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Abstract—The dipole impedance of an aperture in a plane conductor
is obtained by modifying the general network formulation of
electromagnetic apertures presented by Mautz and Harrington. The
derived dipole impedances are combined in parallel to form an effective
circuit description of low frequency aperture diffraction. Power
transmitted into the aperture by an incident wave is determined by
incorporating standard techniques for the transfer of wave power at
an impedance mismatch. This transmitted power is divided into
forward and backward scattered fields based upon the behavior of
image currents surrounding the aperture, leading to a peak in forward
scattered power above unity, consistent with known aperture behavior.
The presented aperture circuit maintains an excellent correspondence
with measurements of radiated power for an aperture excited by high
energy electrons and with the numerically calculated impedance of a
circular aperture using the finite element method.

1. INTRODUCTION

Previous work applies the method of moments [1] to the electromag-
netic boundary conditions in an aperture [2] to construct a general
network formalism capable of solving aperture coupling problems [3—
8]. The method has been used to study apertures in thick conduc-
tors [9], apertures surrounded by dissimilar media [10], the coupling
of an aperture with a wire [11] or a capacitor [4], as well as a cavity
backed slit [12].

In the long wavelength limit, this framework may also be
used along with known electric and magnetic aperture dipole
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moments [13, 14] to calculate the admittance of an aperture. However,
the equivalent impedances obtained in [4,5, 7] are not consistent with
the Finite Element Method (FEM) results presented here. The FEM
analysis has been verified by comparison to [15] and [16], thus this
disparity is considered significant.

Modifications to [5] presented here are used to obtain a simple
analytic description of the aperture dipole impedance. The derived
impedance is consistent with FEM results and a calculation of radiated
power using the presented aperture model closely follows measurements
of a circular aperture excited by a high energy electron beam [17],
supporting the derived expressions.

One source of error in previous attempts [5] is the symmetric
(dot) product definition which introduces units of area. Combined
with normalizations chosen based upon this symmetric product, the
resulting aperture impedances are incorrect by a factor of aperture
area. The dot product also leads to an aperture electric dipole
impedance calculation that utilizes an equivalence between electric
and magnetic dipoles [5]. By adopting a modified symmetric product
here, the ratio of currents that create the equivalent electric/magnetic
dipoles are used instead. This change results in a new term in the
aperture impedance that is equivalent to the effective thickness of an
infinitely thin acoustic aperture [18,19].

The impedance of an aperture previously [5,10] depended upon
the materials on both sides of an aperture. However, numerical
results presented here demonstrate that the aperture impedance is only
dependent upon the region not containing the incident wave source. In
addition, the relationships between effective moments on either side of
the aperture are modified from the previous parallel distribution [5].
It is shown that the magnetic dipoles act in series while the electric
dipole has a parallel distribution.

The impedance of the magnetic and electric dipoles were
previously treated separately when calculating aperture fields. Here,
the impedances are combined together as if part of a single circuit. The
interaction of these electric and magnetic dipole impedances leads to a
radiated power that goes to zero in the high frequency limit. Previous
dipole solutions [4,5, 7,13, 14] along with more recent attempts using
a different methodology [20] lead to infinite radiated power in the high
frequency limit.

By obtaining the impedance of an aperture, the power transmitted
from a system through an aperture can be calculated incorporating
standard relations for waves at the interface between two media. Power
transmitted into the aperture impedance is divided into forward and
scattered fields by the use of image currents. In the low frequency
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limit, power is shared equally between the forward and backward
scattered fields. As wavelengths approach the size of the aperture,
the power radiated by the back scattered image field switches direction,
contributing to the forward scattered field. In this regime, the aperture
radiates more power than is directly incident upon it, consistent with
previous numerical solutions [15] and measurements of a single aperture
in a metal [17]. The increase in radiated power can be enhanced with
an array of apertures due to plasmon (surface wave) resonances [21, 22].

For clarity, the derivation of the modified network formulation is
presented in Section 2. This framework is then applied to the specific
case of the dipole response of a circular aperture in a plane conductor
in Section 3. The power transmitted into and radiated by the aperture
is constructed in Section 4 and compared to numerical (Section 5) and
experimental [17] results in Section 6.

