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Abstract

In static and dynamic light scattering, it has frequently been claimed that cross-polarized scattering cannot occur for
single-scattering by a homogeneous spherical particle. Although this is true for both plane wave and on-axis
Gaussian beam incidence, we show that cross-polarized scattering does occur when the beam is translated off-axis
incidence perpendicular to the scattering plane. We find that the existence of cross-polarized scattering is a direct
result of the breaking of the circular symmetry of the beam with respect to the center of the particle when the beam
is translated off-axis in wave theory, and to the constraint of the incident beam being a solution of Maxwell’s
equations.
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1. Introduction

In static and dynamic light scattering experiments, a large number of scattering particles are suspended in a liquid-
filled sample cell and are illuminated by an incident beam traveling in the horizontal +z direction. The scattering
plane is taken to be the horizontal yz plane of a Cartesian coordinate system, and the x axis is vertical. The beam is
linearly polarized either perpendicular to the horizontal scattering plane (i.e. vertically or V) or in the scattering plane
(i.e. horizontally or H) [1-3]. Light scattered by the particles passes through a polarizer oriented either vertically (V)
or horizontally (H) before being recorded by a detector, as is shown in Fig. 1. In the context of static and dynamic
light scattering, it is frequently claimed that if the scattering particles are homogeneous spheres and only single-
scattering occurs in the sample cell, then co-polarized VV and HH scattering is observed, but cross-polarized VH and
HV scattering cannot occur. If VH or HV scattering is experimentally detected under such conditions, it is commonly
taken to be a sign that the scattering particles are either (i) anisotropic [1], (ii) non-spherical [4,5], or (iii) that the
number density of particles in the sample cell is sufficiently large so that multiple scattering is occurring [6].

The reason for this claim is understandable. The polarization state of light scattered by a target particle is
connected to the polarization state of a plane wave incident on it by the 2x2 scattering amplitude matrix [S] (see p.34
of [7], Eq.(3.12) of [8], and Eq.(2.30) of [9]). The four elements of [S] describe VV, VH, HV, and HH scattering. It
has long been known that if the target particle is a homogeneous sphere and an incident plane wave propagates in the
z direction toward the target, then the scattering amplitude matrix is diagonal, i.e. Syg=Sgy=0, and only co-polarized
scattering occurs (see p.56 of [3]). Since the macromolecules or small particles frequently studied in dynamic light
scattering experiments are sub-micron in size, the phase fronts of an incident beam are nearly flat across their
diameter. As a result, plane wave incidence is a good approximation to this situation, even if the incident fields are
those of a moderately focused laser beam. But since the fields of a transversely focused beam can be expanded as an
angular spectrum of plane waves (see Sec.3.7 of [10] and [11]), and each diagonally incident component wave in the
spectrum gives rise to a nonzero Syy and Syy (see Eqs.(5.145)-(5.148) of [9]), it is sensible to conjecture that cross-
polarized scattering should be able to occur, and might possibly be experimentally detectable under very favorable
conditions. The purpose of this study is to consider the case of a transversely focused beam incident on a single
homogeneous spherical particle, and the conditions under which cross-polarized scattering occurs.
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Fig. 1: Geometry of VV, VH, HV, and HH scattering.

The body of this study proceeds as follows. In Section 2 the generalized Lorenz-Mie theory (GLMT) formulas for
scattering of an arbitrary transversely focused beam by a spherical particle are reviewed. The incident beam is then
taken to be the localized model of a focused Gaussian beam that is polarized at the center of its focal waist either in
the scattering plane or perpendicular to it. In Section 3, a numerical example is then presented which exhibits both
co-polarized and cross-polarized scattering for off-axis incidence of the beam with respect to the target particle. In
Section 4 the existence of non-zero cross-polarized scattering is seen to be a wave theory effect due to the breaking of
circular symmetry of the beam with respect to the particle when the beam is translated off-axis, and to the fact that the
off-axis beam fields are a solution to Maxwell’s equations. As is seen in Sec.2, the GLMT formulas for the scattering
amplitudes for off-axis beam incidence contain sums over both partial waves and azimuthal modes. In Part 2 of this
study [12] the GLMT angular functions are accurately approximated for large partial waves. This allows the sum
over azimuthal modes to be evaluated analytically, leaving only the sum over partial waves to be evaluated
numerically, as is also the case for Lorenz-Mie scattering of a plane wave.

2. Off-Axis Scattering by the Localized Model of a Focused Gaussian Beam

2a. Generalized Lorenz-Mie Theory

Scattering of an incident monochromatic transversely focused beam of nominal electric field strength E,,
wavelength A, wave number k=2n//, and angular frequency @ by a homogeneous spherical particle of radius a and
refractive index M is calculated here using the GLMT formalism. The r—oo far-zone scattered electric and magnetic
fields are
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Esca(r,0,0) = (Eo/kr) exp(ikr) [S2(0,p) ug - S1(6,0) u,] (1a)
Bsca(r,0,0) = (iE/ckr) exp(ikr) [S1(0,0) ug + S2(0,0) u,] (1b)

where ¢ is the azimuthal angle with respect to the xz plane, 6 is the scattering angle, c is the speed of light, and the
time dependence exp(-iwf) has been left implicit. The horizontal scattering plane considered in the numerical
example of Sec. 3 is p=%90°. If one considers scattering in a plane corresponding to a fixed value of ¢, then u, and
uy are orthogonal unit vectors in that plane, and u, is the unit vector perpendicular to that plane. In the notation of

[13,14], (but with A,,,* and B,,,” defined in Egs.(3a),(3b) below rather than by Eq.(48) of [13]), the scattering
amplitudes are

©

510.0) =Y ¢, {(112) B," b, 7,°()
1

n=

+ z [BVH'Vl+ bn Tnm(e) Cos(m¢) + i BVlWl_ bn Tnm(e) Sin(m¢)

m=1

+Auy a, mm,"(0) sin(me) —1 A, a, mn,"(0) cos(mp)l} (2a)

S,0.0) =Y ¢, {(112) A, a, 7,°(0)

n=1

n

+ Z [Anm+ all Tll’n(e) Cos(mw) + iAnm— all Tll’n(e) Sin(m¢)

m=1

- B, b, mn,"(0) sin(mg) + 1 B,,, b, mm,"(0) cos(me)]} . (2b)

where
A =12 A A, ™ for 1 <m<n (3a)
B,,"=(1/2)(B,"+B," forl<m<n . (3b)

The quantities A,”, B," are the beam shape coefficients of the incident beam for partial wave numbers 1 < n <oco and
azimuthal modes —n < m < n. If the radial component of the incident electric and magnetic fields is exactly known,
the beam shape coefficients may be obtained from [13,14]

A" = ()" 2m) Terljo(kr)] [(n-lm) Y (nm])!]

xz sin(6) dﬁz({"d(/) P, [cos()] exp(-imp) Ein™(r.0,0) (4a)
B," = [(-)""12m] [krlj,(kr)] [(n-m])\/(n+|m])!]

