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Abstract

This paper deals with the interference of spherical waves of thermal radiation emitted by a surface film system which consists of a
metal substrate and a semi-transparent film. A spectroscopic experiment is made to reconfirm the clear interference in emission spectra
of the film system. We present a theoretical model in which an electromagnetic theory for a spherical wave is combined with Planck’s
theory of thermal radiation. The mechanism of interference of spherical waves is discussed, and it is suggested that thermal radiation
waves emitted by a number of dipoles of the metal might be coherent among each other.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal radiation characteristics of a metal or a semi-
conductor can change sensitively when a film and/or micro-
structure is formed on the surface. The authors [1] found
that the spectra of thermal radiation emitted by a metal
surface, on which a semi-transparent film is formed, show
a clear phenomenon of radiation interference. The interfer-
ence phenomenon in the emission spectra was impressive
for us [2], but it was not a new finding. The phenomenon
in such a film system had been well known empirically in
the field of metallurgy [3]. However, the interference in
thermally emitted radiation spectra has not been explained
theoretically.

The film interference in the reflection of a plane electro-
magnetic wave has been well known, and has been
explained enough by classical electromagnetic wave theory.
On the other hand, interference of a thermally emitted radi-
ation wave cannot be explained in a similar manner. That
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is, thermal radiation is spherical electromagnetic waves
emitted by a number of dipoles thermally moving ran-
domly. The spherical waves emitted by a number of neigh-
boring dipoles have been assumed not to interfere
systematically among each other. For the spherical wave
to be characterized by a clear interference phenomenon, a
spherical wave emitted by an individual dipole and the
components of the wave multiply reflected in the film,
should interfere systematically in the vicinity of the dipole.
Intensity of a spherical wave attenuates in the film inversely
proportional to the square of the distance from the radia-
tion source. These conditions are different from the inter-
ference of a reflected plane wave. Kirchhoff’s law which
does not consider the phase of an electromagnetic wave is
outside of this consideration on this interference
phenomenon.

For the quantitative evaluation of the emission flux or
emittance spectrum for thermal radiation, Maxwell’s elec-
tromagnetic wave theory is not enough. Planck’s theory
of thermal radiation should be combined with the
Maxwell’s theory for characterizing the intensity of the
emitted thermal radiation. Such a combined theoretical
description has not been presented. A theoretical model
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Nomenclature

d (average) thickness of film, mbE (r) complex electric field vector at position r, V/m
EO (real) electric field vector at position rO, V/m
eq unit vector in direction of q-polarized compo-

nent of electromagnetic wave
i imaginary unit
IB (spectral) intensity of blackbody radiation in

vacuum, W/(m3 sr)
k index of absorption, (imaginary part of n̂Þ
k wavenumber of electromagnetic wave in vac-

uum, m�1

k̂ complex wavenumber vector of electromagnetic
wave, (=k real + ik imag), m�1

k real, k imag real and imaginary parts of complex vector

k̂ , respectively, m�1

n index of refraction
n̂ optical constant, (=n + ik)
R (spectral directional-incidence specular reflec-

tion energy) reflectance
r position vector of point in medium 1, m
r0 position vector of point on interface I, m
r̂ Fresnel’s complex reflection coefficient
rO position vector of point on hemisphere centered

at point O in medium 1, m
hSi time mean of Poynting vector of electromag-

netic wave, W/m2

t time, s
t̂ Fresnel’s complex transmission coefficient
DAO infinitesimal area in vicinity of position rO, m2

DA1 infinitesimal area in vicinity of point O,
(=const.), m2

DA0 infinitesimal area in vicinity of position r0,
(=const.), m2

DQqOl energy of electromagnetic wave passing through
area DAO, W

DQ(s+p)0 energy of electromagnetic wave passing
through area DA0, W

DX0 solid angle of observation, (=DX00), sr
DX0l solid angle of electromagnetic wave transmitted

through interface I, sr

DX1l solid angle of electromagnetic wave incident on
interface I, sr

e (spectral directional) emittance
h0 emission angle of electromagnetic wave in

medium 0, (angle of observation), (=h00), rad
h1 emission angle of electromagnetic wave in

medium 1, (=h10), rad
k wavelength of electromagnetic wave in vacuum,

m
l absolute magnetic permeability of vacuum, H/m
r rms roughness, m
x angular frequency of electromagnetic wave, rad/

s

Subscripts

B blackbody
film film system
l number of multiple reflection in film,

(l = 0,1,2, . . .)
N 15�-direction emission
NH 15�-incidence hemispherical reflection
NN 15�-incidence specular reflection
O centered at point O
q q-polarized components of electromagnetic

wave, (q = s, p)
real, imag real and imaginary parts of complex quan-

tity, respectively
s,p s- and p-polarized components of electromag-

netic wave, respectively
(s + p) natural radiation
0, 1, 2 medium 0 (vacuum), medium 1 (film), medium 2

(substrate), respectively

Superscripts and others
calc calculated
exp experimental
^ complex quantity
k k norm of complex quantity

H. Wakabayashi, T. Makino / International Journal of Heat and Mass Transfer 51 (2008) 2762–2771 2763
should be presented here on the coherency of a spherical
electromagnetic wave in the vicinity of radiation sources
with consideration of Planck’s theory.

