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Rainbow scattering by a coated sphere

James A. Lock, J. Michael Jamison, and Chih-Yang Lin

We examine the behavior of the first-order rainbow for a coated sphere by using both ray theory and
Aden-Kerker wave theory as the radius of the core a;2 and the thickness of the coating d are varied. As
the ratio 8/a,3 increases from 10~ to 0.33, we find three classes of rainbow phenomena that cannot occur
for a homogeneous-sphere rainbow. For 8/a;; < 1073, the rainbow intensity is an oscillatory function of
the coating thickness, for /a2 = 10~2, the first-order rainbow breaks into a pair of twin rainbows, and

for 8/ajz = 0.33, various rainbow-extinction transitions occur.

Each of these effects is analyzed, and

their physical interpretations are given. A Debye series decomposition of coated-sphere partial-wave
scattering amplitudes is also performed and aids in the analysis.

1. introduction

In the scattering of a family of parallel light rays by a
homogeneous spherical particle, the scattering angle
0 of the rays that make one internal reflection within
the particle possesses a relative minimum when
considered as a function of the ray impact parameter.
The first-order rainbow occurs at this relative mini-
mum scattering angle.l? In wave theory, the form
of the rainbow changes only superficially as the
wavelength of the incident light, A, the radius of the
particle, a, and the particle’s refractive index n are
varied. As a increases or A\ decreases, the rainhow
intensity slowly increases above the geometric optics
background, the angular size of the supernumerary
structure on the illuminated side of the rainbow
decreases, and the scattering angle of the peak rain-
bow intensity approaches the Descartes rainbow angle
0F of ray theory. As the refractive index of the
particle increases, the Descartes rainbow angle in-
creases. Forrn = 2, the rainbow occurs at 68 = 180°
and is known as a rainbow-enhanced glory.3-6 For
n > 2, the scattering angle of the rays that make one
internal reflection no longer possesses a relative
minimum, and the first-order rainbow does not occur.

Although it has been over forty years since the
problem of electromagnetic-wave scattering by a
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coated sphere was solved by Aden and Kerker,” to our
knowledge, a systematic study of the properties of
coated-sphere rainbows has not been undertaken.
It is the purpose of this paper to examine the behavior
of the first-order rainbow for a coated sphere when
the thickness of the coating 3 is varied with respect to
the radius a2 of the core particle. For this variation,
we find three classes of rainbow phenomena that have
no counterparts for homogeneous-sphere rainbows.
First, when d/a;, < 1073, the coating acts as a thin
film on the surface of the core. As aresult, as 3/a;,
increases, the rainbow intensity alternately increases
and decreases because of the constructive and the
destructive interferences of the two Descartes rain-
bow rays that internally reflect off the core—coating
interface and the coating—air interface. Second, when
d/a;s = 1072, the two Descartes rainbow rays are
deflected by different amounts within the coated
sphere. As a result, the first-order rainbow breaks
into twin rainbows at slightly differing scattering
angles. Finally, when 8/a,, = 0.3 for certain combi-
nations of the core and the coating refractive indices,
there is a transition at which the first-order rainbow
is extinguished. We examine each of these three
rainbow phenomena by using both ray theory and the
Aden—Kerker solution of the electromagnetic-wave
scattering problem.

The body of this paper proceeds as follows. In
Section 2 we examine the thin-film situation and the
resulting rainbow-intensity oscillations. In Section
3 we examine the twin-rainbow situation. Both of
these results demonstrate that for large particles
with (2ma;)/A > 3000, ray theory becomes a good
approximation to the results of the Aden—Kerker
wave theory. For a homogeneous sphere, the link
between ray theory and Mie wave theory is provided
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by the Debye-series expansion of the Mie partial-wave
scattering amplitudes.8-!! To provide a similar link
between ray theory and wave theory for the coated-
sphere problem, in Section 4 we carry out a Debye-
series decomposition of the Aden-Kerker partial-
wave scattering amplitudes. For completeness, we
also give the Debye-series decomposition of the inter-
nal partial-wave amplitudes both in the core and the
coating, and we relate these internal Debye ampli-
tudes to arbitrary beam-scattering theory.'>13 In
Section 5 we employ the Debye-series results to
examine rainbow-extinction transitions for two differ-
ent classes of light ray trajectories through the coated
spheres. Finally, in Section 6 we briefly describe
experimental observations of rainbow glare spots on a
coated sphere.

2. Coated Sphere as a Thin-Film Problem

Consider a plane wave of field strength X, wave-
length \, traveling in the z direction, and polarized in
the x direction incident upon a coated sphere that
comprises a core (region 1), surrounded by a coating
(region 2), and surrounded by air (region 3). The
radius and the refractive index of the core are a,, and
n,, respectively. The thickness of the coating and its
refractive index are 8 and n,, respectively. The
refractive index of air is ng. The radius of the
composite particle is then

Qg3 = Q12 + d. (1)
The geometry is shown in Fig. 1(a). The size param-

eters associated with the core and the composite radii
are

2"“‘(112

X1 = N (2)
21Ta23

Xo3 = N (3)

respectively.

In this section only, the scattering angle is denoted
by alowercase 6.

