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Development of a Variable Emittance Radiator
Based on a Perovskite Manganese Oxide
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Two types of thermal control materials developed for space use are described. These new materials use a variable
emittance radiator called the smart radiation device (SRD). The SRDs are based on La0:825Sr0:175MnO3 and
La0:7Ca0:3MnO3 and comprise a thin and light ceramic tile. The materials undergo a metal–insulator transition
near room temperature, and this allows the infrared emissivity of the device to change from low to high as the
temperature is increased from 173 to 375 K. This is bene� cial for thermal control applications on spacecraft.
For example, bonded only to the external surface of the spacecraft, the SRD controls the heat radiated to deep
space without electrical instruments or mechanical parts. Its function is similar to the thermal louver, but the
SRD is lighter. This new device reduces the energy consumption of the electrical heater for thermal control and
decreases the weight and the cost of the thermal control system. Optical properties, such as the total hemispherical
emittance and the solar absorptance, have been measured. Space environmental simulation tests were performed
with independent irradiation by protons, electrons, and UV on the ground. Degradation of the materials’ optical
properties is discussed.

Nomenclature
A = surface area, m2

Ib = spectral distribution of emissive power of blackbody,
Wm¡2¹m¡1

Is = solar extraterrestrial irradiance, Wm¡2¹m¡1

Q = heater power, heat loss, W
R = re� ectance
T = temperature,K
TC = transition temperature, K
X = doping level
®S = solar absorptance
"H = total hemispherical emittance
"high = total hemispherical emittance in high emittance state
"low = total hemispherical emittance in low emittance state
µ = angle of incidence, deg
¸ = wavelength, m
¾ = Stephan–Boltzmann constant, 5.67 £ 10¡8 Wm¡2K¡4
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Subscripts

s = sample
w = wall, wire

Introduction

S PACECRAFT usually expel excess heat into deep space with
radiators, keeping the temperature of all of the elements of a

spacecraft system within the allowable limits for all mission phases.
The amount of heat radiated into deep space is not constantbecause
the temperatures of these elements are affected by heat inputs that
are highlyvariablewith time over the life of the mission.Thus, some
devices are required for active thermal control. Traditionally, active
thermal control is applied using heaters, variable conductanceheat
pipes, and mechanical louvers.1 For small satellites, all of these ap-
proachescould require more mass or power than is available.A new,
more � exible approach is a radiator coating with a variable infrared
emissivity that can be actively adjusted in response to variations
in the thermal load and environmental conditions.There have been
several ideas for implementing such variable emissive surfaces, in-
cluding microelectromechanical surfaces, electrochromic devices,
and electrophoreticdevices, as well as thermochromic devices.

We proposea variableemittanceradiator that does not requireany
control instruments. It is a light ceramic tile that changes its emis-
sivity according to its own temperature. Two types of the thermal
control materials that we have developed are La0:825Sr0:175MnO3

and La0:7Ca0:3MnO3 . Both are made of manganese oxides with a
perovskite structure. The demands on the new thermal control de-
vice are 1) high opticalperformancefor thermal control,2) radiation
durability,3) low weight, and 4) no requirementfor electricalpower
or mechanical parts.

This paper presents results summarizing experimental research
on thermal control surfaces for spacecraft using a thermochromic
device.

Smart Radiation Devices (SRDs)
Smart radiationdevices(SRDs) are made of La1 ¡ X SrX MnO3 and

La1 ¡ X CaX MnO3, which are manganese oxides with a perovskite
264
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Fig. 1 Spectral re� ectance of SRD at around ————, room temperature
and blackbody radiation spectra at ——, 300 K.

structure. These are made by replacing La3C with Sr2C or Ca2C in
the parent material, LaMnO3, which is an insulator. By this sub-
stitution, Mn3C changes to Mn4C to conserve electrical charge,
and the material shows a phase change. The SRD is com-
posed of mixed-valency manganite of perovskite structure, such
as (La1 ¡ X SrX /(Mn3C