2. NETWORK FORMULATION

Consider a plane perfect conductor with an aperture in Fig. 1. Region
1 to the left of the conductor is characterized by 1, €1, region 2 to the
right is characterized by puo, ez and there are incident waves in both
regions. Bethe [13] found that if the aperture is small compared to
the incident wavelength a solution may be obtained by replacing the
aperture with a conductor containing magnetic currents. Replacing
the aperture with a conductor removes the mixed boundary conditions
present in the original formulation while the magnetic currents recreate
the aperture fields. A linear superposition of the incident wave
reflecting from the perfect conductor and the fields created by the
aperture equivalent magnetic currents recreate the fields in the original
problem. In this low frequency regime, the diffracted field can be
approximated using a combination of electric and magnetic dipoles in
place of the aperture.

To maintain equivalence between the introduced magnetic
currents and the aperture electric field, the magnetic current density
M is constrained by

M=E x ﬁlg (1)

where E is the electric field in the aperture in the original problem and
f12 is a unit vector normal to the conductor pointing from region 1 to
region 2.

Building upon the framework detailed by Mautz and Harring-
ton [5], suppose that the electric and magnetic fields in region 1 may
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Figure 1. Geometry of original problem and an equivalent situation.

be written

Ei =E{(—-M) + Eq, (2)
H; = H;(—M) + Hy, 3)

where E; is the total field in region 1 in the original problem, Eq; is
the field produced by the incident plane wave and its reflection from
the plane conductor with shorted aperture (aperture replaced with
conductor) and E;(—M) is the field produced by the magnetic current
in place of the aperture in region 1. Similar relations are obtained
for region 2 where —M — M for continuity of the tangential electric
field [7].

The continuity of the tangential component of the magnetic field
across the aperture requires

—H"™ (M) - Hy"(M) = —(H}{" - H3") (4)
and continuity of the normal component of the displacement field
requires

aE" (M) + eE3"(M) = e Ef{™ — eaEq (™. (5)
Given that the aperture may be considered as an electric and
magnetic dipole in the low frequency limit (ka << 1) [13], where a is

the aperture radius, the aperture equivalent magnetic current M may
be separated into three components [5]

M = V.M, + VigMyg + Vi, My, (6)

where ME,MW and Mh,y are current distributions over the aperture
(dimensionless) that lead to electric and magnetic dipoles in the far
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field, approximated here using constant unit vectors, Mhﬂ = B, ]\Zf;w =

4 and M, = 6. The vectors 8, 4 are orthonormal and in the plane
of the aperture. V. is the magnitude of the electric dipole current
while Vj,5,Vp,, account for the pair of magnetic dipoles in the plane
of the aperture. The combination of currents for the magnetic dipole
accounts for the orientation of the incident magnetic field with respect
to the aperture. In general it is presumed that the choice of th, M hy
diagonalize the aperture polarizability tensor [5].

Substituting the magnetic current expansion (6) into the magnetic
field continuity equation (4), the contribution from each current can
be isolated using an average symmetric product

A-Bd
<A,B>:fSS (7)

and the orthogonality of the basis functions. This symmetric product

differs from [5] by normalizing the product by the aperture area. This is

necessary to maintain the units of quantities in the symmetric product.
The contribution from aperture currents along th is

~Vig < HY™ (Myg) + HE™ (My5), My >= — < HE2® — HE My (>)
8
where the linearity of the magnetic field allows

H{™ (Vg Mig) = Vag Hi™ (Mpg). (9)
Since Vj,3 carries units V/m which H" (M} 5) now lacks,
Y1+ Yalng = — < H{™ (Mig) + HE" (Mag), My > (10)

is an averaged admittance of the aperture to magnetic fields.
Furthermore,

I = — < HE — HY™, M5 > (11)

is the averaged tangential magnetic field along th exciting the
aperture, interpreted to be an effective input current. Substitution
into (8) yields a generalized Ohm’s law relating the averaged magnetic
current representing the aperture field (V33) to the averaged effective
current representing the input magnetic field (I;,3)

Vig[Y1 + Yalng = Ing- (12)

A similar network relation can be found along ~ by replacing 8 — ~.

