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ABSTRACT

26371

This report is concerned with the results of an
experimental and theoretical investigation of the
far infrared spectra of silicate minerals for use
in remote sensing of the composition of lunar or
planetary surfaces. The subject matter consists
of

1) an examination of the spectral informa-
tion that may be obtained from silicate minerals

in the far infrared region;

2) a study of the effects of the state of
surface aggregation, especially for fine particu-
late surfaces, on the information content of such

spectra;

3) considerations of the ways in which the
spectra of composite samples may be understood

in terms of the spectra of their components, and

4) a brief description of the instrumental
considerations that would be involved in utiliz-

ing these results on a space mission.

QAethur D Little, Ine.
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FAR INFRARED SPECTRA OF SILICATE MINERALS FOR USE
IN REMOTE SENSING OF LUNAR AND PLANETARY SURFACES

I. INTRODUCTION

This report details the results and conclusions of our study
of mineral spectroscopy in the far infrared region of the spectrum. Our
studies have been concentrated in the 15-200u (667-50 cm-l) region. The
objectives of this work were to examine the problems and ascertain the
feasibility of remote sensing of the composition of the Moon (or tenuous
atmosphere planets, such as Mars) and evaluate the importance of the far
infrared spectral region to this end. We initiated our studies in this

(1)

area under a previous contract to which we will refer repeatedly, but
we intend to utilize some of the results of that work in this report so

as to obviate the need for continual reference to the earlier report.

The subject matter has naturally devolved into a series of
smaller problem areas that we have pursued concurrently to some degree.

They are:

1. The degree of useful mineral spectroscopic information
present in the far infrared and its characteristic similarities and dif-

ferences from that obtainable in the near and middle infrared regions.

2. The effects of departures from optically smooth surfaces
(principally to fine particulate surfaces) on the information content of

spectra in general.

3. The nature of the ways in which the spectra of composite
samples may be derived from the spectra of individual minerals and the
resulting implications for disentangling composite spectra in practical

cases.

Arthur 0. Little, Inc.




In addition, our work on these problems stimulated Arthur D.
Little, Inc., to consider the precise kind of equipment that would be
most useful in carrying out the actual exploration and mapping of lunar
or planetary surface composition. Our judgments on this subject were
detailed in a proposal(z), entitled "Mapping of the Composition of the
Surface and Atmosphere of Mars by an Orbiting Broadband Infrared Inter-

ferometer," intended for the Voyager Mission. We will discuss each of

these subjects in some detail in the body of this report.

For many years the field of mineral infrared spectroscopy has
received considerable attention. Lyon has compiled a comprehensive

bibliography(3)

on this subject in the course of carrying out an exten-
sive program himself.(4’5) Most investigators have concentrated their
efforts in the near and middle infrared regions for which commercial
instruments have long been available. The far infrared region (i.e.,
beyond ~ 25u.) in this as in other areas of spectroscopic research has
been almost totally neglected. The reason for the neglect is simply the

difficulties involved inm working in this inherently low signal region of

i
6,7

the spectrum. Most of these difficulties( 1) relate to the lack of
good sources for the region. Despite this problem, general instrumental
improvements in recent years have greatly increased the amount of far

®

infrared research taking place. In addition, lasers have now been

(9 As this

developed for a number of discrete wavelengths in the region.
report will show, we feel that the large amount of useful spectral infor-
mation in this region makes it very important to include it in plans for

remote sensing of lunar and planetary surfaces.

While the far infrared spectra to be obtained in remote sensing
applications from lunar or planetary surfaces will be self emission spec-
tra, we have carried out most of our work utilizing reflection techniques.
The reason for this is the comparative simplicity of the reflection method
with available laboratory instruments due to the low power available in
emission from cool samples. The basic experimental techniques have been

(7

discussed in a prior report.

Qethur 3. %ittle, Ine.




I1. MINERAL SPECTROSCOPY IN THE FAR INFRARED

The far infrared region has proved to be exceedingly rich in
spectral information for silicate minerals. This result is not surpris-
ing as even the highest frequency fundamentals, the antisymmetric sil-
icon-oxygen stretching vibrations, in most silicates occur between 800
and 1200 cm-l. All other fundamentals have lower force constants and
hence lower frequencies. 1In addition, difference bands, lattice vibra-
tions and their combinations with internal vibrations would be expected

to appear in this low frequency region.

