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ABSTRACT

A theoretical and exmerimental study was undertaken to
examine the volarimetric proverties of vparticulate surfaces in
the spectral region (.7 to 1.1 microns) of a mineral
absorntion band. The vurvose of the investigation was to show
that spectral nolarimetry is an alternative diagnostic tool
to absolute reflectivity measurements for some aoplications,
notably +the determination of absorotion b=nd vositions for
the lunar surface.

The major results are: 1) Polarization incre=ses
significantly in an absorotion band at high ohase angles,

2) The amount of increase is devendent on particle sige

as well as amount 2nd tyve of minerals it is mixed with.

3) -Although the nercent change of volarization in an
absorotion band is greater for transnarent mixtures, the
magnitude of change of polarization is greater for mixtures
-with absorbing menerals. 4) The maximum of the volarization
variation corresvonds directly with the center of the
absorption band.

These varistions are interpreted to be due to the
changing ratio of svecular to diffuse comvonents of light
reflected from a varticulate surface. ‘

Thesis Suvervisor: Thomas B. McCord
Title: Associate Professor of Planetary Physics
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I. Preface

A readily accessible source of information about planetary
objects of our solar system is the light reflected by then.

When light is reflected by a surface it is altered in a way
dependent promarily uvon the composition and structure of the
surface. By knowing the properties of the light source (the
sun), and how the variables of composition and structure affect
the reflection of light, one can interoret the reflected light
from a planetary object in terms of its surface comvosition
and structure.

Light reflected from a nonovacue particulate surface,
such as the surface of the moon, contains a comvonent that
has been transmitted through the particles. Transmission
features of the surface material are thus evident in a reflection
spectrum. Some of the most useful compositional information
availatle in a reflection spectrum are well defined absorption
bands in the visible and near.infrared spectral region caused
by transition elements (Fe, Ti, Cr, etc.) in erystal structures
of various common silicate minerals.

One can detect these absorption features, and thus partially .
identify the commnosition of the surface, by using earth-based
telescopes to measure the reflected light. It is necessary
to concurrently measure the object and a star in a similiar
position in the sky to eliminate atmosvheric and equipment
effects. By calibrating the observed star with the sun, one

can obtain the object's reflectivity, the ratio of the reflected
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lighﬁ to the iqcident light. This technigue has been part-
icularly successful in interpreting the lunar surface 2nd
has been verified by Avollo sampliﬁg. (See references by
Adams and McCord)

It was hypothesized that not only would an absorption
band (if it existed) apvear in the measured reflectivity of
an object, but it would also be evident in spectral volar-
imetric measrurments (the measured volarization of the reflected
light at different wavelengths). The basis for this hyvothesis
came from pieces of revorted volarimetric and svectral reflec-
tivity studies of terrestial and lunar material. A orelimin-
afy laboratory invistigation undertaken in 1971 (unpublished)
showed that at large phase (100°) there is indeed vpreferential ;
absorption in one volarized comvonent of the reflected light,
causing an increase in polarization in aniabsorntion band.

This effect could be useful for an indepéndent, and
perhaps simoler, technique for detecting absorption bands
in a telesconically measured reflection spectrum. It would
allow the observer to directly comvare comvonents of reflection
t0 detect anssorption rather than the multi-step procedure
to measure the absolute reflectivity.

The study oresented here was undertaken to define and
clarify this spectral volarimetric effect with ecrystal field
absorption bands, and to later apoly it to telescopic observations.
The program originally contained three varts: 1) a theoretical

examination of the imvlications of Fresnel's equations of
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reflection in the region of a crystal field absorotion band,
2) a laboratorj investigation of the volarization voroperties
of reflected light from known sampnles in the region of a
crystal field absorvtion, and 3) telescopic observations of
areas on the moon to identify absorotion bands using polari-
metric techniques. The first two of these are presented here.
Telescopic observations are now in process_and will be comvpleted

in the near future.
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IT. Background
This section is a brief revort and descrintion of
equations and information essential to the discussion of the
next sections. The units used throughout this naper are MKS

units unless otherwize stated.

A. Characteristic Absorntion Features of Minerals: Crystal

Field Theory

Absorption features in the visible and near infrared
spectral region of transmitted light for comron rock forming
minerals héve been studied extensively and can be readily
explained by crystal field theory considerations. (Burns)
The absorption bands of the svectrum in this region are
generally d-d orbital electron transitions of transition
met21 ions (Fe, Cr, Ti, Ne, etc.) whose d orbital energy
levels are no longer degenerate but have been svnlit due to
the effect of the negative ions; ligands, around them in the
crysfal lattice. The magnitude of this energy level svlit,
and thus the wavelength of the energy abtsorbed to make the
transition, is strongly devendent on the transition metal ion,
the crystal environment, and the metal-ligand distance, Dis-
tortion of the symmetry of the crystsl site causes more complex
splitting and more than one crystal field absorvtion band.

The width of an absorotion band from d-orbital transitions
is governed by the lattice vibrations of the crystal. Since
the wavelength devendence of the absorotion is strongly

affected by the metal-oxygen distance of the silicate, the
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slight variations of this distance caused by the vibrations
creates an absorvtion band with a gaussian distribution of
absorptions. The observed bandwidth is- this gaussion centered
on the resonant frequency associated with the mean metal-
oxygen distance.

Other absorntion features evident in a transmission
svectrum of a silicate are those caused by charge transfer
transitions between neighbouring metal ions or between metal-
oxygen ions. These absorptions are generzlly intense and are
the orimary cause for the absorotion edge of silicates in
the ultraviolet.

