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Spacecraft orbiting around Mercury demand thermal control materials with ultraviolet ray resistance, par-
ticle irradiation resistance, and high-thermal stability. The chemical thermal stability of the polyimide � lm s–

BPDA/PDA (Upilex-S®; Ube Industries, Ltd.), generated from biphenyltetracarboxylic dianhydride (s–BPDA)
and p-phenylenediamine (PDA), is known to be higher than that of established thermal control materials, such as
Kapton-H® and Upilex-R®. Based on experimental veri� cation of the resistance to ultraviolet ray and protons and
electrons irradiation,s–BPDA/PDA � lm is deemed appropriatefor spacecraft aimed at interior planet explorations.
Recovering of the degradation of the optical properties of the � lm after the protons irradiation is described. The
role of radiation-generated radicals in the degradation of the � lm by protons is discussed.

Nomenclature
d = thickness of thin � lm, ¹m
k = extinction coef� cient
n = refractive index
R = spectral re� ectance when a light beam is incident

vertically on a thin � lm
R0 = spectral re� ectance when a light beam is incident

vertically on a in� nite extent surface,
[.n ¡ 1/2 C k2]=[.n C 1/2 C k2]

T = spectral transmittance when a light beam is incident
vertically on a thin � lm

Tg = glass transition temperature, ±C
T20;000 = temperature corresponding to the half-life period

extrapolated to 20,000 h of tensile strength, ±C
® = absorption coef� cient, 4¼k=¸, cm¡1

®S = solar absorptance
"H = total hemispherical emittance
"N = normal emittance
¸ = wavelength, ¹m
¾ = standard deviation

Introduction

W ITH the advance of planetary explorations, spacecraft en-
counter expanded thermal and particles radiation environ-

ments. Mercury exploration spacecraftwill receive intense solar il-
lumination10 timeslarger than that aroundtheEarth.1 The � uenceof
protonsnear Mercury, over 1.0 MeV, is about 200 times that around
the geosynchronousorbit at solar maximum years.1;2 Thermal con-
trol materials covering spacecraft for Mercury explorations are,
therefore, required to be stable in the severe thermal environments
and to have durability against both UV ray and proton irradiation.
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Until now, theirradiationdegradationof®S and"N hasbeenevalu-
ated for many kindsof thermal controlmaterials.3¡5 It is well known
that thermal control � lms based on polyimides have high thermal
stability and particles irradiation resistance.3;6 Kapton-H® (E. I. du
Pont de Nemours and Company), made of pyromelliticdianhydride
and 4,40–oxydianiline(ODA), and Upilex-R® (Ube Industries,Ltd.),
made of biphenyltetracarboxylic dianhydride (s–BPDA) and ODA,
are typical polyimides that have been widely used in space. In the
group of polyimides, however, we can � nd another one, made of s–

BPDA and p-phenylenediamine (PDA), named Upilex-S® by Ube
Industries,Ltd.

A known feature of Upilex-S is that it has chemical thermal sta-
bility higher than that of Kapton-H and Upilex-R. The chemical
thermal stabilityof polymer� lm is evaluatedeitherby the Arrhenius
plots of tensile strengthhalf-lifeperiod or by the thermogravimetric
analysis. In the former, T20;000 , de� ned as the temperature that cor-
responds to the half-life period extrapolated to 20,000 h of tensile
strength in the Arrhenius plots, is used as a specifying index. T20;000

of Kapton-H,Upilex-R, and Upilex-S7;8 are shown in Table 1. In Ta-
ble 1, we see that T20;000 of Upilex-S is higher than that of Kapton-H
and Upilex-R,with a differenceof 20–25±C. The thermogravimetric
analysis also indicates that Upilex-S has higher thermal stability.8

In thispaperwe presentopticalpropertiesof theUpilex-S� lmand
their degradation under UV and particle irradiation. There are few
reports that measured and evaluated details about Upilex-S.9 Here
Upilex-S is called s–BPDA/PDA to indicate the chemical struc-
ture of the � lm clearly. The � lms we have tested are s–BPDA/PDA
itself, s–BPDA/PDA coated with aluminum on the back surface
[(s–BPDA/PDA)/Al], and s–BPDA/PDA coated with aluminum on
the back surfaceand with indiumtin oxide (ITO) on the front surface
[ITO/(s–BPDA/PDA)/Al)]. The thickness of s–BPDA/PDA in the
� rst and the secondcases is 20 ¹m and in the thirdcase is 25 ¹m. The
thicknessof the aluminumlayer is 1000 ÊA. The � lms, s–BPDA/PDA
and (s–BPDA/PDA)/Al, have been evaluated in laboratories, and
ITO/(s–BPDA/PDA)/Al has been evaluated on a spacecraft orbit-
ing around Earth. We will describe the experimental method and
results and discuss the features of s–BPDA/PDA as a thermal con-
trol material. We will also discuss recovery of the degradation that
we have observed on the � lm irradiated by protons.

