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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1523

OPTICAL PROPERTIES OF SATELLITE MATERIALS --
THE THEORY OF OPTICAL AND INFRARED PROPERTIES OF METALS
By Research Projects Division
SUMMARY

The probable effects of solar radiation, primary cosmic rays, van
Allen radiation and meteoric dust on the emigsive properties of materials
are reviewed in the light of recently published data.

e
-

Tﬁxperimental data on the spectral emittance (.25 to 27 microns) of
metals with polished and carefully abraded surfaces are presented;k

)A quantum mechanical theory of optical and infrared dispersion in
met;lgjoriginally developed by T. Holstein* and previously presented in
unpublished Westinghouse Research Laboratories Research Reports 60-94698-
3-R1 and 60-94698-3-R6 (1954 and 1955)iis combined with other existing
theories of Umklapp and impurity scattering processes and is shown to
successfully account for the optical properties of metals in the entire
free electron region at all temperatures of interestﬂj

Detailed calculations are presented for monovalent and some poly-
valent metals for which assumption of a symmetric Fermi surface is valid.
Polyvalent and transition metals for which interband transitions are im-
portant and the Fermi surface is not spherical are also considered. In
all, more than a dozen metals, for which reliable experimental data are
available, have been successfully treated.

YCalculations of the absorption propeties of super-conducting metals
are also presented in an attempt to determine the extent to which bulk

electron-phonon processes are responsible for infrared absorption by
super-conductors. ’
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Holstein's unpublished Westinghouse Research Laboratories Reports are

the source of the entire theoretical development presented in Section IV
of Chapter 3,



INTRODUCTION
P
‘This report is a consolidation of technical summaries on the optical
properties of satellite materials prepared and tested by Arthur D. Little,
Inc. under contract DA-19-020-0RD-4857.

’Chapter 1 presents the effect of satellite environment on the
emissivity of material. Chapter 2 discusses the sgectx@ﬂmemittance of
polished 3E§i§;ﬁ3§”§t?91, %lyaﬁpum, and magngsium at 50 degrees centigrade
in the 0.25- to 28.0- micron wavelength region. Chapter 3 is devoted to
the theory of optical and infrared properties of metals.




3
DEFINITION OF SYMBOLS
SYMBOL DEFINITION
AS Bulk contribution to the absorption resulting

primarily from the electron-phonon interactions

A (w,T) Total absorptivity
A Perturbing electromagnetic field
A (%) Amplitive function
AB Bulk absorptivity
As Diffuse skin absorptivity
AS Absorptivity of a superconducting metal
An Absorptivity of a normal metal
m Optical radius of an electron
mj*(q) Phonon annihilation operator
m (9 Phonon creation operator
o e
T
2 Complex polarizability
B (k) Expansion coefficient
B (i) i;§2a9rder terms for an electr?n'w@ich was
in to be at the state k, initially
g S d
(2) (k) Second order transition coefficient
b (w,T) To ?T;
bee ) Quantum correction factor

bep () Quantum correction factor




SYMBOL

DEFINITION
(K T)

Speed of light

k.q
k,q
1+ 50" €

€o

Probability per unit time and unit energy

range that an electron at the state E, makes

a transition to a range of final states

C

Va4 o} w

ds

A
an k

Pistance at which the intensity of light of
given wavelength falls to 1 of that at the
surface e

Thickness at the metal surface in which most
of the optical skin effect is observed

Electric field
Maximum amplitude

Energy density permit volume of the electro-
magnetic radiation field

Fermi energy

Energy gap

k= k2
2 m*

Energy of a phonon at the state (q)

Energy at the upper edge of the d-band

Forward scattering amplitude




SYMBOL
F (w)

F (E)
F (E,")
f (E)
g (:%)
gd, g€

gsd

(T)

(w, T)

()

ee

()
ee (p,a)
i

H

DEFINITION
Complex forward scattering amplitude

Dimensionless electron distribution
Fermi function at the final stage E,'

Fermi function
Grueneisen formula

Corrections due to electron-electron collisior

Constant

Constant factor representing the strength of
the electron-phonon interaction

dc damping coefficient

Damping coefficient

Electron-impurity scattering frequency
dc damping coefficient

Over-all damping coefficient

Electron-electron collision frequency
Magnetic field

Vertical field strength

Momentum of an electron

Current density

Imaginary part of the scattering amplitude
Boltzmann constant

Absorption coefficient



(D)

m*

m«
1

N (q)

DEFINITION

Momentum states

Fermi momenta for the d-bands
Fermi momenta for the s-bands

Momenta corresponding to the highest occupied
levels in the d- and s-bands

Mean free path
Wavelength

Critical wavelength

Mass of the lattice

Impurity scattering

Electron mass

Effective mass of a conduction electron

Three values of effective mass

Rest mass of an electron

Effective mass of d-electrons
Effective mass of s-electrons
Mass of a photon

Permeability

h

HIl|E

Complex index of refraction

Py

vl phonon number density

number of phonon states for E_, which are
occupied 4




SYMBOL DEFINITION
n Index of refraction
n Effective number of conduction electrons per

unit volume

n, Effective number of electrons per unit volume

ng _Effective number of electrons in the s-band

;s Total number of s-electrons qualified to make
transitions to the empty d-states

ng Number of empty states in the d-band

n_ Number of paired electrons per unit volume

n, Number of unpaired electrons per unit volume

v Frequency

vg Limiting frequency

W Angular frequency

Wy Frequency characteristic of the electron

wq Phonon frequency

PS Power absorbed by a superconducting metal

Pn Power absorbed by a normal metal

<P> Average of P (E;)

< P(g?)> Average probability per unit time

P(k kgttop) Probability permit time for the electron to make
the indicated transition

+
P(E—)(kl ko) Probability permit time for a conduction electron

to make the indicated transition
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SYMBOL DEFINITION
P Eg; (k, k) Probability of a transition by a joint action
of the electromagnetic and phonon fields
PEE; (El) cd Probability for an electron initially at the
state of energy E_ in the s-band to make a
transition to the final state of energy E2l
in the d-band
P Photon mementum
v (%, t) Perturbed wave function
Momentum
q 5 > phonon wave vector
R (w, T) Reflectivity
R Total reflectivity
Rs Surface resistance of superconducting metals
Rn Surface resistance of normal metals
R Constant
ep
R Constant
ee
sd Constant
ep
(Re E) Real part of the scattering amplitude
jid Position vector
T, Classical radius of the electron
no* Effective classical radius of electrons
T, S ()
60 Mass density




SYMBOL

5 (E)

5, (B), 8, (E)

3]
n

s

s

superscript (~)

subscript (-)

(0)

