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An inverse estimation method and corresponding measurement system are developed to measure the apparent spectral
directional emissivities of semitransparent materials. The normal spectral emissivity and transmissivity serve as input for
the inverse analysis. Consequently, the refractive index and absorption coefficient of the semitransparent material could be
retrieved by using the pseudo source adding method as the forward method and the stochastic particle swarm optimization
algorithm as the inverse method. Finally, the arbitrary apparent spectral directional emissivity of semitransparent material
is estimated by using the pseudo source adding method given the retrieval refractive index and absorption coefficient. The
present system has the advantage of a simple experimental structure, high accuracy, and excellent capability to measure
the emissivity in an arbitrary direction. Furthermore, the apparent spectral directional emissivity of sapphire at 773 K is
measured by using this system in a spectral range of 3 um-12 wm and a viewing range of 0°~90°. The present method
paves the way for a new directional spectral emissivity measurement strategy.
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1. Introduction

The emissivity is defined as the ratio between the amount
of radiation emitted by an object and that emitted by a per-
fect blackbody, at the same temperature and under the same
geometrical and spectral conditions.!!! As a fundamental op-
tical property, the emissivity of a material is usually strongly
dependent on wavelength. As a relative physical parameter
that defines the way an object emits thermal electromagnetic
radiation,!?! the spectral emissivity plays an essential role in
temperature measurements using radiation thermometers and
in the analysis of the radiative heat transfer between objects.!
Moreover, the spectral emissivity is highly influenced by the
surface state, and depends on surface material geometry (i.e.,
curvature and roughness), material composition, oxidation,
surface contamination, impurity, coating, thermal uniformity,
etc. In other words, the spectral emissivity is a multivariate
function of such factors. In particular, for a semitransparent
material, due to the volumetric absorbing and scattering char-
acteristics, the emissivity of semitransparent material is an ap-
parent physical quantity, which strongly depends on the thick-
ness of material and the above influence factors, and needs
special consideration.

For emissivity as an important physical parameter that
represents the radiative capability of materials, its accurate
behavior in a wide range of wavelength and direction is
of particular interest and indispensable to many applications
such as remote sensing, solar energy utilization, and high-
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temperature measurements. 414!

Taking non-contact high-
temperature measurement (pyrometry) for example, accurate
knowledge of the emissivity is required to evaluate the true
temperature of a sample from the so-called radiance temper-
ature. Uncertainty in the emissivity is the principal source of
errors in determining the surface temperature from the infrared
radiation measurements. Therefore, the first and most essen-
tial stage in solving the non-contact temperature measurement
problems is to determine the spectral emissivity of the ma-
terial accurately. In recent years, the semitransparent opti-
cal window materials, such as quartz, sapphire, zinc sulfide
(ZnS), or silicon, ceramic, and inorganic composite materi-
als, have attracted significant attention for their wide potential
applications in solar heat receiver, spacecraft photoelectric de-
tection, high-temperature measurement technology, and ther-
mophotovoltaic applications.>8 The spectral emissivity val-
ues of these semitransparent materials are fundamental data
of engineering design and the analyses of thermal processes
and radiative transfers, which have important implications for
the development of relevant engineering technology and sci-
entific research.) Until now, accurate determination of the
directional spectral emissivity of these semitransparent mate-
rials is still an open problem.

To accurately measure the spectral emissivity values of
various materials, much effort has been made in the past
several decades. Typically, the emissivity measurement ap-
proaches can be classified as two main types, namely the indi-
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rect or direct method. !> The indirect measurement method
is based on the measurements of other quantities related to
emissivity, and these quantities can be calorimetric or radio-
metric. For instance, Worthing et al.!¥ developed the sim-
plest steady-state calorimetry (the filament heating method)
for measuring the full wavelength hemispherical emissiv-
ity. This method however can only measure the full spec-
trum hemispherical emissivity.[*! Cezairliyan and Laylor!'‘!
first established the pulse heating transient calorimetric de-
vice based on the integrating sphere reflectometry method for
measuring eight thermal physical property parameters includ-
ing the emissivity. Fu e al.!'”) and Fu and Tan!'¥! developed
two types of total hemispherical emissivity devices for con-
ductive materials based on steady-state calorimetry and tran-
sient calorimetry, respectively. Consequently, the influences of
surface condition, including surface roughness and oxidation
state, on the total hemispherical emissivity were investigated
by using improved steady-state calorimetry for iron-based al-

(191 Moreover, they also developed a new method

loy samples.
to simultaneously measure the total hemispherical emissivity
and the thermal conductivity of a sample at high temperature

[20] For direct measurement,

by using steady-state calorimetry.
emissivity is determined by comparing the emission from a
sample with that from a blackbody at the same temperature
and wavelength, both emissions are measured with the same
detector over an identical or equivalent optical path. Since the
1990s, with the development and wide use of the Fourier trans-
form infrared (FTIR) spectrometer, many researchers have
used it to directly measure the emissivities. Lindermeir et
al.?!1 and Tank®?! employed the FTIR spectrometer in a di-
rect measurement device which could measure the emissivi-
ties and temperatures of opaque materials simultaneously. The
measured spectral range however is 1.3 um-5.4 um, the mea-
sured temperature is less than 500 K, and the maximum res-
olution of the spectrometer is 0.5 cm~'. Obviously, these de-
vice ranges are quite limited. Subsequently, Dai er al.!>3! de-
veloped a direct measurement system of spectral emissivity,
which was incorporated into an FTIR spectrometer, and ex-
tended the measured spectral range and temperature range sig-
nificantly. The measurement spectral range reaches 0.6 pm—
25 yum, and the measured temperature range is 333 K-1773 K.

