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We have developed an analytic treatment of light emission properties of electric and magnetic multipoles near
a planar dielectric surface, using angular spectrum representation of vector spherical waves. The results are
described in terms of spatial rotation matrix elements, so that the angular distribution of light emission for
higher order multipoles is easily obtained, which enables us to evaluate basic optical near-field problems such
as electric dipole radiation with arbitrary orientation with respect both to surface and observation direction. The
numerical results are in good agreement with our previous experimental results and the numerical results

reported by Lukosz.
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1. Introduction

Light emission characteristics near material surfaces
have been extensively studied in relation to near field
optics” and cavity quantum electrodynamics (cavity QED)
problems.>® On this subject, we have reported the experi-
mental observation of light emission characteristics from
excited atoms near a planar dielectric surface by means of
laser spectroscopy using the Cs-D, line.? According to
Snell’s law, the homogeneous plane wave traveling from a
dielectric medium with higher refractive index can be
transmitted to a medium with lower refractive index only
in directions within the critical angle of total internal
reflection. This is not the case for light emission from an
excited atom which is placed within subwavelength vicin-
ity of the dielectric surface (optical near-field regime),
because the light emitted by the excited atom includes
both homogeneous and evanescent waves. The decay rate
and angular distribution of radiation from an atomic
dipole near a planar dielectric surface have been studied in
detail, both experimentally and theoretically.>® The ex-
perimental results are in good agreement with the results
of the classical electromagnetic theory. Especially,
Lukosz® derived analytic expressions for the angular distri-
bution of light emission from classical electric and mag-
netic dipoles with arbitrary orientation, using a combina-
tion of one-component magnetic Hertz vector with one-
component electric Hertz vector in order to solve the
boundary value problem exactly.

In this paper, we studied the light scattering processes
from electric and magnetic multipoles near a planar dielec-
tric surface and derived analytic expressions for angular
distribution of light emission, using angular spectrum
representation of vector spherical waves which were re-
ported briefly in our previous work.'”® As an example of ap-
plication, we have compared numerical results with the
experiment reported in our previous work.*

E-mail: hirohori@willow.esd.yamanashi.ac.jp

295

optical near-field, evanescent wave, dielectric surface, multipole, angular spectrum

2. The Angular Spectrum Representation of the Vector
Spherical Wave

We consider a space, half of which is filled with a non-
magnetic, transparent, homogeneous, and isotropic me-
dium of refractive index » (the dielectric side 2<0), and
the other half a vacuum (the vacuum side 2>0) (see Fig.
1). Let us consider a classical point electric and magnetic
multipole located in the vacuum at a position R directed
from the origin on the z= 0 plane. The radiation field from
the classical electric and magnetic 2/-pole is characterized
by wavenumber K, total angular momentum J, its z
projection 7, and polarization state A (electric A=E or
magnetic 1 =M).!V Here, we consider a relative coordinate
system r,=r—R (see Fig. 1), in which the multipole is at
its origin z,=0 with 2z, axis being perpendicular to the
dielectric surface. In the following discussion, we will
refer to z,>>0 (z,<0) space as the upper (lower) half-space
of the multipole.

The vector potential radiated by the electric (E) and
magnetic (M) 2/-poles is described, respectively, in terms
of vector spherical wave'” as follows:

AR (ro)=i' 5 h ()Y . i)
oy [JFI .
TN o) Y s n(®e) (1)
A%(,Rf,\r)n(ro):i]h}l)(/)o)Yj ,1m(to) 5 2

where the unit vector £,=r,/r,, po=Kry, A"(p) the spheri-
cal Hankel function of the first kind, and Y, (%) the
vector spherical harmonics.'? It is noted that the phase
factors in Eqgs. (1) and (2) are different from those appear-
ing in popular textbooks such as Refs. 11, 12). Our defini-
tion is taken for convenience so that no additional phase
factor remains in angular spectrum representations of
vector spherical waves.
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Fig. 1. Multipole plus planar dielectric surface system considered in
this paper. The upper half-space (2>0) is a vacuum and the lower
half-space (2<0) is filled with an isotropic medium of refractive index
7. A classical point electric and magnetic multipole is located at R=
(Tr¥rs2r). An Auxiliary coordinate system relative to the point
multipole is also indicated.