The nature of the spectral information about silicate minerals
that occurs in the far infrared region is similar to that in the higher
frequency region, also being due to atomic group vibrations. Such data
are very useful in supplementing middle infrared data, as identification
of components of complex mixtures by their spectral features is greatly
aided by an increase in the number of features observed. In additionm,
however, there are important differences between the spectra observed in
the far infrared and those in the middle infrared, and these are partic-

(10)

ularly useful in precise mineral identification. These differences

result in part from the greater amount of coupling between small atomic-
group vibrations in the low frequency region. This coupling results in

vibrations from larger aggregates and hence spectra that are more char-

acteristic of specific minerals. The spectra may therefore be used in a
finger-print sense.

(1

At the conclusion of our previous work, we pointed out the
significant differences that exist in the far infrared reflection spec-
tra of a number of silicate minerals of different structural types. In
order to clarify the spectral-structure relationships, we felt that an

increased number of minerals needed to be examined. We felt particular
emphasis should be put on the study of spectral variations within

homologous series.

Arthur D YLittle Inr.
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A. THE OLIVINES

The first series we chose to pursue is that of the olivines,
which runs from fayalite (FeZSiOA) to forsterite (MgZSioa), but also
contains a number of possible impurity constituents. Two samples at the
forsterite end of this series have been run to go along with the fayalite
spectrum of our previous work. They are a 70:30 Fo:Fa mineral obtained
from Wards Natural Science Establishment and a "pure" forsterite syn-
thesized in our laboratories. The spectra are shown in Figure 1. The
70:30 Fo:Fa olivine is a close approximation to the olivine present in
the Forest City chondrite (See Section IV). The spectrum of "pure'" for-
sterite as prepared in our laboratories is also shown in Figure 1. This
material was prepared by reacting Mg(N03)2'6H20 and Si(OCzHS)4 in anhy-
drous methanol. A clear liquid was produced which gelled on standing.
The product was heated to remove volatile components and fired at 1600°C
for 12 hours. Well crystallized "pure" MgZSiO4 was identified by X-ray
diffraction. We are including a slightly modified version of our orig-
inal curve for fayalite in this [igure. It resulted from a careful

reexamination of the raw data.

The method of studying spectral variations in homologous series
by preparing known isomorphic compounds has been elucidated in a recent

(10,11) by Tarte. He has applied this method to trans-

series of papers
mission spectra of olivines to frequencies as low as 280 cm-1 (36u).
This study indicates that from 1000 cm-'1 to 450 cm-1 the olivine strue-
ture is characterized by a fairly specific band pattern due to the SiO4
tetrahedra. From 450 cm-l to 280 cm-l, Tarte finds the spectrum to be
more influenced by the nature of the cations present. Thus it is easy
to understand the large spectral variations in the low frequency region
for this series when compared to the relatively small variations in the

(%)

middle infrared.

Qethur D Little, Inc.
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B. THE PLAGIOCLASE FELDSPARS

In Figure 2, we show the far infrared spectra of two plagio-
clase feldspar minerals, albite and oligoclase. These two minerals are
members of another homologous series and are close in chemical composi-
tion (albite refers to a compositional range from Ab, the "pure" mineral
NaAlSi3 g’ to AbgoAn10 where An represents the other end member of this
series, anorthite, CaAIZSiZOS; oligoclase refers to the range AbgOAn10
to Ab70An30). Here the point that orientation-polarization effects can

be so great with crystal samples as to require that different orienta-

tions be considered as different minerals is well demonstrated.

It should be noted that the sample of albite used to obtain
the upper spectrum was oriented so that the radiation impinged on the
(001) face, and the (100) cleavage is approximately perpendicular to the
plane of incidence., The (001) cleavage exposes the twin striations of
plagioclase feldspars and the spectrum thus contains information from
two orientations. The twinned crystals are only offset by a few degrees
however so that the orientation is essentially that shown in Figure 2.
As such twinning is almost universal in feldspars, exposure of this

cleavage plane is very common.