x ({nsin(e) dejnmp P,"[cos(0)] exp(-imp) cBin“(r,0.0) (4)

where j,(kr) is a spherical Bessel function. If Ei™(r,0,0) and B;,."(r,0,¢) are the radial field components of an
exact solution of Maxwell’s equations, the integrals over 6 and ¢ will exactly cancel the [kr/j,(kr)] term, and produce
coordinate-independent values of A,” and B,". The beam shape coefficients for n,m and n,-m in Egs.(2a),(2b) have
been combined as Eqs.(3a),(3b) in order to take advantage of certain simplifications that analytically and
numerically occur when summing over only non-negative values of m.
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In Egs.(2a),(2b), the transverse magnetic (TM) and transverse electric (TE) partial wave scattering amplitudes of
Lorenz-Mie theory are a,, b,, respectively (see p.123 of [7] and Eqs.(4.56),(4.57) of [8]), and the GLMT angular
functions are

mr,"(6) = [m/sin(6)] P,"[cos(0)] (5a)
7,"(0) = dP,"[cos(0)] / dO , (5b)

where P,"[cos(#)] are associated Legendre functions as defined in Eqs.(12.81),(12.81a) of [15]. The Lorenz-Mie
partial wave weighting coefficient in Egs.(2a),(2b) is

¢, = Qu+)/[n(n+1D)] . (6)

It should be noted that another notation for the beam shape coefficients uses g,"zy, rather than A,” and g," 7 rather
than B," [16,17]. Correcting for the different conventions for the time dependence of the fields, the spherical Hankel
functions used [18], and the different scaling factor of the associated Legendre functions, one has A" = 2g," ), and
B nm=2g anE .

2b. Localized Model Beam Shape Coefficients and Scattering Amplitudes

The calculations reported here use the localized model of an off-axis focused Gaussian beam propagating in the
+z direction and linearly polarized in the x direction at the center of its focal waist. After preliminary partial reports,
the shape coefficients of this beam type were first fully published in [19]. A simplified form for them was obtained in
[14], they were related to Davis beams in [20], and they were derived using angular spectrum of plane waves method
in [11,21]. Useful reviews of the localized beam model are given in [22,23]. A localized beam is by definition an
exact solution of Maxwell’s equations since its beam shape coefficients are constants, and its electric field profile has
been found to be very nearly Gaussian as long as the beam width at the center of its focal waist is more than a few
wavelengths [19,24-29]. It has been found that as this exact beam is progressively translated off-axis on the ¢,
direction, a very weak secondary Gaussian peak starts to form that is translated equally far in the ¢+180° direction.
This secondary peak is sufficiently weak that it should not affect the numerical results obtained in Sec.3 [19,26-29].

The localized beam is parameterized by the confinement parameter

s =AMQ2muwy) , @)

where wy is the electric field half-width of the beam at the center of its focal waist. For the calculations described
here, the beam is focused on the scattering particle, rather than upstream or downstream from it. The center of the
scattering particle coincides with the origin of the transverse plane containing the center of the beam’s focal waist at
the point (pp,po) given in polar coordinates. When p;=0, the beam is said to be on-axis with respect to the particle,
and when py#0, it is said to be off-axis. The angle ¢, describes the direction in which the beam is translated off-axis
and is not to be confused with the orientation of the scattering plane which is parameterized by the azimuthal angle
@. If the electric field of an incident focused Gaussian beam is polarized in the u, direction at the center of the focal
waist, the localized model beam shape coefficients in the notation of [13,14], are

At (poypo) =1 Fy (n+172) [- i/(n+1/2)1"

X {Ln-1(Qn) cos[(m-1)po] + L1 (Q,) cos[(m+1)po]} (8a)
A (po,go) = F, (n+1/2) [- i/(n+1/2)]"

X {Ln1(@n) sin[(m-1)go] + Ln1(Qn) sin[(m+1)go]} (8b)
A, (po,po) = 21 F, (n+1/2) 11(Q,,) cos(po) (8¢)

and
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B, (po,po) = -1 F,, (n+1/2) [- i/(n+1/2)]"

X {Tn-1(@p) sin[(m-1)po] - Lys1(Q,) sin[(m+1)po] } (%a)
B (pospo) = F, (n+1/2) [- i/(n+1/2)]"
X {Tn-1(Qn) cos[(m-1)go] - Lu1(Qn) cos[(m+1)po]} (Ob)
B, (po.po) = 2i F, (n+1/2) 1,(Q,) sin(po) , (9¢)
where
F, = exp(-po’iwy’) exp[-s* (n+1/2)°] (10)
0, = (2spo/w) (n+1/2) , (1)

and 1,,(Q,) is amodified Bessel function. In the limit po—0 and Q,—0, one obtains F, —>exp[-s2(n+1/2)2], which is
proportional to the m=+1 beam shape coefficients of an on-axis focused Gaussian beam ([24,25,30,31] and Eq.(VIL.7)
of [17]). In the limit s—0 and Q,—0, one obtains F,—1, which is proportional to the m=+1 beam shape coefficients
of a plane wave (see Eqs.(V1L.78),(VL.79) of [17]).

If the electric field at the center of the focal waist is instead polarized in the u, direction, using the angular
spectrum of plane waves procedure outlined in [21], we found that the beam shape coefficients are

At (po,po) = -1 F, (n+1/2) [- i/(n+1/2)]"

X {L-1(Qn) sin[(m-1)@o] - Li1(Qn) sin[(m+1)gpo] } (12a)
A (pos9o) = Fy (n+112) [- i/(n+1/2)]"

X {Im—l(Qn) COS[(m-l)(ﬂ()] - Im+1(Qn) COS[(m+1)¢O]} (12b)
A, (po.po) = 2i F,, (n+1/2) ,(Q,) sin(gy) (12¢)

and

Bon (po,00) = -iF, (n+1/2) [- i/(n+1/2)]"

X L1 (Qn) cos[(m-1)@o] + Lns1(Qn) cos[(m+1)gol } (13a)
By (po:po) = - Fy (n+1/2) [- i/(n+1/2)]"

X L1 (Qn) sin[(m-1)go] + L1 (Qy) sin[(m+1)gol } (13b)
B, (po.po) = -2i F, (n+1/2) 11(Q,) cos(go) - (13¢)

To the best of our knowledge, the beam shape coefficients for a y-polarized localized model off-axis Gaussian beam
have not appeared in this form in the literature before. Equivalent results, though expressed rather differently, and
based on rotating an x-polarized beam and the scattering plane by 90° while leaving the Cartesian axes fixed, were
derived in [32,33]. The beam shape coefficients satisfy a number of symmetry relations. In particular, A,,,", A, ,
An0 for a y-polarized beam are the same as B,,,,", B, » Bn0 for an x-polarized beam, and B,,,", B, B,,O for a y-
polarized beam are the negative of A,,,", A, A,,O for an x-polarized beam. The beam shape coefficients for a
localized off-axis Gaussian beam linearly polarized in any transverse direction can be written as a linear
combination of the coefficients of an x-polarized and a y-polarized beam.