The Aden—-Kerker expression for the far-field inten-
sity of the light scattered by the coated sphere is”1415

EZ 1
Iir,8,¢)= El"«iog 755 (152(6) [ cos? & + | 5,(0) [ sin? ),

(4)

where
k=~— (5)
is the wave number of the incident plane wave, and
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Fig. 1. (a) Geometry of a coated sphere and the trajectory of a
geometric light ray through it. (b) Two geometric rays « and B
that dominate the first-order rainbow for a coated sphere. The
flat interface Fresnel coefficients for the various transmissions and
internal reflections are also indicated.

the scattering amplitudes S;(0) and Sy(0) are given by

= ol +1
Sy(6) = g 6 _:-1) [aym(8) + br(8)),
= 9l +1
$40) = 3 jragylar®) + bmi@)). (@

The angular functions are

1
™(6) = Sin 0 P)Y(cos 6),
d 1
7(8) = @Pl (cos 8). (7)

The partial-wave-scattering amplitudes a; and b; are
given by the expressions

o Nl23

b T NP+ D )



where

N = nyxsg [Jl(x23)jl—l(n2x23) — Naji-1(%a3)filra%es)

(n22 - 1)
NgXog

jz(xzs)jz(nzxzs)} (9)

+ Alngxzaz[jl(x%)nl_1(n2x23)

— Najfi-1(%e3)ny(rnaXes)
(no? — 1) .
+ ‘—“i o - Jilxaz)ny(maxas) | 5 (10)
2%23

D2 = n2x232[n1(x23)j,_1(n2x23) — Ry (%) (2% 23)

(g — 1)1

ny(xes)7)(nox
Na%as 1(%23)jina 23)]

+ Aln2x232[nl(x23)nl—1(n2x23> — ngny_q(xe3)

(no? — 1)
X nynoxes) + ; o ny(xog)n(noXes) |
2%X23
N2
A=— DE’ (11)

N2 = n1n2x122{n2j,(n2x12)j,_.l(nlxlg) — nyji-1(ngxys)

(n12 - n22)l

X j +
Jinixys) PRI

jz(nzxm)jz(nlxlz)] »
(12)

D} = n1n2x122[nznl(ngxm)j,_l(nlxlg) = nyny_y(no%ys)

(ny? = ng?)l

X J +—_—
Jini%x12) g%

nz(nlez)jz(nlxm)}
(13)
for ¢;, and
N2 = ny%xos[naji(%23)j1-1(na%as) — Ji-1(%as)ji(raxas)]

+ Binoxos®[ng ji(%2s)n—1(noxses)

- jl—l(x23)nl(n2x23)]’ (14)
D= n2x232[n2ng(x23)j,_1(n2x23) - nz—l(xzs)jt(n2x23)]
+ Bingxs?[nan(xas)ny-1(naxas)

= ny_q(Xag)n(na%as)]; (15)

N2
Bl = - 511—2 ’ (16)
Nl12 = n1n2x122[n1jl(n2x12)jl 1{n1%19)
~ ngji-1(naX12)ji nlxlz)], (17)
Dtlz = NlgXyg [nlnl NyX19)fi-1(n1X12)
= ngny_y(nax19) i n1x12)] (18)

for b, and where j; and n; are spherical Bessel
functions and spherical Neumann functions, respec-
tively. The principal goal of this paper is to obtain a
physical understanding of some of the rainbow phe-
nomena hidden in these complicated expressions.

We first consider the situation in which x5 is of the
order of a few thousand so that the ray theory is
expected to be a good approximation'® to Eqgs. (4)—(18).
We wish for the coating to act as a thin film on the
surface of the core. As is proved in Section 3, the
thin-film assumption corresponds to 3/a;s < 2 X
10-3. The two dominant Descartes rays for the
first-order rainbow for this situation are shown in
Fig. 1(b). The ray that we label a has its internal
reflection at the core—coating interface, and the ray
that we label B has its internal reflection at the
coating—air interface. As the core is large, the core—
coating—air geometry in the vicinity of the internal
reflections is locally flat compared with the wave-
length of light. This is illustrated in Fig. 2(a). Asa
result, the transmissions and the internal reflections
may be parameterized by the flat interface electric-
field Fresnel coefficients!” T, and R,", where first
superscript { denotes the initial medium, second
superscript j denotes the final medium, and subscript
g denotes that this is for a geometric light ray. For
reflections within the coating, R,?*? and R,?'? denote
reflection from medium 2, off medium 3 or 1, respec-
tively, and back into medium 2. As the coating is
thin, the o and the B rays exit the sphere in the same
direction and interfere with each other on the way to
the observer.

The Descartes rainbow ray is incident upon the
coated sphere at the angle

(19)

n12 -1 1/2
3

cos 05" = (

The o and the B rainbow rays constructively interfere
at the observer, which gives the maximum rainbow
intensity if18

4‘177128
A

€os 92R + ¢12 + (b23 = ZTE'N, (20)

and they destructively interefere, which gives the
minimum rainbow intensity if

3
2 (0]} 92R + d)]_z + ¢23 = 2’11'(N + 1/2), (21)
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Fig. 2. (a) When the core is large and the coating is thin, the core—coating-air interfaces are approximated by the thin-film geometry.
(b) Comparison between Aden—Kerker wave theory (solid curve) and ray theory employing the « and the B rays (dashed curve) for the

rainbow intensity as a function of coating thickness.