Most of the emissivity measurement technologies intro-
duced above are limited to opaque materials because the radi-
ation from opaque material is only surface radiation and eas-
ily measured accurately. More recently, with the development
of optical measurement and materials science, the emissivity
measurements of semitransparent materials have become more
and more urgent. Rigorous analyses of their radiation behav-
iors are hampered due to the lack of accurate values of the

directional spectral emissivity. For instance, Sova et al.[**]

developed a vacuum emissivity measurement device for semi-
transparent materials. A carbon dioxide laser was used to heat
samples and the FTIR spectrometer was applied to measure the
spectral radiant energy. The two-color pyrometer was used to
measure the temperature of the sample. The spectral normal
emissivity values of sapphire, spinel, yttria, and fused silica
over the range 600 K-2000 K were measured with this device
in a wave number range of 500 cm~'-5000 cm~!. Gonzilez—
Fernandez et al.'>> used a highly accurate homemade infrared
radiometer to measure the spectral normal emissivity values
of atmospheric plasma sprayed (PS) YSZ films layered on In-
conel 718 substrates at 603 K-1003 K based on the direct
method, and the spectral range is 2.5 um-22 pm. Rozen-
baum and Meneses!?®! developed a spectral directional emis-
sivity measurement device by using a carbon dioxide laser to
heat semitransparent samples. The temperatures of the sam-
ples could reach 3000 K, and the wave number range is 10—
12000 cm ™.

tional emissivity by this device was limited to a range from

The viewing direction of the measured direc-

the normal to 60°. Lee et al.?’l developed a two-substrate
method to measure the spectral directional emissivity values
of semitransparent materials based on the FTIR spectrometer,
and the spectral directional emissivity of alumina. However,
the viewing direction was limited within a range from the nor-
mal to 50°.

In summary, most of the current emissivity measure-
ment techniques focused on dealing with opaque materials,
and most of the experimental devices could only measure
the normal emissivity values. To the best of our knowledge,
only a few experimental investigations have been reported on
the spectral directional emissivity measurement technology
for semitransparent materials. However, the existing spec-
tral directional emissivity measurement technology for semi-
transparent materials is disadvantaged by limited measuring
view scope and complex experimental assemblies. The direc-
tional spectral emissivities of semitransparent materials have
not been thoroughly investigated and a systematic study of the
directional spectral emissivity as a function of the temperature
has not been found either. With this idea, the main purpose
of the present work is to develop an accurate measurement
technique to determine the apparent spectral directional emis-
sivities of semitransparent materials by combining the normal
spectral emissivity measurement technique for semitranspar-
ent materials with an inverse estimation method. This tech-
nique has the advantages of simple structure, high accuracy,
and the excellent capability to measure the emissivity in an
arbitrary direction, so that it can be widely used to measure
the apparent spectral directional emissivities of various semi-
transparent materials. The remainder of the present study is

organized as follows. The measurement principle and devices
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are described in Section 2. The measurement system is veri-
fied in Section 3. The apparent spectral directional emissivity
measurement results of sapphire are analyzed in Section 4. In
Section 5, the main conclusions are given.

2. Measurement principle and experimental ap-
paratus

To measure the arbitrary directional spectral emissivities
of semitransparent materials accurately, an inverse estimation
method and the corresponding measurement system are de-
veloped. The whole technical procedure can be summarized
as follows. Initially, the apparent normal spectral emissiv-
ity €, (A, T) and transmissivity 7(A,T) of the sample at the
required temperature 7' are measured by the normal spec-
tral emissivity measurement device. Then, with the measured
emissivity and transmissivity data, the refractive index n (4, T)
and absorption coefficient x (A, T) of the sample are retrieved
by using the pseudo source adding (PSAD) method as the di-
rect method and the stochastic particle swarm optimization
(SPSO) algorithm as the inverse method. Finally, the apparent
spectral directional emissivity of the semitransparent material
is predicted by the PSAD method with the input of the re-
trieval refractive index and absorption coefficient. In this mea-
surement system, the measurement temperature is in a range
of 300 K-1773 K, the spectral range is 2.5 pm-25 pum, and
the viewing range is 0°~90°. The detailed procedures of the
present technology are as shown below.

2.1. Apparent normal spectral emissivity measurement
apparatus

The basic principle of emissivity measurement based on
the direct method is to measure the radiation energy in the
normal direction of the material itself and the radiation energy
in the normal direction of a reference blackbody at the same
temperature; the ratio between the two values is the apparent
normal emissivity of material. However, the background ra-
diation noise and the transmission of semitransparent material
make it difficult to measure the radiation energy of material it-
self directly, which brings great difficulty in measuring the ap-
parent emissivity of semitransparent material. So an apparent
normal spectral emissivity measurement apparatus for semi-
transparent material and the corresponding correction method
are developed to deduce the background radiation noise first,
from which the apparent normal spectral emissivity and trans-
missivity can be simultaneously measured. Figure 1 shows a
schematic of the measurement apparatus.

The emissivity measurement system is composed of an
FTIR spectrometer, reference blackbody, heating furnace and

its temperature control system, infrared light source, control

and data processing system, and diaphragm. A standard black-
body is used for the radiometer calibration, and an FTIR spec-
trometer is used as a radiation detector. The furnace is heated
using a silicon molybdenum heater which is controlled by
a proportional-integral-derivative temperature control system.
The spectrometer is fixed on an optical lift platform, which
can be rotated freely from 0° to 360°. A diaphragm con-
trols the amount of light, which is mainly used for adjusting
the strength of the passing light. The high pressure mercury
lamp or blackbody can be employed as an infrared source, and
a high-temperature blackbody furnace is used as an infrared
source in the present study. The distance between the infrared
light source and the sample is L; = 700 mm, the distance be-
tween the FTIR and the sample is Ly = 300 mm, the distance
between the FTIR and the blackbody is L3 = 300 mm, the size
of the heating furnace is 200 mmx200 mmx 200 mm, and the
diameter of the sample is 30 mm. It is worth noting that the
blackbody and the sample should be viewed by the same de-
tector over an equivalent optical path. The detailed informa-
tion about the main experimental devices is listed in Table 1.
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Fig. 1. (color online) Schematic diagrams of the apparent normal emissivity
measurement apparatus. (a) Radiative signal collection of the sample and
(b) radiative signal collection of the blackbody.
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Table 1. Detailed information about the main experimental devices.