Basic Characteristics of (s–BPDA/PDA)/Al
The chemical structure of the polyimide s–BPDA/PDA is shown

in Fig. 1. When a � lm is used as a thermal control material,
504
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Table 1 T20;000 of polyimide � lm7;8

Density, T20;000,
Material g/cm3 ±C

Kapton-H 1.42 265
Upilex-R 1.39 270
Upilex-S 1.47 290

Fig. 1 Chemical structure
of s–BPDA/PDA polyimide.

Fig. 2 Incident angle dependence of solar absorptance of (s–BPDA/
PDA)/Al.

Fig. 3 Temperature dependence of total hemispherical emittance of
(s–BPDA/PDA)/Al.

absorptance in the visible wavelength region and emittance in the
infrared wavelength region are the key parameters that we should
know. Therefore, we have measured the incident angle dependence
of ®S and the temperature dependence of "H of (s–BPDA/PDA)/Al
using a monochrometer with an integrating sphere10 and a calori-
metric method,11 respectively.

Figure 2 is the ®S of the � lm obtained for the incident angles from
5 to 60 deg. The ®S has been derived from the measured spectral
re� ectance in wavelengths from 0.26 to 2.5 ¹m. The "H of the � lm
has been derived as shown in Fig. 3. The "H has been measured
for the temperatures from ¡100 to C250±C. Because the imide and
phenyl group in polyimide � lms has a strong infrared absorption
band in the wavelength from 5 to 10 ¹m, the "H has a peak around
180±C in its temperature dependence.

Experiments
Laboratory Test
Evaluation of Optical Properties

To measure the changes of optical properties of the � lm by UV
and by protons and electrons irradiations has been the objective
of the experiments. On the s–BPDA/PDA � lm, change of the ab-
sorption coef� cient ®, de� ned subsequently,has been investigated.
Whena lightbeamis incidentverticallyona thin � lm, the spectralre-
� ectance R andthe spectraltransmittanceT of the � lm aregivenby12

R D R0 C
R0.1 ¡ R0/2f1 C .k=n/2g exp.¡2®d/

1 ¡ R2
0 exp.¡2®d/

(1)

T D .1 ¡ R0/
2f1 C .k=n/2g exp.¡®d/

1 ¡ R2
0 exp.¡2®d/

(2)

In Eqs. (1) and (2), R0 and ® are de� ned by

R0 D .n ¡ 1/2 C k2

.n C 1/2 C k2
(3)

® D 4¼k

¸
(4)

From a set ofmeasurementson R and T , we canderivea set of values
on n and k using Eqs. (1) and (2). From k, we obtain the absorption
coef� cient ®. In Eqs. (1) and (2), multiple re� ections at the bound-
aries are taken into account. We have used the Fourier transform
spectrometer (FTS-60A/896; Bio-Rad Laboratories, Inc.) to mea-
sure R and T in the wavelength region from 0.25 to 100.0 ¹m. In
the measurement of R, the specular re� ectance accessory (Graseby
Specac, Ltd.) was used, and the incident angle was set at 12.5 deg,
for which we con� rmed that Eqs. (1) and (2) could still be applied
with practically no corrections.

On the (s–BPDA/PDA)/Al � lm, changes of ®S and "N have been
studied because the degradation of thermal control � lms in labo-
ratory tests is generally evaluated by ®S at a � xed incident angle
and the emittanceof normal direction"N at room temperature. (The
incident angle dependence of ®S and the temperature dependence
of total hemispherical emittance "H are the parameters necessary
to design spacecraft.) Both ®S and "N have been derived from the
spectral re� ectance measured by using the Fourier transform spec-
trometer (FTS-60A/896) with a variable angle re� ection accessory
(The SeagullTM; Harrick Scienti� c Corporation). The wavelength
region of the spectral re� ectance measurements was 0.25–3.3 ¹m
to derive ®S and 1.6–100.0 ¹m to derive "N . The incident angle of
the measurement was 20 deg.