Though (10)—(12) visually appear the same as found in [7], the
previous admittance and current vectors contain additional units of
area. Further, the magnetic currents were treated as point currents at
the aperture origin while here they are treated as averaged currents
over the aperture.
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Following the same procedure for the electric field, the magnetic
current expansion (6) is substituted into the continuity equation for
displacement fields (5). Since the magnetic current M, is orthogonal
to the electric field it produces, an equivalent electrical current is used
instead [5]. Consider that the electric dipole field created by a magnetic
current loop K surrounding area S will also be produced by an electric
current I over some length [ normal to S [23, pg. 135] when

Il = —jwe, KS. (13)

Strictly, the equivalence of the fields produced by these currents
is only maintained when [ is infinitesimally short and K,I are
infinitesimally thin. However, the restrictions may be relaxed if
equivalence is only required for fields far from the currents. Deviating
from [5] and supposing the aperture dipoles have a finite length yields
an admittance I g
I Jwe; L (14)
that relates a magnetic current to an equivalent electrical current in
the aperture. Further, for long wavelengths, the infinitesimal electric
and magnetic current elements may be replaced by electric (J) and
magnetic (M) current densities over the aperture,

J
i —jweb (15)

which may be used to convert incident electric fields to equivalent
aperture input currents, where

il
le

is interpreted as an effective minimum thickness of the aperture,
described in more detail below. Using (15), the electrical current

b= (16)

equivalent to the aperture magnetic current VoM, is
Jo = —jwe,bV.2 (17)

which differs from previous results [5] by the factor b.
The magnetic dipole length [,, is obtained by integrating the path
length of the magnetic currents on both sides of the aperture,

znzz//Mn-dZ; de (18)

where 6§ = 0 is perpendicular to M,, forn =73 ,% and dlzl is a differential
length element along the current. Considering a circular aperture and
using the approximation that the basis functions are unit vectors in
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the aperture, [,, = 8a, while a rectangular aperture longer (/) than it
is wide (w) has [, & 4w. An aperture wider than long has [,, ~ 27w
while a square aperture with length [ has [,, = «l.

For the electric dipole length, the equivalent magnetic current is a
loop current [5] and is not suitable for (18). However, it is known [24]
that the electric aperture polarizability () is determined by a parallel
combination of magnetic polarizabilities (o3, aumy) along M 3 ]\Z7

1o "
Qe Qg Oy

This relationship suggests that the electric dipole is the result of a

parallel combination of magnetic dipoles. Thus, the electric dipole

length [ might be determined similarly.

Consider electric dipoles in the plane of the aperture by
substituting .J,, for M, in (18). Since these electric dipoles are in the
aperture plane, no power is detected in the far field. Rotating these
electric dipole currents out of the aperture plane leads to radiated
electric dipole power with characteristics of two dipole lengths, /3 and
l,. For long wavelengths, this field is equivalent to a purely normal
aperture electric dipole with a single characteristic length, [.. Given
this equivalence and the parallel distribution of polarizability (19), the
effective electric dipole length is presumed to be a parallel combination
of the two possible magnetic current lengths

1.1t (20)

le g 1,
For a circular aperture, [ = 4a and b = wa/4, the same effective
thickness as an infinitely thin acoustic circular aperture radiating into
a half space [18]. This result motivates the interpretation of b as a
minimum effective thickness of an aperture for electromagnetic fields.
Applying the method of moments to the electric field including

(17) yields

‘/e[Yl + YQ]e - Ie (21)

where
Vi + Vol =< ZEI™(M,) + ZEF™(M,), —jwebs > (22)
€o €o
is the averaged admittance of the aperture for electric fields,

I =< LErm YRR e bs > (23)
€o €o

is the equivalent input current density for the source electric field
and V. is the magnitude of the aperture equivalent magnetic current
density. The admittance and input current presented differ from [5] by
the factor b and by dimensions of meters.
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3. APERTURE DIPOLE IMPEDANCES

The dipole impedance of an aperture can be determined using the
generalized Ohm’s law relations obtained in the previous section and
the aperture dipole moments [13]. The input currents are calculated
from the incident fields exciting the aperture and the aperture
equivalent magnetic current magnitudes are calculated using the known
aperture dipole moments. The general structure of the impedance
derivation follows [5], though differences exist and are noted.