A detailed examination of Figure 2 shows that the differences
between two such similar minerals as similarly oriented albite and
oligoclase are observable if sufficient spectral range is involved, and
spectral intensities and shapes are considered as well as band frequencies.
Some of the absolute intensity differences may be ascribed to difference
in polish of the respective surfaces, but the relative intensities are
more significant. Comparison of the two orientations of albite is inter-
esting both from the point of view of orientation invariant features
(e.g., the "albite" band near 90 cm.1 and perhaps the 330 cm-1 feature)
and the drastic changes in the remainder of the spectrum. These are the
types of observations necessary to assign different bands to their vibra-

tional origins, but of secondary interest if ome is dealing with

Arthur . Little Inc.
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"randomized" samples in remote sensing applications. For the latter case
randomly oriented samples are preferable to oriented crystals if one can

assume no preferred orientation in natural environments.

C. SERPENTINE

We have also run serpentine, Mg6Si4010(0H)8, a layer structure
orthorhombic mineral. The spectrum shown in Figure 3 was run on a massive
polycrystalline sample of this layer lattice silicate. It bears a strik-
ing resemblance, in the 250-680 cm-1 region, to data obtained by Hunt(lz)

except that we appear to have sufficiently greater resolution to clearly
1

split the large band near 480 cm-1 into three components at 435 cm ,

480 cm-l, and 510 cm-l. These features can be observed in Hunt's spectrum

though incompletely resolved.

D. HORNBLENDE

The spectrum of hornblende, an amphibole with a double chain
structure, is shown in Figure 4. The single crystal was oriented so that
radiation was refllected off the {001) face. The name hornblende includes
a series of compositions with varying cation substitutions. A general
formula is X2_3Y5_728022(O,0H,F)2, where X can be Ca, Na; Y can be Mg,
Fe, Al; and Z can be Al, Si. The composition of our sample is given in
Table I.

E. ENSTATITE

In Figure 5 we have reproduced the spectra of enstatite from

(1)

our previous report. This mineral is orthorhombic but has a tetra-
hedral single chain structure. It is part of an isomorphous series,
being the magnesium-rich end (FeO < 13%) of the enstatite-ferrosilite
(MgzSi206-MgFeSiZO6-Fe281206) series. Although not indicated by the
formula, aluminum is often present in this series. The description ac-

companying the sample indicated that the enstatite was altering to

Jethur D YLittle Inc.



ANIINHQYHES 40 HONVIOETAHY QEYVMANI ¥vd ‘¢ TUNOId
([.W°) SYIAWAN FAVM

0§ 001 0S1 00¢ 0s? 00¢ 0¢e 0oY% oSy 00¢ 1199 009 0¢9 ont
__ T T T | T T T __ T T T T T T 1 T 1 1 T T T T T Y T 0

Detbieoee M M2aalo oo o

1
o
™

1
o
<

1 1
o oo
O frat
HONVIDI'LIAY INIDYRd

1
o
~

o
o0

4t .
we ¢g°¢
sanjexadwe] wooy -1 06

+4F
wd 0'1

4F
w g°1

1F
w 6°0

T

fr — — ——

001




0s

001

0ST

JANATENYOH A0 ADNVIDATIHY AFTYVIANI ¥4vd °4 FUNO14

00¢ 0S¢

(
00€

1

_Wo) SYHAWAN FTAVM

0S¢

00% oSy 00S

0ss 009

059

00¢

-

|

| 4~ 4

o * ud *
2 970 L W 0T

_
_
_
|
| _
_
_
_
_

| I

ir
ws 670

— v Sv— Gn— G—— G— g —

I [ T T ¥
_

—_—

7

!

I

1+ .:-_
w0 [ 1k

|

]

