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A Method for Calculating Thermal Radiation
Properties of Multilayer Films from Optical
Constants'

R. Horikoshi,? Y. Nagasaka,>* and A. Ohnishi*

A calculation method for the incident angle dependence of the solar absorptance
ag and the temperature dependence of the total hemispherical emittance ey of
multilayer films is proposed. The method is based on calculation of ag and ey
from optical constants in the wavelength region from 0.25 to 100 gm for thin
polymer films and deposited metal. In this paper we provide values of «g in the
incident angle region from 0 to 90° and ey in the temperature range from 173.15
to 373.15 K for two-layer samples of aluminum-deposited polyimide film. The
results obtained for ag and ey by the present method are compared with
experimental results measured by both spectroscopic and calorimetric methods.
The calculated results of ag and gy agree well with the experimental results
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spherical emittance; solar absorptance

1. INTRODUCTION

Thermal radiation properties (solar absorptance ag and total hemispherical
emittance &) of thermal control multilayer films used for thermal control
of spacecrafts have been obtained by experimental measurements in our
laboratory. Solar absorptance was measured spectroscopically, and total
hemispherical emittance was measured calorimetrically [1]. It is possible
to produce multilayer films with the required values of ag and ¢y by selecting
the appropriate thickness of base films and deposited materials.
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Fig. 1. Thermal control multilayer film.

This paper describes the calculation method for thermal radiation
properties using optical constants of component films, especially for thermal
control multilayer films of deposited aluminum on one side of a UPILEX-R
polyimide film as shown in Fig. 1. The incident angle dependence of ag and
the sample temperature dependence of ¢y are determined. Using this calcu-
lation method, it is possible to design suitable thermal control multilayer
films which satisfy the target values of a5 and £, and to calculate the values
of ag and & in the region where they are difficult to measure experimentally.

2. CALCULATION METHOD [2, 3]

Calculations of thermal radiation properties are performed according
to the following procedures, using data for the optical constants of
polyimide film and aluminum [4] and values of solar radiation intensity
[5]. As thin films are discussed in this calculation, assumptions are smooth
surfaces and homogeneous, nonscattering materials, When the incident
angle of electromagnetic waves for a single-phase film in vacuum is 0°, the
spectral reflectance R(A, ) and transmittance 74, 8) of this film is
expressed by

{1 —exp(—pd)}*+ 4 exp( —pd) sin? &
{1—pexp(—pd)}* +4p exp( — fd) sin*(d + ¢)

R(A,0)=p (1)

and

(1 =p)*exp(—pd)} +4p exp(—pd) sin* &
T ) = exp(— D)+ dpexp(— )y s’ 6 ) )

where p={(n—1)2+k*}/{(n+1)*+k*}, B=4nnk/l, § =2nnd/A, tan ¢ =
2k/(n®+k*>—1), n is the refractive index, k is the extinction coefficient, A is
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Fig. 2. Optical constants of UPILEX-R.

the wavelength, 6 is the incident angle of electromagnetic waves, and d is
the thickness. The optical constants of the UPILEX-R film used for the
calculation are obtained from a measurement of its normal spectral reflec-
tance and transmittance from Eqgs. (1) and (2) as shown in Fig. 2. The
spectral reflectance and transmittance are measured by spectroscopy with
an integrating sphere in the wavelength region from 0.25 to 2.5 ym and
FT-IR in the wavelength region from 2.5 to 100 ym.

Amplitude reflectances are calculated from the optical constants of
component films, and then the spectral reflectance is calculated with
amplitude reflectances. The calculation is made for two cases: with and
without considering an interference phenomenon. The maximum resolution
of the spectral reflectances is 10 nm in the wavelength region from 0.25 to
2.5 um. The spectral reflectances for which the interference phenomenon
does not occur were measured with spectroscopy in this wavelength region.
Thus, it is necessary to calculate the spectral reflectances without considering
an interference phenomenon.

When an interference phenomenon is not considered, amplitude reflec-
tances accounted for multiplex reflectance at the boundary surface between
the mth and the (m + 1)th layers from the bottom as expressed by

(1 - rm)2 R:", l(’L 9) exp( _zymdm)
I— rmR;n— l('{’ 6) eXp( _2)}mdm)

R (A4 8)=r,+ (3)
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where y,,=4nk,/Acos 0, r,=(Irs,|*+rp,|?)/2, rs, and rp are the
Fresnel coefficients, &, is the extinction coefficient of the mth layer, 8, is
the incident angle of electromagnetic waves of the mth layer, and d,, is the
thickness of the mth layer. Thus, the spectral reflectance of the surface of
the multilayer film as a function of the incident angle and the wavelength
is expressed by

(1 - rma)z R;na—l('{a 0) exp( _2ymadma)

= et e R (2 0) XD~ 2t

(4)

where the subscript ma indicates the layer number

On the other hand, when an interference phenomenon is considered,
amplitude reflectances which take into account multiplex reflectance at the
boundary surface between the mth and the (m 4+ 1)th layers from the
bottom are expressed by

tm+ R _1(4, 6) exp(—in,m)
R" —
m(% 0) L4 r, Ry, 1(4, 0) exp( —in,,) ®

where ¥,, = 4n#,,d,, cos 8,,/4, and #,, is the complex refractive index of the
mth layer. Thus, the spectral reflectance of the surface of the multilayer film
as a function of the incident angle and the wavelength is expressed by

|RS,(4 ) + | RY, (4, 0)]2
2

R(4, 6)= (6)

where Rg, (4, 6) and Ry (4, 0) are the spectral reflectances of S-polariza-
tion and P-polarization of the surface of the multilayer film from Eq. (5).
Thermal radiation properties are calculated from R(4, #) in Egs. (4) and
(6).

