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A model for Raman and fluorescent scattering by molecules embedded in small particles is described. This
takes into account the effect of the particle’s geometrical and optical properties upon the unshifted field which
excites the molecular transitions within the particle, and upon the shifted field. Formulas are given which
relate the angular distribution of the scattered radiation to the nature of the molecular scatterers and to the
size and refractive index of the particle. These results are relevant for current problems in cell biology and

atmospheric physics.

I. INTRODUCTION

Many problems of practical importance involve
fluorescent and Raman scattering by molecules
embedded in a dielectric particle whose dimen-
sions are comparable to the wavelength, yet much
larger than molecular dimensions, or by such
particles consisting entirely of scattering mole-
cules. For example, the dielectric particle may
be a biological cell which has been tagged with
fluorescent molecules that attach to the DNA, the
cytoplasm, or the cell membrane. The fluores-
cence can be used to monitor specific cell func-
tions, or in cell identification and sorting sys-
tems.! As another example, the particle may be
part of the atmospheric aerosol. This case is of
considerable interest in studies employing LIDAR
(light detecting and ranging) for remote sensing
of both molecular and particulate constituents of
the atmosphere.?

In a quantitative treatment of the scattering prob-
lem the geometrical and optical properties of the
particle must be taken into account, but to the best
of our knowledge this paper represents the first
attempt to do so. These properties strongly influ-
ence both the local field which excites the molecu-
lar transitions and the angular distribution and po-
larization of the emitted field. The angular distri-
bution and the polarization of the emitted fluores-
cence and Raman radiation will be shown to be dif-
ferent from that of elastically scattered light and
from the corresponding distributions for the in-
elastic scattering by free molecules. In addition,
measurement of this inelastically scattered radia-
tion may provide useful information regarding the
size, shape, and refractive index of the particle
and also regarding the distribution of the inelasti-
cally scattering molecules within the particle. We
develop in this paper a formalism that can be used
to express the experimentally observed quantities
in terms of the concentration and distribution of
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the relevant molecules in a particle of arbitrary
shape and refractive index. Explicit results are
derived for spherical particles.

The point of view here is classical. The particle
affects the local exciting field and the angular dis-
tribution of the emitted radiation but not the mo-
lecular transitions. The model is described in
Sec. II. The induced field due to a single dipole at
an arbitrary position within the particle is ex-
panded in vector spherical harmonics in Appendix
A. The unshifted transmitted field is given in Ap-
pendix B. In Sec. III the scattered field and the in-
ternal field are similarly expanded, and the ex-
pansion coefficients of the scattered field are de-
termined by the boundary conditions for the case
of a dielectric sphere. The more general case of
an arbitrary distribution of dipoles inside the par-
ticle can be obtained by superposition. Extension
to any other shape for which the boundary value
problem can be solved is straightforward in prin-
ciple, but involves much labor. The limiting case
for small radius is considered in Sec. IV,

II. MODEL

If an electromagnetic wave of angular frequency
w, is incident on a dielectric particle, the scattered
radiation will consist of an elastic part (at angular
frequency w,) and an inelastic part at other frequen-
cies. We consider here only inelastic scattering
which arises from molecular transitions and omit
consideration of quasielastic Brillouin scattering.
The electromagnetic field inside the particle like-
wise consists of a transmitted part (at frequency
w,) and secondary fields at other frequencies. For
a particular frequency w, we represent the sec-
ondary field as being generated by a collection of
classical dipoles, arbitarily distributed within the
particle, which undergo forced oscillations at fre-
quency w induced by the transmitted field. The
strength of the induced dipoles may be described
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by an effective polarizability @, which in general
may be a tensor, multiplying the transmitted elec-
tric field. The transmitted field is derived in the
present notation in Appendix B.