The Aden—Kerker intensity was calculated for 2n8/\ in increments of 0.1.

The

arrows denote the coating thicknesses for constructive and destructive interferences in ray theory as predicted by Egs. (20) and (21),

respectively.

(c) Ray y that makes three internal reflections within the coating.

(d) Comparison between Aden—Kerker wave theory (solid

curve) and ray theory when the o, B, v, ¥’, and y" rays (dashed curve) are used for the rainbow intensity as a function of coating thickness.

where N is an integer. The angle 8,% of the Des-
cartes ray in the coating is given by Snell’s law,

ng sin 058 = n, sin 6,%, (22)

and the phase changes on reflection at the 12 (core—
coating) and 23 (coating—air) interfaces are given by
0 if Ny < ny

o if ng > nl’

0
¢23=[~rr

As a specific example, we consider n, = 1.333, n, =
1.55, and n3 = 1.0, which describes a thin-wall glass
shell filled with water. The amplitude of the «
rainbow ray is given by

¢12=[

ifng < ng
ifng > ny (28)

E, = T2TXRNT 2T, = 00941 (24)
for the transverse electric (TE) polarization, and the
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amplitude of the B rainbow ray is given by
Ey = T 2T T, °R 22T T 12T 28 = 0.3425 (25)

for the TE polarization. Assuming that the only
difference in the relative strengths of o and B rain-
bows is given by the different sets of Fresnel coeffi-
cients in Eqgs. (24) and (25), the maximum rainbow
intensity is

1
= (E, + Ey)? = 0.1906,

= Znoe (26)

Im ax

which corresponds to constructive interference of the
a and the B rays, and the minimum rainbow intensity
is

1
Tin = Znne (E, — Ez)? = 0.0617, (27)
which corresponds to destructive interference. This

produces an intensity contrast factor of I,../In, =

3.1.



To verify this ray-theory oscillating intensity predic-
tion, we computed the wave-theory intensity of Eqgs.
(4)—(18) for x32 = 3000 and 0 < (2 wd)/A < 7. In
each case the scattered intensity between 135° < 6 <
140° was Gaussian low-pass filtered in order to sub-
tract off the high-spatial-frequency fine structure
superposed on the rainbow intensity caused by the
interference of specularly reflected rays with the rays
that make one internal reflection. The peak rain-
bow intensity of the filtered data was then deter-
mined and is shown in Fig. 2(b). The wave-theory
intensity contrast factor is found to be I /I 1in = 1.6,
which is in disagreement with the ray-theory result
just obtained. The background intensity upon which
the rainbow is superposed was only ~ 1% of the total
intensity at the rainbow peak, thus not influencing
the value of Io/Inin.  As a check on our method of
calculation, the intensity in Alexander’s dark band,
which is due primarily to specular reflection, was also
calculated both in ray theory and in Aden-Kerker
wave theory. The dominant geometric rays for specu-
lar reflection are parameterized by R, and by
T 2R, 22T 23, These rays also alternately construc-
tively and destructively interefere as § increases.
The specular reflection intensity contrast factor in
Alexander’s dark band was found to have the values
of 3.9 in ray theory and 4.0 in Aden~Kerker theory.
The agreement for specular reflection and disagree-
ment for the first-order rainbow lead us to believe
that the extent of the partial focusing of light rays
that occurs at the first-order rainbow and causes its
enhancement above the geometric optics background
is affected by the presence of the coating.

In Fig. 2(b), we also show the ray-theory intensity
that is due to the a and the B rays normalized to the
Aden—-Kerker results. The normalized comparison
is generally good except for the double-peak structure
at the constructive interference coating thicknesses
in wave theory. This discrepancy is removed when
we take into account in ray theory the geometric rays
that make three internal reflections within the coating.
There are three distinct ray paths that do this. One
of them, which we call the v ray, is shown in Fig. 2(c).
The other two rays (y' and v") resemble the B ray but
have two additional internal reflections in the coating
immediately after entering the coating for the first
time or immediately before exiting it for the last time.

The normalized comparison between wave theory
and ray theory when the o, B, v, v', and ¥” rays are
used is shown in Fig. 2(d). The inclusion of the v, v,
and v" rays reproduces the wave-theory double-peak
structure at the constructive interference locations.
But the double peak in ray theory is not as prominent
as that of the Aden—Kerker wave theory. Ifthev,vy’,
and v" amplitudes are increased by 18% over the
values given by the Fresnel coefficients, which is the
situation graphed in Fig. 2(d), the agreement is much
improved. This may be taken as additional evidence
that the coating perturbs the degree of partial focus-
ing that occurs for the coated-sphere rainbow beyond
that described by the Fresnel coefficients. As a final

check on the v, v', and 4" rays’ being responsible for
the double-peak structure in Figs. 2(b) and 2(d),
calculations were also performed for n; = 1.338, ny =
1.2, and n3 = 1.0. When ny < ny, both in Aden—-
Kerker theory and in ray theory with the e, B, v, v/,
and v" rays, there is only a single peak at the
constructive interference locations for realistic ampli-
tudes of the v, v', and y" rays, which indicates the
appropriateness of including these contributions in
Fig. 2(d).