In order to solve the planar boundary value problem, it
is convenient to expand the vector multipole field into
vector plane waves by means of angular spectrum
representation.'” The state of vector plane waves propagat-
ing in an arbitrary direction is characterized by wavenum-
ber K, directional angle of wavevector («,(3), and polariza-
tion state y (transverse electric wave, x=TE, or transverse
magnetic wave, ¢=TM) with respect to the wavevector
(see Fig. 2). The vector plane waves are described in the
form of

§ueiksr,

(«=TE,TM), ®3)

where the directional unit vector § and polarization vectors
81w, 8z with spherical polar angles («,3) are defined,
respectively, as

§=8(a,B)=(sinacosp, sinasing, cosa) ,
§ru=8m(a,B)=(cosacosp, cosasing, —sina) ,

Sip =8in(a,B)=(—sing, cosp, 0) . 4)

Then, vector spherical waves are expanded into the vector
plane wave as

TE,TM,

+r
A= 313§ a0, @, 812, T, e, 6)

where dO:=sinadadB.'® This corresponds to the angular
spectrum representation of multipole field. The angle
B (—x<B<+x) is real, and « takes the complex contour
C., (C, when 2,>0, and C_ when 2,<0) as indicated in
Fig. 3. This shows that the multipole field is composed of
both homogeneous and evanescent waves. In this repre-
sentation, the expansion coefficient (u, «, G|1, J, m)
corresponds to the analytically continued rotation matrix
elements with respect to the angle «. The particular form
of these coefficients is given by'®
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(TE, @, AIM, J, m)= [ 2L+ ID08® - D4 )
(6)

(TE, a, BIE, J, m)=/ 22— =4 ) D@+ DA @),

87 J2
(7)

where D) (8)=<J,m|e-iis e-ia|J,m’> are the rotation
matrix elements. The others are obtained using the follow-
ing relation:

(1, @, BIA, J, m)y=in iz, e, BlA, J, m). )
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Fig. 2. Geometrical relation of wavevector and polarization vectors.
§ is a unit wavevector, 81y, 81y transverse electric (TE) and transverse
magnetic (TM) polarization vectors. §, §tw, 8 form the three ortho-
gonal unit vectors in the spherical coordinate.
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Fig. 3. The contour C of integration for the rotation angle «.

® The contour C, corresponds to the scattered wave in 2>0 half-
space. [0<Relal<z/2, Im[al=0; homogeneous mode], [Relal=
/2, 0=Im[a]>—00; evanescent mode).

® The contour C_ corresponds to the scattered wave in 2<0 half-
space. [Rela)=mx/2, co>Im[a) =0; evanescent mode]. [7/2<Rela]
<z, Im[a)=0; homogeneous mode].
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Here, 7 and A stand for the interchange of suffices i and
A, respectively, and 7 =-+1 and 7p=—1. As discussed
previously,’® one of the advantages of using rotation
matrix elements is that the polarization characteristics of
evanescent waves are directly derived from that of propa-
gating plane waves with well defined states of polarization.
Furthermore, a unified formulation can be obtained for
transforms between the plane, cylindrical, and spherical
vector mode functions as the basis of near-field optics,
which was also studied earlier.'®

Using s,=sina cosf and s,=sina sinB, the angular
spectrum representation, Eq. (5), is rewritten in the fol-
lowing alternative form?!?:

AKRA) (I'o)— Jr]_1‘13‘1‘1\/Is+c>og+oo ds.ds

AXon ) (u, a, BIA, J, m)8ueiksr,
(9)
where
s,=cosa=+/1—sin’a (sina<1)
=+ifsinfa—1 (sin’a>1) (10)

In Egs. (9) and (10), the sign (+) is for 2,>0, and (—) for
2,<0. The angular spectrum representation of the form of
Eq. (9) is frequently used in the calculation of scattered
light in far-field optics. The asymptotic form of this repre-
sentation has been investigated in several reports.''®

3. Reflected and Transmitted Multipole
Planar Dielectric Surface

Fields by

In this section, we study the reflected and transmitted
multipole field by the planar dielectric surface. Using the
angular spectrum representation in the form of Eq. (5), the
evaluation of the planar boundary value problem is
straightforward. Let us consider the field emitted by the
multipole into its lower half-space z,<0 of the multipole,
which corresponds to the incident field on the dielectric
surface. We label this component by superscript I; the
reflected and transmitted components are labeled by super-
scripts R and T, respectively (see Fig. 4). The vector
potential is expressed by the integral corresponding to the
contour C_ in Eq. (5). We can rewrite Eq. (5) as