At the shifted frequency w, the field inside the
particle is the sum of the induced dipole field and
an internal field due to the dielectric. This inter-
nal field is a secondary field which must be postu-
lated in order to account for the effect of the
boundary upon the dipolar field. Outside the par-
ticle, there is only an outgoing field at this fre-
quency. This outgoing field is determined in terms
of the dipole field by the standard boundary con-
ditions, which state that at frequency w the tan-
gential components of E and H must be continuous
at the boundary of the particle.

III. BOUNDARY CONDITIONS AND SCATTERED FIELD

We now carry out the calculations outlined in
Sec. II. Consider a spherical particle embedded
in a homogeneous medium. Let a plane wave of
angular frequency w, be incident on the particle.
This will give rise to forced oscillations of free

and bound charges synchronous with the incident
field, as well as to molecular transitions that re-
sult in the emission of radiation at different fre-
quencies. The electric field inside the particle
consists of the transmitted field if‘l’(?, w,) at the
incident frequency (see Appendix B) and induced
fields }_fl(?, w) at other frequencies. Similar state-
ments can be made regarding the magnetic fields.
As indicated in Sec. II, the induced fields will be
approximated by a distribution of induced dipoles
oscillating at frequency w. We work out the fields
for a single induced dipole in this section. The
result for the general case may then be obtained
in a straightforward way by superposition.

Let the media inside and outside the sphere be
labeled 1 and 2 with dielectric constants €, and ¢,,
magnetic permeabilities u, and u,, wave numbers
k, and k,, and indices of refraction »n, and n,, re-
spectively. These material constants depend upon
the particular frequency w or w, under consider-
ation; w is used for the calculations in Sec. IIL
We require the fields outside to approach outgoing
spherical waves at large distances,?

E,()= 3 (,f—c—w e5,;m)9 X 1k, 1) Yy )] + €4, m)hi”(kzwi,m(ﬂ), @
i,m 2
B, = 3 (ol M) TuanF) = el MY X007 Fuan 1) @)
l,m
The fields E,(¥) and B,(F) inside the sphere will be the dipole fields Eqp,and By, plus the fields due to the
dielectric
EZ(F) = Edip(-f) + Z {(ic/”?“’)bE(l, mv X[j, (k1 ”izm(’?)] +b,@, mj, (k17)§ttm6’)} , (3)
l,m
B,(®) = By + > 1060, m), (0, 7) Y1) = (Gc /)b, (1, M)V X[ 5, (R, 7)Y, 1)} @
I,m
with
By = 3 {Gc/miw)agl,mV X [0 (e, 7) Yy, @)] + ay @, M, 7) ¥, (P} (5)
i,m
B, @) = 3" {ast, mhP(e, 7)Y, ,,(7) = Gc/w)ayl, M)V X [Pk, 7)Y, )]}, ®)

Lm

where az(l,m) and a,(l, m) are given by (A14) and
(A19). It should be understood that these fields
refer to one specific dipole localized at T’ and that
the coefficients in each of the expansions (3)-(6)
are functions of r’. The coefficients cz(/,7) and
cy(l,m) of the outgoing field are determined in
terms of the known dipole coefficients a,(l, 7) and
ay(l,m) by the boundary conditions

7xE, =7 xE, (7
and
7xH, =% xH, ®)

evaluated at » =a. In view of (A16), of the vector
identity
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- = . ~ 1d A
7x{v X[gthtm(T)” =7’X<7E;(78'1)”XY”":(7')

: 1/2
)

R

'a%('f’gz)?xzm(&) , )

where g, denotes either j, or 4", and also of the
orthogonality of the Y,y,’s for different y, the
boundary conditions give

d

RP(kya)ey (,m) = ROk, a)ay (@,m) + 3, (o, @)D, (1,m) ;
(11)

1 1
—hP(kya)egl,m) = —hP(k, a)ay(t,m)
Ha My
1.
+ —=j,(k,a)b5(1,m) (12)
My
1

, 1
u—z[kzahgl)(kza)] cyl,m= ‘-I:[klah?)(k1 a)l’ay,(l,m)