For low frequenmes the basis functions have been chosen to be
constant directions, th = ﬁ, M;W 4 and J. ox 2 [5]. In this regime,
the input currents reduce to

Ing = —|HPE» — HE"| cos 6 (24)
I, = —|[HPE" — HE"| sin 6 (25)
I, = —jwb(e1 E7)™ — e2E5.™) (26)

where 0 is the angle between § and H — H". The total effective
current exciting the magnetic dipole is

Iy = /175 + I}, = H" — HE. (27)

Given the continuity of fields within the aperture, the aperture
impedance must be the same in both regions 1 and 2. However, the
impedances listed in [5, Egs. (33)—(34)] vary across the aperture. To
accurately reflect all of the fields in an aperture when determining the
impedance, the half space dipole moments for each side of the aperture
are combined rather than treated separately as in [5]. The half space
dipoles radiating into region 2 [25] are

Pe2 = :? € ae(e1EYs™ — e2E5 ™ ) g (28)
Pm2 :ﬁ(amg cos 9@ + @y sin 079) 1, (29)
and the dipoles for region 1 are
Pel 261_-:162 ac(e1Big™ — eaEy™ ) g (30)
Pl :ﬁ(amg cos 03 + Qe Sin 09) I, (31)

Since the moments in each region have opposite orientations, the
difference between moments is used to determine the aperture
impedance. For a source in region 1, radiating through the aperture
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into region 2, the combined moments are

Pe = Pe2 — Pel = Qe(€1E73" — €205 ™ )Mo (32)
Pm = Pm2 — Pm1 = —(Qyn3 cos 05 + Oy Sin 69) I, (33)
with equivalent dipole currents [5]
Il = jwpe (34)
Kl = jwpspm- (35)

The fictional magnetic currents (M) in the aperture will produce
the same fields far from the aperture as the dipole currents (34), (35)
if [Kd®r = [ Md>r within the aperture, or
Kl

M= (36)

The integral of the loop current K yields a product with the dipole
length, while the integral of the magnetic current density M distributed
over the aperture yields a product with the aperture area.

Substitute (35) and the magnetic current expansion (6) into (36)
to obtain Vjg. Using the generalized Ohm’s Law (12) and the input
current due to the incident field (24), the total imaginary admittance
along B is
S

Im[Yl + Yz]g =
Jwp20ms

(37)
with a similar relation along 4.

For the real admittance, the power radiated by a magnetic dipole
current near a conductor into region 2 with wave impedance Z, [23]

P:@mw
6729

is normalized by the aperture area and (36) is used to replace the
normalized dipole current with M = V},; M,

P Sk3 o 1, 9

il Vil = 2|V Y. 39
S 67TZQ| hz| 2| hz‘ ( )
The radiated power density is used rather than the total radiated power
as in [5] since the symmetric product (7) generates an expansion based
upon an average field within the aperture, not the total field produced

by the aperture. By inspection, the real admittance is

Sk3

Re[V] + Yalp = ——2-. 40
e[Y1+Yo]p 3775 (40)
The real (40) and imaginary (37) impedances only depend upon
the material properties of region 2, while the combined impedances

(38)
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in [5, Eq. (31)] depend upon both regions. In addition, the derived
impedances differ from [5] by including the aperture area.

For the electric dipole admittance, divide (13) by b, substitute in
(34) and (36) with M = V.M, and solve for V,. Using (21) and the
input current (26), the imaginary admittance is

- 2
Im[Y; + Y, = 22250 (41)

e
Similarly, using the radiated power density of an electric dipole current

near a conductor along with (13) and (36), the real admittance is
Sb2k;

3nZy "

Like the magnetic dipole impedance, these impedances only depend
upon the material properties of a single region around the aperture,
and differ from [5] by a factor Sb%.

The aperture impedance for a given source is shared between both
sides of the aperture. A parallel distribution is adopted in [5] though no
justification is offered. Consider the dipole equivalent currents (34)—
(35) for the individual half space aperture dipoles (28)-(31) in each
region, where py — p1 in (35) for region 1,

Kl = —Kli» (43)

e1lly = —eIly. (44)
The magnetic dipole current (43) is the same on both sides of
the aperture, implying a series distribution of impedance, while
the distribution of electric dipole current (44) indicates a parallel
distribution of impedance. While (43)—(44) are found in [5, Eqgs. (27)—
(28)], the equations are used to illustrate the relative magnitudes
between the dipoles on both sides of the aperture, not to motivate
an impedance distribution.

