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Gk The use of parabolically or spherically-shaped mirrors is being considered \
g in order to increase the solar energy intensity on sclar cells. Their use ;
- ¥ S
- t
T 5 will significantly decrease the size and number of the cells needed for a i
£ ;
- ¥
Lok particular application, hence the total array cost. Questions arise, however, i
S !
N regarding the long-term (five to ten years) efficiency of these devices. i
Performance degradation of the mirror surfaces might result from known hostile ' %
elements in the low earth orbit (LEO) environment (150-350 nautical miles).
This study addresses the degradation issue in light of present knowledge of .
this environment. o
The following characteristics of the LEO environment are identified for p
i
¥
. study: (1) the vacuum of space; (2) sputtering by the residual atoms and
‘ [

particles in space; (3) solar electromagnetic radiation; (4) contamination f
of the mirror surface; (5) atomic oxygen interactions with the surface; (6)
? bombardment of the surface by meteoroids; and (7) irradiation of the surface
by ionizing particles (protons). Using the best available information for
the magnitudes of the necessary quantities, we carry-out a mathematical
analysis, where possible, to determine the degradation in reflectance or other

loss caused by each characteristic, Otherwise, reasonable estimates are made
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of corresponding losses, based on already published data. ;
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It is concluded that vacuum effects on a reflecting surface are negligible
for the temperatures expected in space. Also, negligible is the effect of
bombardment of the surface by meteoroids. Solar electromagnetic radiation
is found to cause a slight (two percent to six percent) degradation in
reflectance within the first year or two of exposure, after which no further

change is expected. Atomic oxygen interactions pose great danger to a

(81

reflecting surface, because large effects have already been observed on
relatively short Space Shuttle missions.
- Based on the results and studies of solar radiation and atomic oxygen

interactions, both of which are fairly well defined at LEO, it seems likely
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that these two will combine to produce a degradation in reflectance of at
least 10 percent over a five to ten-year period. The low energy (<20 kev)

- protons could play a major role in the degradation in the reflectance. If i

LS )

the flux is as high as 10 /cm?/sec, the degradation is likely to be much ;
higher than 10 percent. This will also be the case if atomic oxygen inter-— .
actions turn out to be considerably higher than assumed here, On the other i
hand, if the flux is less than 10%/cm?/sec, proton effects will probably be

negligible.

Center Research Advisor: William A. Chandler
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INTRODUCTION

As the space program expands and the Space Station becomes a reality,
there will be more, and no doubt, larger devices needing electrical power.
At least.part of this need is likely to be satisfied by the use of solar
cells, continuously changed in position to track the sun. In order to mini-
mize the number needed (and hence cost) of these rather expensive devices,
consideration is now being given to the use of concentrators that will
increase the intensity of energj;falling on each cell, The concentrators
are likely to be of some parabolic or spherical design, with a reflective
coating of aluminum, nickel, silver, or some other suitable material, The
mirror coatings may or may not be protected by a thin, transparent outer
oxide layer of silicon, depending on circumstances. For both kinds (coated
and uncoated), but particularly the bare unprotected surfaces, there is some
concern that their initially high reflectivities might decrease significantly
before the period of planned usc (five to ten years) has expired, as a result
of their exposure to the LEO environment. The purpose of this study is to
investigate the long-term (five to ten years) effect that the near-earth
(150-350 nm) environment is likely to have on the speculer reflectance of

- $
these mirrors.

THEORY AND RESULTS

At LEO, we will consider the following known characteristics of space as
being potentially damaging to optical surfaces: (a) the vacuum of space;
(b) sputtering phenomena; (c) solar electromagnetic radiation; (d) contzmi-
nation by thin films; (e) atomic oxygen interactions; (f) bombsrdment by

metecroids; and (g) irradiation by ionizing particles.
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The Vacuum of Space

At a distance of 125 miles from the surface of the earth, atmospheric
5 : pressure is about 107® mm of Hg. At this low value, there is the possibility
that molecules of the solid reflective surface will evaporate into the
surrounding vacuum much faster than they return to it. The Langmuir equation (])
. describes this process and is written: v
(1) W="P/17.14 (Ms/'r)l'/2 where

W = rate of evapcration (gm/cm?/sec)

P = vapor pressure of the material (mm Hg) . .