DEFINITION
Density of states function

Density of states

Density of states function of a normal metal
evaluated at the Fermi level

Poynting vector

Electron position coordinate within metal
Phonon absorption

Photon absorption

Spontaneous magnetization per gram atom at
0°K
Spontaneous magnetization per gram atom at
T°K

dc electrical conductivity

Optical conductivity

me2

e

ate

m-+

(o]

High frequency conductivity of m normal metal

Complex conductivity 3, + 52 i of m super con~-
ductor

Total scattering cross section per scattering
center

Dispersion cross section per electron

Absolute temperature
Superconducting transition temperature

Time
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W (w,T)

<W>

sd

DEFINITION

dec relaxation time
Relaxation time
dc relaxation lifetime of an electron

h%g Debye temperature
Angle between the mementa Kk, and g

Original undistorted periodic potential

Distorted potential

Longitudinal phase speed of sound

Longitudinal phase velocity of sound

Sample Volume

Atomic volume
Electron-lattice potential
Small change in the potential

Fermi velocity of electron

Fermi velocity of electrons

Joule heat produced per unit time and unit
volume within the conducting medium

Rate of energy expenditure

Power expenditure due to one electron per
unit time

Net amount of power absorbed per s-electron




SYMBOL

=|

=1

£, &', &

11

DEFINITION

Power expenditure of a super conductor

Weight factor due to the density of states of
the d-band

wl
[¢)
ep

Principal - axis coordinates

Dilatation

Absorption of a phonon and photon of energy
h w and Eﬂ’ respectively

Energy terms in resonance factors

Surface impedance of superconducting metals
Surface impedance of normal metals

Penetration distance into the metal

ata

m*
T m €
4 o

Relaxation time of a conduction electron
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CHAPTER 1

EFFECT OF SATELLITE ENVIRONMENT ON THE EMISSIVITY OF MATERIALS

SECTION I. INTRODUCTION

The space around the earth is permeated by rather strong radiation
and particle fluxes of four general types:

1. Electromagnetic radiation from the sun, ranging from radio
frequencies to X-rays;

2. Primary cosmic rays, consisting mostly of high-energy protons
and o particles;

3. Charged particles trapped by the earth's magnetic field in
belts encircling the earth (Van Allen belts);

4. Meteoric dust particles.

The impact of any or all of these types of particles or radiation
can alter the optical properties of various materials when applied in
a sufficient dose. The effects of radiation and impact damage in three
groups of materials, namely, metals, semiconductors and inorganic solids
are examined. Organic materials will not be considered in this study.

Table I indicates the nature of radiation damage known to occur in
the three selected groups of solids by the types of radiation considered
here. The effects tabulated to the right of the heavy line may be
expected to be of principal importance in bringing about changes in such
optical properties as emissivity, absorptivity and reflectivity.

The occurrence of such changes is contingent upon exceeding a certain
threshold dose, specific with each material and each type of radiation.
Some of the radiation effects may be reversed by thermal activation.
Thus, at any finite temperature above absolute zero only a part of the
total effect is retained, another part being lost by concurrent recovery.
Upon prolonged exposure most of the radiation damage effects tend to a
state of saturation.

The radiation levels existing in the near extraterrestrial space,
according to the most recently published data,are reviewed and their

special effects upon materials are considered.




14

03131Q

031110

A3TAT309TF01 Ienoads
ut 9seoxo9p ‘Buraazands
pPU® UCTSBIQE 30BJING

S9ID0UBOBA PUE
STBI1T3ISIDIUT JO UOTIIBIID

AITATISISSI UT 95€II0UT
‘soTouBOBA PUB STBIITISISIUT JO
UOTIL9ID ‘SIASTIABD JO TBRAOWDY

£3TATISSTWR UT 9seaadul (L3TATI]
-SIS91 UT 9SBIIOUT (SOTOUBROEA
pPue SIBIITISIDIUT JO UOTIIEIIAD

£A31AaT3da0SqQe UI 9SBIIAD
-uT “S3093J9 TBOTWAYD
-ojoyd ¢sa@3usd I0T0D

sdea-4 pue -¥ OI19310°uUd
£Aq A1uo o3ewep uoIl®
-1pex ‘4£31aT3Onpuoo0loud

uo1l
-BIpeI 19313J0S Aq 199339
ou ‘sfei-A o139313U° £q
posneo ATuo 30933F° TlEWS

(593111093°WOIDTR)
sa11309f0agd £3710073A-YSTH

(uoajansN ‘uojoad ‘uoalda1d)
UOT1RIPRY 9[°11ded L£3a9ug-y3TH

(fex-4 pue
Aei-¥ “39701a®BIITIN)
uoTIBTPERY 9139u8ewoaloalyq

SPTTOS
oTue3Iour a9YiQ

S1030NPUOOTWAG

STBISK

SNOILVIQvY SN0T¥vA A4 IOVWVA FAILOV ATIVDILAO 40 SHEdAL "1 d14Vl




15

SECTION II. RADIATIONS IN THE EARTH'S ENVIRONMENT
A. ELECTROMAGNETIC RADIATION

The sun is the source of a very large portion of the electromagnetic
radiation reaching the earth. In emitting most of this radiation, the
sun radiates like a blackbody at a temperature of approximately 5,500°
to 6,000°K. The total irradiance at the average distance of the earth
from the sun (and outside of earth's atmosphere) is about 2.00 cal/cm® /min,
or 0.140 watt/cm®. [1] Approximately 25 percent of this radiation lies
in the visible spectrum. The region of the spectrum in which the photon
energy of the solar radiation is comparable with the ionization energies
in solids (a few electron-volts) lies in the ultraviolet (wavelength
shorter than 400 my). Only 12 to 15 percent of the total solar radiation
is contained in the spectral interval from O to 400 mp and of that approx-
imately 10 percent falls in the near ultraviolet from 300 to 400 my.
Below 340 my, direct measurements from high-altitude rockets have yielded
the following spectral distribution of ultraviolet radiation [2] :

Wavelength Spectral Irradiance
340 mu 110 pw/cm?®/my
300 70
260 17
220 3

The irradiance values may be expressed in terms of quantum flux
densities (number of quanta of given frequency per cm® per second) by

recalling that at 200 mp wavelength one quantum (hv) has an energy very
approximately equal to 10~11 ergs. Thus at 200 mp, a spectral irradiance

of 1 pwlem® corresponds to a quantum flux density of 1012 cm™= sec

The extreme ultraviolet region borders on the soft X-ray region
which appears in the solar spectrum with a intensity far exceeding that
corresponding to the blackbody temperature of the photosphere. This
results from the fact that most of the X-ray emission originates in the
solar corona at temperatures of the order of°106°F. The wavelength of
maximum X-ray emission is centered roupd 50 A and the total X-ray irra-
diance in the range between 2 and 100 A is found to be approximately
0.14 pw/cm® [3]; in units customarg in X-ray dosimetry this level would
correspond to 0.014 rads sec”t cm™® (one rad being equivalent to 100
ergs of X-ray radiation energy absorbed in one gram of matter.)