3. Twin First-Order Rainbows
In Fig. 1(a) the angle 8,' is given by

By’ =06y

Qo3 a3’ 1/2
+ arccos|——sin? 0, + cos 8y 1 — — sin% 8,
Q1 Q12

d h
= By + —sin 05(ny? — sin?03)" /2 + & (—2) - (28)
Q12 USt)

As the coating grows in thickness, the difference
between the angles 0, and 0, increases as well.
Because the o ray makes two transits through the
coating whereas the B ray makes four transits, the
two rays leave the sphere at different scattering
angles and thus produce two distinct first-order rain-
bows. Let

€=0y — 0, (29)
Then the angular deviation of the a ray is
O, = + 20; — 40, + 2¢, (30)
and the angular deviation of the B ray is
Op = mw + 203 — 40, + 4e. (31)

The derivatives of O, and Oy were performed with
respect to 03 and then set equal to zero in order to
determine the angle 63 of the incident rainbow ray.
The resulting expressions, however, cannot be solved
in closed form. To obtain an approximate solution,
we Taylor-series expanded all the angles in powers of
8/a,2 about their values for the ray path of the
homogeneous-sphere Descartes ray. The results
were then substituted into Egs. (30) and (31) to obtain
the rainbow scattering angle of the a and the B rays:

] 2% 4 —n? 1/2
Rl — | — + ———
O (0'12) o%0) (112[(3n22 +n,? - 4)
4 — n,2\1/2 52
- —]> 32
(n12 - 1) te a12” (32)

_2_8— 9 4 — n12 1/2
(4P az| \3n2+ns -4

4 — n12 1/2 32
- (n12 - 1) te a’? ’ (33)
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where 68(0) is the rainbow-scattering angle for the
homogeneous sphere. For the specific example n; =
1.333, ny, = 1.2, n3 = 1.0, and x5 = 5000, this
twinning and shifting of the rainbow-scattering angle
is shown in Fig. 3(a) as a function of (2wd)/\. The
thin-film limit examined in Section 2 for (2mwd)/\ < 7
corresponds to the far left-hand side of the graph,
where the a and the g rainbows are shifted by only
minute amounts from the homogeneous-sphere rain-
bow. Thus it was reasonable in Section 2 to consider
the exiting rays as coincident and interfering with
each other. For larger coating thicknesses, the two
rainbow rays no longer spatially overlap and thus can
no longer interfere.

[}
2 T T T T T T T

1R § -

00

ok -

0°(8) - 6°(0) (degrees)

20} {

0 50 100 150 200

18

! 1 NM Ve

18 T T T T T T T T 1
133 134 135 136 137 138 133 149 141 142 143

LOG I
]

Scattering Angle (Degrees)

(b)

Fig. 3. (a) Comparison between Aden—Kerker wave theory (data
points) and ray theory (solid lines) for the shift in the angular
positions of the twin first-order rainbows as a function of coating
thickness for the o and the g rainbows of Fig. 1(b). (b) Scattered
intensity for unpolarized incident light as a function of © for x;2 =
5000, (2m3)/\ = 175, n; = 1.333, ny = 1.2, and n3 = 1.0, showing
the twin first-order rainbows « and B of Fig. 1(b).
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Again, to test the ray theory result, we calculated
the wave-theory intensity from Egs. (4)-(18). A
typical example is shown in Fig. 3(b). The « rainbow
occurs at 6 = 135.5° and the B rainbow occurs at
O = 139.5°. For 25 < (2md)/\ < 175, the computed
angular positions of the a and the B rainbows ob-
tained from the Aden—Kerker equations were deter-
mined and are shown as the data points in Fig. 3(a).
The error bars correspond to the uncertainty in
determining the maximum rainbow intensity. The
comparison between ray theory and wave theory is
quite good. However, the rainbow-intensity con-
trast factors for ray theory and wave theory again
disagree, with Iy/I, = 13.24 in ray theory and I /I, =
4.8 in wave theory. This is again presumably due to
the effect the coating has on the degree of partial
focusing at the rainbow. The v, v, and y" rainbows
are not evident in Fig. 3(b). This is because their
amplitude is much less than that of the a and the B
rainbows and because they are located in the supernu-
meraries of the 8 rainbow.

Calculations were also performed for n; = 1.333,
ny = 1.55, and ng = 1.0. Good agreement for the
rainbow-scattering angles between Aden—Kerker
theory and ray theory was again obtained. Esti-
mates of the angles, however, were more difficult to
obtain because of the larger amplitude interference
structure superposed on the o rainbow for ny > n,.