Device name Model Origin Main parameter
The highest spectral resolution: 0.022
FTIR spectrometer FTIR-6100 Japan © gllest spectra’ resotution i
Spectral range: 1.25 pm-25 um
Tmax: 1450°
Blackbody RT1500 U.K. Comaee T
The effective emissivity: 0.995
Furnace and temperature SGM.M6/14AE China Heating power: 4 kW

control system

Tmax: 1700 °C

2.2. Apparent normal spectral emissivity and transmissiv-
ity measurement principle

2.2.1. Calibration method of deducting background ra-
diation noise
Assuming a linear response for the FTIR spectrometer to
incident spectral radiance (indeed, its nonlinear response con-
tributes to approximately 0.5% error(?8] which can be approx-
imated as a linear response), the measurement spectral radia-
tion signal can be expressed as

S(A) =5'(A)+So(), (1a)
S'(A) =R(A)GI(AMI(A,T), (1b)
So(R) = R(A)G2(A)Io(4, Tp), (Io)

where G1(A) and G,(A) are the spectral geometric factors of
the sample and background, respectively, which depend on the
geometry of the light path system; R(A) is the spectral re-
sponse characterized by the properties of the optical and elec-
trical component; /(A, T) denotes the incident spectral radi-
ance of the sample; and Iy(A, Tp) represents the background
radiance emitted from the instrument.

The purpose of the calibration is to determine the instru-
ment functions G{(A)R(A) and Go(A)R(A) - Ih(A, Tp). As
I(A, T) is an essential quantity in the output signal of the
FTIR spectrometer, the value of G1(A)R(A) is calculated from
Eq. (1). From Ref. [3], the reference blackbody furnace is set
to be two temperatures 71 and 73, and the output signals of the
FTIR spectrometer Sp;(A) and Sp2(A) can be expressed as

{Sbl(l):|

Gmﬁzbwm Ih(2,T3)
Sp2(4)

= R(A) |:G2()L) Ih(A,Ty) Io(A,Tp)

S (A)+So(A)
=[] &

where S;,(4) and Sj,(A) are the actual radiances of the
blackbody furnace for temperatures 77 and 7, respectively;
I,(A, T) is the spectral radiation of the blackbody furnace at

temperature 7', which can be calculated by Planck’s law:

6‘12,75

T = ST/ T

3)

with ¢; = 3.7418 x 108 W - um*/m? and ¢, = 1.4388 x

10* um - K being respectively the first and second radiation

constant of Planck’s law; So(A) reflects the functional rela-
tionship between the input and output signal of the FTIR spec-
trometer, which can be determined by the responsivities of the
optical system, electronic circuit, and detector. G1R(A) and
So(A) can be obtained from Eq. (2) as follows:

Sb2(A) — Sp1(4)

Gl(l)R(l):Ib(LTz)_Ib(A’TI)v 4)
So(A) = G2(A)R(A)Io(2, To)
_sp(1)— @) =S @IRR.TY o

(A, 1) —L(A,Th)

2.2.2. Measurement procedure of the apparent normal
spectral emissivity and transmissivity

The critical problem of the apparent normal spectral emis-
sivity and transmissivity measurement is to measure the ra-
diative energy of the material itself in the normal direction.
Therefore, the following measurement procedure is developed.

Step 1 Turn on the blackbody furnace for 30 min and
adjust the collimation of the optical path. Measure the spec-
tral radiation of the blackbody furnace at two temperatures
(see Fig. 1(b)). Calculate the spectral response function of the
FTIR spectrometer according to the above correction method
to deduce the background radiation noise.

Step 2 Turn on the incident light source and collect spec-
tral radiation signal S} (1) by using the FTIR spectrometer (see
Fig. 1(a)) on the rotating platform, which includes the required
radiation signal of incident light source S (A ) and the radiation
signal of the background So(A).

Step 3 Turn off the incident light source. Heat the fur-
nace without a sample to the test-required temperature and
keep the temperature steady. Record spectral radiation sig-
nal S>(1)(see Fig. 1(a)), which includes the radiation signal
of the furnace S5(A) at the test-required temperature and the
radiation signal of the background Sp(1).

Step 4 Place the sample in the furnace. Heat the semi-
transparent sample to the scheduled test temperature and keep
the temperature steady. Record spectral radiation signal S3(A)
by using the FTIR spectrometer (see Fig. 1(a)), which includes
the rest of the furnace radiation signal through the semitrans-
parent sample, the radiation signal of the semitransparent sam-
ple itself S,(A) and the radiation signal of the background
So(A).
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Step 5 Turn on the incident light source and keep the
sample temperature steady. Record spectral radiation sig-
nal S4(1) by using the FTIR spectrometer (see Fig. 1(a)),
which includes the rest of the radiation signal S} (1) and S5(2)
through the semitransparent sample, the radiative signal of the
semitransparent sample itself S;(A), and the radiation signal
of the background Sy(2).

Step 6 Heat the blackbody furnace to the test tempera-
ture and keep the temperature steady. Rotate the optical plat-
form to face the blackbody furnace and record spectral radia-
tion signal Sy(A) of the blackbody furnace at the test temper-
ature by using the FTIR spectrometer (see Fig. 1(b)).

According to the above steps, the equations for the radia-

tive signals are

S1(A) =S1(A) +So(A), (6a)
Sa(A) = S5(A) +So(A), (6b)
S3(A) = SH(A)T(A,T) +SL(A) +So(A), (6¢)
Sa(A) = [S1(A)+S5(A)] T (A, T) + S5(A) +So(A), (6d)

where T(A4,T) is the spectral transmissivity of the semitrans-
parent sample at the test temperature.