In the thermal engineering field, thermo-photo-voltaic
(TPV) conversion techniques are required, and a spectrally
functional radiation emitter which emits thermal radiation
in a specified wavelength band region selectively is expected
to be developed [4]. The above-mentioned surface film sys-
tem is promising from this engineering point of view.

In the present study, we deal with the interference of
thermal radiation emitted by a film system which consists
of a metal substrate and a semi-transparent film. First, a
spectroscopic experiment is made on the emission and
reflection of this film system. Next, a theoretical model of
radiation emission is presented by combining electromag-
netic theory for a spherical wave with Planck’s theory of
thermal radiation. The spectra calculated on the model
are compared with the measured spectra to consider the
mechanism of the interference of thermally emitted radia-
tion waves. It is suggested that thermal radiation waves
emitted by a number of dipoles of the metal might be
coherent among each other. Also, the possibility of an
effective spectrally functional radiation emitter is
suggested.
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2. Procedure and results of spectroscopic experiment

2.1. Preparation and formation of film system

Material of the specimen of a film system is a polycrys-
talline nickel plate of 99.99% in chemical purity, whose size
is 15 mm in width, 50 mm in length and 2 mm in thickness.
The surface is mechanically buffed to realize the optical
smoothness of the maximum roughness less than 30 nm.
The surface is heated in atmospheric air at a heating rate
of 1 K/s. An oxide film is formed on the nickel surface.
The surface is heated up to 1100 K, and heating is stopped.
The surface is cooled naturally to room temperature, and
the surface state of 1100 K is frozen.
2.2. Spectra in formation process of film system

In this film formation process, we measure the change of
spectra of 15�-incidence specular reflectance RNN and 15�-
direction emittance eN of the surface simultaneously by a
high-speed spectrophotometer system [1]. Fig. 1 shows the
results. The abscissa k of the figure is the wavelength of radi-
ation in vacuum. t is the time after the start of heating of the
surface. At t = 600–800 s the surface reaches the tempera-
ture of 900–1100 K. A surface film grows well at this stage.
Corresponding to this film growth clear oscillation appears
in the spectra of RNN and eN. With the growth of the film
valleys and hills of the spectrum, oscillations appear and
shift to the longer wavelength region of the spectra.
2.3. Spectra of film system at 1100 K

In Fig. 1, t = 800 s corresponds to the time when heating
of the surface is stopped and the surface is begun to be
cooled. In the discussion on Fig. 5 in Section 4, measured
values of reflectance and emittance at the last stage of this
heating (t = 800 s) are noted by Rexp

NNð1100 KÞ and
eexp

N ð1100 KÞ, respectively. The RNN spectrum at this stage
is analyzed by a spectrum surface diagnosis technique of
Fig. 1. Spectrum transition of reflectance RNN and emitta
Ref. [5]. The average thickness d of the formed film is
d = 0.9 lm. The rms roughness r of the film surface cooled
to room temperature is r = 0.2 lm, which is measured by
an optical microscope.

2.4. Spectra of film system at 600 K

The surface system once cooled to room temperature is
heated up to 600 K and kept at the temperature. Spectra of
15�-incidence specular reflectance RNN and 15�-direction
emittance eN are measured simultaneously by a Fourier
transformation infrared spectrophotometer system [6]. This
spectrophotometer was specially designed to measure the
reflectance and emittance simultaneously. It takes longer
time for the spectrum measurement than that by the
high-speed spectrophotometer system [1], and it does not
fit for the fast measurement of the surface in a transient
process. On the other hand this FTIR system has higher
sensitivity and it measures comparatively weak emission
of a surface at temperatures of 600 K level. Also, it can
measure the spectra of RNN and emittance eN over the
wavelength region of k = 1.5–16 lm. Since the surface film
system is known to be stable in atmospheric air at less than
700 K, the measurement is made at 600 K. The spectra of
RNN and eN measured in this experiment are noted as
Rexp

NNð600 KÞ and eexp
N ð600 KÞ.

2.5. Results of spectroscopic measurement

Fig. 5 as described later in Section 4.1 shows the results
of the spectra of reflectance Rexp

NNð1100 KÞ and Rexp
NNð600 KÞ

and, emittance eexp
N ð1100 KÞ and eexp

N ð600 KÞ: The reflec-
tance is that for natural radiation, and the emittance is that
for emitted natural or unpolarized radiation.

