9)|
)] =~ d‘h dHGo(w,y swe e s —1

+ K (i /da:L/dOG @,y )G (x, YT w)e W

(1)
yR) Iac y\ ly— ys1 (0)

(4.120)

All the terms but one in this expression are exponentially small. But even this one gives a

small contribution because of the large phase
blla 3" =0 (@ )] ~Ha - 5" |1-0-

where we used that 9 1 n.

The second moment of the imaging function at the scatterer location is

}IM /dwl/de/dﬂ/dH’ fB Y w )G*(CC Y w ){ k[6-z—6" -z’ —y-(6—6")]

xWFWWHW”Mﬂ+w%MEwmmmww@mmFWWMWﬂ}
where we dropped all the exponentially small terms. Using Lemmas 4.3.1 and 4.3.2, we
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see that the result is clearly much larger than the square of (4.120). Thus, the standard

deviation of the image

a2 w) =& 2] - B (2] = | E [

is much larger than its mean, as stated in Proposition 1.

4.B.2 Imaging of the quadratic susceptibility

We obtain similarly from definitions (4.68) and (4.69), and the estimates (4.57) and (4.64)

that

_le—yl_ Jy—yD ()]

E [ZM(y™)] ~4k? <772>/ dazl/ d Gz, y; QW)G;(m’yR;2w>6i2k9-(y_yR) 2yl /!
A C
(4.121)
This peaks at y = y, where the phase cancells out, but the peak there is exponentially

small, because |z —y| and |y — y¥(0)| are much larger than S,. The second moment at the

scatterer location is

E [‘IQM(y)ﬂ R~ (4k‘2|77|2)2/de/d:vl/ dO/ d0’ G, (2, y; 2w) Gy (x, y; 2w)
A A c c

><]E[G(m,y;Qw)G*(w’,y;Qw)}E[emh(y’e)’”(y’e/)] . (4.122)

with the expectations in the second line given by (4.122). These expectations are large for
nearby points in the array and nearby directions of illumination, and substituting in (4.122)

and comparing with (4.121) leads us to the conclusion

std[Z)"(y)] = \/JE [[IQM(y)ﬂ — |E [2M(y)]|* ~ \/E [lfzf”(y)ﬂ-
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The statement in Proposition 1 follows. [

4.C Statistics of the CINT image

We calculate here the mean and variance of the CINT imaging functions IjCI NT for j =1, 2.
The expression of the mean is needed to quantify the focusing of the image, and the variance is

needed to assess the robustness with respect to different realizations of the random medium.

4.C.1 CINT image of the quadratic susceptibility

The expression of the CINT imaging function is obtained by substituting (4.83) in (4.84)

I (y™) = (4k° (n2))?

X / / 1048 ¢ 225 1i2k(0+8/2)-(y—y ") ~(0-8/2)-(y—y ™)) +i2K{x(y,0-+8/2)—(y.0-8/2)
C

o _lEP T T
// dmldwi e 2x? G<m + 57 Y; 2W> G* (33 - Ea Y; 2w>
A

x G (az + %,yR; 2w> G, (:1: - %,yR; 2w> . (4.123)

It is given by the product of the integrals over the direction vectors and the receiver coor-
dinates. Because of the statistical decorrelation stated in Lemma 4.3.3 (see also estimate

(4.117)) we can study separately the statistics of these integrals, denoted by

Nk T T
jA(yR) :// dwldiLe*H#G@: + g,y;2w>G*<w — %,y; 2w>G§(af: + %,yRﬂw)
A

% G, <m - %,yR; 2w>, (4.124)
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and

~ ~2 . ~ ~ . a e
Tely®) = / / 408, ¢~ 25 +i2k(0-48/2)-(u-y™)~(0-8/2) (y-y )] +i2k{) (1.0-48/2)+(4.0-6/2)]
C

(4.125)

The expectation of the imaging function

The integral J4(y™) models the CINT point spread function for a source at y, and has been
studied in [13]. Its expectation follows easily from Lemma 4.3.1 and the definition (4.76) of
the set A,

2
1 ~ —|5i|2+7;2]€§ (yB— 27ra2X62 _1 M
E [Ta(y™)] %ﬁ/dau/ dx e 2X2 iy e 2( E ) :
A R2

(4.126)

with X, defined as in Proposition 2. Here we extended the @, integral to the whole plane
using that X, ~ X, < a.