UV and Particles Exposure
We have assumed that UV radiation from the sun, terrestrial

trapped particles, and solar � are protons are the main radiations
affecting the properties of the � lm. The size of test sample is
30 £ 30 mm. We have conducted the UV and low-energy electrons
irradiation experiments at the Institute of Space and Astronautical
Science (ISAS) using the apparatus shown in Fig. 4. The sample is
mounted on a heat sink. The UV source is a 2-kW Hg–Xe short arc
lamp, and its intensity can be changed from 0.2 to 14.0 times solar
constant in the wavelength region of 0.2–0.5 ¹m. The UV source
intensity is uniform within 10% all over the sample surface. The
sample temperature is about 80±C. The acceleration voltage of the
low-energy electron accelerator can be varied from 2.0 to 20 kV.
The vacuum chamber containing the sample is kept at the pressure
of 1:3 £ 10¡5 Pa. The irradiation beam scans the whole area of a
sample. The margin of error of irradiation energy is §0.5 keV.

The high-energy electrons irradiation tests were conducted by
using a Cockcroft–Walton accelerator, with acceleration voltages
from 0.5 to 2.0 MV, at the Japan Atomic Energy Research Institute.

Fig. 4 Experimental apparatus.
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Table 2 Radiations irradiated on s–BPDA/PDA � lm

Radiation
Source energy Fluence

UV 8.9 SCa 5970 ESH
Electron 20 keV 67 ¹A

0.5 MeV 1:0 £ 1015 electrons/cm2

2.0 MeV
Proton 0.5 MeV 5:0 £ 1014 protons/cm2

1.0 MeV
2.0 MeV

aSolar constant.

Table 3 Radiations irradiated on (s–BPDA/PDA)/Al

Radiation
Source energy Fluence

UV 9.3 SC 8530 ESH
Proton 0.5 MeV 5:0 £ 1014 protons/cm2

1.0 MeV 1:0 £ 1013 protons/cm2

2.0 MeV 3:0 £ 1012 protons/cm2

The irradiation uniformity is less than 3% on the whole area of the
sample. The sample is mounted on a heat sink, and its temperature
is less than 50±C. The protons irradiation tests were performed by
usinga tandemacceleratorat the Osaka NationalResearch Institute.
The generated energy of the protons is from 0.5 to 2.0 MeV. The
irradiation beam scans the whole area of the sample. The sample is
also mounted on a heat sink, and its temperature is under 50±C. The
accuracy of irradiation energy is within 1%.

In the evaluation of the s–BPDA/PDA � lm, we exposed the � lm
to the radiationsshown in Table 2. The UV source intensity was 8.9
times solar constant, and the accumulated � ux was 5970 equivalent
sun hour (ESH), where ESH is equal to the product of exposed time
and the UV source intensity. Thus, 5970 ESH corresponds to an
exposure time of 311 days on a 500-km high circular Earth orbit.
The � uence of the high-energyelectrons, 1:0 £ 1015 electrons/cm2,
is equivalent to that of 16 years for 0.5 MeV and of 1060 years for
2.0 MeV in the case of geosynchronousEarth orbit.13 The � uence
of proton, 5:0 £ 1014 protons/cm2, is equivalent to that of 158 years
for 0.5 MeV and 15,800 years for 1.0 MeV in the case of geosyn-
chronous Earth orbit2 and is equivalent to 625 years for 1.0 MeV
and 2500 years for 2.0 MeV around Mercury.1;2

In the evaluationof the (s–BPDA/PDA)/Al � lm, we exposed the
� lm to the radiations shown in Table 3. The UV source intensity
is 9.3 times solar constant, and the � uence was 8530 ESH. The
electrons irradiation test was omitted because we noted from the
s–BPDA/PDA experiment that the effect of the protons irradiation
covers the effect of the electrons irradiation. The � uence of the
protons is equivalent to that for about 10 years around Mercury at
solar maximum years. Our irradiation test was conducted under a
high dose rate compared with the expected space environment.The
degreeof the effect of the dose rate generallydependson the sample
temperature during irradiation. In our test, the sample temperature
was much less than T20;000 D 290±C of the polyimide � lm, and the
high dose rate has no in� uence on the test results.