PR

T = temperature (°K)

. Mg = molecular weight of the surface material in the gas phase

'
S

. The vapor pressure of Al is 107!° atm at 744°C. Ucing these figures in

N -

equation (1), one finds an evaporation rate of 0.084 mm/year. This is a

rather large rate but poses no serious problem, because the temperature is
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much higher than will be encountered at LEO. At LEQO temperatures (-70°C to
+50°C), the vapor pressures of all commonly used reflecting metals are consi-
derably smalier than 10~ !%atm. it is believed, therefore, that this effect
will at most cause a very slow decrease in optical reflectivity due to possible

differences in evaporation rates in different grains of the metal.

e L

Sputtering Phenomena

The removal of atoms from the reflecting surface as a result of its
bombardment by low energy (<! mev) atoms and ions in the environment is
called "sputtering". A threshold energy exists for doing this that depends .
on the nature of the impinging atom or ion and of the surface. For protons
hitting an aluminum surface, this threshold is found to be about 0.5 kev,
while it is about 0.1 kev for nitrogen or oxygen atoms. For atoms and ions

with encrgies above their threshold values, it can readily be shown that
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(2) Ats = ¢ € Ms/pAv where
Atg = rate of decrease in thickness of the film (cm/sec)
¢ = incident flux of atoms or ions (no/cm?/sec)
€ = yield, the number of surface atoms liberated/incident atom
p = density of the reflective material (gm/cm?®)

Ay = Avogadro's Number

The greatest uncertainties in the use of equation (2) for LEO are in the

yield factor and the incident flux of protons. Using the best available
estimates of these, we find the sputtering loss due to residual air (oxygen
gnd nitrogen) will be about 0.15 R/year. This is considered a negligible
amount. On the other hand, the low energy protons at LEO will potentially
sputter off about 100 g/year, which is a relatively large amount,

Solar Electromagretic Radiation

The effect of ultraviolet radiation on a tare aluminum surface has been
studied (2), and a reproduction of one of the graphs resulting from this
study is shown in figure 1. 1In this study, a mercury-arc lamp was used as
the source of U-V radiation. The most striking feature of these curves is
the saturation effect that appears after ahbout 2,000 Equivalent Space Sun
Hours (ESSH). After this time, there is essentially no further change in
reflectzace. If one assumes continuous sun exposure, 2,000 hours will be

accumulated in about three months. At an exposure of 8 hours/day, one sees

( that maximum degradation of two percent to six percent will occur in about

nine months.

Contamination by Thin Films
=

At every stage in the assembly and deployment of a mirror, great care
must be taken to see that the surface is kept clean. Additionally, a thin

film of carbon or other contaminant material can form from organics used in
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surrounding parts of the structure, if they outgass significantly. Bremer
(3) has calculated the maximum allowable contaminaut film thickness that
will lead to a degradation of 10 percent in reflectance. His conclusion ig
that a film about one nanometer thick will produce such a loss. In a study
of this problem, Gillette (2) used a source of protons. It has been observe-
over the yearé in the laboratory that radiation, too, can cause the buildu,
of a contaminant film., He estimated that a film from 0.5 to about 1.5 nano-
meters accumulated in three to four hours exposure at 16 kev, 103 /cm?/sec.
If one assumes that the buildup time varies inversely with beam intensity,
then at the assumed intensity of the protons in LEO (~10!°/cm?/sec) a 10
percent degradation in reflectance, du. to this effect, might be expected to
occur in about five or six months of exposure. On the other hand, if the

flux is less than 10%/cm?/sec, as has been estimated in another source (8),

no film buildup will occur.