Because the X-ray quanta are very energetic, the photon flux density
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corresgond1n§ to this irradiance is relatively low, of the order of
10°cm™= sec

At times of extreme solar activity (solar flares), the level of
X-ray irradiance may increase by, a factor of 10 or more, and X-rays of
wavelengths as short as 1 to 2 A may be emitted [4].

In addition to the electromagnetic radiation of solar origin, there
is probably a high-energy (y-ray) component resulting from cosmic ray
particle collisions with the residual gas atoms in the upper atmosphere.
While no definite data are as yet available, it is generally thought
that the total irradiance from this source is extremely small.

B. COSMIC RAYS

Outside the Van Allen radiation belts in outer space [5] the primary
cosmic radiation is estimated to consist mostly of protons (80 percent)
and o particles (approximately 18 percent); it appears that there are no
electrons in the primary cosmic radiation -=—— not counting electrons from
the solar corona. There are some neutrons emitted by the sun which reach
the earth. The remaining 2 percent of the particle spectrum consists
of nuclei of heavier elements, ranging up to iron in atomic welght
Average energies of these primary particles are of the order of 10°
electron volts (ev), but the distribution extends up to energies of the
order of 10%® ev. A certain fraction of energetic particles is con-
tributed by solar flares. The interaction of the primary cosmic rays
with the upper atmosphere consists of collisions with nuclei of the
atmospheric elements, in the course of which a large variety of secondary
particles are produced. The secondary particles consist of atomic frag-
ments of various types, and these in turn produce tertiary fragments,
and so on. The net result of this process is a nucleonic cascade which,
in the case of very energetic primaries, gives rise to extensive showers
of particles reaching the earth's surface. A by-product of the interaction
of cosmic-ray primaries with the atmosphere may be represented by the
Van Allen radiation belts which consist of rather dense belts of charge
particles (presumably mostly electrons, but also including protons) trapped
by the earth's magnetic field. 1In the inner belt the particle flux
density reaches maximum at an altitude of 2,000 miles from the earth's
surface, while in the outer belt the maximum is reached at about 10,000
miles in the equatorial regions. Beyond 10,000 miles, the radiation
belts diminish steadily and disappear almost completely beyond 40,000
miles. The maximum particle flux density in each belt is about 40,000
particles cm ? sec”™!. The particle flux consists of electrons having
energy of at least 0.65 mega electron volts (mev) and protons of energy
at least 10 mev. The exact proportion of these two types of particles
is not known, nor has their origin been clearly established.
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C. MICROMETEORITE FLUX

Particles of meteoric origin come in a very wide range of sizes
and flux densities. Direct optical and radar observations indicate that
in a mass range between 0.01 and 100 milligrams (mg), there are approxi-
mately 10° meteors incident on the whole earth's atmosphere per day;
this amounts to a total mass of approximately 200 kilograms per day.

Data on the number and size of large meteorites (500 g to 100 mg)
are sporadic. On the opposite side of the distribution, terrestrial
observations are incapable of recording incidence of particles smaller
than about 0.01 mg, although the flux density of such micrometeorites
or meteoric dust must be fairly large, as indicated by light scattering
phenomena such as zodiacal light. A combination of direct observational
data and extrapolations from them as given by Lovell [6] is presented in
Table II.

Most of the meteorites are believed to originate in the solar
system (asteroidal material, see reference 7). Their velocities are
found to lie between approximately 11 to 70 km/sec. The minimum veloc-
ity corresponds to the terrestrial escape velocity (11.3 km/sec), the
lowest velocity with which a meteoric body from space can strike the
earth. The maximum velocity results from the combination of earth's
orbital velocity (30 km/sec) and the velocity of escape from the solar
system which at the distance of earth is 42 km/sec. Hence the largest
velocity with which a meteoric body at its perihelion can make a head-
on collision with the earth is 72 km/sec.

The flux density of meteoric particles (number of particles per cm?
per second) is obtained by multiplying the particle densities Table II,
(Column 4) by their velocity. At an average velocity of 40 km/sec the
estimated flux density of particles in the 1072 to 10~7 mg range is
obtained as 4 x 10~° particles per cm® per second.

Direct observations of micrometeorite impacts have been obtained
only recently [8]. The results of partial analysis of data from the
Explorer I satellite indicate that the average flux density of particles
about 4 microns in size (approximately 107 1C g mass) is approximately
107% em™® sec”™! and of particles 10 microns in diameter (approximately
6 x 10717 g) is about 10”7 cm™? sec”™!. This appears to be in fair
agreement with the data of Table II.
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SECTION IITI. RADIATION DAMAGE IN SOLIDS

A. METALS; GENERAL CONSIDERATIONS

One effect that may conceivably lead to an increase in emmissivity
of a metal upon extensive irradiation is the generation of defects that
scatter conduction electrons (interstitials and vacancies) and thus
increase resistivity. Spectral emissivity of metals at long wavelengths
(infrared radiation, A < 5 p) obeys fairly accurately the Hagen-Rubens
law [9]:

E = (hp/0)3 (1

where o denotes the resitivity. A relative increase in resistivity
(dp/p) will cause (at a constant wavelength) and increase £ (dEM/EX) in
emissivity; thus, for example, a 10-percent increase in p will cause a
S5-percent increase in emissivity. We shall examine in paragraph A2 under

what conditions high energy radiations may cause such changes.

Another effect that may increase emissivity of a metal surface ex-
posed to satellite enviromment is the mechanical damage caused by impacts
of micrometeors. Under these impacts the profile of an optically smooth
surface may become altered so as to scatter incident radiation diffusely,
rather than to reflect it specularly. In addition to the geometrical
(profile) effect, it may be expected that the mechanical impacting will
also increase the resistivity in a manner similar to that observed in
work hardening of metals. We shall not attempt to take the latter effect
into account because very little is known at present about the mechanical
and thermal phenomena that take place at a point of impact of an extremely
fast (v = 10® cm/sec) massive particle upon a metallic surface.

1. Effect of Micrometeors

!