2.5.1. Experimental errors and surface scattering

Measured reflectance Rexp
NNð600 KÞ is as high as 1 in the

longer wavelength region of k > 10 lm. It is considered to
be caused by a background radiation error. Reflectance
nce eN of a nickel surface in a film formation process.



Fig. 2. Interference of thermal radiation emitted by a film system.

Fig. 3. Physical model of a film system.

H. Wakabayashi, T. Makino / International Journal of Heat and Mass Transfer 51 (2008) 2762–2771 2765
RNN is low in the shorter wavelength region. It is caused
mainly by the influence of the surface roughness. The sur-
face is roughened in the process of oxide film growth.
Reflected radiation is scattered over hemisphere. The
reflectance RNN is a directional reflectance for the specular
reflection component. Thus, reflectance RNN decreases par-
ticularly in the shorter wavelength region.

2.5.2. Interference of radiation in emittance spectra

In Figs. 1 and 5 clear oscillation of interference of film
interference is found not only in the spectra of reflectance
but in those of emittance. Interference behavior in the emit-
ted thermal radiation [1,2,5] is reconfirmed experimentally.

2.5.3. Stability of surface state
The spectra of reflectance Rexp

NNð600 KÞ and Rexp
NNð1100 KÞ,

and the spectra of emittance of eexp
N ð600 KÞ and eexp

N ð1100 KÞ
are near, respectively, to each other. Slight deviation of the
wavelengths of interference in the four kinds of spectra is
not due to the change in the surface state but due to the devi-
ation of the wavelength correction of the two spectropho-
tometer systems employed. The spectrum of eexp

N ð600 KÞ is
presumed to be near to that of eexp

N ð1100 KÞ even in the
shorter wavelength region where the emittance could not
be measured at 600 K.

2.5.4. Complementary relationship of reflectance and

emittance

In the measured spectra of reflectance and emittance,
wavelengths of hills and valleys in the spectra of emittance
eexp

N and those of valleys and hills in the spectra of reflectance
Rexp

NN are near to each other. With respect to the absolute val-
ues of reflectance RN and emittance eN, a complementary
relationship of RNN + eN = 1 seems to hold in the longer
wavelength region of k > 5 lm where the influence of surface
scattering is weak. In this case, the directional reflectance
RNN is substantially equal to the 15�-incidence hemispheri-
cal reflectance RNH, and the complementary relationship
of RNH + eN = 1 holds in this wavelength region.

If we would make a simultaneous measurement of the
hemispherical reflectance RNH and emittance eN, then we
might be able to have an experimental result in which the
complementary relationship of RNH + eN = 1 holds over
the entire wavelength region including the wavelengths of
strong surface scattering and interference oscillation. This
relationship is formally the same as that of Kirchhoff’s
law. But, the law holds for the system in the thermal equi-
librium and does not consider anything on the phase of the
electromagnetic wave.

3. Theoretical modeling of radiation emission of film system

3.1. Theory of thermal radiation emission

Thermal radiation consists of spherical electromagnetic
waves emitted by a number of dipoles. An electromagnetic
wave emitted by a dipole is assumed to be incoherent to
another electromagnetic wave emitted by another dipole
(Fig. 2). On the basis of this assumption, we present a the-
oretical model of an interfered electromagnetic wave of
thermal radiation emitted by a film system. Behavior of
an electromagnetic wave in a film system is formulated
combining Planck’s theory of thermal radiation, and we
enable the description of an interfered emittance spectrum
of thermal radiation of a surface film system.

3.2. Model of radiation emission of film system

Fig. 3 explains the physical model of a film system. The
film system consists of a single layer of a parallel film of
thickness d (medium 1) on a substrate (medium 2). The film
system faces vacuum space (medium 0). The substrate is a
strongly absorbing medium of radiation considered. The
film is weakly absorbing and semi-transparent for radia-
tion, but the self-emission is negligibly weak. The weak
absorption does not affect the surface/interface reflection
and transmission of the electromagnetic wave, and the
reflection and transmission angles in the film can be dealt
as real quantities. The interfaces I and II are assumed to
be optically flat and smooth. A spherical electromagnetic
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wave is emitted to medium 1 by an infinitesimal area DA1

which includes a dipole at point O on interface II and in
the medium 2 side. The spherical wave experiences l times
(l = 0,1,2, . . .) of multiple reflection in the film of medium
1 (abbreviated in Fig. 3), and is transmitted by interface I.
The electric field of the l-th order interference wave is
formed in an infinitesimal area DA0 in the vicinity of posi-
tion r0 on interface I and in the medium 0 side. We observe
this field at an observation point P far from the film system.
In the calculation of emission we follow the electric field of
the spherical wave which is described by complex vector
quantities, and evaluate the observed energy.