Similarly, using Lemma 4.3.2 we get

|P6|°

E [Jo(y"™)] ~ / /C d0d6, ¢~ 2or Ty

— //d@d@Le 202 +i2k0.¢ (y—y™)+2 kon(”l t 5019) (y—y™) (4127)
C

with ©, as in Proposition 2, and 577, 54, © parametrizing @ and 6 as in equations (4.77)-(4.82).

To write the integral over the set C, we recall from (4.77) and (4.81) that
0 = Y9 cosp +n(B)sing + 0(07),

with azimuthal angle § parametrizing the vectors () and ¢(5). In the calculation of the
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Jacobian of the transformation we may neglect the residual in this equation, and obtain
d@ ~~ sin pdpdf.

We also see from equation (4.82) that for any given ¢ and [ we have, using ¢ = O(a) =
O(a/L) < 1, that
05,0 ~m(B) and ;0 ~((B),

and since () and ¢(/) are orthonormal, we get
6 ~ db,dd,.

The integrals over 5,7 and 5¢ may be extended to the real line, because the Gaussians are

negligible outside C, and the result is

E [Jo(y")] ~ 276] / " sing / 7 g5e- 29 { {w-v ¢+ [w-vm o) -anptv-v9]) )
0 0

(4.128)

We are interested only in the points y® for which J4(y%) is large, so

-9 =0 (5 ).

Since O, ~ X./L and ¢ < a < 1, we have

kO, tan¢|(y — y®) - 9| < O(a) < 1,
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so we can neglect the ¢ dependent term in the exponential in (4.128). We also note that
2 2 2
[(y—y™) <O + [(y = y™) - n(B)]” = [Poly — y")

is independent of 3, so we obtain

[%ee Py(y-v") H i [lee Py(y-v") H i

o' 2
E [jc(yR)] ~ 27936_ z / dy Singp/ dpg = 271'2@3(126_ 2
0 0

(4.129)

Proposition 2 follows. [

The variance of the imaging function

The variance of Jy4 is calculated in [13, Appendix EJ, so we revisit here the main ideas. The
calculation involves the fourth moments of the Green’s function (4.45), which are determined

by

]E{eiQk: [v(e+59)—v(a-F0) v (o4 5 w) 40 (o5 w)] } ~e 2, (4.130)

where we introduced the notation

~ ~ ~ ~

T = (Zk)QJE{ [V(CC + %,y) — u(:c — g,y) — y(w’ + %,y) + Z/(w’ — %,y)]Q}, (4.131)

and used the approximate Gaussianity of the phases. We need the second moments (4.90),

rewritten as

2 I 1 z 2
(2k)°E [v(z, y)v (', y)] = 362 h<|wL wﬂ), h(z) = —/ dte 7, (4.132)
Xio l z Jo
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using the definition (4.59) of the decoherence length. The expression (4.131) becomes

T:% {2_h<%> e e Y e

(T ) ()

and we can simplify it because |z |, |2’ | < X42 < ¢, due to the windowing in the calculation

of the cross-correlations. Expanding in @, /¢ and &' /¢’ we get

6 [Z 2+ @ P - R ARY
ra S [BLEEP 5 H(%)mg}, (4.133)
d,2

where H is the Hessian of h, evaluated at (x, — ') //.
Because the Hessian decays, we note that the phase differences at points satisfying |x, —

&'\ | > ( are decorrelated

!