When the electric field of the incident beam is x-polarized at the center of its focal waist, substitution of
Eqgs.(8),(9) for the localized beam shape coefficients into Eqs.(2a),(2b) for the scattering amplitudes gives
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51(9,(/’#70,%) =i z Cn Fn (}’l+1/2) bn Il(Qn) Tno(e) Sin((ﬂo)

n=1

+1Y ¢ Fy (n+1/2) b, Y [-il(n+1/2)]" 7,7(0)

n=1 m=1
x [1,(Qy) sin(my) cos(po) + L,"(Q,) cos(my) sin(po)]

n

+1iY ¢, Fy m+1/2) a, Y. [/(n+1/2)]" mz,"(6)

n=1 m=1

x [1,"(Qy) sin(my) cos(po) + 1, (Qn) cos(my) sin(po)] (14a)
and
$2(0.0:p0.:00) =1 Y. ¢, F (n+1/2) a, 11(Q,) 7,"(0) cos(go)
n=1
+iY ¢, F, (n+1/2) a, > [-i/(n+1/2)]" 7, ()
n=1 m=1
X [L,"(Qy) cos(my) cos(po) - L, (Q,) sin(my) sin(po)]
+iY e, Fy (n41/2) by Y. [/(n+1/2)]" ma,"(6)
n=1 m=1
X [L, (@) cos(my) cos(po) - 1,"(Q,) sin(my) sin(po)] , (14b)
where
Imi(Qn) = Im»l(Qn) + Im+1(Qn) (15)
X=9=9o - (16)

When the electric field of the incident beam is y-polarized at the center of its focal waist, substitution of
Eqgs.(12),(13) into Egs.(2a),(2b) gives

51(9,(/’#70,%) =-i z Cn Fn (}’l+1/2) bn Il(Qn) Tno(e) COS((ﬂO)

n=1

-iY ¢, F, (n+1/2) b, ¥, [-i/(n+1/2)]" 7, (0)

n=1 m=1
X [1,"(Qy) cos(my) cos(o) - 1, (Q,) sin(my) sin(po)]

-iY ¢, F, (n+1/2) a, Y, [-1/(n+1/2)]" mz,"(6)

n=1 m=1

X [L, (Q,) cos(my) cos(po) - 1,"(Q,) sin(my) sin(pg)] (172)
and
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52(9,(/’#70,%) =i z Cn Fn (}’l+1/2) ay Il(Qn) Tno(g) Sin((/’o)

n=1

+1Y ¢, F, (n+172) a, ¥ [-i/(n+1/2)]" 7,"(0)
n=1 m=1
X [In{(Qn) Sln(m){) COS((D()) + Im+(Qn) COS(m){) Sin((ﬂo)]

n

+1Y ¢, F, (n+1/2) b, Y. [-/(n+1/2)]" mz," (6)

n=1 m=1
x [L,"(Q,) sin(my) cos(po) + 1, (Q,) cos(my) sin(po)] (17b)

It should be noted that the scattering amplitudes also satisfy a number of symmetry relations. In particular, S, for a
y-polarized beam is identical to S; for an x-polarized beam with the Lorenz-Mie partial wave scattering amplitudes
a, and b, interchanged. Similarly, S, for a y-polarized beam is the negative of S, for an x-polarized beam with a,
and b, interchanged. Since the scattering plane in the dynamic light scattering experiments described in Sec.1 is the
horizontal yz plane with ¢=+90°, if the incident beam is polarized in the vertical x direction, the VV scattering
amplitude is S,(8,¢;p0,¢0) and the VH scattering amplitude is S>(8,¢;p0.¢00). If the incident beam is polarized in the
horizontal y direction, the HV scattering amplitude is S,(8,¢;p0,00) and the HH scattering amplitude is S>(8,¢;p0,00)-

Equations (14)-(17) show that if the beam is displaced an equal distance above or below the scattering
plane (i.e. p,=0° or 180°), each of the individual VV, VH, HV, and HH scattered intensities is the same in the
scattering plane to either side of the forward direction (i.e. ¢ or —¢ for fixed #) [34]. Similarly, each of the
individual VV and HH scattered intensities is the same when the beam is displaced off-axis to the left in the
scattering plane and the detector is to the right, as when the beam is displaced off-axis to the right in the scattering
plane and the detector is to the left [34]. Substitution of py—0 for an on-axis beam or s—0 for an incident plane
wave into Eqs.(14),(17) verifies that for these special cases, the cross-polarized VH and HV scattered intensities are
identically zero, as mentioned in Sec.1 concerning the impossibility of cross-polarized scattering by a homogeneous
spherical particle. The VH and HV intensities are also identically zero when the beam is displaced off-axis in the
scattering plane. But when the beam is displaced off-axis perpendicular to the scattering plane, the cross-polarized
VH and HV scattered intensities are nonzero, and are examined in detail in Sec.3.

2c. Simplification for 6=0° and 0=180°

Evaluation of Syy, Syu, Suy, and Sy as described in the comments following Eqs.(14)-(17) requires that the sum over
azimuthal modes m must be either analytically or numerically evaluated. An exception to this occurs for =0°,180°
where the only nonzero contribution to the sum is the m=1 term. The value of the GLMT angular functions in the
forward direction is

7,(0°) = 7,*1(0°) = n(n+1)/12 (18a)

7,”"(0°) = 7, (0°) =0 form # 1 . (18b)
For an x-polarized incident beam, substituting Eqs.(18a),(18b) into Eqgs.(14a),(14b) gives

$1(0%,0:p0.00) = 2. Fy (n+1/2) (au+by) 1o(Qn) sin(p)

n=1

+ 2 Fy (n+1/12) (a,-by) 1(Qy) sin(p-2¢0) (192)

n=1
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©

52(00,(/’#’0,(00) = Fn (}’l+1/2) (an+bn) IO(Qn) COS(?’)
1

n=

+ 2 F, (n+172) (a,-b,) 1,(Q,) cos(p-2¢o) . (19b)
n=1
Since ¢ is indeterminate when 6=0°, neither S| nor S, alone can correspond to the scattered electric field in the x or y
direction. They must be combined together as in Eq.(1a) in order to cancel away the ¢ dependence. Evaluating ug
and u,, at 6=0°, one obtains
ugy = cos(¢) uy + sin(p) u, (20a)
u, = - sin(¢) uy + cos(p) uy . (20b)

The forward-scattered electric field of Eq.(1a) then becomes
Escatt(r,0%:00,00) = (1Ey/kr) exp(ikr) {[S2(0°,93p0,90) cos(@) + S51(0°,0:p0,¢0) sin(p)] uy
+ [S2(0°,03p0,00) sin(g) — S1(0°,@3p0,¢0) cos(p)] uy} . (21)

Substituting Eqs.(19a),(19b) into Eq.(21), one obtains for an x-polarized incident beam

Egcatt(r,0%:00,00) = (iEo/kr) exp(ikr) {2 F, (n+1/2) (a,+b,) 1o(Qn) vy

n=1

+ 2 Fy (n+1/2) (a,-by) 1(Q,) [c08(200) uy + sin(2¢0) uy]} . (22)

n=1

The terms in Eq.(22) proportional to uy are the VV electric field, and the term proportional to uy is the VH electric
field.