3.3. Formulation of radiation emission wave of film system

3.3.1. s- and p-components

First, we determine a coordinate system in which the ori-
gin is set at a representative point O of the position of a
dipole, the emission source of radiation. A plane including
a unit vector N on point O normal to interface II and a
position r0 on interface I is named the emission plane
(Fig. 3). The spherical wave emitted at point O is divided
into two polarization components. The component oscillat-
ing perpendicularly to the emission plane is named s-com-
ponent, and the component oscillating parallel to the
emission plane is named p-component. These two compo-
nents, s-component and p-component, are represented by
a subscript q (=s, p) in the following. The magnitude and
direction of the q-component vector of the electric field
depend on l of the l-th order wave of the multiple reflection
of the emitted radiation in the film system.

3.3.2. Electric field of spherical wave in film

A spherical wave is emitted at point O on interface II to
medium 1. The q-component bEq1ðrÞ of the complex electric
field vector of the spherical wave is described at position r
in medium 1, when the wave has not experienced the first
reflection, by,

bEq1ðrÞ ¼
2p

ðk 1;real � rÞ expð�k 1;imag � rOÞ
EqO expðik̂ 1

� rÞ

¼ 2p
n1r expð� k1rOÞ

EqO expði n1rÞ expð� k1rÞ ð1Þ

where,

r ¼ jrj ð2Þ

The complex wavenumber vector k̂ 1
of the spherical wave

in medium 1 is described by,

k̂ 1
¼ k 1;real þ ik 1;imag ¼ n̂1r=jrj ð3Þ

In the case of this spherical wave, vectors k 1,real and
k 1,imag, the real and imaginary parts of the complex vector

k̂ 1
, are of the same direction. n̂1 is the optical constant of

medium 1, k and k are wavenumber and wavelength of the
electromagnetic wave in vacuum, respectively,
n̂1 ¼ n1 þ ik1 ð4Þ
¼ 2p=k ð5Þ

Electric field EqO,

EqO ¼ bEq1ðrOÞ ð6Þ

is that at position rO on a hemisphere centered at point O
and of radius,

jrOj ¼ rO ¼ 2p=ð n1Þ ¼ k=n1 ð7Þ
3.3.3. Electric field of multiply interfered wave at film surface

The q-component of the complex electric field vectorbEq0lðr0Þ of the l-th wave of the spherical wave, which is
emitted at point O, has experienced l times of multiple
reflection in the film, and was transmitted by the interface
I to the position r0 on interface I in the medium 0 side, is
described by,

bEq0lðr0Þ ¼
2p

ðk 1;real;l � r0lÞ expð�k 1;imag;l � rOlÞ
EqOl

� expðik̂ 1l
� r0lÞ � ðr̂q10lÞlðr̂q12lÞlð̂tq10lÞ ð8Þ

where,

r0l ¼ r0 þ 2ldN ð9Þ
N ¼ ð0; 0; 1Þ ð10Þ

k̂ 1l
¼ k 1;real;l þ ik 1;imag;l ¼ n̂1r0l=jr0lj ð11Þ

r0l ¼ jr0lj ð12Þ

The electric field EqOl in Eq. (8) characterizes the spherical
wave emitted from the infinitesimal area DA1 in the vicinity
of point O in medium 2 to medium 1 in the direction cor-
responding to l. It is described by,

EqOl ¼ jEqOljeql ð13Þ

where eql is the (non-dimensional) unit vector in the direc-
tion of q-polarization component. The unit vector eql is de-
fined by the following equations.

esl ¼ ð0; 1; 0Þ ð14Þ
epl ¼ esl � r0l=jesl � r0lj ð15Þ

The standard field intensity jEqOlj of the wave is given in
Eq. (23) through discussion in Section 3.3.4. In Eq. (8)
r̂qijl and t̂qijl are Fresnel’s complex reflection coefficient
and transmission coefficient, respectively, in the case when
the q-polarization component of the l-th order wave prop-
agates to interface of medium i and medium j from the
medium i side. The coefficients are calculated depending
on r0l. The complex electric field vector bEq0ðr0Þ of the q-
polarization component of superimposed/interfered wave
at position r0 on interface I and in the medium 0 side, is de-
scribed by,

bEq0ðr0Þ ¼
2p

expð�k 1;imag � rOÞ
RlEqOlĝql ð16Þ
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where,

ĝql ¼
expðik̂ 1l

� r0lÞ
k 1;real;l � r0l

ðr̂q10lÞlðr̂q12lÞlð̂tq10lÞ ð17Þ

Since the inner product (k 1,imag,l � rOl) in the exponential
term in the right hand side of Eq. (8) does not depend on
l, it is written in Eq. (16) by,

k 1;imag;l � rOl ¼ k 1;imag � rO ð18Þ

The complex electric field vector bE 0ðr0Þ for the emission of
natural radiation which consists of s- and p-polarized com-
ponents equivalently is written by,

bE 0ðr0Þ ¼
2p

expð�k 1;imag � rOÞ
Rq½RlEqOlĝql� ð19Þ
3.3.4. Standard intensity of spherical wave in film