By combining crystal field theory and empirical measure-
ments on well known silicate minerals, features of a trans-
mission snectfum.can be well defined and classified allowing
transmission svectra to be used as a diagnostic tool.

A notable characteristic of the absorntion transition
is that the ovrobability of interaction between an electron
and a photon of the correct energyvis also devwendent on the
orientation of the orbitals, governed by the crystsl latfice,
and the direction of orovagation of radiation. These absorpfion,
differences are defined by measuring volarized svectra along
di:fferent crystalographic axes, (see Burns) A reflection
spectrum, however, includes a summation of light from randomly
oriented crystals. The angular devendence information is
lost, making reflection spectra a slightly more comvlex

diagnostic tool.
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B. . Fresnel's Equations and Related Tooics.
Reflection from and transmission through a dielectric
surface can be described theoreticzlly by Fresnel's equations,

which can be exvressed using Snell's law as:

sin9

sin ¢
2% . 2 un

cos B - '\J‘n - sing / II.2

cos®+ JN= sin@
Reflection

Ry = n¢cos9‘- m X IT.3
]'nicosgw J 0)1‘)’- sin®

Snell's law IT.1

f{
Po= 2cos G- _ % TK I1.4
1 N 5
cos® + | NI - sin“m
Transmission
N cos& -
T“ = 2/t cos *»TK II.5
m’”cosé’-f
where TK = ﬂ-——c-’-?-s-dp = MP’- sinQB
cos & cos&

& is the angle of incidence
¢ is the (comnlex) angle of refraction
R, and T, are in the vlane of scattering (containing
the incident snd reflected vectors)
RL and Tl.are pervendicular to the nlane of ‘scattering
91 is the (complex) refractive index.

The phase angle &« is the angle between the incident

svector and reflected vector.
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Figures II.1 and II.2 show how the two comvonents of
the specular reflection vary with ohase for the real refrac-
tive index 7\: 1.5 and 71: 1.7. Also shown in the figures
isvthe computed volarization P for the reflected light where

the vercent volarization is defined as:

p=li- Iy

;L.+ In

The derivation of Fresnel's egquations as well as Snell's

x 100 where I is intensity,. II.6

law from Naxwell's equations, the wave equation solution, and
boundary conditions can be found in most optics books. (Born,
Garbuny, Fowles)

Note that at the dielectric boundry in the above equations
reflection and transmission account for all the light, ie. R+T=1.
When absorption occurs the refractive index consists of an
imaginary as well as a real nart,¢l =n + ik, In an absorbing
medium one can comoute the comnlex refractive index?\ for a
dielectric with bound eleotroné by considering the electrons

as classical damped harmonic oscillators:

2 [
%l = (n + ik)2 = 1+ %96— (W -J) +. cd’w \ II.7
(=) + yim /

Where N = number of electrons per unit volume
e = electron charge
m = electron mass

€, = electrical vermitivity
X:dampening constant, or bandwidth in units of frequency

w = fregquency



U

0O 20 40 60 80 100 120 140 160 180
PHASE

Pigure II.1l Specular Reflection and Polarization for n = 1.5
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Figure II.2 Svecular Reflection and Polarization for n = 1.7
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W, = effective resonant frequency

n real refractive index

k extinction coefficent.

The above equation can be solved for n and k in terms
of freouency by equating real and imaginary varts. Figure
II.3 shows how these two quantities vary close to the resonant
frequency.

Light transmitted through a given thickness of material,

z, is attenuated exvonentially by the coefficent of absorvtion a:

I = I,e72% where a =2 k , II.8

and ¢ is the velocity of light.
Thus, the variation of k describes absorotion bands,
If there are more than one resonant freouencies, a

sumation is necessary for man

2 2 .
New =1 + Re_ £ [ —w?) + & ) II.9
3 (o = w)* + 5w

where ﬁ'are the fractional oscillator strengths. For
' a solid,ﬁwuﬁlﬂ of an atbm are affected by the surrounding
atoms. ' |

In section III these equations will be tailored to
describe a crystal field absorption, and reflection from a
particulate surface of such a substance will be modeled

within limits.
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vs frequency in the region of an absorvption band
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c. Reflection_of Light from a Particulate Surface

Comoonents of Reflection

Rock forming silicate minerals are dielectric solids,
and refllection from such surfaces is described by Fresnel's
equations. When light is incident on a varticulate surface,
a portion of it is specularly reflected from the first surface
it meets, and a vortion is transritted through the varticle
(if it is non-ovague). The transmitted comnmonent encounters
more boundaries and is reflected by and transmitted through
numerous varticles before it either is absorbed altogether .
or reaches the surface again aﬁd is vorovagated outward as
diffuse light.

The mean ootical vath length (MOPL), or average distance
traveled through the material, of this diffuse comvonent is
a function of both the aversge number of boundary reflections
necessary to get incident light out again (which is controlled
somewhat by vorosity or comnaétion), and the distance traveléd
ﬁhrough the material between boundaries (controlléd by vparticle
size). The MOPL of the actual measured reflectivity is
further comvlicated by the nonconstant ratio of the diffuse
and specular comvonents. For porous surfaces (most everything)
thesé comoonents do not vary in a simple relation to Fresnel's
results. For increasing ohase some of the first surface
specular comvonent is blocked by other particles and becomes
part of the diffuse component. Thus, the total MOPL of a

measured reflection is an intricate function of particle sigze,



18
porosity, and n»hace.