Test in Space
A test of the thermal control � lm ITO/(s–BPDA/PDA)/Al has

been conductedon the Earth-orbitingsatellite Akebono,which was
launched by ISAS in February 1989. The Akebono’s orbit is a sub-
polar one with a perigee height of 300 km and an apogee height of
10,000 km. The spacecraft has frequently passed through the Van
Allen radiationbelts. A controlusing magnetic torquershas pointed
the spin axis of the spacecraft toward the sun with a deviation angle
less than 3.0 deg. The � lm has been placed on the top plate of the
spacecraft, facing the sun. The ®S and the "H have been measured
by a calorimetric method, which utilizes solar illumination and an
electricalheater attached to the sample. Both ®S and "H are derived
by givingseveraldifferentlevelsof inputpower to the sampleheater,
with no need of parameters such as the mass and the speci� c heat
of the sample materials.14 The error in ®S and "H are estimated to
be §5%.

Results and Discussion
Laboratory Test
s–BPDA/PDA Film

Experimentalresults. After the s–BPDA/PDA � lm was exposed
to the radiations given in Table 2, the absorption coef� cient of the
samples was measured before the recovery process, described later,
proceeded.

At the wavelength region of 0.4–0.7 ¹m, the original � lm has
an absorption coef� cient as shown in Fig. 5. In the following, we
give the change of the absorption coef� cient as the increase from
the absorption before irradiations. When the � lm is affected by the
radiations, its color changes from yellowish brown to dark brown.
First, the UV irradiation yielded little increase in the absorption
coef� cient of the � lm, as shown in Fig. 6. The low-energy electrons
yielded a noticeable increase in the absorption coef� cient, though
the high-energy electrons yielded little. The behavior is shown in
Fig. 7. The increaseby the 20-keV electronsexposurearises around
0.44 ¹m. The high-energyelectrons have little effect. These results
are consistent with the range of electrons15 that is estimated to be
1200 ¹m for 0.5 MeV and 7000 ¹m for 2.0 MeV, which is far
larger than the thickness of the � lm (20 ¹m). The estimated range
of 20-keV electrons is 5 ¹m.

The effect of the protons irradiation was larger than that of the
low-energy electrons.Figure 8 shows the increase of the absorption
coef� cient by the irradiation of the three energies of protons. The
increase in the case of 1.0-MeV protons is highest among the three
cases. The increase of absorption coef� cient is observed around
the 0.42-¹m wavelength, and the increase reduces monotonically

Fig. 5 Absorption coef� cient of s–BPDA/PDA � lm.

Fig. 6 Effect of UV irradiation on absorption coef� cient of s–BPDA/
PDA � lm.

Fig. 7 Effect of electron irradiation on absorption coef� cient of s–

BPDA/PDA � lm.
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Fig. 8 Effect of proton irradiation on absorption coef� cient of s–

BPDA/PDA � lm.

Fig. 9 Recovery of the degradation in the air and under a room light.

toward the longer wavelengths. The range, the implanted depth, of
protons is calculatedusing the Monte Carlo code,TRIM. The TRIM
code is a conventional simulation to calculate the projected range
of ions. The range of 0.5-, 1.0-, and 2.0-MeV protons has been
estimated to be 6.25, 17.7, and 55.4 ¹m, respectively.Trapping by
the � lm is closely related to the observed degradation.

In the infrared wavelength region from 2.5 to 100.0 ¹m, no no-
ticeable change in the absorption coef� cient was observed after the
UV, electrons, and protons irradiations.

Recovery of degradation. It is known that the degradation of
the thermal control � lm by radiationexposure is recoveredpartially
with time.3 When the laboratory for the optical measurements and
accelerators are far apart and much time is needed to transport the
exposed � lm, this recovery phenomenon would obscure accurate
evaluation of the degradation.

We haveexperimentallystudied the recoveryof thedegradationof
the � lm, selecting s–BPDA/PDA irradiated with the 1.0-MeV pro-
tons as a sample. The � uence was 1:5 £ 1015 protons/cm2. Three
days after the irradiation, we started to measure the recovery of
degradation.For the three days after the irradiation, the sample was
stored in a vacuum and dark environment. The absorption coef� -
cient was measured under some temporal intervals until the 86th
day from the start. Figure 9 shows the result of the measurements,
including at the start, after 21 h, after 43 h, after 12 days, and af-
ter 86 days. The sample was placed in the atmosphere and under a
room light for these 86 days. We observe clear proceeding of the
recovery in Fig. 9, and note that the recovery is substantial. After
86 days, degradation reduces to roughly one-half or one-third in
the wavelength region shorter than 0.5 ¹m and is recovered almost
completely at the wavelength longer than 0.6 ¹m.