The spectral transmissivity and the real radiation signal of
the semitransparent sample itself S;(A) at the test temperature

can be obtained from Eq. (6) as follows:

_Si(A) - $5(A)
S(A) = S3(A) — So(2)
B SIS -s@] o

—So(A)]

Combining Egs. (1), (4), and (5), the spectral radiative

intensity of the semitransparent sample becomes

S'(A) S3(A)—So(A)
L(A,T)= Gi(MRA) — GI(AMR(A)
BB =SB =3
GIARA) S1(A) = So(A)]

In addition, the spectral radiative intensity of the black-

body furnace is expressed as

W1 = <) R
Sp(A

) G(A)
Gi(A)R(4)

Gi(A)

Io(A,T()). (10)

The normal spectral emissivity of the semitransparent
sample without background noise interference is obtained
from Egs. (9) and (10) as follows:

L(4,T)
I,(A,T)

$3(4) =So(A)

e (A, T)= - Sp(4) = So()

 [$2(4) —So(A)][S4(A) — S3(4)]
[Sb(A) = So(A)] [S1(A) —So(A)]

where S1(A), S2(1), S3(4), S4(A), and Sp(A) are the radiative
signals detected by the FTIR spectrometer respectively. So(A)

1)

can be calculated from Eq. (5).

In summary, the transmissivity and apparent normal spec-
tral emissivity of semitransparent material can be obtained ac-
cording to Egs. (7) and (11).

2.3. Apparent spectral directional emissivity measurement

principle

To determine the apparent spectral directional emissivity
of semitransparent material, the values of the refractive index
n and absorption coefficient over a wide spectral range are re-
quired to be known. In the present study, the apparent normal
spectral emissivity and transmissivity measured by the mea-
surement system serve as input for the inverse analysis. The
spectral refractive indices and the absorption coefficients of
the semitransparent material at different temperatures can then
be retrieved by using the PSAD method as the forward method
and using the SPSO algorithm as the inverse one. The appar-
ent spectral directional emissivity of semitransparent material
is then estimated by using the PSAD method with the retrieval

refractive index and absorption coefficient.

2.3.1. Forward method

The PSAD method, first developed by Huang et al.[?%-3]
in 1999, enables the efficient and accurate calculation of the
apparent directional emissivity of semitransparent medium
with known refractive index and absorption coefficient. In the
present study, this method is used as the forward method to
calculate the apparent spectral emissivity and transmissivity

which serve as input for the inverse analysis.

Fig. 2. Physical model of the PSAD.

A one-dimensional non-gray semitransparent medium
slab (Fig. 2) is considered. The temperature is denoted by T,
the thickness by L, the spectral refractive index by n,, and
the spectral absorption coefficient by k) . Assuming that inter-
face 1 is the semitransparent and specular-emerging surface,
the radiative transfer equation (RTE) for this medium can be

expressed as

dll (T,S)

L (t
P +1, (7,

S) = Ib)L (Ta T)7 (12)
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where I (7, s) is the spectral radiative intensity in direction s
at the optical thickness 7. I, (7, T) denotes the spectral ra-
diative intensity of the blackbody. Integrating the RTE leads
to

I (x,§) = cexp <C::§x> - C:ig xp <c:§€x>

X /XO Iy (x, T)exp (— ccl)cslé x) dx, (13)

where € is the angle between the forward radiation and inward

normal vector, c is the integration constant, and xg is an arbi-

trary constant value. With the following boundary conditions:
I)L(X,é):O,X:L, (14)
IA, ('x7n) = 07‘x: 07

where 1) is the angle between the backward radiation and in-

ward normal vector. Equation (13) can then be written as

_ k[t K
0.8 = otz [t Dew (- 2ex)an as)
L
Bt = 2 [ x Texp |- L) ax 6)

Two surface types for interface 2 are considered: one is
the opaque diffuse substrate surface, and the other is the semi-
transparent and specular-emerging surface.

(i) For an opaque diffuse substrate surface, a detailed
derivation of the radiation in an arbitrary direction has been
given in Ref. [30] and is not repeated here. The expression
for the spectral radiative intensity in the direction of ¢ corre-

sponding to B can be written as!>!

I KL
l—KeXp< cosﬁ)}

1—pg (B,ny)] (17

L (@)= | (0,5)+

o |

2

n,

where K is the rejection ratio, p) (B,n,) is the reflectivity of

interface 1, f3 is the incident angle, and sin¢ /sinf8 = ny. I is
the first pseudo-source and its expression is

/2

Lo =¢la (L, T)+2p1 /0 I (L,m)sinncosndn

-6
+2./0 PraPsp (évnl)]l (O’é)

X exp (_C’(?S’%) siné cos EdE

/2
+2 [ pada(0,8)exp (_KxL) sin§ cos£d¢, (18)
a cos&

where p;; and g, are the reflectivity and emissivity of inter-
face 2 and 6, is the total reflection angle.
(ii) For a semitransparent and specular-emerging surface,

the effective radiation of any point C on interface 2 (x = L) in

the direction of CA (A is any point on the exit surface x = 0)
can be divided into two parts:

a) the radiative intensity /; which is defined as the reflec-
tion radiative intensity of the forward radiation of the medium
which goes along in the direction of CA, is expressed as

Iy = psp (M, ) 1y (L,M) 5 19)

b) the radiative intensity /; which is the reflection radia-
tive intensity of the backward radiation of the medium through
the semitransparent boundary after reaching point C and going
along direction CA, is expressed as

L
Iy = P (§:m) 1 (0,8) exp (—Jf}%) . @)

Hence the expression for the first pseudo-source inten-
sity of a semitransparent and specular-emerging surface can
be written as

Iy =11y + 1. (21)

These two intensities correspond to the diffuse-light ra-
diation, and therefore are called the first pseudo-source. The
first pseudo source is transferred to the semitransparent surface
after the attenuation of medium. A portion of this radiation
passes to a basal surface after being reflected by a semitrans-
parent surface, and then forms a second pseudo-source after
being reflected again, and then forms a pseudo-source series.
Therefore, the actual radiative intensity reaching point A along
direction CA is

I L
LE(0,8) =1, (0,&:_p) + ﬁexp (C?Sﬁ) . (2)

If interface 2 is an opaque diffuse substrate surface, the
expression for K is

6 2k, LY\ .
k=20 | Psz(iynz)exp<cl) sing cos £d

osé
+2 /”/2 exp | — Zia L siné cos£dé (23)
Pra o p COSé .