Compositional Information

. Fortunately, much comwositional information can be
obtained from a reflection svectrum Without knowing the MOPL,
Reflectivity measurements will contain comvositional infor-
mation as long as there is a diffuse commonent (oreferably
large) of the reflected light that has vnassed through the
particles of the surface. Unless saturation (near comvnlete
absorption) occurs, the wavelength and shave of absorvtion
features, which are diagnostic of composition, do not depend
on the MOPL: the magnitude of the absorotion does. A
mineral may be tentstively identified in a reflection svectrunm,
but the quantity is less clearly defined.

An important avvlication of using refiectivity measure-
ments to infer comvositional information about a surface
has been the telescovic and coordinated laboratory studies
of lunar surface material. Of these studies, the one most
relevant to the voresent discussion‘is described in the recent
report by Adams and McCord (1972). It wes shown that the
wavelength of the absorotion bands of oyroxenes varies in a
regular, well defined way with the comvosition of the nyroxene.
Absorption b2nds of returned lunarAmaterial not only correlate
well with telescopically measured reflectivity of the samoling
area, but they also correctly identify the comovosition of the
absorbing pyroxens. The band vosition of the absorntion is

critical in compositional identification.
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Polarization Information

The fact that a svecular component remains in the re-
flection from a particulate surface is well demonstrated by
the volarimetric studies by Dollfus; Gehrels,.Pellicori, and
others. The nolarization vs phase of a particulate surface
closely parallels that oredicted by Fresnel's equations for a
plane boundary except in magnitude. For a particulate sur-
face, reflection is diluted by the diffuse comnonent. For
absorbing or opague materials a small negative value of
polarization occurs for ophase angles less than about 25°.

The magnitude of the maximum polarization generally varies
iﬁversely with the brightness of the substance: brighter
substances have a larger diffuse comvonent.

Figure II.4 illustrates the polarization of moonlight
obtained by Pellicori in 1966-67 for two filters. Gehrels
and Dollfus have both vointed out the wavelength devendence
of polarization for the lunar surface. It seems to be again
inversly correlated with the svectral reflectivity. This
inverse relation is implied by the vorevious discussion of
specular and diffuse comvonents in the first section of II.C.
An increase in the absorvtion of the diffuse comvonent would
not only decrease the total reflectivity, but would also
cause an increase in the ratio of specular to diffuse reflec-
tion:and thus an increase of polarization. This is the basis
of the reasoning for the volarimetric sutdy oresented in the

following sections.
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Figure II.4 Polarization vs vhase (Pellicori 1969) for the
moon., The wavelengths of the two filters are
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III., PFresnel's Equations Appnlied To the Spectral Region
of a Transition Metal Absorvntion Band

The variables and constants of Fregnel's equations
were tailored to describe the svectral region around a erystal
field absorption. A computer program was written to examine
the imvplications of these equations. The first vart of this
secéion will discuss the tailoring; the next section will

discuss the results.

A, Variables, Constants, and Equations

Comvlex Refractive Index

The actual form of equation II.9 used is:

(1.5)2 + 12 E F [ - %) ifow] 1Ira

$ (w"‘) ""‘)k) * Y LOK

1

ﬂ(’t,nz (n + ik)2

= A, + 1B, . III.2
where real A = (1.5)° + Ne® F (wof —w) III.3
" méo 2 2 z 2
b (‘Jod‘ = K)l ~4 yk (.JK
complex B, = EQE F U Wy : IIT.4
o kT me, (Weir - wr)* + Vk W

and | n (3_‘;~(J’§_—+_j;3“1 + A]% III.5
E;(J A% 4+ B® - A:)]é II1.6

OQ is calculated  for 31 frequencies (e, ) spaced 100&

k

apart from O.Q/b to l,%‘&. For each of these k frequencies
the summation includes the contributions from 101 Qj) nearby

resonant absorvtion frequencies a@ svaced d;/20 avart,
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Constants:

e? = 2.5667 x 10737 com?

m = 9.1091 x 1073! kg

€, = 8.854 x 1012 farad/meter
N = 1028 number/meter3

Chosen Values:
15 =1

w, = 1,98 x 10 sec
Y« = “%/Q dampening factor for each 'oscillator!
"03(“)0 Wo:) )2
E = 02'e the oscillator strength factor

which describes the gaussian distribution of resonant

freguencies (uq) centered onuw,, which corresvonds

to a band centered at 0.95 microns.

l" = 2/Jc3' the bandwidth of the gaussian distribution.

In the vprogram, the frequencies are converted to

wavelength so that the bandwidth is 1000X%.
= 0.04 x 1074

W
|

case I case IT

N
I

- - 2 —

Q = 10° 103 related to Y as above.

1078 1of?_- scaling factor of oscillator strength

The relationships between these factors is illustrated

in figure III.1 which shows the contributions to the calcula-

tion of k.
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Empirical Requirements

An absorontion band centered at 0.95 microns with a
bandwidth of 1000f is a reasonable, although narrow, descrip-

tion of an Fe+2

absorption in vpyroxene. Ignoring the directional
proverties of the erystal, the gaussian distribution and sum-
mation of oscillator strengths is used to anvroximate the
distribution of resonant frequencies due to lattice vibrations.
For the observed absorntion coefficents, k must be of the

order of 1073 to 1074,

The two values less clearly defined are 1) the 'normal!
dampening constant YK (and thus Q) without lattice vibrations,
anﬁ 2) the magnitude of the oscillator strength, which is
one to two orders of magnitudé less than C2 (due to the
summation). The combination of C, and Q in the equations
must produce the required value of k.