We evaluate the energy DQqOl (unit: W) of the spherical
wave which passes an infinitesimal area DAOl on a hemi-
sphere centered at position rO and of radius jrOj = rO

(<2d/cosh1l) before the wave experiences the first reflection.
The angle h1l is the emission angle in medium 1 in the case
when the wave has experienced l times of multiple reflection
in the film. Absorption in medium 1 is assumed to be weak
enough that the direction of vector k 1,real and that of vec-
tor k 1,imag are the same. Thus, the angle h1l is a real angle.
The energy DQqOl is described through the time mean
hSql(rO)i of the Poynting vector of the wave by,

DQqOl ¼ jhSqlðrOÞijDAOl ¼ n1jEqOlj2DAOl=ð2lxÞ ð20Þ
where l and x are absolute magnetic permeability of vac-
uum and angular frequency of the electromagnetic wave,
respectively.

From another point of view, this energy DQqOl of ther-
mally emitted radiation should be characterized by
Planck’s theory of thermal radiation. The energy DQqOl is
emitted in the solid angle DXOlð¼ DAOl=rO

2Þ in the direc-
tion of the emission angle h1l and attenuated by the absorp-
tion medium 1. The energy is described by,

DQqOl ¼ eq21ln1
2 IB

2
expð�2 k1rOÞDA1

� cos h1lðDAOl=rO
2Þ ð21Þ

where IB is the intensity of blackbody radiation in vacuum.
eq21l is the emittance of medium 2 to medium 1 for the q-
polarized wave. It depends on temperature. At this stage,
two fundamental theories are combined: electromagnetic
description of a spherical wave based on the Maxwell’s the-
ory of electromagnetism, and radiative heat transfer
description of diffuse blackbody radiation based on
Planck’s theory of thermal radiation. The emittance eq21l

is calculated by using Fresnel’s complex reflection coeffi-
cient by,

eq21l ¼ 1� ĵrq12lj2 ð22Þ
where Kirchhoff’s law is assumed on the reflected and emit-
ted intensity of radiation on the interface II. No assump-
tion on the phase of the emitted spherical wave is
adopted here.

From Eqs. (6, 20 and 21) intensity jEqOlj of electric field
EqOl in Eq. (8) is written by,

jEqOlj2 ¼
2lx

n1

eq21ln1
2 IB

2
expð�2 k1rOÞDA1 cos h1l

n1

2p

� �2

¼ 1

ð2pÞ2
2lx n1eq21ln1

2 IB

2
expð�2 k1rOÞr02l DX1l

ð23Þ

The magnitude r0l of vector r0l and solid angle DX1l in Eq.
(23) are described as follows,

r0l ¼ jr0lj ¼ ð2lþ 1Þd= cos h1l ð24Þ
DA1 cos h1lDXOl ¼ DA0 cos h1lDX1l ð25Þ

DXOl ¼ DAOl=rO
2 ¼ DA0 cos h1l=r02l ð26Þ

DX1l ¼ DA1 cos h1l=r02l ð27Þ
3.3.5. Intensity of electric field of multiply interfered wave on

film surface

The magnitude of electric field bE 0ðr0Þ in Eq. (19) is writ-
ten through Eqs. (13 and 23) by,

kbE 0ðr0Þk2 ¼ ð2pÞ2

expð�2 k1rOÞ
kRq½RlEqOlĝql�k2

¼ ð2pÞ2

expð�2 k1rOÞ
kRq½RljEqOljeqlĝql�k2

¼ ð2pÞ2

expð�2 k1rOÞ
1

ð2pÞ2
2lx n1 n1

2 IB

2

� �

� expð�2 k1rOÞkRq½Rleq21l
1=2r0lDX1l

1=2eqlĝql�k2

¼ 2lx n1 n1
2 IB

2

� �
kRq½Rleq21l

1=2r0lDX1l
1=2eqlĝql�k2

ð28Þ
3.3.6. Conversion of solid angle accompanied by interface

transmission
We deal with the conversion of the solid angle by the

interface transmission of the wave as shown in Fig. 4. Solid
angle DX1l of the wave incident on interface I through an
infinitesimal area DA0 and solid angle DX0l after the trans-
mission of interface I, are related to each other, by,

DA0 cos h0lDX0l ¼ DA0 cos h0l sin h0lD/Dh0l ð29Þ
DA0 cos h1lDX1l ¼ DA0 cos h1l sin h1lD/Dh1l ð30Þ

By using Snell’s equations and the differential form for
transparent media [7],

sin h0l ¼ n1 sin h1l ð31Þ
Dh0l cos h0l ¼ n1Dh1l cos h1l ð32Þ



Fig. 5. Spectra of reflectance RNN and emittance eN of the film system
(measured and calculated).