Whereas for a semitransparent and specular-emerging
surface, the expression of K is written as

2K L
K =P () exp (25 ). %)

Then the spectral radiative intensity in direction ¢ corre-
sponding to 8 can be written as

1— N
B0 =17 0.p) PRI o)
A
Furthermore, the apparent spectral normal radiative inten-
sity is
1-— 0,n
1, (0) =1 (0,0) [”52#. (26)
A
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Therefore, the expression of apparent spectral normal
emissivity is
15, (0)
I (T)

where 1, is the blackbody apparent spectral radiative intensity

SL(/’L, T)Z

@7

at temperature 7 and wavelength A.

Moreover, if interface 2 is a semitransparent and specular-
emerging surface, according to Beer’s law, the expression for
the spectral transmissivity can be written as

2
1) = [1 — Psp (Ovnl)] exp(_KlL)
T(A)= 5 . (28)
1 =P (0,n,)" exp(—2K, L)

2.3.2. Inverse method

The optimization method associated with the inverse
problem has been a topic of great interest. It has widely devel-
oped in the past decades, and its importance in applications
derives partly from the advent of large computers and reli-
able numerical methods. Among these methods, the Particle
Swarm Optimization (PSO) algorithm, which was first devel-
oped in 1995 by Eberhart and Kennedy, !l receives a great
deal of attention due to its superior computational stability,
fast solution time, and efficiency in achieving a global mini-
mum solution compared with the conventional gradient-based
methods. 3?73* Our research group has exploited several PSO-
based algorithms to determine the radiative properties, particle
size distributions, and geometric conditions in various inverse
radiation problems. The details of the PSO-based algorithms
are available in Refs. [35]{40] and are not repeated here.

The Stochastic Particle Swarm Optimization (SPSO) al-
gorithm, which was first developed by Zeng and Cui,[*!! is a
PSO algorithm which ensures the convergence of the global
optimum solution with a probability of one. This algorithm
has been proved to be powerful in many optimal calculations,
especially in parameter estimations.>> In the present study,
the SPSO is used to determine the spectral refractive index
n, and absorption coefficient x; . In the inverse problem, the
apparent normal spectral emissivity €, (1) and transmissivity
7 (A) measured by the measurement system serve as the input
for the inverse analysis to construct the objective function

e ()¢ (W] [t(A) -7 (A)
e %[ T(A)

where the estimated apparent normal spectral emissivity

2
F(ny,K%) = { } , (29)

€/ (A) and estimated transmissivity 7’ (A) are calculated by
the PSAD method. The spectral refractive index n, and ab-
sorption coefficient k; of the semitransparent material can be
extracted by minimizing the above objective function through
using the SPSO algorithm. A flowchart for this process is
given in Fig. 3 and the specific inverse process is as fol-
lows(described briefly in the following):

input measured data and
control parameters

I

‘ initialization ‘

I

‘ calculate the fitness ‘
select the random particle j }1—

—-{ update P;
l

P, =argmin{F(P;), F(P,)}
P/=argmin{F(P,), |[i=1,M}

F(Pyg)<¢
iter>maxgens

‘ output result ‘

end

Fig. 3. Flowchart of retrieving the refractive index and absorption coef-
ficient by SPSO.

Step 1
€, (A) and transmissivity 7 (A) measured by the measurement

Input the apparent normal spectral emissivity

system.

Step 2 Input the control parameters, and initialize a par-
ticle swarm where the position coordinate of each particle rep-
resents the spectral refractive index n) and absorption coeffi-
cient k; of the medium.

Step 3 For each particle, calculate the estimated apparent
normal spectral emissivity €] (A) and estimated transmissivity
7' (1) by the PSAD method, and then search the local best P,
and the global best P, by comparing its fitness value (i.e., the
value of objective function).

Step 4 For each particle, update the particle position.

Step 5 Check the stop criterion. If the maximum number
of generated sets is reached or the objective function value is
less than the preset threshold, go to Step 6; otherwise, set the
iteration index t = ¢ + 1, and loop to Step 3.

Step 6 Print out the optimal spectral refractive index and
absorption coefficient.
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2.3.3. Directional emissivity solving method

The spectral radiative intensity 7, (6) in direction 6 can
be calculated by Eq. (25) according to the retrieval spectral
refractive index n), and absorption coefficient x; of the semi-
transparent material in the above section. Then the apparent
spectral directional emissivity of the semitransparent material
in direction 6 can be solved by using the PSAD method ac-
cording to the following expression:

e(0,1,7) = 219 (30)

I (T)
where I, (T) is the blackbody spectral radiative intensity at
temperature T and wavelength A.