Garbuny describes crystal field svectra for the lanthan-
ides, which have f-f orbital transitions, with low oscillator

® 4o 10-5) and high Q values (a:104). These

strengths (10~
values are not necessarily prover for the transition metals
" gince the d electrons are more affected by the environment
(less shielded by outer electrons) than are the f electrons
of the lanthanides.

The two combinations of values for Q and 02 were chosen
for examination such that: I)Y#4 r' and II) Y 'S /-'
In case I Y~ 958, or about 1/10[; in case II Y= 9.5% or
about 1/100 r'

Once n(;\) was calculated for 31 wavelengths, Fresnel's
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equations for reflection and transmission were used directly

for phases 0° to 180° in intervals of 5°.

B. Resulits

Complex Refractive Index

There is a major difference in the two cases of &
described in the previous section for the real vart of the
comnlex refractive index. When ]’ of a single absorvption is
not greatly different from the halfwidth’" of the lattice
vibration distribution (case I), the dispersion character of
n described in section II.B is also evident in the summation.
However, when Y is much smaller than |* (case II), the
dispersion character is lost and n varies in a manner similiar
to k., These cases are illustrated in figures III.2 and III.3.

The reason for the loss of disversion can be found by
examining the equations III,.3,4 and 5. When Wej=uyy N is
close to, but slightly greater than, 1.5. If Y is small the
diSpérsionsof individual oscillations are almost equal and
tend to cancel in the summation. When Y is large cancellation
is not comvlete. It would be difficult to tell which of these
cases is more like the real case since the variation of n
. given by the equations is very small, PFor stronger absorp-
tions of a different nature, the same effect of X'wmuld be
true except the variation of n is larger and can be measured.
The spectra revorted by Garbuny for quartz in the infrared

show disvpersion.
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Specular Reflection

Specular feflection is a function of'q\ in Fresnel's
equations. TFor strong absorntions, and thus large variations
in k¥ and n, the svecular reflectivity was shown by comouter
calculations to vary in a manner similiar to the variation
in n. For the transition metal ion absorotion of a silicate
discussed here, however, the variationsof n-.and k are very
small, The svecular reflectivity is almost unaffected in
the spectral recion of such an absorntion band and is
essentially the same as that described by the equations for

a real refractive index alone.
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c. Models for Observed Reflectivity from a Particulate Surface

To model the observed reflectivity from Fresnel's
equations one must decide:

1) the portion of svecular component for each phase

2) the portion of diffuse (transmitted devolarized)

comvonent for each phase

3) the variation of the NOPL of the diffuse component

with ohase,

The diffuse comvonent of reflection from a vparticuvlate
surface was nroduced in the orogram by first allowing Fresnel's
transmitted comvonents to vass through the material for a
MOPL distance and then devolarizing the remnant. A corstant
mean ovtical vath length of 1 millimeter was chosen as a
-reasonable estimate (see Apnendix A). Two models were Dro-

duced for simvle combinations of diffuse and svecular comvonents.

Model 1

Comvonents are combined as they occur. The reflection
from a varticulate surface Ro is exﬁressed for each wavelength
as:

Roy, = Ry + D

Rgl.z Rl + D
where D = 3(T, + T,) x ¢ =2 (MOPL)
and R and T are the svecular reflection and transmission
computed from Fresnel'é equations, and a is the coefficent of
absorption.

The effect of the above combinétion is to normalize

the total reflectivity Rp_b to 100% outside the absorotion



100
R_L“"R”
80—
60—
(s Iy
x
R 40—
20—
B /\
O .
O I O I I
0 60 120 180
PHASE
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band. Figures III.3 and III.4 show Rpt and the corresononding
polarization with vhase for .80 micron and .95 micron res-
pectively. Figures III.5 and ITI.6 show Rp, and the cor-
responding polarization vs wavelength for a vhase of 90° and

120° respectively.

‘Model .2
Since the lunar surface has a maximum polarization of
approximately 10%,.the svecular and diffuse comwmonents of
the second model are combined to ensure a ratio of 1 : 9

outside the absorvotion band for each ohase.

Roy = Ry x 219 4 90D
X
10
Rp, = R; x =— + .90D
1 L x
where X = Ry + RL at .80 microns and the other variables

2D
are as in the previous model,
This orocedure normalizes the reflectivity to 96% at
.80 microns and zero phase. Figures III.7 and III.8 show
Rpt
and .95 microns respectively. PFigures III.9 and III.1lO

and the corresvonding polarization with phase for .80

show Rpt and the dorresnonding volarization vs wavelength

for a phase of 90° and 120° resvectively,

Discussion

Although neither model is correct for all vhases, they
do provide two vieces of useful informetion. 1) An exam-—

ination of the ohase for the maximum volarization, Pmax’
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for both models indicates that the phase of Pmax is clearly
_a function of the mixture of comvonents and not simoly an
indicator of the real refractive index n. This easily explains
the failure of experimentalists to be able to identify n
of common minerals by measurements of Pmax using Brewster
angle considerations for varticulate surfaces. 2) Both
models suvpport the hyvothesis set forth in the oreface:
at a ohase when there is significant polarization of light
reflected from a particulate surfsce, the amount of polar-
ization increases in an absorntion band.

A correct model for the lunar surfacde should be made to
fit the Pollowing conditions:

1) ihe vercent of the specular reflection remaining as
a specular comvonent would be highest at small vhase
and decrease ravidly as shadowing occurs. The portion
of the smecular component in the resultant reflectivity
is complicated since the amount of svecular reflection
increases with vhase.

2) The diffuse comvonent would vary in a manner similiar
to a lambert surface but would include varts of the
specular component that have been blocked at high
phase. |

3) The combination of the two components would have to
match the observed brightness vs vhase for the moon.