1 ¡ X Mn4C
X /O3, which exhibits a rich phase

diagram.2 For low doping levels under X ¼ 0.16, the material
changes its phase from a spin-canted antiferomagnetic insulator or
a ferromagnetic insulator to a paramagnetic insulator with increas-
ing temperature. On the other hand, for high doping levels over
X ¼ 0.26, the material changesits phase from a ferromagneticmetal
to a paramagnetic metal with increasing temperature. For doping
levels of 0:16 < X < 0:26, the material changes its phase from a fer-
romagnetic metal to a paramagnetic insulator with increasing tem-
perature.The resistivity of the material at this doping level changes
between 10¡3 and 10¡1 Äcm with temperature in the range between
173 and 373 K. The metallic state in these compounds is stabilized
by the double-exchangeinteraction.3 The transition temperature in-
creasesfromaround150 to 350K with thedoping level.By selection
of the optimum doping level, the material has the special property
of being a metal–insulator transition at around room temperature.
The material with the optimum molar ratio changes from metallic
to a highly resistive state at the transition temperature; therefore, its
re� ectance changes drastically with the temperature.

Figure 1 shows the IR re� ectance spectra of the SRD
(La0:825Sr0:175MnO3/ at room temperature, obtained by a Fourier-
transform infrared spectrometer (FT–IR), Bio-Rad FTS-60A/896,
with a variable angle re� ection accessory (The SeagullTM; Harrick
Science Corporation). Figure 1 also shows the blackbody radiation
spectra at 300 K, which is determined by Planck’s spectral distri-
bution of emissive power. The material’s surface used for this mea-
surement is specular. The incident angle of the measurement was
20 deg. The spectral re� ectance of the material changes drastically
depending on the temperature. As the material exhibits a metallic
state at low temperatures, the IR re� ectance indicates higher re-
� ectance spectra than that of 300 K. On the other hand, when the
material at high temperatures exhibits a high resistance state, the
IR re� ectance indicates lower re� ectance spectra, with an optical-
phonon mode structure, than that of 300 K (Ref. 4). The emissivity
was calculated from the following equation,

" D

R 1
0

[1 ¡ R.¸/]Ib.¸; T / d¸R 1
0

Ib.¸; T / d¸
(1)

where R.¸/ is the spectral re� ectance and Ib.¸; T / is the spectral
distribution of the emissive power of a blackbody. As a result, the
material shows low emissivity at low temperatures and high emis-
sivity at high temperatures.

Design for Optimum Composition

In the selection of the optimum composition, the requirements
for the materials’ properties are as follows:

Fig. 2 Test piece of SRD.

1) Because the typical operating temperature range of the con-
stituents on a spacecraft is near room temperature, it is desirable
that the transition temperature of the material be at around room
temperature.

2)Because"high in� uencestheareaof theSRD and"ratio in� uences
the amount of heater power used at low temperatures,"high and "ratio

should be as large as possible.
3) Because the temperature range of the instruments is narrow,

the temperaturederivativeof the emissivityd"=dT aroundtransition
temperature should be as large as possible to change emissivity
dramatically in a narrow temperature range.

The SRD is designed as follows:
1) Some trial SRDs with La1 ¡ X SrX MnO3 and La1 ¡ X CaX MnO3

were made, and their opticalpropertieswere measured.5 As a result,
the molar ratio X dependence of the total hemispherical emittance
became clear.

2) We con� rmed that the pro� le of the temperaturedependenceof
the totalhemisphericalemittance,such as the transitiontemperature,
is similar to that of the electrical resistivity.6

3) From measurementresultsof the total hemisphericalemittance
and the electrical resistivity, we selected La0:825Sr0:175MnO3 and
La0:7Ca0:3MnO3 as the materials for the SRD.

Preparation of Manganese Oxide

The manganites used for the SRD materials were prepared using
standard ceramic techniques as follows7:

1) Oxides or carbonatesof the metals were weighed in the desired
proportions and milled for thorough mixing.

2) The preparationswere pre� red in air at about 1300 K.
3) The product obtained was milled again, mixed with a binder,

and, � nally, formed into blocks.
4)The sampleswere � redover1300K againandcut fromsintered

block.
The sample is a black ceramic tile that is 200 ¹m thick and

weighs only 1.2 kg/m2 . Figure 2 shows a sample of the SRD. The
size of the test piece is 30 £ 30 mm to simplify manufacturing and
measurement. The size of the � ight model is 40 £ 40 mm.

Optical Properties
Total Hemispherical Emittance

The total hemispherical emittance of the SRD was measured
using the calorimetric method.8 Figure 3 shows the principle of
measurement.