~ |2 ~ ~

s ~T = ehE{[v(z+F.y) —v(z - §y>r} + (2k)E{ |v(2' + 5 y)

It is only for |, — ', | S ¢ that the Hessian contributes to (4.133). Thus, when calculating

the variance of the CINT imaging function, we get a contribution only from the set of points
{x,2' € A, |z, —x' | <}

This is why the SNR of J4 is of order a/¢. We refer to [13, Appendix E] for more details.

The calculation of the variance of J¢ is similar, and the SNR is of the same order.
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4.C.2 CINT image of the linear susceptibility

The expression of the imaging function is obtained by substituting (4.87) in (4.88)

CINT(, R
7 (YY)
13, 12 |Py0|? T ~ e
-/ / e 3 / [ dodge 5 E Gy o 3 ) G0 - 5 ) 1O
c
{[ iky :c+2 0+ . 1] zk(0+~>-(:c+%) +]€2 <771>G(ZU—|— §7y; > zk(0+ ) +zk'y(y9+ )}
{[ —iky(2-2,6-2) _ 1} ~ik(6-8).(2-2) R () G (m B ;y;w>eik(e§).yim(y,o) } .
(4.134)
Using Lemmas 4.3.1-4.3.3, we obtain its expectation
3,12 |Pyb? T T

o~ GZ(CE + g,yR;w>Go<a: — g,yR;w)

T 2x2

]E[IC]NT R)} ~ // dx | d, / / d0d0 ¢
A C
0
5 )7

1
% o—ik0y {elke'aj—i_ikéw [E [6z‘k [7(9&—&-%,0—1— ) (zc+ 0+ )]] + 1]
z W tk |y

+ kY () ”“"yE[G(:Hg,y; )G*(a:—?y, )}E[e [(vorg) - (ver )H} (4.135)

where we neglected the exponentially small terms. We write the right hand side as the sum
(4.136)

of three terms
E[Z0T(y")| ~ Ti(y™) + Taly™) + Ta(y")

The first two are due to the uncompensated direct wave, and are given by

1#, 1> |Py6?

xT T aer, (4.137)

Ry_
2X2

1 ~ (@) -y
ﬂ(yR):ﬁ//Adedml/cdeda ik&-O—ik—L "L L 4 ikf. (z—yT)
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and

1 ~ ~ o gt @iy s Ry 182 P62
Toly") = = || dwiddy [ d0dg =0 ) kb @y S~ e
A C
3 |P,‘96~|2’ _g\Pai\2+§ P«si,i
e MWar/le—e@@2 2 X3, 120 X /le—e@@)1 (4 138)

Here we used the paraxial approximation (4.42) and moment formula (4.60). The third
term is similar to the expectation of the imaging function for the quadratic susceptibility

E[ZENT(yf)], so we write it directly,

(27)? aX,\> 1 (kX |y —y®\° 1 2
75("JR> = 9 k? (771>2 a(ae? €xXp ) TL 3 (k@e|P19(y - yR)’) )
(4.139)

with X, and ©, defined as in Proposition 3.
To calculate (4.137) we recall the definition (4.76) of the set 4 and the parametrization
of the set C described in equations (4.77)-(4.82). We integrate over @, using that x is

orthogonal to n, and
kx -0 =k|0|Z - (cosp?d +sinpn(B)) = kx, (cospI; +sinpn, (B)) +O0(kXy103),

with two dimensional vectors ¥, and n; of components of ¥ and 7 in the plane orthogonal

to m. The residual is negligible by equations (4.59), (4.63) and assumption (4.43),

kX,10% =0 X;‘%l <<£<<1.
A L2 A\L2

To integrate over 5, more precisely over 5,7 and 54, we use that
|P19§|2 = 5727 + 52, 0 - (x—y) = gn(:c —yfh. ('r) — ﬂtangp) + 54(:1: e
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We obtain that

| 2

2712 X202 o B (k)2 = -yt
Ti(y") ~ C 7r>L2 /dmi/ dy Sin‘P/ dfe” o ‘COS‘WL— L7 fsinen L (8)
A 0 0

o~ 22 [@v¢®)] +[ @y () -tan -y ")0] 2}, (4.140)

and note that the result is exponentially small. The first exponential is small because

R
T —Yy

cospI| — 7

—i—singmu(ﬁ)‘ =cosp + O (%) ~ 1,

and by definition (4.59) and assumptions (4.43)-(4.44), we have

-0 (%) -o( )5 T

The second exponential is small because

k:@\/[(w —yR) - ¢(B)]” + [(x — yR) -n(B) — tan p(x — yR) - 9]” = O(kOL) = O(kXy1) > 1.