The magnetic dipole impedance is given by combining (37) and
(40), inverting, then separating into two equal parts assuming a series

distribution,
1/ Sk2 S -
25y = Zyy = < 2 4 ) : (45)

Re[Y] + Vs = (42)

2\ 312, JWh20mg
This impedance (45) is equivalent to a series combination of a resistor
2 2\ 2
and inductor. When (wHZimﬁ) >> ( 3ikz22> or k®a? << 1, then the
equivalent inductance and resistance may be written as
H2Cmp
L = 46
57 (46)
ZQO(2 k?4
R — 2 mB"2 (47)

6mS
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These equivalent circuit parameters are extracted simply by calculating
the real and imaginary parts of (45).
The electric dipole impedance assuming a parallel distribution is

SUkS | jeswSD? ) -

4
3w Lo Qe (48)

Zle_ZQe_2<

equivalent to a series combination of a resistor and capacitor, with
extracted values of

625b2

= (49)
222azk'§

R = 3517 (50)

when k%a? << 1. When wavelengths approach the size of the aperture,
(45) and (48) must be used to generate the circuit impedance.

4. APERTURE CIRCUIT

While the aperture impedances in [5] are incorporated into a more
generalized matrix method, here the impedances are combined together
to form an effective circuit. Since both the electric and magnetic
dipoles can be excited simultaneously, the effective impedances
representing those aperture dipoles are combined in parallel. This
combined impedance forms the basis of the analytical description of
diffracted power through the aperture, calculated using the mismatch
in the source wave impedance compared to the aperture impedance.
This transmitted power is also limited by aperture boundary conditions
that reduce field strengths in the aperture based upon the materials
on each side. Power transmitted into the aperture circuit is radiated
into both regions, divided based upon the behavior of image currents
created around the aperture.

For a source in region 1, the aperture impedance along n = B,ﬁ/
is given by a parallel combination of magnetic and electric dipole
impedances for region 2 (45), (48)

Lo Ze

gn gz .
a 2h” 2e Zgh +Z28

(51)
Since the aperture impedance depends upon the region containing the
source, a source in region 2 should be considered independently using
dipole impedances for region 1.

The power in the incident magnetic field and available to the
magnetic dipole is integrated over the aperture area to obtain the total



412 Stoneback

available power

AR
-Pinc = ! | < HlOaMhz > ’ (52)

where Hyg is the incident ﬁeld. The mismatch in impedance between
the source region and the aperture only allows a fraction of this total
power into the aperture. Using the fractional power transmitted for a
normally incident wave at the interface of two different impedances [26],
Z for region 1 and Z' for the aperture, the reduction in power (52) is

UYVAVAS
P = (17 )

where * denotes the complex conjugate.

In addition, the materials on either side of the aperture reduce the
magnitude of the magnetic field within the aperture, further reducing
available power. This boundary condition on the magnetic field is
present in the half space magnetic moment (29), but was removed (33)
in the process of combining the two half space dipoles to determine
the aperture impedance. Imposing this boundary condition expressed
in terms of the incident magnetic field in (52) and including (53), the
total power transmitted into the aperture and radiated is

i 7S
PrrrLLag = m 2 ‘ H107Mhl > | mpd (54)

The equivalence of the parallel distribution of magnetic
polarizability (19) to the electric polarizability reduces the power
radiated by the aperture electric dipole. However, given the parallel
combination of electric and magnetic dipole impedances, only the
magnetic dipole impedance is observed below the aperture dipole

resonance. To obtain an electric dipole power required by the square
of (19)

(53)

2 2
my%¥mg

(amy + atmp)?
some combination of magnetic dipole powers must be used. Since

the fractional power (53) is proportional to a2,,, to obtain (55) it is
postulated that

. (55)

P, x

mn?

P’

2 ;2
mpdozm7 cos“ 6 + szpdoz 5sin” 0

(56)

zmpd (Oém'y ¥+ amﬁ)
The product P%mp 107, Teplicates the numerator in (55) and similarly
when 8 — «, dividing the electric dipole power based upon the
components of the incident magnetic field along 5 and 4. This ensures
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that the electric dipole displays the same resonance characteristics of
the magnetic dipoles that are also excited by the incident wave. The
total power in the incident electric field available to the electric dipole
is

S N
Pinc = TZ1’ < E107Me > ‘2' (57)

Including the boundary conditions from the half space dipole moment
in region 2, the total power radiated is

8 s
(61 + 62)2 271

Not all of the power transmitted into the aperture radiates into
region 2, some is radiated back into region 1. Previously [5], the back
scattered dipole was treated in the same way as the forward scattered
dipole field. Alternately, the back-scattered dipole is treated here as
the result of image currents.