The sample is suspended in the center of a chamber by wires
for the heater and a thermocouple. When the heater power Q is
supplied to the sample, which has area AS and is equilibrated with
total radiant energy from the sample surface to a chamber wall that
is cooled to 77 K by LN2 , the total hemispherical emittance "H of
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Fig. 3 Principle of measure-
ment.

Fig. 4 Temperature dependence of total hemispherical emittance of
SRD.

the sample can be expressed as follows:

"H .TS/ D
Q ¡ QW

AS ¢ ¾ ¢
¡
T 4

S ¡ T 4
W

¢ (2)

where QW is the heat loss of the sample through thermocouple
and wires for the heater, TS is the equilibrated temperature of the
sample, and TW is the wall temperatureof the chamber.The pressure
in the chamber is kept under 1.33 £ 10¡3 Pa using a turbomolecular
pump. By measurement of TS , TW , and AS , the total hemispherical
emittance "H can be obtained. The heat loss QW is experimentally
measured.8 The remaining faces of the sample without manganese
oxide are covered by metallic aluminum � lms of known emittance.
The main uncertainties in this measurement of "H are 1) the tem-
perature of the sample and enclosure walls (§0.54%), 2) the total
surface area of the sample (§1.16%), and 3) the "H of aluminum
thin � lms (§1.30%).When other small factorsare accountedfor, the
combined standarduncertaintyof the total hemisphericalemittance
measurement was estimated to be at most §2.2%, from 173.15 to
373.15 K. The reliability of the measured total hemispherical emit-
tance with this system was con� rmed by comparing with the cal-
culated total hemispherical emittance using the optical constants,
which were measured with the FT–IR in the wavelength range from
2.5 to 100 ¹m, using aluminum-deposited polyimide � lms. The
measured total hemispherical emittance agreed with the calcula-
tions to within 7.0% (Ref. 9).

Figure 4 shows the temperature dependence of the total hemi-
spherical emittance for the SRD. The total hemisphericalemittance
changes in the temperature range of 173–373 K and, in particu-
lar, the emissivity of La0:825Sr0:175MnO3 changes dramatically un-
der 280 K and that of La0:7Ca0:3MnO3 changes dramatically un-
der 260 K. La0:825Sr0:175MnO3 has a high emissivity of 0.65 at
high temperatures and a low emissivity of 0.28 at low tempera-
tures, and so the variability of the total hemispherical emittance
1"( D "high ¡ "low/ is 0.37 and the ratio of the total hemispherical
emittance "ratio ( D "high="low/ is 2.32. La0:7Ca0:3MnO3 has a high

Table 1 Emissivity of SRD

Material "high "low "ratio 1"

(La,Sr)MnO3 0.65 0.28 2.32 0.37
(La,Ca)MnO3 0.60 0.19 3.16 0.41

Fig. 5 Spectral re� ectance of SRD.

emissivity of 0.60 at high temperatures and a low emissivityof 0.19
at low temperatures, and so the variability 1" is 0.41 and the ratio
"ratio is 3.16. These two materials have different features:

1) La0:825Sr0:175MnO3 has a high TC and high emissivity at high
temperatures.

2) La0:7Ca0:3MnO3 changes its emissivity dramaticallyat TC , has
low emissivity at low temperatures, and has a large "ratio .

Table 1 shows the comparison of the emissivity for two types
of the SRD. These two materials have enough variable emissivity
to be used as thermal control devices and can be used according
to purpose or need, whereas the effective emittance of the thermal
louver, for example, changes between 0.1 and 0.8.

The surface of these materials was left un� nished after they were
cut, that is, all samples were not polished. In the case of polished
samples, the emissivitydecreasesfor all temperaturesbecause there
are multiple re� ections in the cavitiesbetween roughelementswhen
the surface’s optical roughness is large, and the roughness increases
the trappingof incidentradiation.Furthermore,thedecreaseofemis-
sivity at low temperatures is larger than that at high temperatures,
so that the variability of emissivity 1" and the ratio of emissivity
"ratio are larger than those of unpolishedsamples. The differenceof
"H between unpolished material and polished one is 0.04 at high
temperatures and 0.08 at low temperatures.10 Because the surface
condition of the unpolished materials is slightly different, the dif-
ference of "H of them is less than 0.04 at high temperatures and less
than 0.08 at low temperatures.