4. Debye-Series Analysis of the Coated-Sphere
Scattering Amplitudes

In Mie theory the incident wave, scattered wave, and
interior wave are decomposed into partial waves.
The resulting infinite series solution to the scattering
problem for a homogeneous sphere is exact. But it
gives little clue as to the various physical processes
responsible for the scattering. These physical pro-
cesses are diffraction, specular reflection (p = 0),
transmission (p = 1), and transmission following p —
1 internal reflections. They appear naturally in ray
theory but manifest themselves in Mie theory only
when various numbers of interactions of each partial
wave with the particle surface are considered. As it
turns out, each partial-wave scattering amplitude
may be written as a sum of components that corre-
spond to diffraction of the partial wave, specular
reflection of the partial wave, transmission of the
partial wave, and transmission of the partial wave
following p — 1 internal reflections as

a 1 TAT2
=Z(1_-p22_ Lt
b,} D) (1 B -1 g
1
—_ 5 (1 — Rlzz _ T121T112 — T,21R111T112 P )
(34)
This procedure is known as the Debye-series decompo-

sition of the partial-wave scattering amplitudes.
Expressions for R/ and T}, the reflection and the



transmission amplitudes of the partial wave {, are
given elsewhere.®!11 Written in this form, the solu-
tion of the homogeneous-sphere scattering problem is
obtained by summing over both partial waves [ and
scattering processes p. The general success of the
ray-theory and the wave-theory comparisons of Sec-
tions 2 and 3 gives hope that a Debye-series analysis
of the coated-sphere problem is not only possible, but
that it provides valuable physical insight into the
details of coated-sphere scattering. We derive the
coated-sphere Debye series in this section.

As a guide for what to expect, we first consider
multiple scattering of geometric light rays within a
coated sphere. The first number of terms in the
multiple-scattering series is pictorially illustrated in
Fig.4. For a given number of total interactions with
the core—coating and the coating—air interfaces, there
are many possible ray paths. Some ray paths involve
different sets of Fresnel coefficients (for example,
T 2T AT, 2T, and T,%2R2??R2?T,23), and others
involve the same Fresnel coefficients but are taken in
different orders (for example, T,%2R 2R 232723 and
T,2R,*32R 12T ?3). When all the poss1ble ray paths
are 1ncluded the multiple-scattering series is analyti-
cally sumable, and the ray-theory scattered electric
field is given by

Tg32(Qg + 1>Tg23
1-R2Q, + 1)

@@@

Eg =D+ Rg33 + (35)

i
32 0232 i 32 212 .23 212
Ty Ry 'r Tg Ry Tg 13 Rg Rg’-,g
!2 2!2 232 21 .r:l) nzaz RZIZTZI Tg TZI T" 23

Fig. 4. Ray trajectories with up to four interactions with the
interfaces that contribute to geometric ray scattering by a coated
sphere.

where

21 12
Tg Tg

Q =R212+____,
g g 1_Rg11

(36)
and D symbolically represents diffraction by the
composite sphere. The multiple-scattering series is
recovered by expanding the denominators of Egs. (35)
and (36). Equation (36) represents the infinite se-
ries of interactions of the ray with the core alone.
The T,%2, T,%, and R, factors in the last term of Eq.
(35) describe the interaction of the rays with the
coating before they penetrate into the core and after
they exit it. Geometric light rays are allowed to
interact with the coating-air interface a number of
times successively. This is described by the factor of
1in the @, + 1 expressions. If diffraction by the core
(which is represented by d) were to occur between
such successive coating—air interactions, the factors
of @, + 1in Eq. (35) would be replaced by @, + d.
Although each light ray travels in a straight line
between interactions with the interfaces, the radial
dependence of a partial wave is k/V(kr) or h,2(kr),
where h; are spherical Hankel functions, which im-
plies that partial waves propagate radially outward or
inward.!® Thisradial motion forbids successive inter-
actions of partial waves with the coating—air interface.
Not surprisingly then and after much algebra, the
Debye-series decomposition of the coated-sphere par-
tial-wave scattering amplitudes is found to be20:21

Q 1 T132Q1T123
=-(1-Rrp - L2, 37
AR e I
where
T121T112
Q=R+ o (38)

The meaning of the transmission and the reflection
amplitudes R;?3, T2, T2, R2%2, R212, T/, T2, and
R!1 for the partial wave [ is the same as in the
homogeneous-sphere case of Eq. (34). Equation (38)
is, with the exception of diffraction, the scattering
amplitude of the core in an infinite extent of coating
material. Similarly, with the exception of the @,
factors, Eq. (37) is the scattering amplitude of a
particle that comprises coating material in an infinite
extent of medium 3. The @, factors in Eq. (37) give
the influence of the core on composite sphere scatter-
ing. The first few terms in Eqgs. (37) and (38) are
pictorially illustrated in Figs. 5. The star symbol
within the core defined in Fig. 5(a) represents the
infinite series of successive interactions of the partial
wave with the coating—core interface before it heads
back into the coating.

In the derivation of the Aden—Kerker equations,
the scattered electric and magnetic fields are obtained
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Fig.5. (a)Debye-series expansion of the core scattering amplitude
Q; of Eq. (38). (b) Debye-series expansion of the coated-sphere
partial-wave-scattering amplitudes a; and b of Eq. (37). The star
symbol represents the infinite series of successive interactions of
the partial wave with the coating—core interface beafore it heads

back into the coating.

by differentiation of the scalar radiation potentials:

2;

2l+1

0+ (—b)hYkr)P}{cos 0)sin ¢,

lJ’scatf;emd

21 + 1
scattered 2 l l + 1

(—a)h Y (kr)PY{cos 8)cos b.
(39)
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Similarly, the fields in the core are derived from the
scalar radiation potentials:

core 2 I’l

m+1 , ,
nldz)Jz(nlkr)Ptl(COS 8)sin ¢,

2l + 1 )
o 21 [ 1) Pedimikr)Py(cos O)sin &,

(40)

where ¢; and d, are the partial-wave core amplitudes,
and the fields in the coating are derived from the
potentials