A}é,l)],m(r)zzizg S Ao m(u, a, B)8Peis
T ¢ JCo

for 0<2 <z (or —23<2,<0), (11)
where r,=r—R, r=(z,v,2), R=(2x,Vr,2r), and §" and &¥

indicate §(«,B) and 8.(«,f), respectively. The expansion
coefficients are defined by

ﬁ,],ﬂl(ﬂy a, /3):(#: a, ﬁila J; m)eﬂKﬁ(a,ﬁ)'R B (12)

The incident electric multipole field onto the dielectric
surface is obtained by using the following relation between
the electric field and the vector potential,

E(r,5)=—(2/at)A(r,t)=iKA(r,z) (13)

where the coefficient ‘K arises due to temporal differentia-
tion of the assumed monochromatic radiation field, e™**.
The electric multipole fields corresponding to the incident,
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Fig. 4. The field components considered in the multipole plus
dielectric surface system: (D) directly emitted field from multipole, (I)
incident multipole field on the dielectric surface, (R) reflected multi-
pole field, (T) transmitted multipole field. The field is described by (D)
plus (R) for 2;<2, and by (I) plus (R) for 0<2<zy, and by (T) for 2<0.

reflected, and transmitted waves are written respectively
by

EX, m(r)“*zg S Zdﬂsﬁ.f,m(ﬂ,a,ﬁ)sﬂ)e'm‘

for 0<z <z (2,<0),
=0, for <0, 2z <z (14)

(R) m(r)_—_zg S dQﬁ J, m(ﬂs :ﬂ)mﬁsi‘med\s T

for 20
=0, for 0<z (15)
./}(T} m(r)—’_“'zg S dﬂsf;\ 7 m(/l a’[)’)N#s&T)ngg‘”%r B
for 2<0
=0, for £=0 (16)

Here, §® and 8& correspond, respectively, to the unit
wavevector §(a™,£) and polarization vector §.(a™,B) of
reflected field. The angle of reflection o™ is given by o=
z—a. Also, 8" and § are the unit wavevector §(a‘",3)
and polarization vector §.(a™,8) of transmitted field, re-
spectively. The angle of refraction a™ is given by sina=
nsina®. «® takes the contour C_, because Eq. (16)
should converge for 2<0. The reflection coefficient R, and
transmission coefficient ¥, are obtained via Fresnel
relations'” as

Nu=Nula,a™)

__cosa—ncosa‘" , ncosa—cosa'”

" : (j‘ 17
cosa T ncosa® T cosatcosa® e (17)
Tu=Tula,a™)
2cosa 2cosa
= 3 o 18
cosa+ncosa™ e s cosa™ 04T - (18)

In addition, the electric field emitted directly by the
multipole into its upper half-space z,>0 (labeled by super-
script D) can be derived from Egs. (5) and (13) as
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EA®) _iK Md N p—
K, 7,m(r)= [ . Qsf s e, B)8: eiker-r |

for zx<z
=0 N for z<zR (19)

C+

where §” and §2 indicate §(«,3) and 8.(«,/3), respectively.

The total electric field radiated by the multipole plus
surface system is obtained simply by adding field compo-
nents:

E(r)=EX),n(t)+EK n(0) + EXY n(r)+EL ), n(r) . (20)

The magnetic field associated with the radiated electric
field is obtained from Maxwell’s equation

VxE(r,t)=—(3/3t)B(r,t)=iKB(r,z) , (21)
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§O%80 =78 for o=L, R, T,D. (22)
The results are given by

3 +
B n()=e 20 (a0 s nus 8 e,

for 0<2<zg
=0, for 2<0, 2x<z (23)

B (=515 (a0 RoaPense
K, J,m 1') o S /2 c Von éf/\,],m(ﬂ’a”ﬁ) S €IRSTr

for 2=>0
=0, for 0<z (24)

’ iK * AT
Bi)n=55 30§ a0l a T sPesmrs,

with the relation between unit wavevector and polariza- for 2<0
tion vector =0, for =0 (25)
®)
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Fig. 5. Three characteristic scattering processes of multipole field described in terms of angular spectrum representation. (i) When the
incident and reflected fields are homogeneous, (7/2)<a <z, the transmitted field is homogeneous, a:"<a™<z. (ii) When the incident and
reflected fields are evanescent, a=(z/2)+iy, 0< y<y, the transmitted field is homogeneous, a.”= a™>(x/2). (iii) When the incident field is
evanescent, a=(z/2)+1y, %< y<co, the reflected field is evanescent, a®=(z/2)—7y, %< y<co, and the transmitted field is evanescent, «=(n/