The calculation of (4.138) is similar, slightly more involved, and the result is exponentially
small for points y% in the imaging region R.

The calculation of the variance of 1101 NT(y®) is very similar to that described in appendix
4.C.1. It shows that the direct wave has a negligible effect at points y® € R, due to the
large deterministic uncompensated phases. The variance is approximately equal to that of
the useful term in the imaging function, which focuses at the scatterer, and the SNR is of
order (a/f)?, as in the case of quadratic susceptibility. This is the statement in Proposition
3. 0.

It remains to verify Proposition 4, by studying the imaging function (4.134) at points

y! outside the small search region R. It suffices to consider only the terms that involve the
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direct waves, because we know from the analysis above that the the waves that interact with
the scatterer at y contribute to the image only in the vicinity of y. We obtain from (4.134)
that the contribution of the direct waves to the expectation of the image is given by the sum

of two terms

// dedmL //d9d0€ 2X2 - 2@2 GZ<CE+;yR;w)

(a:— Sy, (4.141)
and
~ ~ |3 |* |Pyb? T T
Ta(y™) =// dede//dedee— XT T 562 G;<m+ L yh w) ( _gyR;w>
A c 2 2
ik0-(m—yF)+ik0-F— |Pyo? _31Pg3® 3Py Pyb
xgke( vT)Hike 2[Xd,1/|=:9*m(i)(9>\] 2 )%1 tix Xd,1 Xd1/|:nﬂm(z)(9)\
(4.142)
The product of the Green’s functions in these expressions is approximated by
T T 1 k. (@)
G*( T )G( -5,y )%— el 4143
Ow+2y w T— oYW |y—yR|2€ ( )

because

~ ~ 513 (4, R)2 R

T T _ (z—yh) || (y” Vles — yi|
k(‘ r_ R’—‘ T RD:k ETY ) Lo . (4144
e R U R
assuming | —y®| > X, which holds for a fixed y® at all  in the aperture, with the possible
exception of a small set, of radius of order X, which makes a negligible contribution to the
integrals in (4.141) and (4.142). Under this condition we see that the residual in (4.144) is
negligible for search points near the array (with small enough yﬁ%), and we can approximate

the integrals (4.141) and (4.142) using the approximation (4.143).
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Substituting (4.143) in (4.141), and integrating over & and 8 we get that
_(kx)?

1 « 27 P, (07 y;_w >'2
ﬂ(yR) ~ (27TX@/2)2/ dwl—RQ/ d(p SiIlQO/ dﬁe 2 |ylt—a|
A |33 -y | 0 0

XQAlﬂ?E{walecwm2+wayR)0ﬂﬂ%%anwﬁﬂz}7 (4.145)

with @ parametrized as in equations (4.77) and (4.77). It is difficult to evaluate these integrals
explicitly, unless we make further scaling assumptions on the location of y*. However, it is

clear that (4.145) is large when

R
yt—x 1 A
P,[0—— || < -—= — | K1, 4.146
< WR—wO‘Nk (Xm> (4:146)

for most directions @ in the cone of illuminations. Equations (4.77) and (4.77), and the

assumed orthogonality of ¥ and n give that
P,,0 = cos 99 + sin o P,n(f),

and since ¢ < o = O(a/L) < 1, we see that the image is large when

9. W -

P ~ cosp ~ 1. (4.147)