Solar Absorptance

The solar absorptance was measured spectroscopically with an
integrating sphere in the wavelength region of 0.26–2.5 ¹m, which
contains about 96% of the solar radiation intensity. The incidence
angle was 5 deg and the sample was at room temperature. Figure 5
shows the experimentally determined re� ectivity curves. The solar
absorptance was determined by integrating over the solar spectral
irradiance curve, as follows:

®S.µ/ D

R 2:5

0:26
[1 ¡ R.¸; µ/]IS.¸/ d¸

R 2:5

0:26
IS.¸/ d¸

(3)

where IS.¸/ is the spectral distribution of solar radiation, R.¸; µ /
is the spectral re� ectance, and µ is the incident beam angle onto
the sample surface. Uncertainties in the measurement are attributed
to 1) the value of the spectral re� ectance of the reference sample
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(§1.0%) and 2) energy loss to the aperturethroughwhich light is in-
troduced(§1.0%).The standarduncertaintyis estimated to less than
§2.0%. The reliability of the measured solar absorptancewas con-
� rmed by comparingwith the calculatedsolar absorptanceusing the
optical constants, similar to the process applied to emittance mea-
surement with the FT–IR. The measured solar absorptance agreed
with the calculated value to within 5.0% (Ref. 9).

Both materials show low re� ectance. The re� ectivity of
La0:7Ca0:3MnO3 is a little larger than that of La0:825Sr0:175MnO3

in the wavelength region of 0.26–2.5 ¹m. The solar absorptanceof
La0:825Sr0:175MnO3 is 0.87, and that of La0:7Ca0:3MnO3 is 0.84. If
the surfaces of the samples were polished, it is expected that the
solar absorptancewould decrease little. To maximize the bene� ts to
all spacecraftradiatingsurfaces,a reduction in the solar absorptance
is very desirable. To reduce it, a design of multilayer coating that
re� ects the visible sunlight and acts as an antire� ection coating for
the thermal IR has previously been applied.4

Space Quali� cation Tests
Radiation durability is required for operation in space because

it affects the life of the spacecraft. To evaluate the space degrada-
tion of opticalproperties,spaceenvironmentalsimulationtests were
performed on the ground with radiation by protons, electrons, and
UV.

Proton Irradiation

The proton irradiation test was performed using a tandem ac-
celerator at the National Institute of Advanced Industrial Science
and Technology. Protons were accelerated to energies of 0.5, 1.0,
and 2.0 MeV. The exposure rates were 5.0 £ 1014 pC/cm2 , 1.0 £
1013 pC/cm2 , and 2.0 £ 1012 pC/cm2, which are equivalent to 10
years at each energy in geostationaryorbit. The accuracy of irradia-
tion enrgy is within 1%. The samples were in a vacuum of less than
1.33 £ 10¡3 Pa, and the sample temperature was kept under 323 K
during proton irradiation.

Electron Irradiation

The electron irradiation test was performed using a Cockcroft–
Walton accelerator at the Japan Atomic Energy Research Institute.
Electrons were accelerated to energies of 0.5, 1.0, and 2.0 MeV.
These exposure rates were 1.0 £ 1015 e¡ /cm2, 5.0 £ 1014 e¡ /cm2,
and 2.0£ 1014 e¡ /cm2, which are equivalent to more than 3 years
at each energy in geostationary orbit. The irradiation uniformity is
less than 3% on the whole area of the sample. The samples were in
a vacuum of less than 1.33 £ 10¡3 Pa, and the sample temperature
was kept at less than 323 K during electron irradiation.

Fig. 6 UV irradiation apparatus.

Table 2 Radiation condition

Energy Fluence

Protons
0.5 MeV 5.0 £ 1014 pC /cm2

1.0 MeV 1.0 £ 1013 pC /cm2

2.0 MeV 2.0 £ 1012 pC /cm2

Electrons
0.5 MeV 1.0 £ 1015 e¡ /cm2

1.0 MeV 5.0 £ 1014 e¡ /cm2

2.0 MeV 2.0 £ 1014 e¡ /cm2

UV
11.5 SC 11532.8 ESH

Fig. 7 Effects of protons, electrons, and UV irradiation on total hemi-
spherical emittance of La0:825Sr0:175MnO3.