We have also con� rmed that the recovery depends on the storage
condition of the � lm after the irradiation. We examined four kinds
of storage conditions: combinations of in air or in vacuum and in
light or in darkness.Figure 10 shows the absorptioncoef� cient after
12 days and Fig. 11 after 86 days. Figures 10 and 11 indicate that
no recovery occurs in vacuum and in darkness until the 12th day
from the start, storage in air substantially in� uences the recovery,
and storage in darkness delays the recovery slightly.

The experimental results on the protons and high-energyelectron
irradiation described are obtained for the sample after three days
have elapsed after irradiations. Because the samples were kept in
vacuum and in dark environments for these days, the presented re-
sults are to be considered as before the recovery process proceeded
on the � lm.

Table 4 Glass transition
temperature of polyimide � lm8

Material Tg , ±C

Kapton-H 428
Upilex-R 303
Upilex-S 359

Table 5 Measured ®S and "N of (s–BPDA/PDA)/Al

Absorption/emittance Mean ¾

®S (at 20 deg) 0.407 0.004
"N (at RT) 0.582 0.006

Fig. 10 Recovery under fourdifferent storageconditionsafter12 days.

Fig. 11 Recovery under fourdifferent storageconditionsafter86 days.

Cause of degradation. Because the increase of the absorption
coef� cient arises around 0.44 ¹m and the recovery of the degra-
dation takes many days extending over 3 months, we estimate
that generation of radicals including benzene nucleus in its chem-
ical structure is the cause of the degradation. It is known that the
radicals mentioned earlier exhibit an absorption band located be-
tween 0.40 and 0.50 ¹m (Ref. 16). In addition, it is known that
the radiation-generatedradicals in a polymer � lm are long lived be-
cause of their lack of mobility below a glass transition temperature.
As a reference, we give the glass transition temperature of poly-
imide � lm8 in Table 4. At room temperature (RT), the lifetime of
the radiation-generated radicals is known to be from a few weeks
to a few months.17 The decay of the radiation-generated radicals
on Kapton-H and Upilex-R was experimentally measured by other
investigators, and their long lives, extending a few months, were
con� rmed.18;19

(s–BPDA/PDA)/Al Film
The � lm (s–BPDA/PDA)/Al is the material that can be actually

used for the thermal control of spacecraft.We have tested s–BPDA/
PDA � lm of 20 ¹m thickness with an aluminum coating of 1000 ÊA
thickness on the back surface. The ®S and the "N of the � lm have
been derived from the measured spectral re� ectance, and the results
are given in Table 5. The values in Table 5 are obtained from the
measurementof 10 samples at RT. For reference,we show examples
of the measured spectral re� ectance of the � lm in Figs. 12 and 13.

Next, the (s–BPDA/PDA)/Al was exposed to the UV and the
protons.The spectral re� ectanceof the irradiatedsamples was mea-
sured before the recovery of the degradationbegan as already men-
tioned. Table 6 summarizes ®S and "N before and after irradiation.
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Table 6 Before and after irradiation: ®S and "N of (s–BPDA/PDA)/Al

®S "N
Radiation

Source energy, MeV Before After 1®S Before After 1"N

Proton 0.5 0.409 0.449 C0.040 0.585 0.569 ¡0.016
1.0 0.411 0.418 C0.007 0.580 0.569 ¡0.011
2.0 0.404 0.403 ¡0.001 0.575 0.561 ¡0.014

UV 0.407 0.417 C0.010 0.585 0.582 ¡0.003

Table 7 Before and after irradiation: ®S and "N of (s–BPDA/PDA)/Al and Upilex-R/Al

®S "N

Material Before After 1®S Before After 1"N

(s–BPDA/PDA)/Al 0.409 0.449 C0.040 0.585 0.569 ¡0.016
Upilex-R/Al 0.335 0.366 C0.031 0.653 0.642 ¡0.011

Fig. 12 Spectral re� ectance of (s–BPDA/PDA)/Al for 0.25–3.3 ¹m.

Fig. 13 Spectral re� ectance of (s–BPDA/PDA)/Al for 1.6–100.0 ¹m.