This can hold only at points y® near the array. The second exponential in (4.145) is large

when

which is consistent with (4.147).
The calculation of (4.142) is similar, and leads to the same conclusion. We end with the

remark that the set of points where 77(y®) and T5(y*) are large depends on the aperture
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size and the opening angle of the cone of illuminations. Indeed, equation (4.147) gives that

the image is large when

R _
9 - H = O(cos ),

so the larger « is, the further from the array y can be. Moreover, the larger the aperture
is, the more points y* satisfy this equation, for at least some subset of the receiver locations

in the array. [

4.D Numerical solution of the forward problem

To solve the system of nonlinear Helmholtz equations (4.2)-(4.3) numerically we employ the
fixed point iteration described below. Denote by Hy, and Hyy respectively the linear operators

in (4.2)-(4.3):

Hy = A+ E*(1 4 4mn(x) + 471 (x)), (4.148)

Hy, = A+ (2k)*(1 + 4rn(x) + 47 (). (4.149)
We also introduce the successive approximations to the solutions of (4.2)-(4.3) as

u (x) ~ uy () — wi(x), (4.150)

v (x) ~ uy(x). (4.151)

We substitute (4.150)—(4.151) into (4.2)-(4.3), and obtain for j = 0, 1,. .. the following fixed

point iteration

W) = 4k Hy [2()0 (@) () (@) + wi(@))* + (ol) + m(@))ul)] , (4152)

WO = 167k Hy! [ma(a) (w9 (@) + wi())?] | (4.153)
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where we start with «()(z) = v(®(x) = 0. Note that for convergence of the fixed point
iteration it is crucial to include all linear terms into the definition of H; and Hsy, in particular
trmo() + 4 ().

The inverses in (4.152)—(4.153) mean that we have to solve the PDEs with operators
(4.148)—(4.149) in the whole space, both inside and outside the rectangular region V. This
can be done by discretizing (4.148)—(4.149) inside V and then placing a perfectly matched
layer (PML) around it to account for R?\ V. To that effect we replace the operators Hj
and Hoy in (4.152)—(4.153) with their PML counterparts. Following [28], in the case d = 2

we define the PML analogues of H, and Hyy as

e~ 9 (ey(w) ﬁ) L9 (ex(w) ﬁ) + keu(@)e, (2) (1 + dmo(@) + dmp™D (),

"~ Oz \ey(x) O 0y \ ey(x) Oy
(4.154)
PML __ 0 ey(w) d 9 ex(a:) 9 2 (1)
HJ, 5 (ex(ac) 89@) + 3y (ey(a:) 3y + (2k)e,(x)ey(x) (1 + 4mno(x) + 4mn'H (x)),
(4.155)
where e, (x) and e,(x) are defined by
2 2
1 —iag <M) , ifx e Ve 1 —iag (dy<$)> , ifxe Vv
ex (@) = Lo , ey(x) = Ly
1, otherwise 1, otherwise
(4.156)

Here V™" and V™" each contain two PML layers that we surround V' with in z and y
directions respectively. The layers in V™" have widths L, the layers in V" have widths
L,. In the numerical experiments we take L, = L, = 1.5\. The functions d,(x) and d,(x)
compute the distances from a point @ in the corresponding PML layer to 0V. The constant
ap = 1.79 is chosen according to [28].

Finally, to apply the fixed point iteration (4.152)—(4.153) numerically, we discretize
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(4.154)-(4.155) on a tensor product finite difference grid with a five point stencil. Both
HM and H3'™ are discretized on the same grid. Thus, the grid should be refined enough
to properly resolve the higher wavenumber operator Hj"". In the numerical experiments we

take equal grid steps in = and y directions h, = h, = %.
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Chapter 5

Conclusion

5.1 Closely related works

Here we summarize the current research status in fields that are most related to our work.