1 .
+ m [k, aj; (ky @)]'D ,(1,m) ,
1

1 d 1
o7 g 1 kaa)) () =25 T lah (e, ) a s, m) (13)
where
1. d. . ,_d
Yz Faladi(kya)]bgt,m) (/)] = =[x/ (0)]. (14)
(10) Solving Eqgs. (11)-(13), we find
J
cp(l,m)= “znﬂh(,ﬂ(kla)[kkaj,(kla)]’—j,(kla)[klahgl)(kla)]’}aE(l,m)
B upnihP(k,a)lk, aj,(k, a)) = unis, (kya)[kyahP(kya))
= (/Lng/“Lk;a)aE(l;m) (15)
€7, (k, a)lk, ah?)(kz a)]’ - €2h111)(kza)[k1ajt (kya)]’
and
@py/kya)ay,l,m
c l,m - - 2 1’ M\ _ 16
ul ™ by, Ry @)[ky a Py )] = 1, kPR, @)y ajy (b, )] e
where we have used the properties of the Wron- 4P _ c»? iﬁ @ |
skians of the spherical Bessel functions to simpli- Q- 8mn2 ' T2 d
fy the numerators. At large distances 3
= | D (=) e, Y,y ()
. EYRC E\G, 1im
h(,l)(kz’}’)-*(—i)l+1elk27/k21’, (17) 87”12(.0 ; ,
( - . . . N +n2cM(l,m)17X§'”m(f-)] ,
v [hxl)(kzr)Yum(”)] ~ (=1) (e fr) ¥ XY, (7),
(18) 21)
where n,=1 if the outside medium is vacuum, and
and where the coefficients cz(l,7) and c,(l,7) are given
by Eqgs. (15), (16), (A14), and (A19).
- . eikzr e o "
B,(f) ~ 72— (=) Yeg(,MmY,,; () IV. LIMITING CASE
2 -
b= +1,C,(1,M XY, )], If both k,a and k,a are much less than unity, we
have
(19) n I+1 2 l
R N cpl,m) ~ (2[+1)<_2> _&%@_M_z,
E,(?)~ (1 /n,)B,F)x 7. (20) n, lun?+ (+1)p,n2

The time-averaged power radiated per solid
angle is

_ 3ag(1,m) ~ ) N
Tnin?+2u,) for n,=1, w,=1, and I=1;

(22)
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o\t p,a,(l,m)

c,(l.m) -~ (21+1)[ =2 e My U
ult,;m) = ( )<nx> L, +@+1)p,’
=3aM(1)m)

and I=1.
n3(p, +2) g

for n,=1, p,=1,

(23)

Since 7’ < a, Eq. (A14) shows that the leading non-
vanishing values of a(l,7) correspond to I=1 and

dp _ ¢? =
70 = grer | 2 (L Y ()
m
4,,2
= #—[pf sin®¢ + pZcos?¢p + p2 +

81c3(n2 +2p,)?

ag(1,1) = (&m 2R3 (p, —ip,), (24)
ag(l, =1) = —(4m*/2%R3(p, +ip,), (25)
ap(1,0)=— (&m)/2k3p, . (26)

To this order a,(1,7) =0, as can be seen from
Eq. (A19). Thus according to Eq. (21) the angular
distribution of the radiated power P is (setting
n,=1) :

(p2cos®p + pZsing - p2)cosd

- 2sin6(p, p,sinfcos¢ sing + p, p,cosfsing + p, p, cosfcose)], 27

and the total radiated power is

3w4n _3winip?®
p= fdﬂ c3(ni+2u,)?” (28)

For a dipole along the z axis the angular distri-
bution reduces to the simple form

dp dwn?p? .
1 2
daQ 8mc3(n?+2u,)? sin"6. (29)

In this limit the radiation depends upon the strength
of the induced dipole but not on the radius of the
particle. In general, the angular distribution in-
volves more terms in the series expansion. These
additional terms will contain information about the
radius a, and this will be of interest in applica-
tions to cell biology and atmospheric physics.