Spectral emissivity of an optically smooth metallic surface is an
intrinsic property of the material, as indicated by the Hagen-Rubens
law. Strictly speaking, the emissivity defined by this law is the normal
emissivity (emission in the perpendicular direction only); actually,
the angular distribution of the emissivity must be considered. The
emissivity pertinent to the present problem (radiation from a satellite
into the empty space) is the hemispheric emissivity obtained by integration
of the angular emissivity over an entire hemisphere. When the analysid
is performed [10], it is found that the hemispheric emissivity at low
(normal) emissivity values is larger by a factor of 4/3 than the normal
emissivity. At higher emissivities the ratio of the two is smaller and
becomes 1.0 for a blackbody (see Table III).
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TABLE IIT. RATIO OF HEMISPHERIC TO NORMAL
EMISSIVITY OF A METALLIC SURFACE 11

En (normal) 0 0.1 6.2 0.3 1.0
E(hemispheric) 1.33 1.225 1.145 1.075 1.0
E
n

When the profile of the originally smooth metallic surface has been
changed by numerous pits and indentations, incident radiation is diffusely
scattered, and the hemispheric emissivity must again be considered. When
the indentations are large compared with the wavelength of radiation
emitted and of smooth profile, the hemispheric emissivity of the surface
remains essentially unchanged. 1In a generai case, when the size of the
indentations is comparable with the wavelength, diffraction effects be-
come significant and a rigorous treatment of the scattering may be quite

complex [11, 12].

However, independent of the exact nature of the scattering process,
the hemispherical emissivity will be increased by surface indentations
under conditions when multiple reflections can occur (cavity effect).
This situation can be taken into account by an assumption that each
impacting particle forms a crater of an area, Ac’ and emissivity, Ec’

(larger than the normal emissivity of the surface). Then the resultant
emissivity, Ep’ of the damage surface is:

= NA -
B o= NAE, + (1 - NADE (2)

where NC is the number of indentations per cm®, and Eo is the emissivity

of the original surface (all emissivities are hemispherical). When
NC = A "1, the surface is completely covered with indentations and E
becomes equal to EC.

The choice of an appropriate value for EC depends to a considerable

extent on the geometry of the indentations. If their depth is at least
equal to their diameter, the effective emissivity, EC, of the crater

area would tend to the value 1 (one black body). Studies of crater
formation in metallic targets made at the University of Utah [13] indi-
cate that, at velocities up to 1.5 km/sec, the volume of the crater is
proportional to the energy of the projectile; thus, for instance, in
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aluminum, the constant of proportionality is 0.78 x 107'° cm®/erg. If
the validity of this relation is extrapolated.to meteoric velocities,

a particle of 10710 gram-mass incident with a velocity of 40 km/sec (800
ergs kinetic energy) would produce a crater of 6.2 x 10~% cm® volume.
Assuming a crater area between 12.5 to 79 x 1078 cm® (4 to 10 p diameter),
one obtains for the depth of penetration, values between 0.5 to 0.08 cm,
respectively; if this were actually the case, the meteorites would bury
themselves very deeply indeed; or even perforate the metal. The extrap-
olation of the data from Reference [13] may not be justified, however.
An alternate way of estimating the volume of the craters may be obtained
by equating the energy of impact to the energy required to heat, melt
and vaporize the metal occupying the crater cavity (including the pro-
jectile). Using the same data as above and taking for:

H. . = 2.6 k cal/mole and H = 68 k cal/mole (3)
fusion vap

one obtains for the volume approximately 1.8 x 107° cm® and for the depth
between 1.5 x 1072 to 2.3 x 1073 cm (for the same crater diameters as
above); on this estimate, the depth is considerably smaller but the
depth-to-diameter ratio is still large enough to justify the use of
black body emissivity for the crater area. Preliminary data on cratering
by high-velocity microparticles [14] seem to indicate that the diameter-
to-depth ratios remain between 1.5 to 2.5 at lower velocities (about

1 km/sec) but rather abruptly change to about 8 to 10 (shallow craters)
when the velocity exceeds approximately 10 km/sec. Until more detailed
results are reported in full, the simplest assumption compatible with

the preceding estimates are used, namely that the crater area radiates
as a black body, i. e. Ec = 1.

It is now possible to estimate the time in which the existing flux
of micrometeorites will cause a measurable increase in emissivity by
10 percent.

Assume the orjiginal emisivity is 0.10 and the flux of micrometeorites
of 4 p size is 107° cm™® sec”™! (paragraph B). Assuming a crater diameter
of 10 p (79 x 1078 cn® area), one obtains a full coverage of the surface
after approximately 1.3 x 10® impacts per cm®. This would require 1.3
x 1012 seconds, or approximately 2 x 10* years. At this damage dose,
the hemispherical emissivity of the surface would reach a value E = 1.
However, to increase the original emissivity of 0.1 by 10 percent, i.e.,
by 0.01, only approximately one one-hundredth of the "saturation' dose

would be required, i.e., approximately 400 years.

If the smaller, more numerous micrometeorites contribute significantly
to the surface damage, or if the area of the individual craters is larger
than estimated above, the same increase in emissivity may occur in still
shorter time.
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2. Effect of High Energy Radiation

The radiation damage effects from the high energy particle component
of the cosmic radiation is considered first. No observational data are
available regarding their effect upon resistivity and emissivity of
metals. 1In their absence, we will have to extrapolate from the experi-
mental results obtained with deuterons and electrons at energies in the
1 to 15 mev range.

The detailed atomistic picture of the damage process is very
complex (see references 15, 16 and 17) and in many respects still not
completely clear. The following is a brief description of the process,
sufficient for the present purpose. An energetic, charged nucleon of
relatively small mass (protion, deuteron, « particle), upon entering
the metal, dissipates most of its energy in exciting the orbital electrons
and only a small fraction in exciting thermal lattice vibrations. As
it passes near the nuclei of the metal, some of the Coulomb encounters
are occasionally so close that sufficient energy is transferred to
nucleus and it becomes displaced. The threshold energy for such an event
is determined by the condition that about 25 ev must be transferred to
the lattice nucleon in the collision; however, many displaced atoms
acquire energieé in collisions which are several times larger than this
threshold energy so that they in turn may be able to produce secondary
displaced atoms. The entire region along the path of the primary knock-
on in which the number of displaced atom-vacancy pairs (Frenkel defects)
may reach several percent of the concentration of the normal atoms, is
sometimes called a '"thermal spike'' because of the flash heating effect
(~10%°K for ~10~'! sec) that occurs there. When the original particles
have extremely high energies, such as encountered in cosmic ray protons
(~10° eV), they may first cause spallation reactions in the metal or
produce cosmic ray 'stars' (a shower of fragments); the secondary frag-
ments may then in turn collide with lattice atoms.