1r

wo *
B 0€

2anjexadwa] wooy

001

HONVILOI TIHY INAOYHd

10

-y

b B B 28

~ Y



Puly emnot
~1838L10L10d | === m=e  em= mee ess —es === === -—— -=-=- £379 3Isaao4g aj1apuoy) 1
auTl 231Tuo0e81d
-1e3sk1oL10d}| --- o= ces wme em= eee cme me- - - eTUT3IIA auysapuy 11
AU ODTIXaN
-1e3skadLiog| === === === 9[°'Gf === === === === === === 0O[IdEnbIX (®) °3FTT0AL 01
¢€-9°1 0°'8 - === mem mme em- meo eme mee mee =e- (p) z3xend 6
auyl JuouwIap ()
-1e3sfaok1od |49 16 [90°2T =--- =-- === 6'€Z === === 86°€ L'IS 103001 surluediag g
aurl (9) *yjuds
-1B3sLaaL10d Se= m== mea e==  ses e=e == - - av 9311938104 L
- 0€py Olgy
-1838432£10d4]96°66 | === 80°C =--- === 68°€€ T'T SI°'E€T1 ¢T°CI T¥'9¢ oTigjuQ 93TIPISIOL 9
auIl *8SER
1-0 9°'z | -1e3sLaoLiod] £°'66 | === === === === === === Q°0L 0T 6°LT 330d¥20Y 9311RARd ¢
(001) 1%0°86 | === === === === G[°0€ === O%°CT S%°C #8°CS KemaoN @313e3suUy 4
AemaoN
(100) fHy°H01{0S* === =-- L€°C §6°8 TL'9 0°0CT %'CI G°€S oxo8e1y SpPUSTqUIOH €
! BUITOIE) ‘N
| (01T0) [€%°TOT| === === === 68°'% === 8Z'€ =-- 0°%C %69 ©D IIPYPITH °SETO03TI0 ¢
M oTlae3uUQ
(1o0) (010) J9z*vOTfOI°'T =-=-- === 0€°L === 9L°1T === 9°CC S'1L 33oadueg 23791V 1
ﬂ L == S
mm m @a1anLs  TvIOL SSOT o0 s°d o%eN 08w 00 fofex Polty Cors NISTNO  (B) TYANTH
m M m qOVd TVISKED , *NOI Y
£ NOILISOdHOD
—— e s

4ZIS ¥daamod

VIVA TVHININ
I 479VL

11

drethur . Little, Iur.



*§jUSWRINSEIW UOTJIOUIIXS pPuUB UOTIORIFSI JO XOpUF UOTIdeiIITp LKea-X Aq sulsepur 9q 03 umoys iedspiag

*A1uo § pue g Ioj pozdAleue a7dueg
*£1uo uot3lowajyip Aea-Y £q pazLieue o1duwes

‘paAIasqo am ¢oﬁmmwz 103 @soyj ueyi aayjzo syead oN ‘uoTIdwIIITP LBi-X Lq pozdeur sem a]dues STYL

*28uea %01~ @Yl uft Jussaad

ST 9pPIX0 SB UOAT ‘Iaaamoy fduljusdiss 9Yj UO dpew SeM UOIF I0J UOFIBRUFWILISP @ATIeITiuenb ON

*%C UTYITA 03

ajeanooe aie senfea TenpIlafpul ‘spoyrsm dTydeaSoajoeads Aq pezAieue s1am g pue ‘g ‘gz ‘1 soydueg

(penutiuod) I IFTAVL

(3)

(®)

(p)

@)

(q)

(®)

12

drthur . ULittle, Inc.



w

2

=

W

HLILVLSNY 40 IDNVIOATAHY ATYVIANI Uvd °*G TYNOIA M

=

ATEV SYATWAN FAVM 5

0s 001 0s1 002 062 00¢ 0S¢ 00% (0]% /) 00§ 08¢ 009 0%9 00L =

B T T T T T T T T T T T T 0 ﬁm
- ~4 01
L - 02

e e e e - —— e — - o —— - —

Apll
NALVIIdNEL WO0d

i
=
[TaY
HONVIOITARY INADYRA
13

0L

001

SNNNEE MNNNEEE @0 SENMRNEE




serpentine. Ignition of the sample at 1000°C for one hour showed a
water loss, indicating approximately 7.9% serpentine by weight. Our

measurements were made on the (100) face of this crystal.

F. MISCELLANEOUS COMPONENTS OF THE FOREST CITY CHONDRITE

A number of our samples were run in order to compare the spectra
of individual samples and that of a composite (the Forest City Chondrite).

This will be discussed in a later section.

Among these we have run the spectrum of a composite sample con-
taining a feldspar and pigeonite. The feldspar composition is close to
Ab_,An, 2 which is an andesine (i.e., Ab__An,. to Ab

52478 70430 504050)
essary to run this sample as we were unable to obtain a sufficiently

It was nec-

large sample of pigeonite having a composition close to that reported as

(1)

being present in the Forest City Chondrite.