-, 20+ 1
E l(l+1)

=1

noLiPh N nokr) + Li™h,®(nokr)|

l!’coatmg

X P;}{cos 0)sin ¢,

Mg

‘bcoatmg 0uthl U("’Zkr ) + I{‘lmhl(2 (n2kr )]

l + 1
X P, (cos 8)cos &, (41)

where Kpeut, Kjin, Levt and Lj® are the partial-wave
coating amplitudes. Expressions for the coating and
the core partial-wave amplitudes are given in Ref. 22.
When an algebraic calculation similar to the deriva-
tion of Eqgs. (37) and (38) is employed, the Debye-
series decomposition of the core and the coating
partial-wave amplitudes are found to be

al ng T 49
d;]  nil- QRz2® ’ (42)
T2

L= 1-RM ’ (43)
I{lin _ ns TISZ 44
L T %n,1 — QR 22 ’ (44)
Kpeet _ng T®Q 15
Leet|  2ny1 — QR (45)

For scattering by a homogeneous sphere, the [; term
of Eq. (43) describes a partial wave that has entered
the core but has not yet exited it.!1 It may have
entered the core either immediately after being trans-
mitted into the coating [T/°2 in Eq. (42)] or after
having bounced back and forth within the coating a
number of times [1/(1 — @R;*2)]. The amplitudes
K;j» and L™ are associated with the radially incoming
Hankel function 4,?(ny%r) and represent partial waves
that have entered the coating [T}°2 in Eq. (44)] and are
heading radially inward toward the core. The ampli-
tudes K,°** and L,°“ are associated with the outgoing
Hankel function A1 (n.kr) and represent partial waves
within the coating that have entered it [T}32 in Eq.
(45)], interacted with the core (@), and are now
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Fig. 6. (a) Debye-series expansion of the partial-wave interior
function I; of Eq. (43). (b) Debye-series expansion of the core
partial-wave amplitudes ¢; and d; of Eq. (42). The filled square
represents the infinite series of successive interactions of the
partial wave with the coating—core interface before it finally ends
up in the core.

heading radially outward toward the coating—air inter-
face. Because the partial waves within the core have
the standing-wave radial dependence j(n,kr), they
represent a superposition of radially incoming and
outgoing waves. The first few terms in Eqgs. (42)-
(45) are pictorially illustrated in Figs. 6 and 7. The
filled square within the core defined in Fig. 6(a)
represents the infinite series of successive interac-
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232 232
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(b)
Fig. 7. (a) Debye-series expansion of the partial-wave coating
incoming amplitudes Kj» and L;® of Eq. (44). (b) Debye-series
expansion of the partial-wave coating outgoing amplitudes K;°ut
and Lyt of Eq. (45).

(a)
(b)

(¢)

Fig. 8. Ray trajectories corresponding to the Debye-series term
TP2R212R232R, 212723 for (a) a small core that permits rainbow
formation, (b) a core that begins to obstruct the Descartes
rainbow ray, causing a rainbow extinction transition, (c) a large
core for which no rainbow can occur. The dashed lines in (a)
indicate the partial-wave reflection coefficient ;212 — 1.
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tions of the partial wave with the coating—core inter-
face before it finally ends up in the core.

As a final check of these results, the generalized
Lorenz—Mie theory describes scattering of an arbi-
trary incident wave by a spherical particle.1218 Ifthe
scalar radiation potential in the coating were written
as the sum of a distorted incident standing wave plus
an outgoing scattered wave, the coating and the core
fields should represent the incident, scattered, and
internal fields for scattering of the distorted standing

wave in the coating by the spherical core. To test
this idea, we rewrite Eq. (41) as
L 20+1
coatmg 2 l + 1 71 1) 2 W Jl(nZkr) Wscatthl(l)(ngkr)]
X Pl{cos 8)sin ¢,
“bcoatmg -
2 l n 1 sy A Ui(nokr) — UpthN(nqkr)]
X PY(cos 0)cos ¢, (46)
U inc n T 32
Y L S (47)
Vlmc ny 1 — Q 1R1232
Ulscatt = 1/2U[in°( 1 - Ql))
Vi = V(1 - Q) (48)

where Vjn¢j; and Ujin¢j, represent the distorted inci-
dent standing wave in the coating, and — Vyeatth (1) and
—Upeath (1) represent the outgoing scattered wave in
the coating. Equations (46)-(48), along with the

0?1 — T :
75 85 g5 185 115 125 135 145 155 165
Scattering Angle (Degrees)

(@)

mal T i I T I T 1 T 1
75 8s 95 188 115 125 135 145 155 165

Scattering Angle (Degrees)

(b)
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core partial-wave amplitudes rewritten as

e’ inc
¢ = Ul Ib
ny

Ng .
dy ==V, (49)
ni
are of the form required by the generalized Lorenz—
Mie theory.