Most of the radiation damage in metals disappears rapidly by re-
combination and annealing unless the irradiation is effected at tempera-
tures below about 10°K and the sample is maintained at that temperature
level after irradiation. Even at low temperatures, the number of dis-
placed atoms does not increase linearly with the total number of bombard-
ing particles which passed through the sample because of self-annealing
(radiation annealing). The defect-forming and self-annealing processes
compete with each other according to a differential relation:

dN = qdd - BNd® (&)

in which N denotes the concentration of Frenkel defects, ¢ the total

flux of particles per em®, and o and are constants. Upon integration
P P ) P g s

this equation leads to a logarithmic relation which was first derived
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empirically by Marx, Cooper and Henderson [18] in a form:
Lp=A[l-exp(-p9)] , (5)

describing the observed dependence of increase of resistivity of metals
upon bombardment by 12 mev deuterons. For copper, the constants have
values A = 0.5 p ohm cm and B = 4.8 x 101® cm®/deuteron. After exten-
sive irradiation, Ay approaches A as a limiting value (saturation).

When copper was irradiated at low temperatures (about 10°K) by
12 mev deuterons to a total dose of 2 x 107, D em™® its resistivity
increased by approximately 0.2 p ohm cm. After annealing to 77°K,only
41 percent of the initial increase remained and, after further annealing
to 300°K, only 7 percent of the increase was left, i.e., 0.014 p ohm
cm [19]. Since the resistivity of copper is approximately 1.7 p ohm
cem, the final effect represents an increase of less than 1 percent; at
saturation, it would reach about 2 percent after a total dose of approxi-
mately 10*° D cm™2.

Data for a few other pure metals (Ag, Au, Fe, Co, Ni and W) and
alloys (CusAu and CuZn) are also available (see reference 16, p. 424).
Iron is claimed to suffer larger resistance increase than other metals
(however, no data are given), and it appears to retain a larger per-
centage of it upon annealing to room temperature. No work on alloys of
technological importance (e.g., aluminum alloys or stainless steels)
and at elevated temperatures has been published as yet.

Since copper has been investigated in greatest detail, we shall
base the estimate of the radiation damage effect by the satellite
environment on the data for copper as given above.

The principal difference between accelerator particles which have
been employed in radiation damage studies and cosmic radiation is in
their relative energies; the cosmic ray primaries are much more energetic.
In the primary proton flux above the atmosphere, approximately 70 percent
of the whole distribution lies between 0.1 to 1 bev, and about 15 percent
is between 1 to 100 [20]. The energy of 300 mev is taken as an approxi-
mate center of the distribution.

The average energy loss per centimeter of path length of 300 mev
protons in copper is about 1/10 that of 10 mev [21]; thus, we may
estimate that a radiation damage resulting in 2 percent increase in re-
sistivity would be reached after a total dose of approximately 101° P
ecm™2. In Section II, paragraph B is given a maximum proton flux density
of &4 x 10* P cm™® sec™! in the Van Allen radiation belt. Thus, the total
dose for 2 percent increase in resistivity (1 percent increase in emis-
sivity, see Section III, paragraph A) would be accumulated in 2.5 x 1014
sec or approximately 107 years.
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In view of this low rate of radiation damage, we may consider the
effect of cosmic ray electrons that constitute only a small fraction of
the total radiation flux as completely negligible.

B. SEMICONDUCTORS: GENERAL CONSIDERATIONS

Semiconductors differ in their optical properties from other solids
in that their behavior changes from quasi-metallic to quasi-dielectric in
a fairly sharp frequency interval, the position of which depends upon the
nature of the particular semiconductor. In the intrinsic semiconductors,
this transition (absorption edge) results from excitation of electrons
from valency band to the (normally empty) conduction band when the photon
energy is equal or greater than the energy gap, h > E,. The values of
E, range from 0.14 ev in PbSe to 3.37 ev in ZnO with ée at 0.72 ev and
87 at 1.35 ev near a typical median. Thus with silicon, the absorption
edge is located in the near infrared, at a wavelength XA = 1.24/Eg = 0.92 p.
At wavelengths shorter than 0.92 p, i.e., in the visible spectrum, intrinsic
silicon is almost opaque, much like a metal; at longer wavelengths (in
the infrared) it becomes transparent. In germanium the absorption edge
is at approximately 1.7 p. 1In the infrared, beyond the edge, some absorp-
tion results from the small number of free carriers normally presents in
the conduction band.

While the absorption index,(nk), which is the imaginary part of the
dielectric constant, is small in the infrared, the real part (n® - k%)
may attain fairly large values; the reflectivity is also fairly large,
typically about 0.40 to 0.50 in Si or Ge. Under these conditions it is not
permissible to assume that the emissivity is approximately equal to (1-R)
as in the case of well-reflecting metals. Instead, a generalized form
of Kirchhoff's law for a semi-transparent body must be used. McMahon [22]
analyzed the case of a partially absorbing body bound by two parallel planes
(a slab) and derived a formula for its spectral emissivity:

E, = (1 - RK) (1 - Tk) (1 - RKTK)_l (6)

where R, and T are spectral reflectivities and transmissivities, respect-
ively. Since 1 - Ty is the absorptivity, Ay, we may also write:

A(lL - R)
1 - R(L - A) (7

E, = A}\ (1 - R)\) 1 - Ry (1 -A}\)]'lz

Most of the optical studies of semiconductors were made by absorption
[23] and no data are available on their emissivity; however, we can by
means of Equation (6) analyze the existing data. By differentiation we
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obtain for a relative change of emissivity:

dE = 1-R . dA (8)
E 1 - R(1 - A) A

assuming R is independent of A, which is approximately true in the wave-
length range considered here. If we take as a typical value R = 0.5, we
see that the variation of emissivity resulting from a variation in absorp-
tivity lies between % (dA/A) for A = 1 (100 percent absorption) to 1.0(dA/A)
for A = 0 (zero absorption). These formulas can be used in evaluating

the existing data on radiation damage in semiconductors (Section III, para-

graph B2).

1. Effect of Micrometeorites. Since the effect of bombardment by micro-
meteorites is presumed to consist predominantly in a geometrical change

of surface profile, we may expect that the evaluation performed for metals
in Section III, Paragraph Al is applicable also in the case of semicon-
ductors. Thus the time for a 10 percent increase in emissivity would again
be of the order of 100 years.

2. Effect of High Energy Radiation. Radiation damage effects have been
studied in a great number of investigations; a good review of the present
status is given in the 31 papers collected in the special issue of Journal
of Applied Physics, August 1959 [ 24] . Most of the work reported there is
concerned with carrier transport properties and complex semiconductors. The
variety of experimental detail is overwhelming and not always pertinent to
the present problem. Only one paper, Fand and Ramdas [ 25), deals directly
with optical properties (infrared transmission) of a simple semiconductor
(silicon) as affected by irradiation by neutrons, deuterons and electrons,
and even this case turns out to be quite complex and not yet fully explored.
We shall 1limit the following discussion to this relatively simple case.