V. DISCUSSION

The angular distribution of the radiation emitted
by a dipole in a dielectric sphere is represented in
terms of a multipole expansion in Eq. (21). The
expansion coefficients c(I,7) and c,(l,7) are given
in terms of the dipole strength by Egs. (15), (16),
(A14), and (A19). The effects of the particle
boundary are immediately obvious when, as in
Egs. (15) and (16), the expansion coefficients for
the inelastically scattered field are expressed in
terms of the corresponding expansion coefficients
for the dipole alone. The strength and orientation
of the dipole depends, in turn, upon the transmitted
field (at the unshifted frequency w,) at that location
within the particle and upon the polarizability ten-
sor. Finally, the transmitted field is a linear func-
tion of the radiation field incident on the particle.
For the reader’s convenience we rederive the (un-
shifted) transmitted field in our notation in terms

r

of the incident field in Appendix B. For many im-
portant cases the polarizability « is a scalar and

the angular distribution is completely determined

by the transmitted field.

Problems involving distributions of more than
one scattering molecule can be obtained from the
above solution by superposition. For coherent
scattering the expression for the electric field
given in Eq. (20) can be multiplied by the appro-
priate distribution function and integrated over the
relevant region of the particle. For incoherent
scattering it is the time average power per unit
solid angle given in Eq. (21) that is weighted and
integrated.

In neither case is it reasonable to expect either
the angular distribution or the polarization to be
identical to the elastic case when the expression in
Eq. (21) is integrated over the distribution of fluo-
rescent particles, even in the special case where
the fluorescent molecules comprise the entire par-
ticle.

Most problems of practical interest will require
computer calculations similar to those now used
in the standard Lorenz-Mie scattering calcula-
tions.* Raman and fluorescent scattering are cur-
rently used to identify specific molecules and to
estimate their concentrations. When the scatter -
ing molecules are embedded in particles that are
large compared to molecular dimensions the angu-
lar distribution and polarization of the inelastically
scattered radiation can be used to extract informa-
tion on the size and shape of the particle. When
used in conjunction with Lorenz-Mie scattering,
information on the distribution of the relevant
molecules can be obtained.

Most important, the effect of particle size and
refractive index on the angular distribution of the
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fluorescent or Raman scattering must be consid-
ered in any quantitative description of that scatter-
ing.

APPENDIX A: VECTOR SPHERICAL HARMONICS
EXPANSION OF DIPOLE FIELD

We shall use the same units and notation as
Jackson® except for the vector spherical harmon-
ics. For the latter we follow the notations of Ed-
monds. >

so that

-»

ﬁdif VX Kdip= 4mk® Z 7y (kr’)h(zl)’(kf’) X pY,
I,m

where j,(x) denotes the spherical Bessel function
regular at the origin,

, d - e
h§”(x)=ah£”(x), and L=-{FXV,

To avoid complications in writing we assume »'<7.
This is justified in the case of a sphere which we
work out in detail because the fields are eventually
evaluated for T at the surface of the sphere.

To fit the boundary conditions, we need an ex-

apl’ ,m" )W (fer) = f Viym: )+ Bupd®

v

I,m

- 2 [P, (o) ¥,
1,m

) Vi@

Let the vector potential at the coordinate T due
to an oscﬂlatmg electric dipole at ¥’ with dipole
moment p be A, . Suppressing the factor e™#¢¢,
we have

dip *

—_ >
_’eth‘r r’|

Adlp =—1kp ——I I

=47k Y, (e VAP (e v) Y, () Vi )
l,m

(A1)

47r ik?
s

2 aier VRPN YEEFX LY, ()],  (A2)
I.m

pansion of ﬁdip of the form

Byp= Z {agt,mnrPEr) Y, ,,, @)
- (ic/w)a, @,V X Er)Y,,,,#)]}.  (A3)

The coefficients a(I,7) and a,(l,7), which de-
pend on the coordinate ¥’, are obtained from (A2)
using the orthogonal properties of the vector
spherical harmonics. We have

. 4mik? f)-(-i 3 3l ) Y@ Ve er) [T 0 XY, (]2

¢ n® k,,)f

GE Yum<r>]dsz) (Ad)

To evaluate the first integral in the last statement of (A4), we use the identity®

. " 1+1\Y/2
rY'm(7)=‘<zz+1>

The integral then reduces to a sum of integrals of cross products of vector spherical harmonics.