For an incident y-polarized beam, substituting into Eqs.(17a),(17b) gives

Sl(OO,WPOy(ﬂO) =- Z Fn (n+1/2) (an+bn) I()(Qn) COS((”)

n=1

+ 2 Fy (n+172) (a,-b) 1:(Qy) cos(p-2¢0) , (23a)

n=1

52(00,(/’#’0,(00) = z Fn (}’l+1/2) (an+bn) IO(Qn) Sln((”)

n=1

- 2 Fy (n+172) (ay-by) 1x(Q,) sin(p-2¢o) . (23b)

n=1

The forward-scattered electric field is

Egcatt(r,0%:00,00) = (iEo/kr) exp(ikr) {2 F, (n+1/2) (a,+b,) 1o(Qn) vy

n=1

+ 2 F, (n+172) (a,-by) 1,(Qy) [sin(200) uy - cos(2po) uy]} . (24)
n=1
The terms proportional to uy in Eq.(24) are the HH electric field, and the term proportional to uy is the HV electric
field. It should be noted that for p,=-90°,180° for off-axis incidence either in the scattering plane or perpendicular
to it, Eqs.(22),(24) give Evu(0°)=Eny(0°)=0.
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The value of the GLMT angular functions in the back-scattering direction is

£, 2(180°) = (-1)" n(n+1)/2 (252)
n'fl(l80°) =-(-1)"nn+1D/2 , (25b)
7,”"(180°) = ,”"(180°) =0 form # 1 . (25¢)

For an x-polarized incident beam, substituting Eqs.(25a)-(25c) into Eqgs.(14a),(14b) gives

51(1800,(/’900’(00) =- z Fn (Vl+1/2) ('l)n (an'bn) IO(Qn) Sln((/’)

n=1

- 2 Fy (n+172) (-1)" (autby) 1(0Q,) sin(p-2¢0) | (26a)

n=1

S>(180°,9:p0.00) = X Fy (n+1/2) (-1)" (a,.b,) 1o(Q,) cos(p)

n=1

+ 3 Fy (n+1/2) (-1)" (a,+by) 1:(Q,) cos(p-2¢0) . (26b)

n=1

Evaluating ug and u,, at #=180°, one obtains
ugy = - cos(¢) uy - sin(p) uy (27a)
u, = - sin(p) uy + cos(p) uy . (27b)
The back-scattered electric field of Eq.(1a) then becomes

Eseart(r,1807300,00) = (iEo/kr) exp(ikr){[- S2(180°,¢;00,00) cos(@) + S1(180°,¢;00,00) sin(p)] ux
- [$2(180°,0300,00) sin(p) + §1(180°,0;p0,00) cos(p)] uy} . (28)

Substituting Eqgs.(26a),(26b) into Eq.(28), one obtains for an x-polarized incident beam

Eqcare(r,180°3p0,00) = - (AEy/kr) exp(ikr){Y. F, (n+1/2) (-1)" (a,-by) 1o(Q,) uy

n=1

-2 Fu (n+112) (-1)" (a,+b,) 1x(Q,) [cos(200) ux + sin(2¢o) uyl} (29)

n=1

The terms in Eq.(29) proportional to uy are the VV electric field, and the term proportional to uy is the VH electric
field. For an incident y-polarized beam, substituting into Eqs.(17a),(17b) gives

S1(180°,:p0,90) =’:il Fy (n+1/2) (-1)" (a,-by) 1o(Q,) cos(p)
+ leF » (n+1/12) (-1)" (a,+b,) 1(Q,) cos(p-2¢0) | (30a)
S2(180°,:p0,00) = 2 Fy (n+1/2) (-1)" (a,-by) 1o(Q,) sin(p)

1

- OOZ F, (n+1/2) (-1)" (a,+D,) 1x(Q,) sin(p-2¢o) . (30b)
n=1
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The back-scattered electric field is

©

Escate(r,180%:p0,00) = - GEo/kr) exp(ikr) {3 F, (n+1/2) (-1)" (a,-by) 1o(Q,) uy

n=1

+ 3 Fy (n+172) (-1)" (a,+b,) 1,(Q,) [cos(290) uy - sin(2po) uyl} €29

n=1

The terms proportional to uy in Eq.(31) are the HH electric field, and the term proportional to uy is the HV electric
field. Again it should be noted that for p,=-90°,180°, Eqs.(29),(31) give Eyu(180°)=Exy(180°)=0.

The form of the scattered electric field in the exact forward and backward directions in Egs.(22),(24),(29),(31)
due to an off-axis Gaussian beam has a formal structure that is identical to the structure of the scattered electric field
in the near-forward and near-backward directions for an incident plane wave in Lorenz-Mie theory. In the near-
forward direction where 6 is small, let

0,=(n+1/2)0 , (32)
and in the near-backward direction let
£, = (n+1/2) (n-6) . (33)

Then the near-forward scattered electric field for an incident x-polarized or y-polarized plane wave is found to be
identical in structure to Eqs.(22),(24) with the substitutions F,—1, po—, [o(Q,)—Jy(0,), and 1,(Q,)—-J(6,),
where J(x) is a Bessel function. Similarly, the near-backward scattered electric field for an x-polarized or y-
polarized plane wave is found to be identical in structure to Eqs.(29),(31) with the same substitutions, except that =,
replaces @, [35-37]. As to nomenclature, whereas in this study the term cross-polarized scattering is used to pertain
to measurements made only in the scattering plane described in Sec.1, the same term is used in [37] to pertain to
measurements made in all directions near back-scattering.

3. Numerical Example

Figures 2,3, respectively, show the exact VV and HH co-polarized GLMT scattered intensity for the following
beam and particle and parameters. As in [13], the beam parameters are /=0.5145um for the green line of an argon ion
laser, wo=20pm, pp=40pm, and the particle parameters are a=43.3pum, M=1.33. Whereas Eqs.(14)-(17) indicates that
the sum over azimuthal modes m is performed first and the sum over partial waves # is performed last, the numerical
evaluation of the double sum is more conveniently organized when the order of the sums is reversed [13]. In previous
numerical studies, the maximum value of m computed, m,,,,, has often been taken to be m,,,,=10 for the beam and
particle parameters considered here [38]. Additional numerical experimentation has now shown that although
m,,,,=10 is sufficient for convergence for the co-polarized VV and HH scattering amplitudes, it is not sufficient for
the much weaker cross-polarized VH and HV scattering amplitudes. Experimentation with m,,,,=20, 30, and 40
indicates that m,,,,=20 gives good convergence for the beam and particle parameters used here. The reason for this
larger value for m,,,, for cross-polarized scattering will be discussed in [12]. For the remainder of this study and in
[12], the sum over m is truncated at m,,,,=20 for all polarization channels.

The morphology of rainbows of various orders and the presence or absence of a Brewster angle intensity null are
used here as diagnostics to assess whether the scattered intensity in any polarization channel is primarily TE- or TM-
polarized. In Fig.2 the beam is translated off-axis in the p=90° scattering plane with ¢;=-90°. The VV scattered
intensity is TE-polarized. It is nearly identical to Fig.4a of [13] for 0°<#<180°, and is nearly the mirror image of
Fig.4c of [13] for 180°<0<360°. The TE-polarized first- and second-order rainbows are clearly visible at #~138° and
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6~233° respectively. The interference of the principal maximum of the third-order rainbow with external reflection is
evident at #~315°. Directly transmitted light dominates for 10°<6<90°, and the principal maximum of the TE-
polarized fifth-order rainbow is present at #~130°. The HH scattered intensity in Fig. 3 for ¢py=-90° is TM-polarized.
The first- and second-order rainbows exhibit a number of supernumeraries without the presence of a strong principal
maximum [39], and the Brewster angle for directly reflected light is evident at #~286°. As mentioned at the end of
Sec.2b, since the beam is translated off-axis in the scattering plane, the exact GLMT cross-polarized VH and HV
scattered intensities vanish.