The forward scattered dipole induces image currents in the
conductor surrounding the aperture to satisfy boundary conditions,
eliminating the tangential electric field caused by the aperture dipole
along the plane conductor. By continuity, these currents can not simply
stop at the aperture edge nor can the currents enter the conductor
replacing the aperture. Thus, it is presumed that the image currents
in region 2 travel through the aperture into region 1. This naturally
leads to an inverted orientation of region 1 currents compared to region
2, consistent with known behavior.

The image currents alone in region 1 produce an image dipole
field. Without a corresponding ‘real’ dipole, this image field violates
boundary conditions along the plane conductor. To satisfy the
boundary conditions, the image field must itself create a dipole image
in the aperture. An image of an image is real, thus creating a ‘real’
aperture dipole. Since the backscattered dipole only exists to support
the presence of the image currents, the power in the region 1 dipole is
the same as the power in the image field in region 1. Thus, the total
power radiated by the aperture is

P. + Prag = Paopy + Py + 2P (59)

where Py, is the power directly radiated by the aperture in region 2,

), = | < Eqo, M. > | impd- (58)

P;™ is the power in the image field in region 2 and 2P accounts
for the image field and the ‘real’ dipole in region 1.

The power in the image fields is determined by using the total
power radiated by a dipole near a conductor [23, Egs. (3)—(11)],

P = g(ki)Pdipole (60)
]Dimage - (g(kz) - 1) Pdipole (61)
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where Pyipore [23, Egs. (2)-(116)] is the power radiated by an isolated
dipole, Pjqge is the power in the image field and g(k;) is the relative
increase in power due to the image currents,

i) = (1— 3cos2k;h 4 3sin 2k;h
&) = 2kh)? T (2kih)
where h is the effective distance of the aperture dipole from the plane

conductor. Substituting the power directly radiated by the aperture
into region 2 for Py, the power in the image field is

Py = (g(k2) — 1) Paap (63)
2P =2 (g(k1) — 1) Paap. (64)

Since the magnetic currents recreating the aperture have an associated
length and the electric dipole is normal to the aperture, it will appear
to the far field observer to be located away from the aperture. The
minimum distance for a dipole of length [ to adopt any orientation
without intersecting the plane conductor is h = l./2. For a circular
aperture, h = 2a.

Substituting (63)-(64) into (59) to solve for Py, the total power
radiated into region 2 is

(62)

im, g(kQ)
Py = Py, + P9 = (P,jm + P8, +Pe) 65
2= P T k) + (k) —2 \Treo T g TP (09
while the power radiated into region 1 is
; 2g(k1) — 2
P =2P" = (P;Zm + Pag + Pe) . (66
P Syl + (k) —2 s Fines )

At low frequencies, g(k) = 2 and equal power is radiated into each
region. At high frequencies g(k) = 1 and P; = 0, there is no
backscattered field. In the transition from wavelengths much larger
than the aperture to wavelengths comparable to the aperture, the
leading factor in P; becomes negative, increasing the power radiated
into the forward direction.

For long incident wavelengths, the source impedance is greater
than the aperture impedance, Z; >> Z7', and the power radiated by
the aperture can be compared to previous dipole solutions. Consider
the magnetic dipole power, (54). The fractional power (53) becomes
Re(4Z7*/Z;1) and the real part of the aperture impedance (45) reduces
to

n  64Z5k3a"
@ 541S

Substituting the magnetic dipole power (54) into (65) and (66), equal
power is radiated into each region. Consistent with previous results for

(67)
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aperture dipole power [7,13,25], the power radiated by the magnetic
dipole into region 2 is
42 64Z3k3aS
pr — 1 2 Htan 2 68
mag (Ml + /~L2)2 547 ‘ 10 ’ ( )

and the electric dipole power is

P 46 64Z:k50° B[P (69)
(61 +€2)? 2167 Z?

For an obliquely incident wave, the same radiated power relations
are expected. Given that fields in the aperture are the result of
global currents in the plane conductor scattering from the aperture as
indicated in [27], the power transmitted into the aperture is determined
by the global currents incident upon the aperture impedance. Since the
currents exciting the aperture are confined to the same plane regardless
of the orientation of the incident plane wave, the relations obtained
from normal incidence are expected to apply for oblique incidence.

5. NUMERICAL MODEL

To confirm the derived impedances, the behavior of an aperture in a
plane conductor was investigated using ANSYS® Academic Research,
v. 11.0, a commercial finite element method (FEM) software package.
A square transverse electromagnetic (TEM) waveguide was used to
direct an input wave towards a circular aperture in a perfect conductor,
radiating into an approximate half space. The half space is constructed
using perfectly matched layers (PML), a computational method that
absorbs incident radiation but produces little reflection, approximating
an infinite space.