Atomic Oxygen Interactions

On the first three missions of the Space Shuttle, it was observed that
physical changes occurred in some of the commonly used materials after expo-—
sure to the space envir-onment. Following this observation, a series of
specially selected materials was set up in an experiment designed to investi-
gate this effect., A report of the results of this exposure has been made
(4). In the series were a group of thin films (100 R - 2,000 2) of silver,
carbon, and osmium. The osmium was completely lost through evaporation,
while the silver was completely oxidized. In another test, aluminum was
exposed, but the results were inconclusive, It is now thought that these
changes are due to the chemical action of oxygen in the environment on the
surface atoms. Because of its similarity to sputtering, this process is

sometimes consideced to be a form of it., (8) %o loss rates have been
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established for the metals likely to be used as reflector coatings. On the
other hand, a large loss of 5.25 mils is predicted for kapton and mylar over
a ten-year period. On the basis of the size of this effect, the behavior of
silver in a veiy short time, and the uncertainty in the behavior of aluminum,
one has to be concerned about this interaction.

Bombardment by Meteoroids

Meteoroids are very small solid particles moving in interplanetary space.
A model of the flux-mass distribution has been constructed and is given in
figure 2. (5) To simulate the behavior of these particles striking a mirror
surface, Bjork designed a mathematical model. (6) This model, which has been
verified experimentally, predicts that the bombardment will result in
hémispherical craters being formed in the mirror surface. The radius of a
crater is given by:

/

(3) r=¢C (mv)lA3 where

radius (cm)

2
L}

mass of projectile (grams)

impact velocity (km/sec)

<
[ ]

O
1

a constant that depends on the target

Bjork found C = 1,09 for Al on Al, and 0.606 for Fe on Fe. In this study,
we sat C = |, The analysis of meteoroid damage consists of calculating the
fraction of the total area of a reflectcr damaged by strikes. It is assumed
that no two particles strike the same area, that all are moving with the
average speed of 20 km/sec (5), that the damaged area has a lower constant
average reflectance, and that meteoroids have the mass and flux distribution
given in figure 2. The result of this analysis is that there will be no
damage from this source, because of the smallness of the flux and masses of

the meteorcids.
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Irradiation by Protons

While the very low energy protons will be unable to penetrate the reflecting
surface and will interact basically by sputtering, those a* some slightly
higher energies will penetrate to depths that depend on their energies. If
the energy is too high, they will pass through the thin film with little or
no damage. In the rangc of energies that resu'* in their being stopped in
the film, radiation damage may occur. This phenomenon was obse:ved for a
bare aluminum reflector by Gillette. (2) He found that severe blistering of
the film resulted from an exposure of 107 protOns/cm? of 16 kev energy., He
estimated their range in Al to oe 3500 X. Using these figures, one readily
finds this to be a radiation dose of 2.7 x 10 rads {] rad = 00 ergs/gm).
Fuller (7) estimates that radiation damage occurs for an exposure between
10® and 102 rads. Another estimate (8) places this threshold at about 10"
rads for Al and other metals. Gillette's rgsults tend to support the smaller
estimate. We have previously assumed a flux of 10'°/cm®/sec of low energy
solar protons. Their average energy, however, is lower than 16 kev, Assuming
this value is savy 2 kev, we find the dose rate to be 8.54 x 10 rads/year.

On the basis of the above results, one would certainly expect blistering of

this material under these conditions.
CONCLUSIONS

Since all of the processes that have been considered are actually occurring
simultaneously in LEO, the question naturally arises as to their combined effect
on a reflecting surface. There do2s not appear to be a way, a priori, of
combining these effects. Nevertheless, some reasonable conclusions can be
drawn.

Vacuum effects on a reflecting surfa:e are negligible fo: the temperatures

expected in space. Also negligible is the bombardment of the surface by
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meteoroids. Of the remaining five characteristics considered, protons are

involved in three. The remaining two, cciar e' .tromagnetic radiation and

atomic oxygen interactions, are both fairly definite processes that have

already been observed, and to some extent studied. Baséd on these studies, o
it appears likely that they will combine to produce a degradation ir reflect-

ance of at least 10 percent over a five to ten-year period. Such a minimum

degradation will be independent of the material used, its size, or how it is

exposed (bare or protected) to the environment. 1ae fact that protons are

involved in three of the characteristics emphasizes the need to know this

flux distribution more accurately. If the flux is as high =; we generally .
assumed (10'°/cm?/sec), the degradation in reflectance is likely to be much

higher than 10 percent. This will also be the case if atomic oxyg~n inter-

actions turn out to be considerably higher than assumed here., On the other

hand, if the flux is less than 10%/cm?/sec, proton effects will probably be

negligible.