3. Verifications

3.1. Verification of the normal emissivity measurement
system

To verify the reliability of the apparent normal spec-
tral emissivity measurement device and measurement method
based on the forward method, the apparent normal spectral
emissivity of the infrared-grade sapphire is measured by using
the measurement device and measurement method introduced
in Section 2. The diameter and thickness of the sapphire sam-
ple are 15 mm and 1.0 mm, respectively, and the test temper-
ature is 975 K. From Fig. 4, the present measurement result
clearly shows good agreement with the result in Ref. [24], es-
pecially in a wavenumber range of 5 pum—10 um. This proves
that the apparent normal spectral emissivity measurement de-
vice and measurement method based on the direct method are

reliable.
10
0.8 | .
(; ,’ — — the present work\\
.*E 0.6 | t ——Sova, 1998
2 sapphire
é 04r
&5 temperature: T=975 K
0.2 diameter: 15 mm
thickness: 1.0 mm
0
3 6 9 12
Wavelength/pm

Fig. 4. (color online) Comparison of spectral emissivity of an infrared-
grade sapphire sample at high temperature (T = 975 K) between the
present work and Ref. [24].

3.2. Verification of the directional emissivity solving
method

3.2.1. Verification of the forward problem solution of

PSAD

To verify the reliability of the directional emissivity solv-
ing method, the direct problem model should be verified at

first, with considering a semitransparent medium (see Fig. 2)
and assuming interface 1 to be a semitransparent and specular-
emerging surface and interface 2 to be an opaque diffuse sub-
strate surface. The PSAD method is employed to determine
the apparent spectral directional emissivity. The calculated re-
sults for two different cases are compared with results pre-
dicted by using the Vector Monte Carlo Method (VMCM)
given in Ref. [42] (see Figs. 5 and 6). Clearly, the apparent
spectral directional emissivity shows little variation over the
viewing range of 0°-60°, whereas the emissivity sharply de-
creases as the angle exceeds 60°. Moreover, the results ob-
tained using the PSAD method and VMCM agree well with
each other, and hence demonstrate that calculating the appar-
ent spectral directional emissivity using the PSAD method,
given the refractive index and absorption coefficient of the
medium, is reliable.

1.2

1.0

o
[}

Apparent directional emissivity

0.6F
C v n=1.05 VMCMM2]
0.4F [ J n=1.5 VMCMI[42
C * n=2.5 VMCMI[42]
C n =1.05 the present work
0.21 n = 1.5 the present work
u n = 2.5 the present work
C o v v vy
Y% 30 60 90

View angle/(°)

Fig. 5. (color online) Apparent directional emissivities under different
refractive indices (g7, =0.7, 7=3.0).

1.04

0.8

0.6

0.4

7=3.0 VMCMI[*
7=0.5 VMCMM2
7=0.05 VMCMM2]
7=3.0 the present work
7=0.5 the present work
7=0.05 the present work

30 60 90
View angle/(°)

* 0«

0.2

Apparent directional emissivity

o
o

Fig. 6. (color online) Apparent directional emissivities under different
optical thickness values (g7, =0.2, nj =1.33).

3.2.2. Verification of the inverse method
The inverse problem model can be verified in a numerical

simulated experiment based on the forward problem model.
Assume that the refractive index and absorption coefficient of
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the medium are known at first. Then the apparent normal emis-
sivity and transmissivity can be predicted directly by using the
PSAD method and serve as simulation experimental data for
the inverse analysis. The refractive index and absorption coef-
ficient of the medium can be retrieved by the SPSO algorithm
to test the performance of the inverse method.

To demonstrate the effects of measurement errors on the
retrieval results, the measured apparent normal emissivity and
transmissivity with random errors are obtained by adding nor-
mal distribution errors to the exact apparent normal emissivity

and transmissivity, that is,
Smea = Sexact + og, (31)

where S represents the apparent normal emissivity or trans-
missivity; ¢ is a normal distribution random variable with zero
mean and standard unit deviation. The standard deviations of
measured transmittance and reflectance o for a Y% measured
error at 99% confidence are determined from

Sexact X Y%

_ , 32
%= 72576 (32)

For comparison, the relative error is defined as

Erel = |Pest - Pexact|/Pexact» (33)

where P.g represents the retrieval refractive index or absorp-
tion coefficient, and P.x,ct denotes the exact refractive index or
absorption coefficient.

As indicated in Fig. 2, assume that interfaces 1 and 2
are both semitransparent and specular-emerging surfaces, the
thickness of the media is L = 1 m, the true values of the re-
fractive index ny are 1.5, 2.5, and 3.5, and the true values of
the absorption coefficient x; are 0.5, 3.0, 7.0, and 10.0 m~'.
The refractive index and absorption coefficient are retrieved
from the measured apparent normal emissivity and transmis-
sivity by using the SPSO algorithm. The measurement errors
are assumed to be 0%, 1%, and 3%, respectively. The retrieval
results are listed in Table 2, where the system parameters of the
SPSO algorithm are set to be as follows: the population size
M = 50, the maximum iteration number N, = 10000, the toler-
ance of the objective function & = 1078, the search range for
the absorption coefficient k; € [0.0,15] m~!, and the search
range for the refractive index n, € [1.0,5.0].

Table 2. Retrieval results of absorption coefficient and refractive index.