The geometry is illustrated in Fig. 2. The aperture of radius a
and thickness d utilizes a curved transition to the plane conductor in
an effort to minimize gradients in the calculated field and maintain
numerical accuracy. Due to symmetry of the fields and geometry, only
one quarter of the system is modeled (not shown).

The TEM waveguide is constructed using perfect electric (PEC)
and magnetic conductors (PMC) along the transverse boundaries as
appropriate. The input wave is created using a matched impedance
port, producing little reflection for waves reflected back towards the
source.

The bulk of the input waveguide and radiation region was meshed
using brick elements while the aperture used a tetrahedral element. A
transition region utilized pyramid shaped elements to change smoothly
from the tetrahedrals in the aperture to the bricks outside. The use
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Figure 2. Numerical model geometry. Not to scale.

of pyramids limits all elements to first order; one component of the
electric field per element edge, and one normal component per element
face. There is a minimum of 4 elements along Z through the aperture.
Due to software restrictions, this could not be increased.

The power radiated by the aperture was calculated by summing
the time averaged Poynting flux through elements in a planar slice
cut through the middle of the aperture and parallel to the aperture
plane. Similar values are obtained using ANSYS supplied functions
for calculating power in the far field.

The impedance of the aperture was calculated using the field
definitions of voltage and current

2 .
—/ E-di=V (70)

l1
fH-dZ:I (71)

in the plane of the aperture and using V/I = Z. The paths for the
electric and magnetic fields are along the incident fields through the
aperture center. The closed loop for the magnetic field traverses both
sides of the aperture. If the total field field is calculated using the FEM
rather than the scattered field alone, the magnetic field is integrated
along one side of the aperture and doubled due to symmetry.

6. RESULTS

Figure 3 compares the aperture circuit described in (Section 4) and
the ANSYS average real and imaginary impedance for an aperture
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excited by a normally incident plane wave source in region 1. For low
frequencies, both the real and imaginary impedance of the aperture
circuit correspond extremely well with the numerical model. A reduced
real impedance is expected for the numerical model due to the decrease
in radiated power from the aperture thickness [15]. The computed
real and imaginary aperture impedance vary by less than 15% and
10% respectively over the whole aperture area (not shown), with less
than 5% variation between 0 < p < 0.8a. Thus, the average aperture
impedance description presented here is appropriate.

The power radiated into region 2 from the aperture circuit model
and ANSYS is compared in Fig. 3(c). The long dashed black line is
the transmission coefficient as determined by Bouwkamp [14] which
includes dipole, quadrupole, and octupole radiation. The circuit
power matches the power radiated by the aperture dipoles in the low
frequency limit, up to the peak in dipole impedance. As expected, at
higher frequencies the dipole moment is not sufficient. Even though the
total numerical impedance decreases after the dipole peak, the power
continues to increase, particularly noticeable as the material indices
for region 2 increase. This indicates that higher order aperture modes
should be considered individually when calculating radiated power.

The aperture circuit resonances in Fig. 3(b) for various materials
in region 2 occur near the numerically obtained resonances. Similar
results are observed for additional material configurations not
shown. The increasing difference between the dipole model and the
numerical aperture starting below resonance is consistent with a series
combination of impedance for higher order moments.

Figure 4 compares the Poynting flux in the aperture obtained
with ANSYS to the predicted transmitted (54) and radiated (65),
(66) power using the average ANSYS aperture impedance for Z,. The
power transmitted into the aperture (54) is double the Poynting flux
into region 2 at low frequencies and similar at high frequencies. This
dependence is consistent with the assumed power distribution using
image theory where half of the power transmitted into the aperture
goes into the forward scattered field at long wavelengths and all of
the transmitted power is radiated through the aperture for short
wavelengths. The difference between predictions and the Poynting flux
at the peak in Fig. 4 is consistent with a need to treat the impedance of
each mode separately, rather than the combined impedance illustrated.