. 1 1/2 .
Yi41,m7) +<él__+1> Y1) (A5)

The lat-

ter can be evaluated by expanding the vector spherical harmonics in terms of the ordinary spherical har-

monics Y,

Im*

Inserting the appropriate Clebsch-Gordan coefficients, we find

Ytz"‘Z[ e’y 1,1 ,qlt, 1,1 m)]*_<2 aqéq)*’ “o

H,q q

Yiom= 2 (Vi r€ar @1, 07,1, ¢ [1+1,1,
5

lym)]E Z(Ba'éa')9 (A7)

FI

f§l'l'm' (';’)X:ft.zﬂ,m'('?) dQ:f[—(aflﬁo"' agBe, +(aFB, — aX B )8, +(afB, + agB.,)e_ ] dQ

261'1+1 U'+1 1/2F
20 \21'+1 ’

(A8)
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where
F=i{['=m)@'=m' = 1)] /26, . +[@+m") Q' +m'=1)]2 /26, .}, (A9)

=[(l/_m,)(l,_m,_l)] l/25m'. m—-1 +[(l,+m,)(ll+ m,—l)]l/ m'.m+17
F,==2i[@¢'+m") @' =m")]/?5,,,,

The other cross product can be evaluated in the same way; the result is

fY )X [#Y,,,#)]dQ = <15 I+l )l/zﬁ 15 v Mg Al
"’'m Im =2V ll(2l'+1)(2l'—1) -2 l,’l_l((l’+1)(2l’+1)(2l'+3)> G, ( 0)

where F is given by Equation (A7) and
GI=i{[(l'—m'+1)(l'—7n'+2)]1/25 . [+ m +1) (' + m’ +2)] 1/26 - 1} (A11)

=[@-m 1)@ -m'+2)] 2,0 ., [+ m )@ +m +2)) %,
G,=2i[('+m' +1) (' =m’+1)]*/2%5 .

To evaluate the second integral in (A4),
[# (¥ )+ Tl 4=,

we first express the quantity inside the brackets as a sum of spherical harmonics times their complex
conjugates (of different orders in general). This is then multiplied by

7= (%”)1 /2(Y1. Yy,,iY, -+ iYy,, rYxo) (A12)
and integrated over d2 using well-known results for integrals of products of three spherical harmonics.®

Thus

. 61'.1#1 _<(ll+1)(l’—1) )1/2{[ /)(l/ m— )]1/25 e —[(l’+m’)(l'+m'_1)]1/26,,,:.",”}
T T \@7+D)EU-1)
611y 1'('+2 1/2 , , ' ot .
2l(ll+1)((2l'i1;(2;'+3)> (=@ +m' )@ e m 42|20, + [0 =m e D@ = +2)] 200 ],
L ((l’+1)(l’—1) )‘“{[(l’—m’)(l’-m'-1)]"26",,_m_l+[(l’+m')(l’+m’—1)]1/26",,'",”} (A13)
o \Eren@-1)

ﬁ’_-l:_.k @’+2) 1/2 ’ ’ ’ ’ 1/2 ’ ’ ’ ’ 1/2
=30 (@raneres)) D@ sm s)] 20, o (@ -m s ) =m0,
1 1 (1 o ’ ’ ’ 1/2
R - ((l’+1)(l’—1)(l +m) ('~ m')) ‘/26m'm6,'.z+1+m<l . +2()2(§,+17;l(2+l,11(§)+m +1)) ‘mOi--
= QU+1)@2'-1)
We now insert (A13) and (A10) into (A4), using the recursion relations of the spherical Bessel functions’

to eliminate the derivatives of h(,l)(kr). After considerable algebra, we find on dividing out 2#®(k») and
dropping the primes that