Inverse parameter True value r=0 r=1% v=3%
Retrieval value Ere1 o Retrieval value Ere) Y0 Retrieval value Ere1 Y0
n 1.5 1.5001 0.0067 1.5329 2.1933 1.6198 7.9867
K/m~! 0.5 0.5000 0.0000 0.5007 0.1400 0.4960 0.8000
n 1.5 1.5000 0.0000 1.5329 2.1933 1.5967 6.4467
K/m~! 3.0 3.0002 0.0067 2.9998 0.0067 2.9995 0.0167
n 1.5 1.5000 0.0000 1.5315 2.1000 1.5924 6.1600
k/m~! 7.0 6.9973 0.0386 6.9995 0.0071 6.9967 0.0471
n 1.5 1.5000 0.0000 1.5314 2.0933 1.5924 6.1600
K/m~! 10.0 10.014 0.1400 9.9696 0.3040 9.9270 0.7300
n 2.5 2.4999 0.0040 2.5301 1.2040 2.5868 3.4720
K/m™~! 0.5 0.5000 0.0000 0.5001 0.0200 0.4978 0.4400
n 2.5 2.5000 0.0000 2.5258 1.0320 2.5778 3.1120
/m~! 3.0 3.0000 0.0000 2.9998 0.0067 2.9995 0.0167
n 2.5 2.5000 0.0000 2.5248 0.9920 2.5747 2.9880
K/m~! 7.0 7.0040 0.0571 7.0081 0.1157 7.0085 0.1214
n 2.5 2.5000 0.0000 2.5248 0.9920 2.5748 2.9920
K/m~! 10.0 9.9776 0.2240 10.048 0.4800 9.8698 1.3020
n 3.5 3.4999 0.0029 3.5280 0.8000 3.6044 2.9829
/m~! 0.5 0.5000 0.0000 0.5007 0.1400 0.4963 0.7400
n 3.5 3.5000 0.0000 3.5277 0.7914 3.5838 2.3943
K/m~! 3.0 2.9998 0.0067 2.9998 0.0067 2.9995 0.0167
n 3.5 3.5000 0.0000 3.5268 0.7657 3.5791 2.2600
K/m~! 7.0 6.9915 0.1214 7.0097 0.1386 7.1364 1.9486
n 3.5 3.5000 0.0000 3.5268 0.7657 3.5810 2.3143
/m~! 10.0 9.9946 0.0540 9.9729 0.2710 9.9728 0.2720

Clearly from Table 2, the absorption coefficient and re-
fractive index can be retrieved accurately without measure-
ment error, given that a maximum relative retrieval error is
only 0.224%. The relative retrieval errors increase with in-

creasing measurement error, but they are all within a reason-

able range, and even with 3% measurement error, the maxi-
mum relative retrieval error of the refractive index is less than
8% and the relative retrieval error of the absorption coefficient
is only 1.95%. Therefore, the reasonable retrieval results for

the absorption coefficient and refractive index can be obtained

047801-9



Chin. Phys. B Vol. 25, No. 4 (2016) 047801

by this method even with measurement errors, which demon-
strates that the inverse problem model is effective and reliable.

Moreover, from Table 2, compared with the refractive in-
dex, the absorption coefficient has high accuracy. This is pri-
marily attributed to the fact that the sensitivities of the normal
emissivity and transmissivity to the refractive index are both
relatively small. In the present research, the sensitivity coeffi-
cient of the normal emissivity or transmissivity with respect to

ay is estimated from the finite difference approximation: 3!
S S(ag+apA) — S(ag
Xa(8) = 5 _ X )= S@0)
aj ap=ag aoA

where a; represents either the absorption coefficient k or the
refractive index; A denotes the percentage of small change in
parameter aj, which is taken as A = 0.5%, and S is the nor-
mal emissivity or transmissivity. The sensitivity coefficients
of the normal emissivity i (€) and transmissivity . (7) with
respect to the absorption coefficient k are plotted in Fig. 7.
The sensitivity coefficients of the normal emissivity Yy (€) and
transmissivity X, (7) with respect to refractive index n are pre-
sented in Fig. 8.

0.9

(a)

A=0.5%
0.6
W
=
<
n=1.5,2.5, 3.5, 4.5
0.3
0 PN I ST S S I N S
0 2 4 6 8 10
K
0
i (b)
- A=0.5%
—0.3+
- n=1.5, 2.5, 3.5, 4.5
=
=
—0.6
_0.9|||I|||I|||I|||I|||
0 2 4 6 8 10

Fig. 7. (color online) Variations of sensitivity coefficients of (a) the
normal emissivity Y (€) and (b) transmissivity ) (T) with absorption
coefficient k.

As shown in Fig. 7, the absolute values of the sensitivity
coefficients of the normal emissivity and transmissivity with

respect to absorption coefficient sharply decrease with increas-
ing absorption coefficient. Hence the relative retrieval error of
the absorption coefficient increases with increasing absorption
coefficient. Figure 8 shows that the absolute values of the sen-
sitivity coefficients of the normal emissivity and transmissiv-
ity with respect to the refractive index increase with increas-
ing refractive index when the absorption coefficient is small,
which causes the relative retrieval error of the refractive in-
dex to decrease with increasing refractive index. However, the
sensitivity coefficients of the normal emissivity and transmis-
sivity with respect to refractive index are very small and vary
little with the refractive index when the absorption coefficient
is large, especially for the sensitivity coefficients of the trans-
missivity with respect to refractive index, which leads to the
relative retrieval error of the refractive index varying little with
the refractive index in this case.
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Fig. 8. (color online) Variations of sensitivity coefficients of (a) the normal
emissivity x, (€) and (b) transmissivity x, (7) with refractive index n.

4. Measurement results

Based on the above verification, the apparent spectral di-
rectional emissivity of a sapphire sample is measured using
this measurement system. The sapphire sample used in the ex-
periment is a wafer sample, and the diameter is 50 mm, the
thickness is 0.4 mm, the test temperature is 773 K, and the
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range of measurable wavelength is 3 pm—12 um. The appar-
ent normal spectral emissivity and transmissivity of this sam-
ple are measured first (see Fig. 9). From the plots, we find
that the apparent normal spectral emissivity and transmissiv-
ity of this sapphire sample vary little with wavelengths in a
range of 3 um—4 pum, emissivity is around 0.2, and transmis-
sivity is around 0.7. If the wavelength is in a range of 4 um-
7.5 um, the normal emissivity sharply increases with increas-
ing wavelength, whereas the transmissivity sharply decreases
with increasing wavelength. The transmissivity is very small
and remains at 0.03 for wavelengths larger than 7.5 pm. How-
ever, the normal emissivity is around 0.9 for wavelengths in a
range of 7.5 um-10.5 pm, and the normal emissivity sharply
decreases with increasing wavelength for wavelengths larger
than 7.5 wm. The trends of the apparent normal spectral emis-
sivity and transmissivity with wavelength are consistent with
the measurement data in Ref. [44].
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Fig. 9. (color online) Plots of apparent normal spectral emissivity and
transmissivity versus wavelength of the sapphire sample.