4) The polarization of the total reflectivity would

have to match that observed for the moon.
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IV, Spectral and Polarimetric Analysis of Reflectivity in the

Region of an Absorvtion Band

This section describes the laboratory measurements for
well known samples. The study was undertaken .to examine the
reflectivity for various samples with an absorvotion band and
to compare it to the variation of polarization in the s=me
spectral region in order to determine the usefulness of

spectral volarimetry as a diagnostic tool.

A. Description of Samvles

The primary mineral chosen for the study is an ortho-
pyroxene which is the dominent mineral of a Websterite.
Earl Whippie of MIT handvpicked a samvle and with careful
analysis found it to contain 6.04% iron of which 98.5% is Fe'2,
The sanmple is En89 in the enstatite-ferrosilite series
(Mg, Fe) 51,0,
A diffuse reflection svectrum of this samovle made on
a Cary 17 svectrometer is shown in figure IV.1l. The Fe+2
svin allowed absorption band is centered at .91 microns.
There is a2 second absorotion band out of range in the infrared
caused by further svlitting of the 4 orbital energy levels
of the Pe atom in a distorted octahedral site of the pyroxene,
The enstatite may also contain some Al and verhavs Cr. The
band position of the sample would be affected by an amount
of Al in the pyroxene structure which would slightly alter
the site symmetry. Further detailed chemical analysis is

unavailable at the vpresent. The small bands and svike
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around .4 and .5 microns are snwin forbidden bands of Fe+2
.and are therefore much less intense.
A larger sample of the same orthooyroxene was obtained
from Jim Besancon of MIT to be used as the basis for the
rest of fhe samples. It was found to be slightly contamin-
ated (less than 1% of the total) with traces of a green
| clinopyroxene, an ovague, and hematite, The diffuse reflection
spectrum is essentially identical with that shown in figure
IV.1l. ©None of the contaminants could be detected.
Table IV.1 lists the samples vrevared for this study
and the vparticle size. The samvples with varticle sige
£ 1'25/* contain roughly equal amounts of [125,63]/“ and
<634 . Those named E are 100% enstatitegg. Evf is a
sample orepared by grinding vpart of E<63 for about 10 minutes.
E100 and E<K125 are the same samole. Those named Pxx contain
xx% by volume vlagioclase with the rest enstatite. The nlag-
ioclése is a hand vpicked oligoclase which is transvarent in
hand specimen. No traces of contaminants could be seen
visually. Those named Mxx contain xx% magnetite by volume
 with the rest enstatite. The magnetite contains small

amounts (less than 1%) of a red translucent resularly shaved

mineral.
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Table IV.1 Band depth of samples measured

1 2 . 3 4

. Rp(.91)/Rp(.73)
SAMPLE PARTICLE SIZE (microns) DIFFUSE 90° phase
E [250,125] 250% vs> 125 ' .29% .25
E 125, 63 125>ps?63 .29 .31
E<125 less than 125 <37 .38
E<63 less than 63 .472 44
Evf very fine .622 .56
P10OO less than 125 1.01 1.04
P90 less than 125 .14 ST
P50 less than 125 .50 .53
P10 less than 125 37 .40
E100 less than 125 . .37 .38
M10 less than 125 .49 .52
M50 less than 125 T4 .75
M90 less than 125 .87 .91
M100 less than 125 .87 .92

1l saturated band
2 vpartially vacked
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B., Diffuse Reflection Measurements

Diffuse reflection measurements were made on a Cary 17
svectrometer with a type II diffuse reflection attachment
for all samples listed in Table IV.1l. In this arrangement
diffuse white light is incident on both a®vertical samvle
and a smoked Mg0 standard. The light reflected in the normal
position from both the sample and standard is analyzed by
a monochrometer and detector. The measured reflectivity
is the ratio of the reflectivity of the sample to that of
the standard and is recorded on a chart recorder intricately
calibrated with the Cary rates. The results presented here
are transvosed from longer data recordings and are shown in
Figures IV.2, 3, and 4.

The values of reflectivity in figure IV.2 for different
particle sizes demonstrate the princiole 'the smaller the
brighter' described by Adams and Filice. (1967). The apparent
saturation that occurs in the the band for samole E[?50,12g
also occurs for unrevorted samples of larger particle sizes
énd indicates that the MOPL of the diffuse comwnonent for the
large particles is so long that most of the light is absorbed.
The light level recorded in the band comes from the snecular
comvonent of reflection and vart of the diffuse comvonent
with an optical path length less than the ¥OPL,

The effect of varticle size on the total MCPL for these
samples is best seen by measuring the band depth; The ratio

of the intensity in the center of the band to that near the
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46
edge is listed in column 3 of Table IV.1l. Except for the case
of saturation, as the vparticle size decreases the band depth
dlso decreases indicating a decrease in the total MOPL. For
the smallest size samples, vprenaration for a vertical vosition
measurement, which involves vpouring into a sample dish and
covering with a glass cover, causes the sample to become
somewhat packed. Thus, for Evf and E<63 the MOPL is shorter
than the other samvles not only because the particles are
smaller, but also because they are packed.

E<125 was chosen as the varticle size for mixing with
other minerals since it is similiar to verticle sizes for
luynar soil and has a VOPL that is fairly large but without
saturation. The magnetite and vlagioclase of Figures IV,3
and IV.4 have onvosite effects on the mixtures. The ovnaque
eats light, while the transvarent mineral transmits it essen-
tially without absorotion, thus allowing a gfeater number
of reflections and a greater orobability of return to the
surface.