_ 2miks? =, (+1)G,(R7" ) 1j, ., (R7’ ),+
%" = D @i 1] 2P ( BI-1]77% < *[2ie3]i¢ > (AL4)

D=l m@e m= )]V 6 = (=M= m= D] Y a6,

& =—i{[(+ Mm@+ m-D]2YE, @)+ [C-m@-m-D]2YE L6
€ ==2[0+mU-m]PYr, @);

F=[E+m+)@+m+2)]V2YE LG = [(-m+)(-m+2)] 2T, 7)),
E;‘l{ l+ m+1)(l+m+2)]‘/2Yz*+1 m+1( I)+[(l—m+1)(l_m+2)]l/zYl*+1 m-l(r,)}’

€ ==2[(+m+1)(-m+1)]2Yy, G
The evaluation of a,(l,7) is similar. Taking the scalar product of Eq. (A2) with {Vx[g,¥,,,..4#)]}* here
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gy denotes hﬁ")(kr)] and integrating we have

ick? , 1 d d
- aul,m ')I:lg,'lz-kl?-r—z-ﬂ('rg,”‘g;fg,')]
=41y Gy (kr")e Y, )f{VX gy Yyrp @)}* FXD)Y,, () dQ
i,m
4mik? . , 71) * - > N
+ Z]x(ky g, Y, @) f{VX(g, Yy @] {BX[FXLY,, ()]} do
t,m

LRI ) a7 08D [ Trin )Y, a0

'2[l(l+1)']1/2<[l'(l'+1) 1757 [ Ve 05,105 a0 =i S ) [ X T PIX % Fy1n )] dﬂ)}

(A15)

The first two integrals in the last form of Eq. (A15) can be easily evaluated by expressing the ?,,m’s in
terms of Y;,’s, while the last one can be evaluated by noting that

7 XYum(V) =i(2l+1)7} /Z[JZ_YI.I+1.m(T) + (l+1)1/2Y1.t—1,m(7’)] , (A16)

which can be verified by using the identities given in Ref. 5. Proceeding in the same way as for the elec-
tric term, we find

f[rXY?‘fm'(r X[#x¥,;,#)]d
= (200 +1)] 718 ({8 i [+ ) W = +1)] 2 /24 8 [ =) 17+ M7 41)] 22} £

m ,m=1

{0 [+ )@ = 1))V 2 8 [ =m!) (@ m+1)] /2] + 2mb, k) (ALT)

m,m=1

and

fYI’!‘, (#)Y,,#)dQ

%[l (l'+1)] 1/251 1({5m'm 1 (la ')(l'+ m’+1)]1/2+ 5,,,',m+1[(l’+m')(l'—m'+1)]1/2}{
+ {0yt e [Q =) U+ m )] 228 (@ m) @ = +1)] 22} v 2mE, R),  (A18)

where f, f, I;‘, are the Cartesian unit vectors. Together with an analogous expression for [ ¥* . (7) ,,m(r
xdQ, we finally get
ayt,m -Zﬂ[zl(ljiu;.{?lﬁ(kr )P * M, (A19)
where
M = {[((-m) @+ m+1)] 127, ,0) + [0+ m@-m+1)]2/2Y), )}
+if{[E=-m)(+m+1)]1 2T, ) - [0+ M@ =m+1)] 22T, ()} +2mY, )R). (A20)

In arriving at (A19) we have used various identities for the spherical Bessel functions” to simplify (A15),
divided out a factor involving g,, and dropped the primes on ! and .
We note the following properties of the coefficients a and a, - which are helpful for numerical work:

axl,m=(=1)""tag(l, -m), (A21)
axl,m=(-1)"a,(, -m). (A22)