The association of the region 1 dipole with an image field (66) leads
to oscillations between radiating and absorbing power as the aperture
transitions from low frequency dipole behavior to higher frequencies.
The choice h = 2.1a in (62) leads to a null in power for the region
1 dipole at the intersection between the predicted transmitted power
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Figure 3. Magnitude of (a) real and (b) imaginary average impedance
of aperture excited by normally incident wave using the presented
aperture circuit and FEM; (c¢) power radiated into region 2. Numerics
obtained with aperture radius to thickness ratio a/d = 10.
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Figure 4. Distribution of power within the aperture for a normally
incident plane wave with vacuum in both regions. The black line is
the Poynting flux in the numerically modeled aperture. The blue line
is the power transmitted into the aperture using (54), the red line is
the power radiated into region 2 (65), and the green/brown line is
the power radiated/absorbed in region 1 (66), all calculated using the
average ANSYS aperture impedance and h = 2.1a.

and measured Poynting flux for vacuum near kja =~ 1. Thus, the
proposed aperture model satisfies the conservation of power with the
numerical model when using impedances obtained from the numerical
model. The slight increase in h from predictions of 2a may be due to
the thickness of the aperture d = 0.1a.

The accuracy of the numerical model has been estimated by
comparison to a theoretical description of a circular aperture in a thick
screen given by Roberts [16]. The method utilizes a sum of circular
waveguide modes to describe power radiated by the aperture; the first
fifteen modes were used to generate the solution for comparison with
ANSYS (Fig. 5, black). In the low frequency regime, the error is
less than 6%, reaching a maximum less than 20% as the aperture
passes through resonance. The generally low percent error validates
the ANSYS model.

The large percent error in radiated power between ANSYS and the
aperture circuit is due to the reduction in power from the thickness
of the aperture in ANSYS [15,16]. However, the percent error for
both power and real impedance are nearly the same, confirming
the presented aperture real impedance. The percent error between
ANSYS and the aperture circuit for the imaginary impedance is under
10% below ka =~ 0.7, at which point higher order moments become
important. These results validate the aperture dipole circuit.
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Figure 6. Radiated light (blue) for a circular aperture excited by a
high energy electron beam measured by Degiron [17] compared to the
predicted radiated power (65, red), using a = 135 nm, h = 2.1a.

The derived aperture circuit is compared to experimental
results [17] of light radiated by a circular aperture (¢ = 135nm,
d = 200nm) in a suspended Ag metal film excited by a high energy
electron beam. An advantage of using a high energy electron source
is there is no background signal from light not exciting the aperture
dipole [17]. The power radiated by the aperture due to the input
electron beam current is reproduced in Fig. 6 along with the predicted
radiated power of the aperture. The measured peak in transmission is
associated with a localized surface plasmon resonance and images of
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the resonance confirm a dipole distribution [17]. The dipole aperture
circuit yields a radiated power that closely matches the experimental
results, up to a constant multiplicative factor due to the presentation of
arbitrary units for the experimental results, supporting the presented
radiated power derivation. The peak in radiated power using the
presented aperture circuit is just under 1.1F,, where P, is the incident
power.

7. DISCUSSION AND CONCLUSION

The presented aperture circuit builds upon previous work [5] to
derive new expressions for the dipole impedance of an aperture. The
new impedances have been verified by comparison to a numerical
investigation of a circular aperture using ANSYS. While ANSYS
required significant computation times to determine the aperture
impedance, using the presented dipole circuit yields the same
impedance in seconds. The numerical model has been verified by
comparison to previous numerical investigations [15] as well as an
analytical description of an aperture using waveguide modes [16].
Further, the model presented for radiated power closely matches
experimental observations of an aperture in a metal film excited by
a high energy electron beam, supporting the derived expressions.

The presented aperture model also provides insight into low
frequency diffraction. The derived aperture impedances are
determined solely by the material properties of the region that does not
contain the wave source. Further, power transmitted into the aperture
is distributed into forward and backward scattered fields by image
currents surrounding the aperture. This method also indicates that an
aperture only produces a dipole for the forward scattered field. The
backward scattered field is a product of image currents driven by the
forward field. The derived impedances also demonstrate that apertures
have a minimum effective thickness for electromagnetic diffraction.
The same effective thickness is found for an aperture excited by an
acoustic wave, radiating into a half space.

The derived aperture circuit offers a simple and effective method
for describing the complex impedance and the power radiated by
an aperture in a plane conductor for long wavelengths. In contrast
to previous dipole solutions, the presented dipole circuit produces a
radiated power that goes to zero in the high frequency limit. By
converting Bethe’s dipoles to an equivalent circuit, it is expected that
a greater range of aperture problems may be solved without requiring
numerical methods with significant computation times.
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