5.1.1 On scattering from small nonlinear particles

Scattering of waves from a collection of small nonlinear scatterers is of broad interest [23, 42].
Although no exact solutions are known in three dimensional space, this problem has been
investigated by many numerical methods [19] and analytical approximations [31, 66, 40, 7].
An important branch of analytical approximations was originated from Foldy and Lax, who
modeled the susceptibility of the scatterers as a sum of delta functions [36, 49]. The Foldy-
Lax model captures some multiple scattering effects and therefore allows resonances, which
is its key advantage over the Born approximation. In the original papers [36, 49|, linear
scatterers were considered and self-interaction was omitted, which means that the field at
one scatterer explicitly depends on the incident field at that scatterer and the total fields
at the other scatterers. The Foldy-Lax method has been generalized to weakly nonlinear

scatterers by linearization in the weak nonliearity [40]. It has also been generalized to
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include self-interaction by assigning the scatterers finite volumes [7]. In Ref. [7], Bass used
the generalized Foldy-Lax method with self-interaction to study the shift of resonances in
the presence of scatterers of weak Kerr nonlinearity. Our method is a close analogue of
Bass’s work [7], where more general nonlinearities in the setting of the Maxwell equations

were taken into consideration.

5.1.2 Optical theorem for nonlinear media

The optical theorem is a conservation law that shows up in a variety of settings including
optics, acoustics, quantum mechanics and quantum field theory [16, 58, 1, 72]. The optical
theorem for light has only been shown to hold in linear media [90, 45, 16]. But in fact, the
assumption that the material media respond to light linearly is not essential. We consider
polarization densities as arbitrary functions of the electric field, and derive the generalized
optical theorem in scalar wave theory and for the Maxwell equations following a similar
approach to [21, 53]. Note that for the polarization density to be an arbitrary function of
the electric field, the nonlinearity can not be too strong, since strong nonlinearity yields

effects such as shock wave formation and phase mismatch [23].

5.1.3 Imaging of nonlinear scatterers

Nonlinear scatterers are promising tools for improving imaging results since nonlinearity
gives a richer structure of the scattering process [88, 60]. However in the setting of random
media, the only literature is [2] to the best of our knowledge. There it was shown that the
image of the nonlinear susceptibility is indeed superior. In this work, the scatterers exhibit
SGH, and the illumination is direction resolved time harmonic plane waves. The waves are
assumed to be two dimensional functions and specific polarizations are chosen, such that the

wave equations are two-dimensional Helmholtz equations where the inhomogeneity shows
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up in the derivative. Migration type imaging functions are considered, and the analysis of
the effect of the random medium was based on the Born approximation. Our work is done
in a similar set up, with the following three fundamental differences. First, we consider the
full three-dimensional problem within the scalar theory developed in chapter 1. Second, in
addition to investigating migration imaging functions, we also study CINT imaging. Third,
our analysis is carried out in the random geometrical optics model, where the effect of the

random background is to generate random phases as the waves propagate.

5.2 Contributions

In this thesis, we first presented a method of solving the direct scattering problem from
a finite number of nonlinear particles in the scalar theory. This method holds when the
nonlinearity is weak and the size of the particles is much less than the wavelength of the
incident fields. The solutions given by this method are explicit and analytic. We showed
that for common types of quadratic and cubic nonlinear processes in the presence of one
and two scatterers, the resonances of the intensity of the scattered fields are modified, and
that the energy is transferred among frequency components. We also showed that when a
single particle of Kerr nonlinearity is involved, the scattering process displays bistability for
a certain set of parameters that we exactly characterize.

We then considered scattering problems in the full Maxwell system. We showed that the
optical theorem holds exactly for polarization densities as arbitrary functions of the electric
fields. We generalized the method of solving the direct scattering problem from small weakly
nonlinear scatterers to the full Maxwell system. We applied our results to modeling near-field
scanning optical microscopy (NSOM). We showed that with proper choice of the direction
and polarization of the illumination field, NSOM with nonlinear tips is a background-free

microscopy technique that yields subwavelength resolution.
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We finally provided a method of robustly locating small nonlinear scatterers in ran-
dom media. To find a few quadratically nonlinear scatterers, we illuminate the medium by
monochromatic plane waves at a fixed frequency from multiple directions. The total fields
at the incident frequency and the second harmonic frequency are measured by receivers lo-
cated on the boundary of the random medium. We showed that the coherent interferometry
(CINT) image of the nonlinear susceptibility is stable for propagation distances within a few
transport mean free path, and does not suffer from the destructive randomized incident field.
We analytically derived these results in a specific scaling regime, and numerically observed

these phenomena in another specific scaling regime. This was done within the scalar model.