In Figs. 4,5, the beam is translated off-axis perpendicular to the p=90° scattering plane with ¢,=180° for the same
beam and particle parameters as above. Whereas in Figs. 2,3 the scattering angle was plotted for 0°<6<360°, it is
plotted in Figs. 4,5 for only 0°<6<180° since the scattered intensity is exactly symmetric about #=180°, as was
mentioned at the end of Sec. 2b. The VV intensity qualitatively resembles the on-axis intensity of Fig.4b of [13].
The first- and second-order rainbows are absent in the rather featureless VV and HH intensities because the off-axis
beam is only half as wide as the particle, and the beam center is incident on the particle far from the impact parameter
of the first- and second-order rainbows, which is near the edge of the scattering plane. As was recently shown in [29]
for scattering by an off-axis elliptical Gaussian beam, the cross-polarized VH and HV scattered intensities are
nonzero. They are a number of orders of magnitude weaker than the co-polarized VV and HH intensities, and exhibit
much interesting structure. The principal peak of the TE-polarized first-order rainbow at #~138° and a number of its
supernumeraries are readily visible in the HV scattered intensity. Remnants of the TE-polarized second-order
rainbow also appear at #~130°. Some structure associated with the supernumeraries of the first-order TM rainbow,
without the presence of a strong principal rainbow peak [39], are also evident in the VH scattered intensity at 6~138°.
An explanation for this will be proposed in [12], based on the approximation to the scattering amplitudes developed
there.

10
IS(8)? v
10*%]
1()lJ —,——————
0 60 120 180 240 300 360

Scattering angle 9 (°)
Fig. 2: Scattered intensity [Sw|* as a function of the scattering angle & for 0°<6<360° for a Gaussian beam with 4=0.5145um, w=20.0um incident on a
homogeneous spherical particle with a=43.3um, M=1.33. The scattering plane is 9=90°, and the beam is off-axis in the scattering plane with py=40um, p=-90°.
The scattered intensity |Syx[* is identically zero.
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Fig. 5: Scattered intensity |Sux” and |Sif* as a function of the scattering angle 6 for the same beam, particle, and detector plane parameters as in Fig. 2.
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Fig. 3: Scattered intensity |Sy| as a function of the scattering angle 6 for the same beam, particle, and detector plane parameters as in Fig. 2. |Syf’ is identically
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Fig. 4: Scattered intensity |Sw|* and |Syx[* as a function of the scattering angle 6 for 0°<6<180° for the Gaussian beam and particle of Fig.2. The scattering plane
is ¢=90°, and the beam is off-axis perpendicular to the scattering plane with p=40pm, ¢=180°.
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4. Symmetry Breaking and Cross-Polarized Scattering

4a. Ray Theory for Plane Wave Incidence
In Subsections 4a-4c, ray theory ideas are used to motivate various approximations to the wave theory scattering
amplitudes that will be found to be useful in the second part of this study [12]. As a first example, let an x-polarized
plane wave with electric field strength E be incident on a spherical particle. The scattering amplitudes of
Egs.(1a),(1b) are separable in 8 and ¢ with

S$1(0p) = 51(0) sin(p) (34a)

$:(60,0) = Sx(6) cos(p) , (34b)

where S(0) and S,(6) are the Lorenz-Mie scattering amplitudes (see p.125 of [7] and Eq.(4.74) of [8]),

510) =Y ¢, [a, ,'(0) + b, 7,'(0)] (35a)

n=1

$x0) =3 ¢4y %' (0) + b, 7, (O)] . (35b)
n=1
Similarly, the scattering amplitudes for a y-polarized incident plane wave are
S$1(0,9) = - $,(0) cos(p) (36a)
$2(0,9) = 55(0) sin(p) . (36b)

An incident plane wave can be modeled by a large group of parallel geometrical rays, each of magnitude E, and
propagating in the +z direction. Rays incident in the scattering plane at the sphere’s equator will remain in the same
plane after scattering. If the scattering plane is the horizontal yz plane, substitution of p=+90° into Eqs.(34),(36) gives

Sy 0,p=2£90°) = £5,(6) (37a)
Su(0,9=£90°) = £5,(0) (37b)
Sv(0,0=£90°) = Sy(0,9=90°) = 0 . (37¢)

Fig. 6: Geometry of a Gaussian beam incident off-axis with respect to a spherical particle of radius a. The center of the
particle is C, the beam axis is B, and P is an arbitrary point in the z=0 plane.
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4b. Ray Theory for On-Axis Gaussian Beam Incidence
The Gaussian beam considered in Sec. 3 has A=0.5145um and wy=20pum, and the scattering particle has a=43.3pum.
The beam confinement parameter of Eq.(7) is s=4.09x107, and the half-length of the beam focal waist is

L/2 = kw2 = 2443 pum . (38)
Since wy>>4 and (L/2)>>a, the beam barely changes its shape in the vicinity of the scattering particle at the center of its
focal waist. Thus it is not unreasonable to extend ray theory ideas to this situation. The simplest approximate model
of an x-polarized Gaussian beam is an infinitely long tube of electric and magnetic field of unchanging half-width wy .
As was mentioned in Sec. 2 and is illustrated in Fig.6, the center of the scattering particle and the center of the beam’s
focal waist both lie in the same plane transverse to the beam axis. The center of the particle coincides with the origin
of the coordinate system, and the vector from this origin to an arbitrary point in the transverse plane is p. The vector
from the origin to the beam axis is py, and the vector from the beam axis to the same arbitrary point in the transverse
plane is p-py. If the Gaussian beam is on-axis with respect to the scattering particle, this simple model of the electric
field gives
E*™™ ~ | exp(ikz) exp[-|p|2/w02] uy
= E exp(ikz) expl[-s*(kp)’] uy , (39)

which is independent of the azimuthal angle ¢. This was also the case for an incident plane wave.

The localization principle of van de Hulst (see pp.208-209 of [7]) can be used to associate the ray impact
parameter kp with the partial wave (n+1/2) to give the magnitude, A,, of an effective ray of the Gaussian beam. This
ray magnitude is then substituted into Egs.(35a),(35b) of Lorenz-Mie theory to give our ray-theory-based
approximation to the co-polarized GLMT scattering amplitudes for an incident Gaussian beam,

Syl =Y ¢, A, la, 7, () + b, 7, ()] (40a)

n=1

SHH(Q) ~ z Cn An [an Tn](e) + bn 77:111(9)] . (4Ob)
n=1
Since the effective rays of the Gaussian beam are incident in the horizontal scattering plane at the sphere’s equator,
they remain in the horizontal plane after scattering with the same polarization as the incident rays. Thus ray theory
for Gaussian beam scattering again predicts that
Syu(0) = Sy0) =0 . (41)

For the on-axis Gaussian beam of Eq.(39), one has
A, = exp[-s*(n+1/2)] (42)

as the magnitude of an effective ray. Equations (40a),(40b) for the VV and HH scattering amplitudes with the on-axis
effective ray magnitude of Eq.(42) are identical to the VV and HH scattering amplitudes that have been obtained for
the localized model of an on-axis Gaussian beam, and that have been rigorously derived using the generalized Lorenz-
Mie theory of wave scattering without appealing to ray theory ideas [24].