The baﬁd denth ratios for the mixtures are also listed
in table IV.1. For both types of mixtures the results indicate,
as expected, that the mean ovotical path length through the
enstatite decreases with dilution by another mineral. What
is most siriking is the effect of the type of mixture. The
results indicate that only 10% ovacues reduces the MOPL by
an amount comparable to 50% dilution by a transparent mineral,

and 50% opaques is comparable to 90% transmarent mineral.
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C. Measurements at 90°Phase

Laboratory Techniques

Figure IV.5 shows schematically the laboratory arrangement
for the measurements at 90° vhase. A heath 701 series mono-
chrometer and tungesten lamp were used to vorovide monochromatic
light to 1.03 microns with a bandwidth of 40&. The detector
used for the measurements was an ITT FW-118 (s-1) photomulti-
plier cooled to dry ice temperatures. A pulse counting data
system was used with a Fabritek instrument computer as the
main unit and a Cipher magnetic tave recorder. This allowed
most of the data handling to be done by comvuter., Combining
the scan rate of the monochrometer, the inteération time
of the Fabritek, and the data orocess averaging, the effective
sampling was every 20X,

Prior to sample measurement two volaroids (HR) were
calibrated. It was found that fhe crossed polaroids allow
transmission of a maximum of only 0.2% of the light fransmitted
when the volaroids are oriented parallel to each other. The
spectral range examined was from 6500k to léOOOK. The
polaroids themselves have a sharp cutoff below 7300&, but
their polarizing vroperties extend beyond 120004. The two
polaroids were alligned so they could easily be fixed to-
either of.twé orthogonal vositions: I vosition narallel
to the plane of scattering (in the plane of the vage for
figure IV.5 A), and R position vervendicular to the olane

of scattering. Each was also oriented so that its surface



50

|High Volts
SSR amplifie

FABRITEX
cafggter

CIPHER
magnetic tape
recorder

<
~

oscilloscove |
monitor (:)

DATA SYSTEM

Figure IV.5 Schematic of the laboratory arrangement for
measuring volarization. Position A is used to measure
the four reflection comvonents of the samovle. Position
B of the same equioment with the samnle removed measures
the two components of the source. &= 90°, m = front surfaced
mirror, P1,P2 = HR polaroids, S = sample, A,A, = two
aperatures, S-1 = cooled photomultiplier de%egtor.
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was perpendicular to the direction of oropagation of the light
passing through it.

The source was found to be avvroximately 20% polarized
in the I direction as measured from vosition B, Six measure-
ments are therefore required for a valid polarization svectrum:
two of the source and four for the sample. One needs to mea-
sure all components of the reflection, correct them for the
polarigation of the source, and out them back togetﬁer to
give theé intensity in the olane of scattering, I;, and’ the
intensity vervendicular to it, IR’ for an unvolarized source.
(Thank heavens the light incident on the moon is essentially
unvolarized!) Refer to the equation sequence of figure IV.6
for the following descrivtion of how to accomplish the
correction,

Examine sevarately what hannens to the light in the
twb unequal phanes of polarizgtion from the source, SL and SR’
In each case a certain amount is svecularly reflected, C,
maintaining the vlane of polarigation of the source, and the
rest is diffusely reflected, D, with no volarization. If
one analyzes each of these two reflections ‘with a polaroid (Pl)
one obtains the four measurable components listed A on the top
right of figure IV.6. The total light reflected in the two
planes of volarization, IL and IR’ is shown in B. To correct
for the unequal source comoonents, one forms the correction

factor N and applies it in the indicated manner to obtain

corrected values for Iﬁ and Iﬁ. From these one can calculate
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Figure IV.6 Sequence of equationds to correct for a
polarized light source.

. Reflection ' Components
P2 Source from samole Pl Measured
(C; + %D.)s:
L S (¢, + D) Gt 25
b L 4D. S
N e
L %DR-S
) R
R Sp \\\\///, (ch + Dp)sy .

] i

I, = (Cp + #Dp)Sy + 3Dy Sp
Iy = (Cp + 3Dp)sy " I, S

. Sy,
Correction factor N =
R
= (¢ 1 .
I} = (cL + 3 DL)SL + %DR Sp* N
- 1 N
Iy = (CR + % DR)SR N + %DL SI.

| - ]
Percent polarization P = IR IL % 100

Iz + 11
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the true polarization since the source cancels out as it
should. This technique was used to obtain the volarization
measurements revorted here, ,

Smoked MgO was found to be vpolarized (see Appendix B)
and absolute reflectivity measurements were prevénted. For
comparison with the diffuse reflectivity measurements of the
previous section normalized reflectivity measurements were
produced instead. Corrected measurements of the diffuse
component reflection from Mg0, DMgO’ was used as a standard.
The normalized reflectivity scaled to unity at .73 microns

is given as follows:

I} (a) + IF@)

Rn(A) = x Norm

DMgo(a)

Dy (.734) .‘
I3 (.73,) + I5(.T340

where Norm =

An important note concerns the texture of the samples,
‘Phe sample was poured onto a flat surface. For all samvles
& 1254 this created a porous, hummocky (on the scale of
millimeters) texture, which caused reflection to be relatively

diffuse for bright samvles,

Results
NORMALIZED REFLECTIVITY:
Normaslized reflectivity measurements at 90° ohase are

shown in figures IV.7, 8, and 9., The error on the right of
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of the figures revresents the maximum extent of the statis-.
~tical noise. The maximum noise occurs below .8 microns where
the statistics are lowest. The band depth ratio can be
read directly from the figures and are also recorded in
table IV.1.