5. Rainbow-Extinction Transitions

When the far-field scattered intensity is calculated
with the Aden—Kerker equations, subtle physical
effects that are due to multiple internal reflections
are often masked by much stronger background-
scattering mechanisms such as specular reflection
and transmission. The Debye series is invaluable in
subtracting off the unwanted large background in
order to examine in detail the subtle physical effect
under consideration. We adopt this subtraction
method in this section when studying rainbow-
extinction transitions. Consider, for example, the
ray trajectories of Figs. 8. When the core is small,
the Descartes rainbow ray propagates through the
coating and misses the core, which permits rainbow
formation [Fig. 8(a)]. As the core grows while the
composite radius a3 stays constant, the core eventu-
ally blocks the Descartes ray, extinguishing the rain-
bow [Fig. 8(b). When the core is large and the
coating is thin, the coating acts as a waveguide for the
incident rays, and rainbow formation is impossible
[Fig. 8(c)].

In the Debye series, the wave-theory version of the

18

18

LoGc 11

18

ma | AL SN AL R LA RN INRLA RSN AL L
s 85 95 105 115 125 135 145 155 165
Scattering Angle (Degrees)

{c)

Fig. 9. Scattered intensity |S:(0)|2 of Eq. (50) as a function of ©
for xe3 = 900, n, = 1.333,n2 = 1.2, n3 = 1.0, and (a) x12 = 600 where '
rainbow formation occurs, (b) x12 = 700 near the rainbow extinc-
tion transition, (¢) x12 = 750 where rainbow formation does not
oceur.



(b)

(¢)

Fig. 10. Ray trajectories that correspond to the Debye-series term
TR2T2ARMT12T23 for (a) particlelike scattering for a large core,
which permits rainbow formation, (b) the transition between
particlelike and bubblelike scattering where rainbow extinction
occurs, (c) bubblelike scattering for a small core where no rainbow
can occur.

ray trajectories of Figs. 8 is described by

Qa,
bi = T132R[212R [232R[212T 123' ( 50)

When the core is small and the Descartes ray misses
it, partial waves with [ > x5 reflect off the core?32+
with B2 -1, InFigs. 9 weshowthe Aden—Kerker—
Debye scattered intensity with the partial-wave scat-
tering amplitudes given by Eq. (50) for xo3 = 900, n, =
1.333, ny = 1.2, ng = 1.0, and for x5, = 600, which
corresponds to Fig. 8(a), x;, = 700, which corresponds
to Fig. 8(b), and x,2 = 750, which corresponds to Fig.

8(c). In ray theory, the Descartes ray touches the
core when Eq. (19) is satisfied and when
Qa3 sin 93R
a12 = n . (51)
2

For the coated-sphere parameters of this example,
the transition should occur at x;3 = 692.82. The
results of Figs. 9 verify that in wave theory, the
transition occurs for nearly the same value of xi,.
Wave theory also verifies that just below the transi-
tion, one of the two supernumerary rays is blocked,
greatly decreasing the amplitude of the supernumer-
ary interference pattern while preserving the partial
focusing of the rays in the immediate vicinity of the
Descartesray. The supernumerary interference pat-
tern is not completely obliterated, however, because
of interference with the surface waves created at the
core—coating interface by the blocked supernumerary
ray.

A more subtle transition is illustrated with ray
theory in Figs. 10. Consider the a ray of Fig. 1(b) for
the special case of n, = 1.333, n, = 1.5, and nz = 1.0.
Let the core radius and the coating thickness be

180°

© (degrees)

g° ag°
0, (degrees)

Fig. 11. Scattering angle O as a function of the angle of incidence
03 for the ray trajectories of Fig. 10. The curveslabeled a, b, and ¢
correspond to the situations of Figs. 10(a), 10(b), and 10(c),
respectively. Point R denotes the rainbow, and point S denotes
total external reflection. The two curves labeled a correspond to
two different coating thicknesses in the particlelike scattering
regime.
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varied while the composite particle radius as; is held
constant. If the core is large and the coating is
small, as in Fig. 10(a), scattering by the coated sphere
resembles scattering by a homogeneous particle that
comprises core material. We saw in Section 2 that a
first-order rainbow occurs for this situation. If the
core shrinks in size while the coating correspondingly
grows, one eventually reaches the situation of Fig.
10(c), in which scattering by the core resembles
scattering by a bubble that comprises core material
embedded in a large volume of coating material. For
scattering by a spherical bubble, the scattering angle
of the rays that make one internal reflection is a
decreasing function of the impact parameter, and no
first-order rainbow occurs.?®-27 The behavior of the
scattering angle as a function of the impact param-
eter was computed for a number of different coating
thicknesses and is illustrated in Fig. 11. The two
graphs labeled a correspond to two different coating
thicknesses for the particlelike thin-coating case of
Fig. 10(a), the graph labeled b is the transition case of
Fig. 10(b), and the graph labeled ¢ is the thick-coating
bubblelike case of Fig. 10(c). The point labeled R is
the relative minimum scattering angle that corre-
sponds to the rainbow. As the coating thickness is
increased, the angle of incidence for the rainbow also
increases, reaching 6;F = 90° at the transition. To
show the migration of the relative minimum of the
scattering angle clearly, two type-a curves are shown
in the figure. The transition between particlelike
scattering and bubblelike scattering thus occurs in
ray theory when the Descartes rainbow ray is incident
upon the coating—air interface at grazing incidence,
and the refracted Descartes ray enters the core at
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Fig. 12. Scattered intensity | S;(0)|2 of Eq. (54) as a function of ©
for x93 = 900, n; = 1.33, ny = 1.5, n3 = 1.0 and (a) x;2 = 850 in the
particle-like scattering regime, (b) x13 = 712.5 near the rainbow
extinction transition, and {¢) x;2 = 630 in the bubblelike scattering
regime.