For 0°«6«180° and (n+1/2)>>1, the amplitude of the oscillatory function 7,'(0) is much larger than that of
7r,,1(8), and Eqs.(40a),(40b) can be further approximated as

Syn0) = Oi N R () (43a)

n=1

Suu(6) :Ecn a, A, 7,(0) . (43b)

n=1
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Equations (43a),(43b) will be found in Sec. 4 of [12] to be identical to an approximation to the co-polarized scattering
amplitudes for both on-axis and off-axis beam incidence, derived there using the generalized Lorenz-Mie theory of
wave scattering. We will show there that for off-axis beam incidence, an approximation to the GLMT angular
functions permits the sum over azimuthal modes m to be evaluated analytically, leaving only a sum over partial waves
n, of the form of Eqs.(43a),(43b).

4c. Ray Theory for Off-Axis Gaussian Beam Incidence
We now assume that the Gaussian beam is off-axis with respect to the scattering particle, giving

E""% = E, exp(ikz) exp[-|p-po|/wo’] uy
= E, exp(ikz) exp[-s(kp)’] exp(-po’Iwy’) exple (kp) cos(p-po)] ux (44)
where
e =2spo/wy . (45)

Equation (44) explicitly depends on ¢ and is no longer circularly symmetric with respect to the coordinate system
whose origin coincides with the center of the particle. Using the same ray-theory-based approximation for this off-
axis Gaussian beam, along with the van de Hulst localization principle, the magnitude of an effective ray in Eq.(44) is

An = Fn exp[(n+1/2) & COS((D'(D())] ’ (46)

where F, was defined in Eq.(10). If the beam is off-axis in the horizontal scattering plane with ¢=90°, p;=-90°, then
the effective ray magnitude of Eq.(46) reduces to
A, =F,exp[(n+1/2) ] . (47)

This is then substituted into Eqs.(40a),(40b) or Eqs.(43a),(43b) to give a ray-theory-based approximation to the VV
and HH scattering amplitudes. If the beam is off-axis perpendicular to the scattering plane with p=90°, p,=180°, then
the effective ray magnitude is

A,=F, . (48)

This is again substituted into Eqs.(40),(43) to give the ray-theory-based co-polarized scattering amplitudes.

The ray-theory-based absence of cross-polarized scattering in Eq.(41) conflicts with the nonzero VH and HV
scattering found in Figs.4,5. Thus cross-polarized scattering will have to be understood in the context of wave theory.
This claim will be reinforced in the next subsection where the magnitude of Syy(6) and Sy1(6) is found to be of order
8=/1p0/1tw02, when compared to the magnitude of the dominant scattering amplitudes Sy(0) and Syy(0). This scaling
factor is wavelength dependent, indicating that it is a wave theory effect. If nonzero cross-polarized scattering were
to be explainable as purely a ray theory effect, the overall magnitude of Syy(0) and Sy(6) would have to be
independent of 4. This is because in the short-wavelength limit, the portion of Sy(#) and Syy(6) corresponding to
geometrical optics (see Sec. 5 of [40]) scales as (ka), and when combined with the 1/(kr) factor in Egs.(1a),(1b), gives
scattered VV and HH fields that are independent of 4.

4d. Symmetry Breaking in Wave Theory
The fact that nonzero cross-polarized scattering is a consequence of wave theory symmetry breaking may be
motivated in two stages. The first stage relies on the mathematics of the coupling of angular momentum states which
is familiar in quantum mechanical scattering, (see Sec.16.2 of [41]). The on-axis x-polarized Gaussian beam of
Eq.(39) can be written as

E™™ = E, exp(ikz) exp[-|p|2/w02] uy

= Ey Y i" 2n+1) ju(kr) P,’[cos(0)] exp[-r*sin*(0)/wy’] (- u, + w )22 | (49)

n=0
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(see Eq.(11.56) of [41]), where j,(kr) is a spherical Bessel function and u, and u. are the circular polarization states
(see Eq.(16.111) of [41])

u, = - (u+iuy)2"” (50a)

w = (u,—iuy)2" . (50b)

Since the beam in Eq.(49) is independent of the azimuthal angle ¢, the Legendre function P,’[cos(6)] is a state of
orbital angular momentum whose magnitude is » and whose z-component is 7,=0. Similarly, the circular polarization
unit vectors u, and u. are states of angular momentum whose magnitude is s=1 and whose z-component is m=+1.
Equation (49) thus contains the product of two angular momentum states, and as such, it is called an uncoupled
representation of the electric field. According to the mathematics of group theory, a product representation of the
rotation group may be expressed as a direct sum of a number of irreducible representations (see Eq.(16.87) of [41]).
Thus in the coupled representation of a linearly polarized on-axis beam, the two separate angular momenta are
combined into total angular momentum states (see Sec.16.6 of [41]) whose magnitude j is constrained to integer steps
in the interval

n-s|<j<n+s (51a)
and whose z-component is
mp=m,+m . (51b)

For the example of an on-axis beam of Eq.(49), the coupled angular momentum states have partial wave numbers
n+1, n, and n-1, and z-component m==1. The j=n+1 and j=n-1 states taken together can be shown to be electric
multipole or TM waves, while the j=n states can be shown to be magnetic multipole or TE waves, each of which are
described in terms of the Lorenz-Mie angular functions (see Sec.9.31 of [7]) r,fl(H) and nnil(é)).

In like manner, the x-polarized off-axis Gaussian beam of Eq.(43) can be written as

Eoff-axis :EO eXp(ikZ) exp[-lp-polz/woz] Uy

= E, Y i" (2n+1) ju(kr) P,’[cos(6)] exp[-rsin’(0)/w’]
n=0
x exp(-po /wo’) exple (kp) cos(p-po)] (- w, +u)/2" (52)
The beam of Eq.(52) now explicitly depends on the azimuthal angle ¢. Because of this, if the p-dependent
exponential were expanded in terms of a sum of spherical harmonics, (i.e. angular momentum states), with partial
wave number 71,y and azimuthal mode number 7.y, the sum would contain all values of m,.,.;;. When these
off-axis angular momentum states are coupled to both the orbital angular momentum states of Pno[cos(ﬂ)] and the
angular momentum states of the circular polarization unit vectors u, and u_, they give rise to the GLMT scattering
amplitudes S| and S, containing sums over all azimuthal modes m as in Eqs.(14),(17) which are described by the full
range of GLMT angular functions z,,"(6) and 7,,"(6).
In order to more clearly understand why there is a larger range of m values for an off-axis beam than there
was for an on-axis beam, let the beam be translated only slightly off-axis with 0<e<1/kp. One can then Taylor series
expand the exp[e (kp) cos(p-¢,)] factor in Eq.(52) to obtain

exple (kp) cos(p-po)] = 1 + & (kp) cos(p-po) + O(e”) (53)

The first term of Eq.(53) is independent of ¢, and thus is circularly symmetric, corresponding to m,.,;=0 and m==1,
as was the case for an on-axis beam and a plane wave. The second term varies sinusoidally in ¢, corresponding to
Meprqxis=%1, and is not circularly symmetric . Coupling these states to both the m,=0 states of the Legendre
polynomials and the m=+1 states of the circular polarization unit vectors, one obtains the spherical multipole
radiation states with the larger range of azimuthal modes, m=0, £1, £2. Progressively higher order terms in the
Taylor series expansion produce an increasingly wider range of m; values.