We note from Table 6 that the changes of ®S and "N are small: The
largest change is a 10% increase of ®S in the case of 0.5-MeV irra-
diation; "N decreases by the protons irradiation, but less than 2%,
®S increases about 2.5% by UV; and "N does not change by UV.
For the case of 0.5-MeV protons irradiation, at which the largest
changes of ®S and "N occurred in the (s–BPDA/PDA)/Al � lm, we
compared the degradation of (s–BPDA/PDA)/Al with that of the
Upilex-R/Al � lm, which is the standard thermal control � lm that
ISAS has used together with Kapton/Al. The comparison, given in
Table 7, shows that the changes of ®S and "N in (s–BPDA/PDA)/Al
is larger than that in Upilex-R/Al. The magnitude of the changes
observed in (s–BPDA/PDA)/Al is, however, considered to be in an
allowablerange from a spacecraftthermal control point of view, and
(s–BPDA/PDA)/Al is considered to be similarly applicable to ther-
mal control of spacecraft.Considering the excellent heat resistance
of s–BPDA/PDA, we can say that the (s–BPDA/PDA)/Al � lm will
be effectivelyapplied to the thermal controlof spacecraft,especially
for interior planet missions, such as Mercury explorations, where
suf� cient tolerance for radiations is required.

Flight Test
The � lms ITO/(s–BPDA/PDA)/Al and ITO/Upilex-R/Al were

tested on the satellite Akebono for 2 years after its orbit injection.
The time variationsof ®S and "H measured with onboardequipment

Fig. 14 Solar absorptance of ITO/(s–BPDA/PDA)/Al and ITO/Upilex-
R/Al on the spacecraft Akebono.

Fig. 15 Total hemispherical emittance of ITO/(s–BPDA/PDA)/Al and
ITO/Upilex-R/Al on the spacecraft Akebono.

are shown in Figs. 14 and 15, where the time is expressed in ESH.
For 14,000 ESH, ®S of ITO/(s–BPDA/PDA)/Al and ITO/Upilex-
R/Al increased by 0.036 and 0.024, respectively, whereas "H of
ITO/(s–BPDA/PDA)/Al and ITO/Upilex-R/Al increased by 0.014
and 0.009, respectively.The degradationin the ground and the � ight
tests has shown the same tendency, that is, the change of ®S and "H

(or "N ) in the thermal control � lm using s–BPDA/PDA is larger than
that using Upilex-R, although both are relatively large compared to
those observed in the laboratory experiments.

Conclusions
We have demonstrated that the polyimide � lm s–BPDA/PDA

is appropriate for the thermal control of spacecraft aimed at Mer-
curyexplorationsor explorationsundersimilarenvironments,where
thermal control materials demand more severe qualities for UV
rays resistibility,high-energyparticle resistibility,and high thermal
stability. A feature of s–BPDA/PDA is that its chemical thermal
stability is higher than that of establishedthermal materials, such as
Kapton-H and Upilex-R. The radiations exposure experiments on
the � lm s–BPDA/PDA with aluminum coating on the back surface,
together with the s–BPDA/PDA � lm itself, have shown that the
degradation of the � lm by UV, electrons, and protons irradiations
is well within an allowable level for the expected space missions
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(decade years around Mercury). The � lm was also tested on an
Earth-orbiting spacecraft for 14,000 ESH.

We have also investigated the recovery of the degradation (so-
lar absorptance increase) of the protons irradiated � lm. From the
timescale of the recovering and the spectrum of the solar absorp-
tance increase, we have estimated that the degradation is due to the
generation of radiation-generatedradicals.

Acknowledgments
The authors would like to thank R. Sato of Ube Industries, Ltd.,

for providingthe polyimide � lm and Y. Horino and A. Chayaharaof
the Osaka National Research Institute and Y. Morita and the staff of
the electronirradiationfacility in the JapanAtomicEnergyResearch
Instituteat Takasaki, for their supportof the irradiationexperiments.

References
1West, G. S., Jr., Wright, J. J., and Euler, H. C., “Space and Planetary

Environment Criteria Guidelines for Use in Space Vehicle Development,
1977 Revision,” NASA TM-78119, Nov. 1977.

2Sawyer, D. M., and Vette, J. I., “AP-8 Trapped Proton Environment for
Solar Maximum and Solar Minimum,” NASA TM-72605, Dec. 1976.