Major changes in optical properties of silicon are obtained after a
total dose of the order of 10'® particles/cm® (deuterons or fast neutrons)
and saturation is approached after a total dose of about 101° ParticleS/cm2.
The largest effect is observed on the long wavelength side of the absorption
edge, where the absorption may increase by several orders of magnitude (at
1.2 u by a factor approximately 10%). Farther in the infrared, however,
the effect becomes much smaller and eventually reverses, the absorption
being actually reduced after irradiation. This reduction is a result of
removal (trapping) of carriers by the Frenkel defects.

In the near infrared, on the short wavelength side of the absorption
edge the absorption is increased uniformly by a factor of about 2. In
addition to these over-all changes, a number of discrete absorption bands
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is produced by irradiation, the strongest of which occur at 1.8 p and

3.9 p wavelengths; weaker bands are observed at 3.3, 5.5, 6.0, 20.5, 27.0
and 30.1 p. The radiation damage éffects do not anneal out ar readily

as in the case of metals and most of the effect can be retained at tempera-

tures around 300°K.

In view of this complex behavior it is difficult to give a single
figure for the magnitude of the radiation damage effect upon absorptivity
and emissivity. We may state only that large changes in emissivity may
occur after irradiation by a total flux of about- 1018 particles/cmg.

The maximum flux of fast protons in the Van Allen belts is approxi-
mately & x 10* P cm™ sec™ (Section II, paragraph B), and we may estimate
that the radiation damage efficiency of 300 mev protons is about one-tenth
of that of 10 mev deuterons for which the experimental data were given
above. Thus a time of the order of 10° years would be required to obtain
the major changes in absorptivity and emissivity (Equation 8), described
above. Since at a certain wavelength (say, 1.2 pu) the relative increase
may be very large (factor of 10® or more) the time requred to observe a
small (10 percent) change in emissivity may be shortened by a factor of
10% or more, thus bringing the critical exposure time to the order of 100
years.

C. OTHER INORGANIC SOLIDS: GENERAL CONSIDERATIONS

The inorganic solids we shall consider here may be grouped in three
classes: (a) ionic crystals such as alkali halides used in infrared opti-
cal systems; (b) crystals of high refractive index such as used in white
pigments; and (c) non-crystalline solids such as SiO and various glasses.

With ionic crystals, the best known radiation damage effect is the
generation of color centers (F-centers) by absorption of photons of suffi-
cient energy (Eq > 2 to 5 eV). A comprehensive review of color centers
in alkali halides may be found [26]. F-centers may be described as an
anion vacancy with a trapped electron attached to it; other types of elec-
tron vacancy sites, such as F, V and M centers have also been identified.
These color centers give rise to fairly board absorption bands in the
visible or ultraviolet spectral regions; their position in the spectrum
is determined by the nature of the crystal. In sodium chloride, the center
of the F-band is at approximately 400 mu and its half-width (at 25°C) is
approximately 100 muy. In potassium bromide, the F-band is centered at
630 mu. Color centers have been studied only by transmission. Emissivity
of radiation-colored crystals has apparently never been investigated. It
is, however, possible to make reasonable estimates of spectral emissivity
by means of the theory of partially absorbing bodies as presented in Section
IITI, paragraph B. ‘
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Crystals of high refractive index used as white pigments are mostly
of a mixed ionic-covalent type (ZnS, TiO, BaTiO,) and thus not so prone
to formation of ionic defects such as F-centers. They respond to radiation
by solarization and photo-sensitization, i.e., processes involving photo-
oxidation or photoreduction of the impurity atoms presents in the host
lattice. A most conspicuous example of solarization is coloring of calcium
titanate pigment containing copper impurity by ultraviolet light, which
may be described as a photoreduction reaction [27].

Ca0 - Ti%t05 + hv—sCa0 - Ti*t20 + 2e , 9)

2¢  + Cu®*—>Cu (color center).

Similar reactions were studied by Weyl [28] and Goodeve [29], largely be-
cause of their importance for light resistance of paints. It is now well
established that such reactions can be almost completely eliminated by
use of very pure materials.

In the third category of solids, we should include silicon monoxide
which is being successfully used as a coating for emissivity control of
temperature of the Vanguard satellites [30]. Unfortunately, almost nothing
is known about the radiation coloration behavior of this material except
an isolated observation (in this laboratory) that a transmitted flux of
approximately 10 r of 40 kv X-rays is incapable of producing a visible
change in the transparency of a Si0 film 0.2 p thick.

Radiation coloration of glasses has been extensively studied and a
review with complete bibliography has beer given by Sun and Kreidl [31].
Here too the most prominent effects can be attributed to photo-oxidation
and reduction of cations capable of change of valency (Mn, Fe, V, Ce).
Glasses of high photosensitivity to ultraviolet light have been developed
by Stookey [32] for photoengraving purposes; high-energy radiation sensitive
glasses (mainly of the K-Ba-Alphosphate type) have been developed for
radiation dosimetry.

In the opposite direction, the need for radiation resistant glasses
led to the development of cerium oxide compositions that remain colorless
in the visible spectrum even after exposures of the order of 10® of ener-
getic y-radiation [33] . They do form, however, strong absorption bands
in the ultraviolet. 1In view of such a variety of behavior of different
glass compositions it is obvious that any generalizations are of limited
value and each case will have to be considered individually.

Most types of color centers, in particular F-centers, can be destroyed
by heat, infrared radiation or visible light. When irradiation is done
at moderate temperatures, the competition between rate of production of
color centers and their destruction results in saturation of the ultimate
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density of centers.

1. Effect of Micrometeorites. 1In absence of any experimental data on
surface damage of crystals and glasses by micrometeors we may use the same
arguments as in Paragraphs Al and Bl of Section IIT and conclude that the
time for a 10-percent increase in emissivity would be probably of the
order of 100 years.

2. Effect of Radiation. F-Centers in alkali halide crystals are readily
produced by irradiation with short-wave ultraviolet or soft X-ray radi-
ation. A total dose of approximately 100 ergs/cm® absorbed energy may
produce typically optical absorption at the center of the band of the order
of k = 10 ecm™*. This is a very strong absorption, corresponding to almost
complete opacity in 1 cm thickness; thus a crystal irradiated to this
density would presumably possess emissivity near 1.0 at the center of the

band.

According to the data given in Section II, Paragraph A, the radiation
flux density in the far ultraviolet (at 200 mp) is of the order of 10 ergs
cm~? sec”™ (per 1 my bandwidth). The dose required for intense coloration
would therefore be of the order of 10 seconds. The solar X-ray flux would
cause the same coloration in approximately 1,000 seconds approximately
17 minutes.