The second stage of the wave theory analysis uses this fact along with the properties of the beam shape
coefficients to show that cross-polarized scattering is identically zero for an on-axis beam, and that this results from
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the spherical symmetry of the beam with respect to the coordinate system with its origin at the center of the particle.
Consider the case when the Gaussian beam first begins to be translated off-axis. Omitting constants of
proportionality, Egs.(4a),(4b) for the beam shape coefficients may be rewritten as

2n
14mn+ ~ I d(ﬂ COS(m(D) Eincmd(rye’(o) (543)
0
2n
Aw ~-1] dg sin(m) E;,"(r,0.9) (54b)
0
2n
B~ I dg cos(mp) cBy*(r,0,0) (54¢)
0
2n
Bnm> ~-1 J d(” Sln(m(0) CBmcmd(r,e,(D) s (54d)
0

where the integral over 6 and all the other multiplicative factors have been left implicit. For the simple model of the
x-polarized on-axis beam considered in Eq.(49), the radial component of the electric field is proportional to
sin(f)cos(p) and the radial component of the magnetic field is proportional to sin(f)sin(¢). Then Eqgs.(54a)-(54d) give

Anl+ ~iBy ~m (55a)
Ay =B, =0 (55b)
Anmt = Bnmir =0 for mil, (SSC)

in agreement with addition of angular momentum results mentioned above, and again with all the identical 6
dependence left implicit. For the simple model of the corresponding y-polarized on-axis beam whose radial
component of the electric field is proportional to sin(f)sin(p) and whose radial component of the magnetic field is
proportional to -sin(8)cos(p), Eqs.(54a)-(54d) give

14/11+ = Bnl> =0 (563)
Bnl+ ~-i An1> ~ - (56b)
A,,mi = B,lmi =0 for m;ﬁl . (560)
According to Egs.(2a),(2b) in the p=90° scattering plane, the m==1 portion of the scattering amplitudes is
S1(9’900) = z Cn [1 Bnl_ bn Tnl(e) + Anl+ a, 71',,1(6)] (5721)
n=1
5,(0.90°) =Y ¢, [i Aw” @ 7,'(0) - By b, 7, (O)] . (57b)

n=1

Substitution of Eq.(55b) for an x-polarized beam into Eq.(57b) gives Sy5(6,90°)=0, and substitution of Eq.(56a)for a
y-polarized beam into Eq.(57a) gives Sy(0,90°)=0. Thus if the beam is on-axis, crossed-polarized scattering cannot
occur.

Consider now an x-polarized off-axis Gaussian beam and keep the non-circularly symmetric term in Eq.(53)
that is first order in e. Using van de Hulst’s localization principle to associate the impact parameter kp with the partial
wave number n+1/2, Eqs.(54a)-(54d) for the beam shape coefficients for m=0 are

A ~ (n+1/2) em cos(py) (58a)

B,? ~ (n+1/2) en sin(py) , (58b)

and for m = £2 they are
A"~ 1By ~ (n+1/2) (en/2) cos(pg) (58¢)

By~ -1 A ~ (n+1/2) (-en/2) sin(gy). (58d)
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The beam shape coefficients are zero for m#0,2, in agreement with the addition of angular momentum results
mentioned above. For an off-axis y-polarized beam, again to first order in ¢, the beam shape coefficients for m =0
are

A, ~ (n+1/2) ex sin(gy) (59a)

B,? ~ (n+1/2) en cos(g,) (59b)
and for m=+2 they are

A" ~ 1By ~ (n+1/2) (-em/2) sin(pg) (59¢)

By~ -1 A,y ~ (n+1/2) (-em/2) cos(pq). (594d)

The beam shape coefficients are again zero for m#0,2.
According to Egs.(2a),(2b) in the p=90° scattering plane, the m=0 portion of the scattering amplitudes is

51(0,90°) = (1/2) ¥ ¢, B, b, 7,(6) (60a)

n=1

5,(0,90°) = (172) ¥ ¢, A, a, 7.(0) , (60b)

n=1

and the m=+2 portion is

51(0,90°) =Y ¢, [-B" b, 7,(0) +i A,y a, 27,°(0)] (61a)

n=1

$:(0.90°) =Y. ¢, [-Aw” a,7,(0) -1 B,y b, 2m,7(0)] . (61b)
n=1

Substitution of Egs.(58a),(58c¢) for an x-polarized beam into Egs.(60b),(61b) for the VH scattering amplitude gives a
nonzero result proportional to (n+1/2) € cos(@y). Similarly, substitution of Egs.(59b),(59d) for a y-polarized beam into
Eqgs.(60a),(61a) for the HV scattering amplitude gives a nonzero result also proportional to (n+1/2) ¢ cos(¢). This is
consistent with the observation at the end of Sec.2 that cross-polarized scattering cannot occur when the beam is
translated off-axis in the scattering plane. In like manner, substitution of Eqs.(58b),(58d) for an x-polarized beam into
Eqgs.(60a),(61a) gives a correction to the VV scattering amplitude for off-axis incidence in the scattering plane, and
substitution of Eqs.(59a),(59c¢) for a y-polarized beam into Eqs.(60b),(61b) gives a correction to the HH scattering
amplitude for off-axis incidence in the scattering plane. The m=0,+2 azimuthal modes of S; and S, are the first to join
the circular symmetric m=+1 Lorenz-Mie modes to produce the onset of VH and HV cross-polarized scattering as the
beam begins to be translated off-axis out of the scattering plane. The amplitude of cross-polarized scattering is found
in [12] to continue to be proportional to ¢ as the beam is translated off-axis by larger distances.

4e. Cross-Polarized Scattering and Davis Beams

A focused Gaussian beam can be nearly equally well described in terms of either the localized beam model or the
Davis beam model [42,43], as long as wy>>A. The localized beam is defined by the value of the beam shape
coefficients A, and B,", and the field components are then derived from them. Complementary to this, Davis beams
are defined in terms of a series expansion in powers of s of the field components, and the beam shape coefficients can
then be obtained from them. The series expansion of the rectangular components of the Davis model of an x-
polarized Gaussian beam results from the constraint that the fields must satisfy Maxwell’s equations. The lowest
order contribution to the x-component of the electric field is of order s°, and the lowest order contribution to the z-
component and the y-component is of order s' and s°, respectively. The structure of the components of the Davis
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magnetic field is similar. Although the electric and magnetic fields of such a beam are in the x and y directions at the
center of the beam waist, respectively, the electric field acquires small z and y components and the magnetic field
acquires small z and x components elsewhere. The details of the Davis model of a y-polarized Gaussian beam are
similar.