According to the apparent normal spectral emissivity and
transmissivity of the sample (Fig. 9), the apparent spectral di-
rectional emissivity of the sapphire sample can be obtained
using the inverse method developed in this study. Initially, the
spectral refractive index n,, and absorption coefficient k; are
retrieved from the measured apparent normal emissivity and
transmissivity by using the SPSO algorithm, and the parame-
ter settings of the SPSO algorithm are as follows: population
size M=50; maximum iteration number N; = 10%; tolerance of
the objective function & = 10~8; searching range for the ab-
sorption coefficient k;, € [0.0,4000] m~'; and searching range
for the refractive index ny € [1.0,5.0]. The apparent spectral
directional emissivities of sapphire at different viewing angles
can be calculated using the PSAD method according to the re-
fractive index and absorption coefficient, and the results are
shown in Fig. 10.

As shown in Fig. 10, it can be seen that the variation ten-

dencies of the apparent spectral directional emissivity at dif-

ferent viewing angles with the wavelength are consistent with
each other. Moreover, the apparent spectral directional emis-
sivity for the sample changes little for a viewing angle of less
than 60°, but sharply decreases with increasing viewing an-
gle if the viewing angle is larger than 60°. This trend agrees
with those given in Figs. 5 and 6. Furthermore, for a range
of 3 um—12 pum, the apparent spectral hemisphere emissiv-
ity of the sample and the apparent band directional emissiv-
ity have also been calculated, and the results are shown in
Figs. 11 and 12 respectively. From Fig. 11 it can be seen that
the variation of the apparent spectral hemisphere emissivity
with wavelength is quite similar to that of the apparent spec-
tral directional emissivity of the sample. Figure 12 shows that
the apparent spectral band directional emissivity of the sam-
ple is around 0.4 and changes little for a viewing angle of less
than 60°, but sharply decreases with increasing viewing angle
if the viewing angle is larger than 60°, which agrees with those
trends in Fig. 10.

-
o

0 = 80°

Apparent spectral directional emissivity (), 6)

9 12
Wavelength /pm

Fig. 10. (color online) Plots of apparent spectral directional emissivity
versus wavelength for different 6 values of the sapphire sample.
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Fig. 11. (color online) Variation of apparent spectral hemisphere emis-
sivity with wavelength of the sapphire sample.
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In order to further verify the present inverse method, the
direct measurement method is used to measure the apparent
spectral directional emissivities of the same sapphire sample
at the same test temperature for viewing angles 30° and 60°.
A comparison between the emissivity results obtained by the
proposed inverse method and the measurements is shown in
Fig. 13. Good agreement is obtained between the apparent
spectral directional emissivity obtained by the proposed in-
verse method and the experimental one, which proves that the
apparent spectral directional emissivity measurement technol-
ogy based on the inverse method is reliable.

0.40

0.35

0.30 sapphire

L L =0.4 mm

i T=773 K
0.25+ A=3—-12 um

L 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0-205 20 0 60 80

Apparent directional band emissivity e(6)

Direction 6/(°)

Fig. 12. (color online) Variation of apparent band directional emissivity
with direction of the sapphire sample.
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3 4 5 6 7 8 9 10
Wavelength /pm

Apparent spectral directional emissivity (), 0)

Fig. 13. (color online) Comparison between the apparent spectral direc-
tional emissivity obtained by the proposed inverse method and that by
the direct measurement method.

5. Conclusions

An inverse estimation method and corresponding mea-
surement system are developed to measure the apparent spec-
tral directional emissivities of semitransparent materials based
on the direct measurement method. The apparent normal spec-
tral emissivity and transmissivity are initially measured using

the measurement system, which serves as input for the inverse

analysis. The refractive index and absorption coefficient of the
semitransparent material are retrieved using the PSAD method
as the forward method and using the SPSO algorithm as the in-
verse method. Finally, the apparent spectral directional emis-
sivities of semitransparent materials can be calculated by the
PSAD method according to the retrieval refractive index and
absorption coefficient. The innovation of this study is that the
measurement system combined with the inverse calculation,
reduces the complexity and expands the scope of the mea-
surement system, and allows the measurements of the emis-
sivity for arbitrary direction without blind spots in the view-
ing range. The main technical indicators of the measurement
system include a heating temperature range for the sample of
300 K-1773 K, a spectral range of 2.5 pm-25 pm, and a view-
ing range of 0°-90°. The reliabilities of the apparent normal
spectral emissivity and transmissivity measurement data are
verified by comparing the experimental results with those in
other references. The feasibility of calculating apparent spec-
tral directional emissivity using the PSAD method is verified
by comparing the calculation with the vector Monte Carlo
method. By numerically simulated experiments, the apparent
normal emissivity and transmissivity can be simulated directly
using the PSAD method and serve as simulation experiment
data for the inverse analysis. The refractive index and absorp-
tion coefficient of the medium can be retrieved by the SPSO
algorithm according to the simulated experimental data. The
results show that the reasonable retrieval results for the absorp-
tion coefficient and refractive index can be obtained by this
method even with measurement errors, and demonstrate that
the inverse model is reasonable and reliable. After complet-
ing the verification of the apparent spectral directional emis-
sivity measurement system, the apparent spectral directional
emissivity of sapphire at 773 K is measured by this measure-
ment system, the spectral range being 3 um—12 wm and the
viewing range being 0°-90°. The results obtained show that
the proposed method has promise in measuring the directional
spectral emissivities of semitransparent materials, which paves
the way for a new directional spectral emissivity measurement
strategy.
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