2)+iy™, 0=< yP<o0,
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B — iK +Kd 3 D) s,
K»/:”l(r) 2 277# Qsﬂ,/,m(ﬂ7asﬂ)sp €iKs LS
T u Cyd-m

for zx<z
=0, for z<z; (26)

The total magnetic field radiated by the multipole plus
surface system is obtained by adding these field compo-
nents:

B(r)=B¥>), () +BXY, n(x)+Bi®) () + BT n(r) . (27)

Investigating the angular spectrum representation der-
ived for the incident, reflected and transmitted fields, we
find that the scattered multipole field by the planar dielec-
tric surface involves the following three characteristic
processes (see Fig. 5).

(i) When the incident and reflected fields are homogene-
ous, (7/2)<a <z, the transmitted field is homogeneous,

aP<aM< 7z, where @i is the critical angle defined by sin

a:"=(1/n).

(ii) When the incident and reflected fields are evanes-
cent, i.e. a=(n/2)+iy, 0<y<y,, with the critical angle
(7/2+1iy.) related by sin(z/2+iy.)=n, the transmitted field
is homogeneous, a{"= a™>(z/2).

(iii) When the incident field is evanescent, a=(z/2)+1y,
¥ < y<co, the reflected field is evanescent, «®=(z/2)—iy,
1< y<co, and the transmitted field is totally evanescent,
Le., a=(x/2)+iy™, 0<yM<oo.

Case (iii) is particularly interesting because this involves
surface electromagnetic modes with wavevectors parallel
to the surface, which is larger than that of the propagating
mode both in dielectric and vacuum. This is the origin of
the lateral spatial locality of the multipole-surface interac-
tion in the near-field regime. Case (iii) thus corresponds to
the multiple scattering process taking place between the
multipole and the electromagnetic mode localized on the
dielectric surface which can be observed in the far field
only via multiple scattering process.

4. The Far-Field Behavior of the Radiated Fields

In the usual far field observation regime of radiation
properties of the excited atoms or molecules near a dielec-
tric surface (Kz;< 1), the light detector is placed at a point
in the upper or lower hemisphere with the radius 7 satisfy-
ing the far-field condition Kr>1 or nKr>>1. In this sec-
tion, let %; and U, be these upper and lower hemispheres
for observation (Fig. 6). To compare our results with far-
field observations, let us investigate the asymptotic behav-
iors of our fomulae. Of course, if we employ a near-field
measurement scheme by using a sharpened optical fiber
probe, we can observe the field distribution with subwave-
length resolution. However, in such near-field measure-
ments a detailed evaluation of the interaction between the
probe-tip with the multipole plus surface system should be
considered, which includes multiple scattering processes.
This will be discussed using our formulations elsewhere.
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Fig. 6. Upper and lower hemisphere, A, and %, for observation.
Their radii » are considered to satisfy the far field observation condi-
tions Kr>1 and nKr>1 at upper and lower spaces, respectively.

4.1 Asymptotic Forms of the Scattered Fields on %,
(Vacuum Side)

In the upper half-space of the multipole, 2;<z, (see Fig.
4), the electric and magnetic fields are written, respec-
tively, by

E}ﬂ],m( ) AK(D} m(r)—'—EMR) m(l’) (28)
Bk, 7,n(r)=Bi) n(r)+BLY u(r) . (29)

First, we consider the asymptotic forms of Egs. (19) and
(26) at a position on the observation hemisphere %, in the
far field specified by the directional unit vector #=r/r and
(real) spherical polar angles (a,3:), (0<a<z/2 on the
contour C,). The asymptotic forms can be obtained by
replacing Eqgs. (19) and (26) by their angular spectrum
representations in the form of Eq. (9) and by applying
stationary phase method for double integrals involved in
these representations.'®.