Consider an x-polarized Davis beam centered on the off-axis position (xo, o, 20=0). The beam fields, to lowest
order in s for each of the rectangular components are [42,43]

E™®(x,y.2) = EoD exp(ikz) exp[-D(x-x0)*/wo’] exp[-D(y-yo) 1wy’]
x (U + [25°D*(e-x0) (7-y0)/wo’] ty — [2isD(x-x0)/wo] u,) (622)

B *®(x,y,2) = (EoD/c) exp(ikz) exp[-D(x-xo)/wo’] exp[-D(y-yo)/w’]
x {[25"D*(x-x0)(y-yo)/wo'] uy + uy — [2isD(y-yo)wol u} (62b)

where the diffractive spreading of the beam as a function of z is given by
D =11+ 2isz/wo]" . (63)

Expressing the rectangular coordinates (x,y) and (x,yo) in terms of polar coordinates (p,p) and (py,p) as in Fig.6,
using ¢ of Eq.(45) as a measure of the off-axis distance, and neglecting the diffractive spreading D of Eq.(63),
Eqgs.(62a),(62b) become

E(p.0.2:p0.00) = Eq exp(ikz) exp[-s"(kp)’] exp (-po"wy’) exple (kp) cos(p-po)]
x {uy + [s* (kp)” sin(2¢) — s’ (kp) sin(p+po) + (£7/4) sin(2po)] uy
+ [-2is2 (kp) cos(p) + ie cos(pp)] u,} (64a)

B (p.0.,2:00.00) = (Eo/c) exp(ikz) exp[-s*(kp)’] exp (-po’Iwy’) exple (kp) cos(p-go)]
x {[s* (kp)* sin(2¢) — s¢ (kp) sin(p+po) + (67/4) sin(2pp)] uy + u,
+ [-2is* (kp) sin(g) + ie sin(gy)] u,} (64b)

If one were to apply ray theory ideas to this beam, one would first evaluate the beam at the intersection of
the p=290° scattering plane with the sphere equator. The electric field of an x-polarized beam at the particle surface
is

E* = Eq exp[-ika cos(6,)] exp[-s7(kp)*] exp(-po”/wy’) exple (kp) sin(po)]

x [uy F s% (kp) cos(po) uy + (£%14) sin(2¢g) uy + ie cos(po) u,] , (65)

where 6, is the angle of incidence of an effective ray at the surface of the sphere. The expression for B” WS at the
sphere surface is similar. For in-plane off-axis incidence with ¢,=90° and using the van de Hulst localization
principle, the effective ray magnitude vector of Eq.(65) is

A, =F, exple (n+1/2)] uy (66)

as in Eq.(47). For off-axis incidence perpendicular to the scattering plane with p,=180°, the effective ray magnitude
vector is
An=F, [ug+ 5% (n+12) uy —ic ], (67)

which provides small uy and u, correction terms to Eq.(48). For an incident x-polarized Gaussian beam (i.e. incident
V as in Sec.1) and off-axis incidence perpendicular to the scattering plane, there is a small induced y-polarized field of
strength s (n+1/2) relative to that of the dominant x-polarized electric field. If one were to now apply the previously
used ray-theory-based ideas to this y-polarized correction field, since it is incident in the horizontal scattering plane it
will also exit the sphere in the scattering plane (i.e. outgoing H as in Sec.1). One might be tempted to conjecture that
it can be identified as the physical mechanism producing the cross-polarized VH scattering observed in Fig.4. But
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this cannot be the case since both in Sec.4c and in [12] it is seen that the dominant term in the VH scattering
amplitude is of order ¢ relative to the dominant VV scattering amplitude. The Davis beam y-polarized correction field
discussed here is instead an order s* correction to the dominant term.

Now consider the z component of and in the context of wave theory. Let the electric field of the
incident beam be nominally x-polarized and propagate in the z direction. The Maxwell equation

EDavis BDavis

VeE=0 (68a)
can be loosely written for this situation as

OE,/Ox + OE 0z =0 . (68b)
This equation of constraint is easily solved for a plane wave since

E,= E, exp(ikz) (69)

and there is no z component of E.

But now consider an on-axis x-polarized freely diffracting Gaussian beam whose x component is

E, = DE, exp(ikz) exp[-(*+y")/wo’] . (70)
The partial derivative of OE,/Ox is nonzero because of the transverse falloff of the beam. So there must be a nonzero z
component of E with a nonzero z-derivative so as to satisfy the constraint equation of Eq.(68b). Since the fastest
longitudinal variation of E, is expected to be that of the exp(ikz) propagation factor, one has

E, =ik OE,/Ox . (71)
This correction field, to lowest order in s, is identical to the z component of EP™ of Eq.(64a). Substituting this into
Eqgs.(54a)-(54d) along with the circular-symmetry-preserving first term of the Taylor series expansion of exple (kp)
cos(p-¢o)] of Eq.(53) and using the van de Hulst localization principle, one obtains the correction term of the beam
shape coefficients

A, =2i (n+1/2) en cos(po) (72a)

B,? = 2i (n+1/2) em sin(g,) . (72b)

These are the same size as the m=0,2 corrections to the beam shape coefficients of Eqs.(58a)-(58d) due to circular
symmetry breaking and described in Sec.4d. The results for a y-polarized beam and their comparison to Eqs.(59a)-
(594d) is similar. Thus a nonzero Syy(0) and Sy(0) is due to a combination of the wave scattering effects of (i) circular
symmetry breaking of the off-axis beam (i.e. the second term of Eq.(53) along with E, and B,), and (ii) the constraint
that the off-axis incident beam must be a solution of Maxwell’s equations (i.e. the first term of Eq.(53) with E, and
B;). In the context of a Davis beam, these are the only two contributions to the beam fields of order . So it would
seem that this exhausts the list of physical mechanisms responsible for the leading term of a nonzero Syg(6) and

Su0).

5. Summary

Since cross-polarized scattering does not occur when an electromagnetic plane wave is scattered by a single
homogeneous spherical particle, it has often been implicitly assumed that it continues to be impossible for all beams
incident on the particle. But since a diagonally incident plane wave gives rise to both co-polarized and cross-
polarized scattering, and complicated beams may be expressed as an angular spectrum of plane waves, it should
happen in some cases that the cross-polarized components will not completely cancel out when integrated over the
angular spectrum. When examining scattering by the localized model of a focused Gaussian beam we found that
cross-polarized scattering does not occur for an on-axis focused Gaussian beam and a Gaussian beam translated off-
axis in the scattering plane, but that cross-polarized scattering does occur for a Gaussian beam translated off-axis out
of the scattering plane. We also found that for the beam and particle parameters examined here, it is orders of
magnitude weaker than the intensity for co-polarized scattering. In this regard, it should be mentioned that we
preliminarily experimented with varying the values of p, and w, by a factor of two from the values given in Fig.4 for
VV and VH scattering with ¢,=180° and found that the ratio of the VH intensity to the VV intensity was slowly
varying in this parameter range. In addition, a few results for varying ¢, with fixed p, and w, are shown in Figs.5,6
of [12] and are interpreted there. Since the cross-polarized intensity depends on the scattering angle 6, as well as on
the particle radius and refractive index, the beam width, and the off—axis beam location (p,, @), a systematic search
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of this extensive parameter space should hopefully be able to identify favorable conditions under which the strength
of cross-polarized scattering is optimized and might be experimentally observed.

On a more theoretical note, we also found that when the beam first begins to be translated off-axis, the m=0,+2
azimuthal modes are the first to join the m=+1 modes of on-axis scattering, and produce the beginnings of the cross-
polarized response of the sphere. An approximation to the exact GLMT scattering amplitudes is pursued in [12]
which allows the sum over azimuthal modes m to be evaluated analytically, greatly decreasing the computer run
time required for off-axis GLMT computations for scattering by particles with a>>4. Finally the role of diffraction,
the Debye series decomposition of the partial wave scattering amplitudes, and time-domain scattering will be
studied in [44].
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