Solarizable crystals (impure pigments) become colored by ultraviolet
or X-ray radiation at rates depending upon concentration and type of im-
purity. No consistent data are available, but the times required to pro-
duce visible coloration by solar ultraviolet radiation are of the order of
hours to days. Equivalent X-ray levels are of the order of 10% to 10°r.
High purity pigments appear to be virtually immune to visible coloration
by ultraviolet radiation and X-rays. For instance, a high-quality commercial
white paint (DuPont Dulux alkyd base with 95 percent TiOz and 5 percent
ZnO pigment) was irradiated in this laboratory with 50 cv X-rays at flux
density approximately 10%r); a barely visible darkening was observed which
disappeared after three hours exposure to ambient daylight.

A similar high resistance to coloration by X-rays was observed with
silicon monoxide (Section III, Paragraph C). Glasses, on the other hand,
are usually quite susceptible to coloration by radiation, presumably be-
cause of the impurities present. No data are available about the rate
of solarization of glasses by ultraviolet radiation. It is well known,
however, that visible coloration of commercial container glasses by ter-
restrial solar radiation may occur within a few decades; this period may
be estimated to the order of one year in the extraterrestrial environment.
The same effect is obtained by medium energy X-rays after exposure to
approximately 10° to 10%°r. The corresponding time at the level of 0.014
r cm Zsec™t (Section II, Paragraph'A) would be of the order of one to ten

years.
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SECTION IV. CONCLUSIONS

The effects of the radiation enviroment upon the optical properties
of the selected three classes of materials are summarized in Table 4. The
figures given there represent best estimates based on available data for
typical representative materials. However, selection of a "typical" re-
presentative from such highly diversified classes of materials as semi-
conductors, or "inorganic solids" is highly arbitrary and it must be re-
placed in final analysis by a careful study of each specific case.
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CHAPTER 2

SPECTRAL EMITTANCE OF POLISHED STAINLESS STEEL, ALUMINUM,
AND MAGNESIUM AT 50°C IN THE 0.25-28 p WAVELENGTH REGION

SECTION I. INTRODUCTION

This chapter describes the results of an experimental study of the
spectral emittance of polished stainless steel, aluminum, and magnesium
in the wavelength range 0.25-27.0 microns, at 50°C. This work was under-
taken for the purpose of determining the changes in emission properties
accompanying varying degrees of surface roughness of the specific samples
under study.

SECTION II. DEFINITIONS AND THEORY

Thermal radiation properties of a particular material are character-
ized by a dimensionless parameter, hemispherical spectral emittance,
e(),T), defined as the ratio of the spectral emissive power, J(A,T), (power
radiated per unit surface area per unit wavelength interval) of a material
at wavelength,),and temperature,T, to the spectral emissive power of a
black body radiation, Jy (A,T), at the same wavelength and temperature:

Jp(X,T) for the bléck body radiator is given by the Planck radiation
equation:
ciA™"
> = T =z
Jb(k T) /T (1D
e -1

where c; and cs are the usual radiation constants. In the ideal case of
a perfectly smooth, flat material, this dimensionless parameter becomes
the spectral emissivity, and is considered an intrinsic material property.
Because surface conditions strongly influence the intensity and spectral
distribution of the emitted radiation, the analogous parameter for real
materials is defined as emittance. [34]

For opaque materials, Kirchhoff's law relates the emittance,e(A,T),
and reflectance,r(A,T), by the equation:
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e, T) + r(A,T) =1 (12)

Measurement of spectral emittance is usually carried out at rela-
tively high temperatures by a direct comparison of radiation emitted by
the sample with radiation emitted by a black body at the same temperature.
In this case, the equation:

€(}\,,T) — _lﬁ_}\_)ll_ (13)

Jb(h,T)

can be employed for evaluation of results. This method of measurement

is not applicable at low temperatures, particularly for poor emitters

such as metals, since the low intensity radiation emitted by the sample

is nearly equal to the radiation from the surrounding environment which

is reflected by the sample and also received by the detector. To surmount
this difficulty, some form of reflectance method must be employed.

In choosing one of many types of reflectance methods, one must bear
in mind the properties of the samples under consideration. The method
of using a collimated beam incident on the material and reflected directly
to the detector is applicable only to specular reflectors. For the case
of partially diffuse reflectors, such as metals of varying degrees of
surface roughness, it is essential that one measure the intensity of radi-
ation reflected into the entire hemisphere above the sample. For the
wavelength range 0.25 to 2.5 microns, the integrating sphere can be employed;
in the infrared region, one must seek other methods.

Before describing the method used in this particular study, for the
infrared region one should note an analogous method which has been uti-
lized for measuring diffuse spectral reflectance [35].

The basic components consisted of a heated hohlraum (~ 1500°F), a
water-cooled sample (~ 150°F), and an optical system. The sample pro-
truded from the inner wall of the hohlraum which acted as a black body ref-
erence. For a given wavelength, the diffuse radiation emitted by the
hemispherical wall and reflected normally by the sample was compared to
the energy emitted by the black body. The ratio of the net deflections of
the recording system is a direct measure of the normal component of diffuse
spectral reflectance. The principal problems in this method are:

a. to obtain a strict temperature uniformity over the entire
surface of the hohlraum wall,

b. to maintain the hohlraum at a high and very stable temperature,
and

c. to keep the sample at a much lower stable temperature inside the
hohlraum.
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Consideration of these problems directed us to the alternative method
now to be described.

The basic principle underlying the method of measurement of spectral
emittance employed in this study can be described by referring to FIGURE
1. Consider a sample at constant temperature, T, surrounded by a ther-
mostatically controlled shield at Temperature, Tj. This shield forms a
black body which irradiates the sample from all angles within a hemispher-
ical solid angle. The resultant normal component of diffuse radiation
emitted by the shield and reflected from the sample emerges through a
small circular aperture in the shield and is then imaged onto the detector
by a suitable optical system. A gold-plated chopper mirror is mounted
in the beam such that the detector alternately receives radiation from
the sample and from a reference black body held at temperature, T,. The
net signal received by the spectrometer detector represents the difference
in radiant power between the two sources, and can be expressed as:

81 = [E(X,T) J(A,T) + v(A,T1) + W(A,T') - J(k,To)} kAwtAN (14)

where
e(A,T) is the emittance of the sample at A,T
J(A,T) the black body radiant intnegity at A, T
r(A,T) the reflectivity of the sample
W(A,T') any additional background radiation at same temperature T'
J(\,T,) the radiation intensity from the blackbody at T,.
The constants, k, A,w, t, A\, correspond to the sensitivity of the detector,
the area of entrance slit, the solid angle of view, the effective trans-
missivity of the optical system, and the wavelength band passed by the

exit slit of the spectrometer, respectively. Note that r(A,T) represents
the normal component of diffuse spectral reflectance.

SECTION III. EXPERIMENTAL METHOD FOR THE INFRARED [ 36]
The actual method consists of two runs per sample:

a. The blackbody shield is held at the same temperature as the
sample, T, and
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Figure 1. Basic Principle of Operation




35

b. the blackbody shield is held at a temperature of liquid nitrogen
To.