Fig. 4. Conversion of solid angles for the l-th spherical wave.
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the following equations are obtained.

ðDX0l cos h0lÞ=ðDX1l cos h1lÞ
¼ ðsin h0l= sin h1lÞfðDh0l cos h0lÞ=ðDh1l cos h1lÞg
¼ n1

2 ð33Þ
DX1l¼ðcosh0l=cosh1lÞð1=n1
2ÞDX0l ð34Þ

DX10¼DA0=ðd=cosh10Þ2 ð35Þ
DX1l¼DA0=fð2lþ1Þd=cosh1lg2

¼½ðd=cosh10Þ=fð2lþ1Þd=cosh1lg�2DX10

¼½cosh1l=fð2lþ1Þcosh10g�2ðcosh00=cosh10Þð1=n1
2ÞDX00

ð36Þ

We notate here symbols DX00, h00 and h10 by simplified
ones DX0, h0, and h1, respectively. Thus, solid angle DX1l

in Eq. (28) is written by,

DX1l ¼ ½cos h1l=fð2lþ 1Þ cos h1g�2ðcos h0= cos h1Þð1=n1
2ÞDX0

ð37Þ
3.3.7. Energy of radiation emitted by film system

The magnitude jhS0(r0)ij of time mean of Poynting vec-
tor of electric field bE 0ðr0Þ in Eq. (19) is written by,

jhS0ðr0Þij ¼ kbE 0ðr0Þk2 � 1=ð2lxÞ ð38Þ

Radiation energy DQ0 which passes through the infinitesi-
mal area DA0 in the vicinity of position r0 is written by,

DQ0 ¼ jhS0ðr0ÞijDA0 cos h0

¼ kbE 0ðr0Þk2 � 1 � DA0 cos h0=ð2lxÞ ð39Þ

Accordingly, the energy DQ0 is written through Eqs. (28
and 37) by,

DQ0 ¼ 2lx n1 n1
2 IB

2

� �
� 1 � DA0fcos h0=ð2lxÞg

� kRq½Rleq21l
1=2r0lDX1l

1=2eqlĝql�k2

¼ cos h0

cos h1

2n1

IB

2
DA0 cos h0DX0

� kRq½Rleq21l
1=2r0l

cos h1l

ð2lþ 1Þ cos h1

eqlĝql�k2

¼ cos h0

ðcos h1Þ3
2n1

IB

2
DA0 cos h0DX0

� kRq½Rleq21l
1=2r0l

cos h1l

2lþ 1
eqlĝql�k2 ð40Þ

In this equation, only one solid angle DX0, which is equal
to the solid angle of observation, is included.
3.3.8. Emittance of film system

The energy DQ0 is that the infinitesimal area DA0 on
interface I of the film system emits in the solid angle DX0

and in the direction of emission angle h0. Let’s consider
the case when a blackbody of infinitesimal area DA0 is
put at the same point O. Radiation energy DQB0 emitted
by the blackbody in the solid angle DX0 and in the emission
angle h0 is written by,

DQB0 ¼ IBDA0 cos h0DX0 ð41Þ
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From Eqs. (40 and 41), (spectral directional) emittance
e(s+p),film of the film system for natural radiation emission
is written as follows,

eðsþpÞ;film ¼ DQ0=DQB0

¼ cos h0

ðcos h1Þ3
2n1ð1=2Þ

� kRq½Dleq21l
1=2r0l

cos h1l

2lþ 1
eqlĝql�k2 ð42Þ

Since the vectors esl and epl cross orthogonally and (Rlesl)
and (Rlepl) cross orthogonally, emittance eq,film for s- and
p-polarized components of radiation is written by the fol-
lowing equation,

eq;film ¼
cos h0

ðcos h1Þ3
2n1kRleq21l

1=2r0l
cos h1l
2lþ 1

eqlĝqlk2 ð43Þ

Eq. (40) for the emitted radiation energy DQ0 includes IB

given by Planck’s theory. On the other hand, in Eqs. (42
and 43) for emittances e(s+p),film and eq,film, IB does not
appear. The emittance depends on temperature through
the temperature dependence of the optical constant of med-
ium 2 (substrate of the film system).