5.3 Future research

The following are possible problems that can be addressed in the future.

5.3.1 Rigorous asymptotics

The method of calculating the scattering amplitudes presented in Ch. 1 and Ch. 2 involves
two approximations: (1) the field inside each scatterer is replaced by a constant, and (2)
the higher order terms in the weak nonlinearity are truncated. The validity of these two
approximations should be rigorously analyzed.

For approximation (1), we have a confirmative result in the scalar model when there is
only one scatterer exhibiting Kerr nonlinearity. The idea is to first establish the existence and
uniqueness of the solutions to the Lippmann-Schwinger equation (2.90) for sufficiently small
scatterers, and then control the remainder of the Taylor expansion of the field by estimating
the size of the derivative of the field. We will try to generalize this idea to multiple scatterers

and to the full Maxwell system.
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5.3.2 Time dependent nonlinear scattering

The analysis of scattering processes in this thesis is done for steady states, where the fields
are time harmonic functions with time independent amplitudes. The steady state analysis
reveals important features of physical systems but all scattering processes involve time in
principle. Thus we plan to study scattering processes that depend on time, and try to answer
time related questions such as: how does the energy flow when it is injected into a scattering
system, what does it mean for a solution to be stable or unstable, and which branch of the

solution does the field choose for a given initial condition in a bistable system.

5.3.3 Inverse problem of near-field scattering optical

microscopy

In a NSOM experiment, one could consider the inverse problem of reconstructing the linear
susceptibility of the sample from the measured scattered fields. This problem has been solved
when the tip is a linear scatterer that is much stronger than the sample in Ref. [83], where
the contributions from the tip, the sample and the interaction of the tip and sample are
carefully estimated and properly summed. We plan to analyze this problem similarly for

NSOM with nonlinear tips.

5.3.4 Radiative transfer equation in nonlinear media

In a random medium, the radiative transport equation (RTE) is an extensively used macro-

scopic equation. In the scalar model, the RTE takes the form

o~ ~ ~

101(r, k) Y k-VIE,K) + (g + pa) (1K) = ,us/dl;’p(ﬁ, K)I(r, k'), (5.1)

c Ot
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where I(r, E) is the intensity of light at r in the direction of /l;, [is s the scattering coefficient,
1o is the absorption coefficient, and p(ﬁ, l?) is the phase function. The RTE describes that
energy is lost due to absorption and scattering and is also gained by scattering. Derivations
of the RTE from the scalar wave equations in a linear random media has been given heuris-
tically by diagrammatic method [22] and asymptotic method [76], and rigorously from first
principles [14]. An outline of the asymptotic proof is to consider the Wigner transform in a
proper scaling regime and equate the angularly resolved intensity with the expectation of the
leading term in a multiscale expansion. The idea of the rigorous derivation is to consider a
random medium under specific scaling constraints, and consider waves that travel in a wide
cone with opening angle less then 180 degrees. I plan to generalize the RTE for Kerr-type

random media.

5.3.5 Variations of imaging nonlinear scatterers in

random media

We considered imaging of small scatterers exhibiting SHG in the scalar model. We could con-
sider similar problems with other nonlinear processes within the scalar model, or within the
full Maxwell model, or in the presence of a mixture of scatterers with different nonlinearities.
We expect the analysis to be more complicated but qualitatively the same.

The illumination that we used is time harmonic plane waves. We could consider other
illuminations such as beams, chirps or pulses. As mentioned in Sec. 4.1, these illuminations
will induce an average over the frequencies, which may help the CINT imaging function

remain stable for stronger inhomogeneities.
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