25-9

.
A R M o e - -
- v .

?m.’" e A . : v:ui



RN

Ve

BT T SO
) :_I,\?I;L A ¥

e oy,

R .m-sk.

REFERENCES
Jaffe, L. D., and Rittenhouse, J. B., "Behavior of Materials in Space
Environment," JPL Technical Report Number 32-150, November 1961.

Gillette, R. B., "Ultra-violet-Proton Radiation Effects on Solar Concen-
trator Reflective Surfaces," NASA CR-1024, May 1968.

Bremer, J. C., "General Contamination Criteria for Optical Surfaces,"
SPIE, Volume 287, Shuttle Optical Environment, 1981.

Leger, L. J., "Oxygen Atom Reaction with Shuttle Materials at Orbital
Altitudes - Data and Experiment Status," AIAA - 83-0073, AIAA 1983,
January 1983.

Meteroid Environment Model - 1969 (Near Earth to Lunar Surface), NASA
SP-8013, March 1969.

Bjork, R. L., "Effects of a Meteroid Impact on Steel and Aluminum in
Space," Rand Document P-1662, December 1958.

Fuller, F., "Mathematical Model of Factors Affecting Solar Energy Collector
Efficiency," Wadd Techaical Report 60-907, December 1960.

NASA Research Advisory Committee on Missile and Space Vehicle Structures,
"Environmental Problems of Space Flight Structures: I. Ionizing Radia-
tion in Space and Its Influence on Spacecraft Design'", NASA TN-D-1474.

25-10

Lo g

St Wy WL AR AR v ARA 7 M el milan by

PO ' S2



X - =
2
~

w

TR~

IR

Y
- B E:
R

v~
W R
<
d o - SUS R ENE AN

g
b\- ~
N

cAT

v

AN

FG
N

PR

%,

;Y

Lt

\
\§
R 1Y
v

<
2

‘1

(7 3°Ua1339Y WOl1J) SI0AITK 93IBRIISQNG TNROIN JO
20uB303[IaY IE[Ndads iIB{OS UO UOTIEIPERY IITOTARIITN JO 3IV933F °| 2andrg

(SYNOH NNS 3DVdS INITIVAIND3I) 3UNRSOLX? 13T10IAVELIN

0C0‘0l 0006 0008 0004 0009 000S 0007 000t 0
! ] T T T ! T o .
> .
- 5 )
- 0 Z ]
(A ~ :
= -4 -‘O‘ i *&
W =
—~ 070 5 ¥
~ ~
— - =
V8D \ Py
- g9 X
YéD ‘ou sjdwos sy
5 4 3
>
- -433°0~ %
dI04iNS WAUIWN|O PIJISOTIP WNANDDA emmene =
= Do561- = 2104012dwa} UO 1D IPOII} .Jw CW
i
i
. . . |
he i

P N gF et
S ikl L f

FERIRY T



- - el he DR | s et e A A oA e LN cwr . P —— me
Vo e o Ty W

= <1337 -1.213 LGG,, m:

Wesms10®

Ny

10

h3
fLo6

ol R AR o PO Rt T
M m. N - IR IR T .

RN N AN
o~
-
’

o
0

A (ONO23S H3d B3L3W IYVATS H34 HILVSHO HO ‘w ‘SSYIN 20 $313114vd) N °'9a1

'A . S - oy ihas 0 -
e . PR IPI B A e

U,
OF POOR QUALITY

ORIGINAL PAGE IS

/

LY

m (qa-
L o

25-12

LogG,,
Average Cumulative Total Meteoroid Flux-mass Model for | A

(From Reference 5)

Figure 2.