3Broadway, N. J., “Radiation Effects Design Handbook—Section 2.
Thermal-Control Coatings,” NASA CR-1786, June 1971, pp. 28–79.

4Henninger, J. H., “Solar Absorptance and Thermal Emittance of Some
Common Spacecraft Thermal-Control Coatings,” NASA RP-1121, April
1984.

5Marco, J., Paillos, A., and Gourmelon, G., “Thermal Control Coatings:
Simulated LEO Degradation under UV and Particle Radiation,” Proceed-
ings of Sixth International Symposium on Materials in a Space Environ-
ment, ESA, SP-368,ESA/European Space Research and TechnologyCenter,
Noordwijk, The Netherlands, 1994, pp. 77–83.

6Ohnishi,A., and Sato,R., “PolyimideFilm Based Thermal ControlMate-
rials for Space Use,” Inst. ofSpace and AstronauticalScience, ISASRN-649,
Sagamihara, Japan, April 1998.

7Inoue, H., Okamoto, H., Hiraoka, Y., “Effect of the Chemical Structure
of Acid Dianhydride in the Skeleton on the Thermal Property and Radiation
Resistance of Polyimide,” RadiationPhysics and Chemistry, Vol. 29, No. 4,
1987, pp. 283–288.

8Yokota,R., “Thermal and Mechanical Properties of Polyimides and Con-
trol of High-Order Structures,” Photosensitive Polyimides—Fundamentals

and Applications, edited by K. Horie and T. Yamashita, Technomic,
Lancaster, PA, 1995, pp. 49–95.

9Russell, D. A., Fogdall, L. B., and Hlavacek, G. B-., “Simulated Space
Environmental Testing on Thin Films,” NASA CR-2000-210101, April
2000.

10Ohnishi,A., and Hayashi, T., “Measurement of Incidence Angle Depen-
dence of Solar Absorptance,” Proceedings of the International Symposium
on Environmental and Thermal Systems for Space Vehicles, ESA, SP-200,
ESA/European Space Research and Technology Center, Noordwijk, The
Netherlands, 1983, pp. 467–470.

11Ohnishi,A., Hayashi, T., and Nagano, H., “Measurement ofHemispher-
ical Total Emittance of Thermal ControlMaterials for Spacecraft,” Proceed-
ings of the Fourth Japan Symposium on Thermophysical Properties, Japan
Society of Thermophysical Properties, Yokohama, Japan, 1983, pp. 1–4.

12Vasicek, A., Optics of Thin Films, North-Holland, Amsterdam 1960,
pp. 159–283.

13Vette, J. I., “The AE-8 Trapped Electron Model Environment,” NASA
TM-107820,Nov. 1991.

14Ohnishi,A., Nakamura, Y.,Kawada, Y., and Hayashi, T., “Simultaneous
Measurement of Solar Absorptance and Total Hemispherical Emittance on a
Scienti� c Satellite Akebono,” Proceedings of the 4th European Symposium
on Space Environmentaland Control Systems, ESA, SP-324,ESA/European
Space Research and TechnologyCenter, Noordwijk,The Netherlands, 1991,
pp. 561–564.

15Tabata, T., Ito, R., and Okabe, S., “Generalized Semiempirical Equa-
tions for the Extrapolated Range of Electrons,” Nuclear Instruments and
Methods, Vol. 103, 1972, pp. 85–91.

16Rao, C. N. R., Ultra-Violet and Visible Spectroscopy—Chemical Appli-
cations, 1st ed., Butterworths, London, 1967, p. 134.

17Schnabel, W., Polymer Degradation—Principles and Practical Appli-
cations, Carl Hanser, Munich, 1981, p. 135.

18Harries, W. L., Ries, H. R., Bradbury, C. A., Gray, S. L., Collins, W. D.,
Long,S. A. T., and Long,E. R., Jr., “Studies of Molecular Properties ofPoly-
meric Materials: Aerospace Environmental Effects on Three Linear Poly-
mers,” NASA TM-87532, Oct. 1985.

19Svorcik, V., Endrst, R., Rybka, V., and Hnatowicz, V., “Time Depen-
dence of the Number of Unpaired Electrons and the Sheet Resistance in Ion
Irradiated Polymers,” Materials Letters, Vol. 28, No. 4, 1996, pp. 441–444.

H. L. McManus
Associate Editor