A sample temperature dependence of ¢y is calculated by integration of
the spectral reflectance in the wavelength region from 025 to 100 um,
expressed by

oo 72 Joas $1 = R(4, 0)} iy(4, T)cos @sin 0 dA db
H =2 (105 71T cos 0 sin 0 dA df

(7)

where T is the sample temperature and i,(A, T') is the Planck’s spectral dis-
tribution of emissive power. It is possible to ignore the difference between
the calculated result and the theoretical value over a restricted wavelength
region, as about 97.9% of the emissive power of the blackbody is con-
tained at 173.15 K, and 99.8% at 373.15 K, in this wavelength region.
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The incident angle dependence of ag is obtained similarly in the
wavelength region from 0.25 to 2.5 um with the assumption of vertical
incidence of electromagnetic waves expressed by

oo L0535 {1 = R(4, 0)} Is(4) di
® jgés I(4) dA

(8)

where I is the solar radiation intensity. It is possible to ignore the dif-
ference between the calculated result and the theoretical value over a
restricted wavelength region, as about 96% of the solar radiation intensity
is contained in this wavelength region

3. ACCURACY OF THE CALCULATION METHOD

The accuracy of the calculated results is believed to be due mainly to
the uncertainty in the optical constants and the thickness of UPILEX-R.
The uncertainty contributing to the accuracy of the calculated results is
shown in Table 1. The uncertainty in the optical constants is estimated to
be less than 2%, which corresponds to the experimental results for the
spectral reflectance and transmittance of UPILEX-R. The uncertainty of
the thickness of UPILEX-R is estimated to be +5%. Consequently, the
overall accuracy of the calculated results of ey is £4% and that of ag is
+3%

4. RESULTS AND DISCUSSIONS

To evaluate the present method, the calculated results are compared
with the experimental results. The solar absorptance was measured spec-
troscopically with an integrating sphere in the wavelength region from 0.25
to 2.5um and in the incident angle range from 5 to 60°, and the total
hemispherical emittance was measured calorimetrically in the sample tem-
perature range from 173.15 to 373.15 K for aluminum-deposited UPILEX-R

Table 1. Uncertainties of the Calculated Results

Uncertainty (%) of

Thermal radiation Optical constants Thickness of Overall uncertainty of
property (%) UPILEX-R (%) calculated results (%)
og +2 +5 +3
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films. These films were assumed to be 12, 25, 50, and 75 um in thickness.
Aluminum was deposited in vacuum to a thickness of 1500 A on one side
of each film.

4.1. Calculated Results for ¢,

Figure 3 shows a comparison of the calculated and experimental
results for the temperature dependence of ¢, for a sample of 25-um thick-
ness. The maximum deviation of the calculated results from the experimen-
tal results is +4%. Figure 4 shows a comparison of the calculated and
experimental results for the thickness dependence of ey at 293.15 K. The
maximum deviation of the calculated results from the experimental results
is +7%. But the uncertainty of the calculated results of ¢ is +4% as
mentioned above. On the other hand, the accuracy of the experimental
results measured by the calorimetric method is +2%. Therefore, the
calculated results agree very well with the experimental results. It is clear
that the sample temperature dependence of &y is estimated by using this
calculation method.
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Fig. 3. Comparison of the calculated and experimental results for a
sample temperature dependence of the total hemispherical emittance
of UPILEX-R (25 um)/Al.
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Fig. 4. Comparison of the calculated and experimental results for
the thickness dependence of the total hemispherical emittance at
293.15 K.

4.2. Calculated Results for og

Figure 5 shows a comparison of the calculated and experimental
results for the incident angle dependence of a5 for a sample of 25-um thick-
ness. The maximum deviation of the calculated results from the experimen-
tal results is +5%. Figure 6 shows a comparison of the calculated and
experimental results for the thickness dependence of ag. The maximum
deviation of the calculated results from the experimental results is +10%.
However, the uncertainty of the calculated results of ag is 3% and the
uncertainty of the experimental results measured by the spectroscopic
method is +2%. Therefore, the calculated results agree well with the
experimental results.

Also, Fig. 7 shows the calculated results in the region for angles larger
than 60°. It indicates that the calculated results suddenly decrease in the
region which is difficult to measure experimentally. This is due to the inci-
dent angle dependence of the spectral reflectance as shown in Fig. 7. There-
fore, using this calculation method, it is possible to estimate the incident
angle dependence of ag in the region where it is difficult to measure
experimentally.
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Fig. 5. Comparison of the calculated and experimental results
for the incident angle dependence of the solar absorptance of

UPILEX-R (25 ym)/AL
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Fig. 6. Comparison of the calculated and experimental results
for the thickness dependence of the solar absorptance at 293.15 K.
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Fig. 7. Calculation results of the incident angle dependence of the
spectral reflectance.
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