3.4. Procedure of calculation

In order to compare the emittance calculated by the pro-
posed model with the measured emittance eexp

N ð600 KÞ, we
calculate on a film system at T = 600 K in which a film
of d = 0.9 lm in thickness is formed on a nickel substrate.
The spectrum of optical constant n̂2 of the substrate is
calculated as functions of wavelength k of radiation and
temperature T, by a technique given in Ref. [8]. The optical
constant of the film is set at n1 = 2.0 and k1 = 0.01 indepen-
dently of wavelength and temperature. The angle of
observation of the emitted radiation is set at h0 = 15�.
Emittances e(s+p),film, es,film and ep,film in the wavelength
region k = 0.7–20 lm are calculated. Multiple reflection
in the film is calculated on l = 0,1,2, . . . ,10. The position
vector r0l is described by,

r0l ¼ ðd sin h1; 0; d cos h1Þ ð44Þ

Constants and variables in Eqs. (42 and 43) are calculated
by Eqs. ((4), (5), (9)–(11), (14), (15), (17), (22), (24), (44)),
and by Snell’s equations and Fresnel’s equations for the
reflection and refraction at interfaces I and II. In the calcu-
lation of Fresnel’s complex reflection and transmission
coefficients for interface I, the optical constant of the film
and the reflection and refraction angles at interface I are
dealt as real quantities for considering the weak absorption
of medium 1.

3.5. Reflectance of film system

For the comparison in Sections 4 and 5 on measured
and calculated values and on reflection and emission val-
ues, we calculate the reflectance RNN by conventional equa-
tions [9], on the case when a plane electromagnetic wave is
incident on a film system of Section 3.4 and reflected
specularly.

4. Calculated results and comparison with measured results

4.1. Results of spectrum calculation

Fig. 5 summarizes calculated results of spectra of reflec-
tance RNN and emittance eN of the film system with the
measured results. Results of reflectance RNN for the natural
radiation, that for the s-polarized component and that for
the p-polarized component are, respectively, the spectra of
reflectances Rcalc

NNðsþpÞ;R
calc
NNs and Rcalc

NNp in the figure. Results
of emittance eN for the natural radiation, that for the s-
polarized component and that for the p-polarized compo-
nent are, respectively, the spectra of emittances ecalc

NðsþpÞ
ð¼ eðsþpÞ;filmÞ; ecalc

Ns ð¼ es;filmÞ and ecalc
Np ð¼ ep;filmÞ in the figure.

Difference of Rcalc
NNðsþpÞ;R

calc
NNs and Rcalc

NNp and that of ecalc
NðsþpÞ;

ecalc
Ns and ecalc

Np are small. Fig. 5 also shows the spectra of
reflectance Rcalc

NNðNiÞ and emittance ecalc
N ðNiÞ of the bare

optically smooth nickel surface for comparison.

4.2. Calculated values of reflectance and emittance

The calculated reflectance is for the plane wave, and the
emittance is for the spherical wave. In spite of this differ-
ence, wavelengths of the valleys and hills of the oscillation
in the calculated spectra of reflectance Rcalc

NN, and those of
hills and valleys of the oscillation in the calculated spectra
of emittance ecalc

N are, respectively, near to each other. In
this calculation on a flat and smooth film system the direc-
tional reflectance RNN is equal to the hemispherical reflec-
tance RNH. If we assume that Kirchhoff’s law for thermal
equilibrium systems is valid, then the following comple-
mentary relationship,

Rcalc
NN þ ecalc

N ¼ Rcalc
NH þ ecalc

N ¼ 1 ð45Þ
holds between reflectance Rcalc

NN and emittance ecalc
N . This

quantitative relationship seems to hold except for the cal-
culated values of Rcalc

NN and ecalc
N in the wavelength regions

of interference hills in the ecalc
N spectrum. In the wavelength

regions of interference hills in the ecalc
N spectrum, the height

of the hills in the emittance spectrum is smaller than the
depth of the valleys in the Rcalc

NN spectrum.

4.3. Calculated and measured values of reflectance and
emittance

We compare the calculated and measured spectra of
reflectance and emittance. Since the influence of surface
roughness of the film system is neglected in the calculation,
values of reflectance Rcalc

NN are calculated higher than the
measured values of Rexp

NN in the shorter wavelength region
where the influence of surface scattering on the directional
reflectance Rexp

NN is stronger. Since the emittance increase by
surface roughness in the surface system of the experiment is
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not considered in the calculation, values of emittance ecalc
N

are lower than those of eexp
N particularly in the shorter wave-

length region. Also, since self-emission of the film is
neglected in the calculation, the values of the calculated
emittance ecalc

N are lower. But, with respect to the radiation
interference, the wavelengths of interference in the calcu-
lated spectra of Rcalc

NN and ecalc
N agree well with those in the

measured spectra of Rexp
NN and eexp

N . The hills of interference
in the calculated spectrum of ecalc

N are less sharp than the
hills of interference in the measured spectrum of eexp

N .