With a few notable excevtions, the band devth has
décreased for all samvles imvlying a decrease in the total
mean ontical path length. The first exceotion, the vreviously
saturated sampleiE[éBO,lZE}, vrovides insight to this change
of MOPL. It cannot be simvly the addition of more svecular
component: the NOPL of the diffuse comvonent must be smaller
to account for the increase in the band deoth. The second
exceotion can be tentatively ignored, for samnles Evf and
E<63, since there are large differences in samnle packing
between the two tyves of measurements which avvarently has

a stronger effect on the "OPL than the ohase does.

POLARIZATION: © A

Without an excepntion, the polarization increases in the
absorption band. The volarization of the samples dre shown
in figures IV.10, 11, and 12. Some critical values are listed
~in table IV.2 for comvarison. The'only dubious distinction
is between MI0 and MLOO due to statistical noise. The effect
is of course strongest in larger varticles where the strongest
band occurs., The diffuse component of the reflection increases

with decreasing particle sise.



58

a = EEZ5Q,|25]
b = E<I25,63]
— ¢c = E< 125
. d = E<63
o e = E vf
.—
<
N30—
1 o
S20—
o
a' E 3
39lo——
O__'

70 .80 .90 1.00 {1.10

WAVELENGTH microns

Figure IV.10 Polarization of Enstatite: different particle
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Table 1IV.2 Values of Polarization at 90° Phase

% Polarization

Samvle .73 micron .91 micron AP
E [250,129] 9 36 27
E [125,63] 5.5 24.5 19
E < 125 2 9.5 7.5
E<63 1.5 6 4.5
Evf 1 3 2
P100 | 1.75 1.75 -
P90 2 3 1
P50 2.5 6 ' 3.5
P10 2.5 9.5 7
E100 2 9.5. 7.5
M10 5.75 14.2 8.45
M50 17 23,5 6.5
M90 29 3 2

M100 32.5 34 1.5
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A noteworthy comvarison-.is between the nlagioclase
“mixtures and the magnetite mixtures. The nolerization of a
constant svecular commonent (Fresnel reflection) causes the
polarization for all samovles at this vhase. For the bright
plagioclase mixtures, the ratio of the amount of svecular
component to the amount of diffuse comvonent is small as
indicated by the low volarization. For magnetite, however,
the specular/diffuse ratio is larger, and changes of the
diffuse comnonent in an absorption band cause a larger
magnitude of change in volarization. The significance of
this is best visualized by refering to-the block diagram of
figure IV.13, which shows how the volarigation will change
for a 25% absorntion of the diffuse comvonent for two different
cases of origiﬁal.nolarization. For small amounts of
absorntion it is easier to detect polarization differences
in materiel that is already strongly oolarized than in a
diffuse substance; ie. the magnitude of nolgrization change
is greater for dark material even though the MOPL has beenl

severely reduced.
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Figure IV.13 The effect of 257 absorption of the diffuse
comoonent on the magnitude of volarization.
The shaded area corresvonds to the magnitude
of the specular component. The unshaded
area refers to the relative amount of diffuse
component.
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V. Conclusions

The major conclusion suvvorted by both theoretical
and experimental evidence is that when there is significant
positive volarization of the light reflected from a narticulate
surface, the magnitude of the nolarigzation will increase in
the svectral region of an absorption band. The amount of
change is a function of varticle size as well as tyne and
amount of mixture of the absorbing mineral with other minerals.
qu pure enstatite89 samvles, the volarization increases
three to four fold in an absorontion band with the greatest
change of magnitude for the larger varticles (lower overall
reflectivity). The reason for the change of polarization
is that the absorvntion which occurs in the diffuse comvwonent
changes the ratio of the svecular to diffuse'comnonents.
Both Reflectivity and Polarimetric measurements can detect
aﬁ absorotion band. MNixtures of 50% plagioclase have a
magnitude change of polarization of 3.5%, which is a one to
two fold increase. Mixtures of 50% magnetite have a change
of volarization of 6.5%, which is a 26% increase. For low
albedo surfaces expecially, volarimetry may orovide a new
sensitive to&l. |

Other conclusions from the theoretical discussion are:
1) The angle of maximum polarization of light reflected from
a particulate surface is not an accurate indication of the
real refractive index of the surface material. It is a

function of the relative vortions of diffuse and svecular
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comoonents of reflection.
2) The variation of the real refractive index in the region
of a tronsition metal absorotion band of a mineral has

essentially no effect on the refleetive vroverties of the

surface,
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VI. Applications

Polarimetry can only be apvnlied to a few vlanetary
objects to detect absorntion bands. The moon and MNercury ‘
are the only planets that can be observed at large phase
angle's. Mercury has suggestions of absorption bands in
its.spectrum (McCord in preparation). The most vpromising
aprlication is with the moon, which not only has absorvtion
bands in its spectrum, but has different tyves resulting
from different surface composition of various areas of the
moon (recall Adams and McCord 1972).