UV Irradiation

The UV irradiator source is a 2-kW Hg–Xe short arc lamp. Its
intensity can be changed from 0.2 to 14.0 times the solar constant
(SC) in the wavelength region from 0.2 to 0.5 ¹m. The UV source
intensity is uniform within 10% all over the sample surface. The
samples were in a vacuum of less than 1.33 £ 10¡3 Pa, attained
by a turbomolecular pump. The temperature of these samples was
kept at less than 353 K. The intensity was set at about 11.5 SC
in the test to accelerate the degradation. The total exposure time
was 11,532.8 equivalent sun hours (ESH), where ESH is equal to a
product of exposure time and exposure illuminant. Figure 6 shows
the apparatus for UV irradiation.

Table 2 gives the overview for the test conditions of protons,
electrons, and UV irradiation. The irradiated samples were stored
in a vacuum and in the dark.

Experimental Results
To investigate the effect of degradation for proton, electron, and

UV irradiation, the total hemispherical emittance and the solar ab-
sorptance were measured before and after irradiation. These sam-
ples used in the irradiation tests showed no visible degradation or
external damage as a result of these tests.

Total Hemispherical Emittance

Figures 7 and 8 shows the temperature dependence of
the total hemispherical emittance for La0:825Sr0:175MnO3 and
La0:7Ca0:3MnO3 before and after irradiation. The "H shows almost
the same behavior in the entire temperature range, and there are
no notable differences between samples. The property that the "H

changes dramatically is not affected by irradiation.

Solar Absorptance

The solar absorptance was measured before and after irra-
diation. Table 3 shows the variation of the solar absorptance
1®S( D ®S;after ¡ ®S;before/. The variation between samples is less
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Table 3 Effect of protons, electrons, and UV
irradiation on solar absorptance of SRD

Source 1®S

(La,Sr)MnO3, proton
0.5 MeV 0.00
1.0 MeV 0.00
2.0 MeV 0.00

(La,Sr)MnO3, electron
0.5 MeV ¡0.01
1.0 MeV 0.00
2.0 MeV 0.00

UV
—— 0.00

(La,Ca)MnO3, proton
0.5 MeV 0.00
1.0 MeV 0.00
2.0 MeV 0.00

(La,Ca)MnO3 , electron
0.5 MeV ¡0.01
1.0 MeV 0.00
2.0 MeV 0.00

UV
—— 0.00

Fig. 8 Effects of protons, electrons, and UV irradiation on total hemi-
spherical emittance of La0:7Ca0:3MnO3 .

than 0.01. Therefore, no degradation was observed in optical prop-
erties for the samples we measured.

From these results, we con� rmed that there was no degradation
of La0:825Sr0:175MnO3 and La0:7Ca0:3MnO3 for proton, electron, and
UV irradiation.

Summary
Two thermal control materials using manganese oxides with a

perovskite structure have been developed.The materials are a vari-
able emittance radiator called an SRD. The temperature depen-
dence of the total hemispherical emittance and the solar absorp-
tance around room temperature have been measured. The effects
for proton, electron, and UV irradiation on optical properties have
beeninvestigated.The major featuresof the SRD canbe summarized
as follows:

1) The SRD changes its emissivity according to its own temper-
ature, without electrical instruments or mechanical parts.

2) The material is a thin and light ceramic tile that is easy to attach
to the external surface of a spacecraft.

3)There is nodegradationof theopticalpropertiesof thematerials
by proton, electron, and UV irradiation.

4) The solar absorptance of the materials are so high that it is
necessaryto cover thematerialswith a mirrorcomposedof a infrared
transparent material in cases where the SRD is used on a surface
that is facing the sun.

The heaterpower, mass, and cost savings that can be realizedwith
the SRD are potentiallysigni� cant formany future spacecraftdesign
applications. In addition, the SRD allows a more � exible thermal
design, which is especially important for spacecraft for which the
orbit parameters are not well de� ned or known during the design
period.

The SRD will be used in the scienti� c satellite MUSES-C of
the Institute of Space and Astronautical Science, which is going
to perform a sample return mission to a near-Earth asteroid. After
that, the thin-� lm SRD will be tested by the � ight of INDEX, which
is a small engineering satellite that will be exposed to all kinds of
degrading environmental loads. These missions will demonstrate
SRD technologies and provide validation for their use in future
spacecraft.
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