5. Interference of emitted thermal radiation

5.1. Wavelength of interference and phase of spherical wave

Interference in an emittance spectrum for a spherical
wave is different from that in a reflectance spectrum for a
plane wave. The interference occurs as a result of multiple
reflection in the film system. The spherical wave propagates
over various directions. This fact may imply that the wave-
lengths of interference depend on the direction of observa-
tion, and that the emittance spectrum lacks the sharpness
in the spectrum oscillation. But, it is not the case in the
measured results in Fig. 5. It is explained by the following
facts. The refractive index of the film is of an order of
n1 = 2, and the radiation in the direction of emission angle
of 15�, the angle of observation in the present study, is the
interfered components of spherical waves emitted by a
dipole on interface II of the film system and propagates
in the direction of hl < 7.4� in the film. That is, direction,
phase and wavelength of the interference of the observed
emission wave are not so much different from those in
the case of the reflection of the plane wave.

5.2. Sharpness and amplitude of spectrum oscillation

The amplitude of interference oscillations in the calcu-
lated emittance spectrum is not so sharp as that in the cal-
culated reflectance spectrum. The following should be
noticed. The interference of the wave in the film system
occurs mainly among the 0th order wave (l = 0) and the
1st order wave (l = 1). In a weakly absorbing medium,
intensity of a spherical wave is attenuated inversely propor-
tional to the square of the distance from the radiation
source. The intensity of the 1st order wave decreases in
the film to be (1/9) of that of the 0th order wave. Equiva-
lent interference of the 1st and 0th order waves, as is the
case in the film reflection of plane waves, cannot be realized
in the case of emitted spherical waves. Therefore interfer-
ence in the calculated emittance spectrum is far less clear
than that in the calculated reflectance spectrum.

5.3. Interference of radiation emitted by a number of dipoles

The present theoretical model describes the interference
of the emitted thermal radiation qualitatively well. But, the
spectrum oscillation in the calculated emittance spectrum is
less sharp than that in the measured emittance spectrum,
and the values of the calculated emittance are lower than
those of the measured emittance. Since the roughness of
the surface of the experiment influences the measured spec-
trum to round the interference effect in the oscillating spec-
tra and to increase the values of emittance inversely, it
cannot be the origin of the deviation of the calculated
and measured emission spectra. With respect to the sharp-
ness of the spectrum oscillation, the measured emittance
spectrum is rather near to the measured reflectance spec-
trum. This point is important in considering the validity
of the model proposed in Section 3. Considering the discus-
sion in Sections 4.3 and 5.2, the deviation in calculated and
measured emission spectra may be caused by the assump-
tion in Section 3.1 on the incoherency of the emitted radi-
ation wave by a number of dipoles in the metal substrate.

In the present film system the radiation sources of the
dipole emission are conduction electrons of a metal. Ther-
mal movement of a number of conduction electrons might
not be independent among each other, but the electromag-
netic fields of the emitting dipoles might interact with each
other. Electromagnetic waves of thermal radiation emitted
by a number of dipoles in the metal might be coherent
among each other. If it is the case, the electromagnetic field
of multiple reflection of the spherical waves in the film sys-
tem which emits thermal radiation may be similar to the
field of multiple reflection of the plane waves of the reflec-
tion. Theoretical calculation on such a model of coherent
dipole emission sources would estimate that the interfer-
ence of the waves of l = 0 and l = 1,2,3, . . . can be similar
to that in the case of reflection of a plane wave, and the
interference in the emittance spectrum as sharp as that in
the measured spectrum.

5.4. Spectrally functional emitter of thermal radiation

In the measured emittance spectra in Fig. 5, emittance is
high in the longer interference hill wavelength region. The
present film system emits the radiation of the wavelength
band region selectively. On the other hand, radiation
energy in the shorter wavelength side less than k = 2 lm
is weak for the sake of Planck’s distribution at the temper-
ature of a 600 K level irrespective of the higher emittance
values in the shorter wavelength region. That is, the spec-
tral function of the present film system is excellent. The
wavelength of interference of the film system is easily con-
trolled in the film formation process as shown in Fig. 1.
The film system can be produced easily over a wide surface
area of an order of m2. The present film system is prospec-
tive for a radiation emitter for the new thermal energy
engineering.

6. Concluding remarks

In the present study, a spectroscopic experiment and a
model calculation of electromagnetism have been made
on a spherical wave of thermal radiation emitted by a film
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system which consists of a metal substrate and a semi-
transparent film. The following conclusions have been
made:

(1) It has been reconfirmed experimentally that thermal
radiation emitted by this film system is characterized
by a clear interference phenomenon.

(2) A theoretical model has been presented to describe
the interference in thermal radiation emission of this
film system. In the model an electromagnetic theory
for a spherical wave is combined with Planck’s theory
of thermal radiation.

(3) It has been suggested that thermal radiation waves
emitted by a number of dipoles of a metal might be
coherent among each other.

(4) This film system is prospective as a spectrally func-
tional emitter of radiation which emits radiation in
a specified wavelength band region selectively.
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