APPENDIX B: TRANSMITTED FIELD

In our model the induced dipole moment p in Eq. (A1) is equal to the polarizability o times the trans-
mitted electric field at the unshifted frequency w,. This is the field that stimulates the molecular transi-
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tions that ultimately result in the emission at the shifted frequency (fluorescence, Raman scattering, etc.).
It can be calculated in the same way as the scattered fields for Lorenz-Mie scattering. Let a circularly

polarized plane wave of frequency w, moving along the z axis be incident on a sphere of radius a (as in
Sec.III, the inside of the sphere is called medium 1 and the outside medium 2; also, w,=k,c); then

Bine = (§,216)e™ 27 = 3 {(ic/n3w ) g,V X [, (kyr) ¥, ()] + 2y (1,10, (k) ¥, B} (B1)
i,m
Eim: = é~3 X i:.inc = :Fi.f:inc= z {aE(l’m)jl (kz}r)?llm(?) - (ic/wo) aM(l,m)V X [_71 (kzr) Yzlm(?)} ’ (BZ)
I,m
where
a,(l,m) =i'[471(20+1)] /%, ., , (B3)
ag(l,m=Fia,(l,m. (B4)

QOutside the particle the electric field ﬁa is the sum of Ei,,c and an elastically scattered field ifsc, which
can be expanded as

iE.sc: = Z {(ic/ngwo)BE(l,m)v X [(h'?)(kzr)?l lm(?)] + BM(Lm)h(tl)(kzr) ?Hm(ﬁ)} . (Bs)
Iym
Similarly B,= B+ B, with

Bie= Y B, hP k) Y11 @) = Gic/w) By, ¥ X [0 (k) Y1 )1} (B6)
I,m
Inside the particle the transmitted fields at frequency w, may be written

El = Z {(ic/”fwo)yz«:(l,m)v x[jz(klr)ixm(ﬁ] +ru,mj, (er)i lm(i)} , (B7)

I.m
§1 = Z {)’E(l,m)jt(k{")?nm(;’) = (ic/wo)yy 1,mV X[ 4, (kx"')—fum(?)]} . (B8)
i,m

Unlike the familiar case of Lorenz-Mie scattering, we are interested in the fields ﬁl and ﬁl. As usual,
these are determined by the boundary conditions

78, =7 xE,, (B9)
7xH,=#xH,, (B10)

together with the orthogonal properties of the vector spherical harmonics. These provide the following
equations for the coefficients yz(I,7) and y,(l,m):

n2ag(l,m)[k,aj, (k)] + n3Bg(1,m) [k, ah P kya) ] = ndy g (1,m)[k, aj, (R, @), (B11)

(1, M), (kya) + Byl hP(kya) =, U, M, (k, a), (B12)
and

pg (], (kg a) + 1, Be (1, PRy @) = 1y 5 (1,0, (R, @) (B13)

oy @y (0,1 [ Ry ady (Rya) ) + 1Byl M) [y a R P (kya) ) = 1oy (1, m) Ry ad, (R a)] (B14)

Solving these gives the expansion coefficients of the required transmitted fields

B (tume/kya)ag(l,m)
ve(l,m) = T (kla)[kzah(lv(xkzla)]%"ngilh(lv(kz a)lk, aj, (k,a)]’, o
= (i) /kya) oy (l,m) (B16)

l,m) = - 4 . 7.
vull, ) poh Py )[Ry ajy (ky @) = 117, (ky @)k a RV (R, a)]

These expressions have a somewhat different appearance from those given in Ref. 8 because we have used
the properties of the Wronskians of the spherical Bessel functions to simplify the numerators. To facili-
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tate comparison with works that employ different notations we list also the standard Mie scattering coeffi-

cients:

€20y (ka0) [R,afy (R10)]' ~ €5, (kya)[Ryaj, (ky0) s G, 7) (B17)

Bell,m) = =2 I, (B, a)[k,ah (i a)] -
{117y, @) kg0 (k)]

€, hM(k,a)[kyad; (ka)]’
= iy, (Ry @)k, aj (k) @) } oy (1, m) (B18)

By (,m) =

po kWl a) [k, aj, (b, a)]' - 1,7,k a)[k, ahﬁl)(k a)]’
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