In the far-field region, only the plane wave with unit
(real) wavevector =% (i.e., «=a, S=/5) makes a signifl-
cant contribution to the integral. Therefore, the results are
given by

}((Dj) m(r) Zf&D] m(,u alyﬂl)slﬂ ) (30)

K / m( ) Zﬂ#f& 7, m(/l 0(1,/3)1)81,‘ > (31)

where the polarization vector §, ., indicates 8.(a,(,), and
the scattered amplitude is given by

I mlsa,B)=Fa sm(pts00,60) - (32)

Next, we consider the asymptotic forms of Egs. (15) and
(24) at a position on U;, with direction specified by unit
vector . In this case, the only significant contribution is
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from the reflected plane wave with unit (real) wavevector
§®=*% (i.e. a=7z—a, =/ ). Then, the asymptotic forms
are given by
R eiK‘!‘
B )~ 2SS i B80S, (38)
AR R R ez’Kr
BK(,J),m(r)'VZﬂlﬂﬁfi,)],m(ﬂ,”_anﬂl)sl,i > (34)

r

where the scattered amplitude is given by

I (= 80)=f 1w, m— @, B)Ru(m— an,m—a,) . (35)

The angle «, is related to a, as sin a,=nsina, and takes the
contour C,. Because the reflected angle «; takes 0< o, <(z/
2), a is a real number lying in the region 0< a,<ap.=
arcsin (1/7).

From Egs. (28) and (29), the asymptotic forms of the
electric and magnetic fields on ¥, are given, respectively,

by
Eéaj,m(l')
K7

~ S CromlitsensB) o Ly omlpto = )85 (36)

r

B/}(, ],m(r)
K7
~ Sl ) it B S st = 2,8 1%, — . (37)

4.2  Asymprotic Forms of the Fields on U, (Dielectric
Side)

In the dielectric region 2<0 (see Fig. 4), the electric and
magnetic fields are written, respectively, by

Ek, ;n(v)=EX) u(r) , (38)
B;{, ],m(r):B}((:r},m(r) ’ (39)

Let us consider the asymptotic form of the transmitted
fields, Egs. (16) and (25), at a position on ¥, with direction
specified by unit vector #=r/r and (real) spherical polar
angles (z—a,,5) (0<a,<(n/2) taking the contour C,).
When we consider the asymptotic form on U, using
angular spectrum representation of the form of Eq. (9) for
Egs. (16) and (25), only the plane wave with unit (real)
wavevector §P=%# (ie., aP=n—a,, B=/,) contributes
significantly. Let the angle @, defined by sing,=nsina,
which takes the contour C,. The asymptotic forms are
obtained as

inKr

E?{,j,m(l‘)Nn;fﬁ?},m(/x,n—m,ﬁl)&ﬂe s (40)

r

inkKr
Bl sm(0)~ 2 Saf ) mlper = e, B)8os S (41)

where the scattered amplitude is given by

S (s —an,B)
=fu,1.m(u,m—an,5)

CoS\T—

T (e _
cos(n—aq)"“(z a,Tr—a,) , (42)

and §,,. is the polarization vector of transmitted wave with
the spherical polar angles (7—a,,/%), and £,= /3.
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5. The Angular Distribution of Light Emission from
Multipole

The energy flux through the infinitesimal area
r’sinaydandp, on ¥U,, and also that through r%sina,da,df,
on %,, are given by

dli, ;n(@nB) =Pk, 1,n(r)-872dQ;, i=1,2. (43)
Here, Pk, ;,»(r) indicates Poynting vector given by
Pk, 1m(0)=Ek, ; m(t)X[Bk, ;,n(r)]* . (44)

The unit vectors 8§, and §, correspond, respectively, to
8(a,8) and 8(m—an,S), and the solid angle dQ,=
sinada;dp;. Substituting the asymptotic forms of the fields
into Eq. (44) and using the relation between the (real)
polarization vectors

80X [ 7B i) = 7B Xy =8By, for v=1,2,  (45)

we can obtain the angular distribution of the radiation field
on the observation hemispheres U, and %, written as the
sum of the angular distributions of TE and TM polarized
light:

dlk,]ym(ai’ﬁi) — d:[;(,fym(ai,ﬁz';/‘) -
a0, —g a0, ,on U;, 1=1,2. (46)

The angular distributions of y-polarized light on ; are
given by

dQAK,],m! dl,él;g '
d

Q
:|g/1,1,7n(/l,a’lyﬁl)"l'g/\,],m(ﬂ,ﬂ*Ull,ﬂx)m#(”_abﬂ'_az)fz >
(47)

A .
dIK,],mﬂ“z,ém&)

Q.