With the conclusion of the Apollo landing orogram,
earth-based astronomical measurements can be a nowerful
t00l in extending the known results to any location on the
front face of the moon. In varticular, to determine the
composition of the average pyroxene at any location, the
methods vreviously used to detect the absorvtion bands must
be refined to more accurately determine the wavelength of
the band center. For reflectivity ﬁeasurements this requires
‘greater svectral resolution and still involves relative
lunar measurements, stellar measurements, and stellar cal-
ibrations. For polarimetric measurements the same svmectral
resolution is required, but each lunar area can be measured
independently from all others. The only calibration required
is the polarization of the equipment, which can be done by
observing known unvolarized stars. Development of the
equipment, however, with the prover sensitivity may be the

ma jor problem.
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APPENDIX A Mean Ovtical Pz2th Length of Reflection from a
Particulate Surface: Order of Magnitude Estimation

Diffuse reflection spectra were made on a Cary 17
spectrometer for samples of various varticle sizes of glass.,
The samples were prepared by crushing ordinary microscove
slides whose thickness originally were .00l meter iB%. Svectra
were also taken for a single slide (2 thicknesses) and two
slides (4 thicknesses)., These svmectra are vresented in
Figures A.1 and A.2. Origin of the absorption band was not
investigated. Svectrum a has an optical vpath length of avorox-
imately .002 meters and svectrum b of avoroximately .004 meters.
If the absorotion coeBficent at 40008 of a is used to calculate
the expected absorvtion coefficent of b, the observed value
is within the errors imvosed by the variable thickness of the
slides. The particle size for the spectra of figure A.l are
in microns. .

From the spectra it can be inferred that:

1) As the varticle size is decreased the MOPL is drastically
reduced. It seems that very little of the energy loss of
spectrum 1 is due to transmission absorption since the absorp-
tion band is almost nonexistent. All svectra, therefore,
have some constant non-transmission ehergy loss,

2) By comvaring figure A.l and A.2 one can estimate the MOPL:

Svectrum Particle sigze MOPL
5 1000-500 about .004 meter »
4 500-250 between .0C2 and .004 meter

3 250-125 slightly less than .002 meter.
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APPENDIX B Polarization of NgO

Polarization measurements at 90° vhase from .73 to 1.03
microns were obtained for two different smoked MgO surfaces
using the technique described in section IV.C. The results

are sumarized as follows:

. Samvle %P (.73,) %P (1003u)
MgO 7-6-72 (3 days old) 4.75 , 2.8
Mg0 T7-11-72 (new) 5.5 4.1

For both cases the decrease of vpolarization with wavelength
apoears to be linear from .73 .to 1.03 micron.

These results are surorising for two reasons:

1) The magnitude of the volarization., g0 is considered
as a nearly verfect Lambert surface and therefore should be
very close to éerfectly diffusing. This is not the case.

In fact, many of the bright samvles included in this study
were better diffusing surfaces (probably due to their hummocky
texture). '

2) The veriation with wavelengfh; Throughout the polar-
ipyation studies vresented here and elsewhere wnolarization
increases with absorotion. This cannot be the cause for the
decreasing nolarization for Mg0. If anything, MgO is brighter
at .7%ﬂ\than at l.O%M. The vériation ig not related difectly
or inversely to the spectrum of the Source, which is volar-
ized in a plane pervendicular to that of g0 and all other
samples,

The volarization of g0 avnears to be real, although

unexplained. Mg0 is NOT an acceptable standard when moking



T0

polarization measurements.



71
References
l. Adams, J.B., Filice, A.L.,1967, "Svectral Reflectance

0.4 to 2.0 Microns of Silicate Rock Powders", JGR 72,

2. Adams, J.B., McCord,T-B., 1971la, "Alteration of Lunar
Optical Properties: Age and Comvnosition Effects",
Seience, 171, 567-571.

3. Adams, J.B., McCord, T.B., 1971b, "Optical Proverties
of Mineral Separates, Glass, and Anorthositic Fragments
-from Apollo Mare Samvles", Geochim. Cosmochim. Acta.

4. Adams, J.B., McCord, T.B., 1972, "Electronic Svectra of
Pyroxenes and Intervretation of Telescopic Svectral
Reflectivity Curves of the ¥oon", Proc. of Third Lunar
Science Conf., in press.,

5. Bancroft, G.W., Burns, R.G., 1967, "Interpretation of
the Electronic Svectra of Iron in Pyroxenes", Am. Min.,
52: 1278-1287.

6. Born, Max, Wolf, Emil, Princivples of Ootics, Pergamon
Press, 1964,

7. Burns, R.G., ﬁineralogicél Applications of Crystal Field
Theory, Cambridge University Press, London, 1370.

8. Dollfus, A., 1961, "Polarization Studies of Planets",
Planets and Satellites, U. of Chicago Press.

9. Dollfus, A., Bowell, E,, Titulaer, C., 1971, "Polarimetric
Proverties of the Lunar Surface and its r.nteroretation,
Parts I, II, and III", Astron. and Astrovhys., 10,

29-533 10, 450-466; 12, 199-209.

10. PFowles, G.R., Introduction to Modern Ootics, Holt,
Reinehart and ¥inston, Inc., 1363.

11. Garbuny, Max, Ovotical Physics, Academic Press, New York,
1965.

12. Gehrels, T., Teska, T.M., 1963, "The Wavelength Dependence
of Polarization", Apvlied Ovties, Vol. 2, No. 1, 67-76.

13. Gehrels, T., Coffeen, T., Owings, D., 1964, "Wavelength
Dependence of Polarigation III, The Lunar Surface", Astr.
Jo V01 69, NO. 10, 826"‘8520

14, McCord, T.B., 1968, "Time Devendence of Lunar Differential
Color", Astron. Journal, 74, No. 2, 273-27T7.



72

15 . MCCOI‘d, TQ'BQ [} Charette [} “'TQP LI JOhnSOI’l, T-v. ] LebOfSky, L .A L ]
Pieters, C., and Adams, J.B., 1972, "Lunar Svectral Types",

16. Pellicori, S.F., 1969, "Polarizing Properties of Pulverized
Materials: Avpplications to the Lunar Surface", Optical
Sciences Center Technical Report 42, Tuscon, Arizona.