grazing incidence with 6% = 90°. This occurs when

1
Qg = ~— Ggg.
12 =, e

(52)

As the rainbow-extinction transition occurs for
grazing incidence rays, other interesting scattering
effects accompany it. Because 63 = 90° at the
transition, electromagnetic surface waves that shed
radiation® into the angular region © > OF on the
lluminated side of the rainbow are created at the
coating-air interface. These surface waves interfere
with the geometric rays that are incident with 8; <

0 T T T T 1 | T f !
5] 28 48 68 Ba 188 128 148 169 88 288

Spatial Frequency (inverse degrees)

Fig. 13. Magnitude squared of the Fourier transform of the
Aden-Kerker scattering amplitude Si(0) of Eq. (6) as a function of
spatial frequency for x13 = 10,000, (278)/A = 300, n; = 1.333, and
ng = 1.5. The scattering amplitude was computed over a 3°
interval centered on © = 137°. The center of the coated sphere
corresponds to p = 0, and the outer edge corresponds to p = 174.53
deg~!. The B peaks are due to the § supernumerary rays of Fig.
1(b), and the a peak is due the a rays of Fig. 1(b).



90° to produce the familiar supernumerary interfer-
ence pattern. This effect is novel in that for both the
homogeneous sphere and for the coated sphere with

1
D, 2, (53)

Qo3 Ny

the supernumerary pattern is formed, at least in
part,!! by the interference of geometric rays incident
upon the sphere with 8; < 05f and geometric rays?8
that are incident with 8; > 0%, Inaddition, as 6,% =
90° in the core, electromagnetic surface waves are
also set up at the core—coating interface. But, as
n; < ng, these surface waves propagate in the direc-
tion opposite to the coating—air interface surface
waves.>?? Thus the core—coating interface surface
waves shed radiation into the angular region © < OF
on the unilluminated side of the rainbow. This is
the region where normally only the complex ray
contributes to the rainbow, and the scattered inten-
sity falls off as exp[ —2/3(OF — ©)3/2] as one progresses
into Alexander’s dark band.5 Because the intensity
of the core—coating surface waves fall off as
exp[—K(O% — O)], where K is a constant, the surface-
wave mechanism should provide the dominant contri-
bution to the intensity in Alexander’s dark band.

To test these ideas, we computed the wave-theory
intensity of Egs. (4) and (6) for the Debye-series
contribution to the partial-wave-scattering ampli-
tudes:

(2
bj = T132T121R111T112T123, (54)

which corresponds to the ray trajectory of Figs. 10.
The composite size parameter is x93 = 900. Figure
12(a) shows the scattering in the particlelike regime
for x,5 /x93 = 0.944; Fig. 12(b) shows the scattering for
X13/%93 = 0.792, which is just above the expected
transition value of (x15/%93)iransition = 0.75; and Fig.
12(c) shows the scattering in the bubblelike regime
for x15/x53 = 0.70. The Aden—Kerker—Debye results
confirm that the particlelike bubblelike transition
occurs near the ray-theory prediction of Eq. (52).
Further, in Fig. 12(b) the rainbow intensity decreases
exponentially rather than faster than exponentially
in Alexander’s dark band, which indicates surface-
wave dominance for © < OF,

6. Experimental Observations

Perhaps the greatest difficulty in experimentally test-
ing the results of Sections 2-5 is the preparation of a
suitable coated spherical particle. As a first attempt
at an experimental confirmation, we filled an 18.4-cm-
diameter thin-walled spherical glass globe with water
and illuminated it with a slide projector, 10 m away,
whose lens had been removed. A photograph of the
first-order rainbow glare spots?3%3! on the globe is
shown in Plate 47. The locations of the glare spots
correspond to peaks in the magnitude squared of the

Fourier transform of the scattering amplitudes.3233
The glare spots in Plate 47 are consistent with the
Fourier-transform calculation shown in Fig. 13. In
addition to the usual two rainbow glare spots that are
due to the B supernumerary rays, there is a third
glare spot slightly closer to the center of the globe
that corresponds to the a ray trajectories. This
multiple internal reflection effect that is due to the
finite thickness of the coating is familiar in reflection
off flat thin slabs of material.34:3

In summary of the results presented here, the
behavior of the first-order rainbow in scattering by a
homogeneous spherical particle is well understood
when the wavelength, particle diameter, and particle
refractive index are varied. A new and rich set of
rainbow phenomena, however, occurs when the homo-
geneous particle acquires a coating. We have found
that for three different ranges of the coating thick-
ness, 8/a;s < 1073, 8/a,, = 1072, and §/ay, = 0.33,
three new rainbow phenomena become important.
These results reinforce our belief that the rainbow
represents an incredibly fertile source of interesting
optical phenomena. It is amazing that even though
the rainbow has been continually studied since Theod-
oric of Freiberg discovered the correct ray-theory
mechanism nearly 700 years ago,3637 people are still
learning new things about it.

This work was supported in part by the National
Aeronautics and Space Administration grant NCC
3-204.
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