- 2
COS(Z ) o (1 m )| . (48)

=nd -
ngn, s al’ﬁl)cos(n'—aﬁ)~

Here, the function g,;,» is given by

gnsmlus @ B)=(us a, BIA, J, m)e ®*,  (49)
with normalized multipole-surface distance, p=Kz;.
6. Numerical Evaluation of the Angular Distribution of

Light Emission from the Electric Dipole Near Planar
Dielectric Surface

As an example, we evaluate the angular distribution of
light emission from the electric dipole (1=E, J=1) with
magnitude d and arbitrary orientation (6&,Q), which is
located at position R as shown in Fig. 1. The electric dipole
can be described by

1
d= 3} (~1)"d_nn, (50)

with the base polarizations defined by

dy=— %(dx+idy):~ Tlg—dsin@e’“”’

dy=d.=dcos® ,
d_,=+%(dx—idy):+%dsin G . (51)
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In this representation, the vector potential for radiation
field is given as a superposition of Eq. (5) with different
numbers of m:
+1
A= 3 (DL AR ). (62)
Thus the angular distribution of the u(TE,TM)-polarized
light on ¥, is given by

dI%,l(a’z,éz;H) — .3
aa,

%}(_l)md—mgﬁ',l,m(/l,”_alaﬁl)

cos(m—a)ep (I
cos(n*al)””(” a,m—a,) . (53)

From Egs. (6)-(8), the expansion coefficients are given by

i /3

(TE’”—alaﬁllE,lam):_ T 7[e+iﬁlé\m,+l+e*mlé\m,—l] »
(54)
(TM, z—a, 51 |E,1,m)
= }1 /%[—cosa\e”ﬁ‘é‘mﬂ
+/2sina; 8ot cosae # 8y 1] . (55)
The results are given by
d1% (e, TE)
sz
_ 3n2d?| cosa,sin@sin(B,— @) pcosas|”
27 | cosay+ncosa, ?
dIﬁ‘l! a'g,éZ;TM}
sz
_ 3n°d?| cosay(cos@sina; +sin@cos(f,— P)cosa) _ipcosar|*
27 | ncosa; +cosa, “ ’
(56)

Our results for the electric dipole case are in agreement
with those of Lukosz” at @®=0 and provide more general-
ized ones.

When 0< a,<aye, sinas.=1/7, a, is real (0< o, <rz/2), so
that the field emitted by the electric dipole is homogene-
ous. Since |e*®¢!|=1, the angular distribution is indepen-
dent of the distance 2z from the surface.

When < @,<n/2, ay is complex (a;=n/2—iy,(0< y
<91)), where sin(z/2—iy,.)=n, the angular distribution is
dependent on z; since |¢”¢|=¢ """ An evanescent
wave emitted by the electric dipole is transmitted into
e < ar<rw/2 (see Fig. 5).

Figure 7 shows our theoretical results for n=4v2 (a.=7/
2), p=1, and 3,=0 (xz plare). In this situation, the angular
distribution of light emission from electric dipole d, and d,,
involve only TM polarized modes in far field. Also, that for
electric dipole d, is determined only by that which corre-
sponds to the TE polarization, because the transmitted
dipole field is TE polarized in far field. The comparison of
these theoretical results with experimental results was
reported previously.? In the experiments in Ref. 4) the
optical transition occurred between hyperfine states of Cs
atom, so that the polarization states, d,, d,, d, were mixed
due to hyperfine coupling even for the TE/TM polarized
excited light. The result was averaged over the distance z;
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Fig. 7. The calculated results of angular distribution of light emis-
sion from electric dipoles with polarization vectors d,, d, and d,. The
light emission is observed at the intersection of the hemisphere 2,
and xz plane.

from the surface, since the experiments were done for Cs
vapor. The theoretical calculation reproduced the experi-
mental results very well.

7. Conclusions

We have derived the general analytic expressions for
angular distribution of light emission from electric and
magnetic multipoles near a dielectric surface, using the
angular spectrum representation of vector spherical waves.
The results are described in terms of spatial rotation
matrix elements, so that the angular distribution of light
emission for high order multipoles is easily obtained. The
numerical results for electric dipole are in good agreement
with our previous experiments. From the angular spec-
trum representation of multipole fields, we analyzed the
three characteristic properties of the multipole-surface
interaction. One of these processes involves the surface-
electromagnetic modes, which is the origin of the lateral
spatial locality of the multipole-surface interaction in the
near-field regime. The formulation developed in this paper
is directly applicable to near-field measurements of scat-
tered multipole field using a sharpened optical fiber probe.
A detailed evaluation of the interaction between the probe-
tip with the multipole near a dielectric surface will be
discussed elsewhere using our formulations.
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