Assuming that any additional background radiation is always comstant and
equal for both runs, we have the expression for the difference in signals
between the two runs at A,T:

s = 5.(A,T) - s5(A,T) = r(k,T){J(l,T) - J(K,Tz)} KkAWtAN (15)

Now if a gold-plated sample with reflectance £ 1 is used as a refer-
ence standard, the expression becomes:

s = s1(0,T) - so(A,T) = [ J(A,T) - J(A,TZ)]kAthA (16)

The ratio of s/s gives the normal component of diffuse spectral
emittance through Kirchhoff's law.

S

s

= r(A,T) = e(A,T) (17)

With this method it is important to maintain similar conditions in
enviromental temperature for all runs in order that the background radi-
ation term, W(A,T'),will always cancel out. Also, careful temperature
control of sample blackbody shield and reference blackbody is necessary
for accurate reproducible results.

A schematic diagram of the actual system employed for this study
is illustrated in FIGURE 2. A sample, s, was mounted in a holder which
is heated to the desired temperature by water coils. An iron-constantan
thermocouple was inserted through an approximately 0.ll-inch diameter hole
in the side of the sample to a position close to the front center surface
of the sample. With the use of a Leeds and Northrup type K potentiometer
and galvanometer, the temperature of the sample was controlled to * 0.5°C.

The thermostatically controlled shield consisted of a core wound
with two sets of coils. For run No. 1, heated water was circulated through
both the sample holder and one set of the shield coils. For run No. 2,
the water in the shield was removed, and liquid nitrogen was forced through
the other set of coils at a pressure of 5-15 pounds. The sample shield,
and mirrors, M; and My, were enclosed in a dry box which was flushed with
nitrogen in order to reduce the water vapor which would enhance the ab-
sorption in the water bands of the spectrum in a variable manner.

The reference blackbody, consisted of a dewar flask with a blackened
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inside surface and was maintained at ice temperature with crushed ice.

A gold-plated chopper blade was located at the focal point such that
radiation from the sample passing through the silver chloride window W
and radiation from the reference blackbody at 0°C was alternately focussed
by mirrors, My and Mg, on the entrance slit of the spectrometer set at a
width of 1000 p. A sodium chloride prism was used in the 2 to 15 p wave-
length range; for the 14 to 27 p range, a cesium iodide prism was used,
together with a polyethylene film impregnated with carbon black and placed
at the entrance slit to filter out stray short wavelength radiation.

During a typical run No. 1, the sample, was allowed to stablize at
the desired temperature by monitoring a Sargent Thermonitor temperature
control unit which heated a water reservoir. Throughout the run it was
necessary to keep a constant check on the sample thermocouple reading
and to correct for the lag in water reservoir temperature and sample temp-
erature. Instead of taking a continuous spectrum, the data was recorded
as a series of points predetermined from the prism calibration chosen to
avoid atmospheric absorption bands as much as possible. This method of
recording served as a check on any substantial sample temperature drift
as well as representing essentially an average reading for any particular
wavelength. All readings were converted to microvolt units and calculations
were carried out in accordance with Equations (16) and (17).

SECTION IV. THE INTEGRATING SPHERE AND EXPERIMENTAL METHOD

The reflectance measurements for the 0.25- to 2.5- p wavelength
region were made with a Beckman 24500 Reflectance Unit in combination
with a Beckman DK-2 monochromator. The integrating sphere and accessory
optics are illustrated in FIGURE 5. For the samples under study, the
total reflectance (specular plus diffuse) was measured by passing mono-
chromatic radiation through the sphere's entrance ports directly onto the
sample and reference plate at an angle of approximately 5 degrees from the
surface normal. The two components of totally reflected radiation are then
multiple reflected throughout the interior surface of the integrating
sphere. A detector located 90 degrees to the sample surface normal re-
ceives the diffuse radiation illuminating the sphere. A tungsten lamp
source and lead sulfide detector were used for the 0.45- to 2.5- u region;
for the 0.350- to 0.650- p region, the tungsten lamp and photomultiplier
were used, and for the 0.250- to 0.400- p region, a hydrogen lamp source
and photomultiplier were employed.

In order to determine the 100 percent reflectance signal of a refer-
ence, two MgD plates were prepared by coating them with magnesium oxide
smoke from a burning magnesium ribbon. Both plates were then mounted in
the two exit ports of the integrating sphere and a signal, r;(d), was
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recorded throughout the entire spectrum. This signal represents the ratio
of intensity reflected by the sample port to that of the reference port.

IMl )

i (Q)) = "i;;_TKS""" (18)

This procedure was repeated with the MgO plates in reversed position,
giving the term r3(A):

I
Mo ()
) _ (19)
ra(d) = IMl(K)

An averaged 100 percent signal for the MgO reference is then expressed

as:
2 =)
rr ) +ra) g thE
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The difference between the true 100 percent response of the recorder
and the MgO 100 percent signal represents a correction term:

Ar' (A) = 100 - ré(k) (21)

If a sample now replaces one of the reference plates, one measures
the ratio of sample to reference reflectance, r', and when the correction

term is included:

Io (22)

T,

If the true reflectance of MgO reported in the literature [38, 39,
40, 41, 427 is denoted as:

r(Q) = r'(Q) + Aré(k) =

R = —— (23)

then the absolute reflectance of the sample is easily calculated as a

product of R, and r.
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Again utilizing Kirchhoff's law, Equation [20], the spectral emittance
in the 0.25- to 2.5- p range can be determined.

SECTION V. PREPARATION OF SAMPLES

The front surface of all samples were initially roughened with a
variety of emery papers. The aluminum and magnesium were then brought to
a fine polish with the use of a grinding wheel and alumina powder.

The stainless steel samples were electropolished with a solution con-
sisting of:

300 ml orthophosphoric acid
530 ml glycerine
90 ml water.

After the completion of the experimental measurements the arithmetic
average surface roughness in the X and Y direction was determined on a T
and H Talysurf-Model 3 instrument. The results, reported as center line
average roughness, are listed in Table V. It should be mentioned that the
magnesium surface acquired a cloudy appearance due to the formation of an
oxide layer.

SECTION VI. EXPERIMENTAL RESULTS

Measurements were made on samples of magnesium, aluminum,and stainless
steels of various surface roughness throughout the 0.25- to 27.0- p wave-
length range at 50°C temperature. The stainless steel samples consisted
of blocks approximately 2 x 2 x 0.5 inches in size having their front sur-
face electrolytically polished to a bright mirror appearance. "In general,
physical and chemical properties which have been determined on mechanically
polished surfaces are not characteristic of the bulk metal. However, if
the necessary precautions are taken electropolishing methods can produce
a brilliant, smooth film-free surface with properties chara