The feldspar in this rock was determined to be Ab_, by measure-

52
ment of the extinction angle of many particles. The index of refraction

and 1.551, thus indicating Ab as the composition of the feldspar.

52478
These results are believed accurate to within 2%. X-ray analysis of the
sample indicates the feldspar to be andesine. The pyroxene fraction
contains iron and has a diffraction pattern close to that of diopside.
Hence it is a good approximation to the pigeonite of the Forest City
Chondrite. We calculate that the composite feldspar-pigeonite sample has
a composition of 65 * 57 pigeonite and 35 ¥ 5% feldspar on the face we
are examining. The estimation was carried out by making planimeter meas-

urements on a photograph of the sample face studied. It is shown in

Figure 6 along with the spectrum obtained.
In Figure 7 is shown the rather uninteresting spectrum of

troilite which has a chemical composition close to FeS and was present

in the Forest City Chondrite.

14
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A summary of the pertinent information such as chemical compo-
sition, crystal orientation, and source for all the minerals studied is

given in Table I.

G. POLARIZATION EFFECTS

It is very important to note the effects of instrumental polar-
ization (Figure 8) on the measured spectra. As shown in the figure
changes in instrumental polarization which result from the changes in
optical components (shown by the dashed vertical lines) may be quite

large. Our measured reflectances are given by the formula

Rm =1/2 (1 +V) RW'+ 1/2 (1 - V) RU (1)

where R.m is the measured reflectance, R(I is the reflectance of radiation
with a perpendicular orientation between the electric vector and the plane
of incidence, Rw_is the reflectance for the parallel component and V is

the polarization of the spectrometer.

I -1
T o

VoI FT 2
T o)

where the I's are the intensities of radiation with a polarizer set to

pass the appropriate polarized radiation. In the figure we have plotted

[vl.

Rv and RU are, of course, smooth functions of frequency or
wavelength but the drastic changes in instrumental polarization at, for
. -1 . . . . X
instance, 500 ¢cm = is a contributing factor to the spectral discontin-

uities often observed at this point.

By and large the other polarization discontinuities are too

small to show in the measured spectra.

17
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ITII. STATE OF SURFACE AGGREGATION

(5)

Previous studies show that good spectra of high information
content can be obtained by reflection or emission from bulk minerals,
whether polished or rough. Coarse particulate material will give reflec-
tion spectra of increased intensity, owing to the contribution of volume
reflection (See Section III,B). The reflectance is further enhanced as

13) which we believe to be the result of

the particle size is reduced
increased backscattering due to multiple internal reflections within the
grains when the particles are larger than the wavelength. However, when
the particles are made smaller than the wavelength, the reflectance falls
off drastically and, therefore, the material almost appears to be a

blackbody.

At the conclusion of our previous work, we were very concerned
about this apparent loss of spectral details in spectra resulting from
fine particulate surfaces. We proposed a theoretical investigation of
this problem along with several laboratory experiments in order to try
to resolve some apparent contradictions between various experimental

(1,4,14)

results and existing theory.

A. EXPERIMENTAL RESULTS

We began the study of the problem of spectral contrast on re-
flection from particulate surfaces by preparing a new sample (the orig-
inal had been damaged) from our l-micron fayalite powder as detailed in

(1)

our previous work. This surface, prepared exactly as before, appeared
somewhat darker on visual inspection but, as samples have had this type
of variability before, we proceeded with our measurements. A photograph
of this sample is shown in Figure 9. A reflection spectrum of the powder
surface was run on our Perkin-Elmer 521 double beam analytical spectrom-
eter. This instrument is capable of measurements to 250 cm_1 although it

loses sensitivity toward the end of the region. The object was to scan
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FAYALITE POWDER REFLECTING SURFACE

FIGURE 9.
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the spectral region in question many times in an attempt to average out
the noise and so determine whether the signal actually contained the
spectral contrast information present in bulk samples. It proved unnec-
essary to do this as, in the course of an initial run, an attenuator was
placed in the reference beam, and with suitable differences in slit,
gain, etc., we were able to obtain sufficient spectral contrast to rec-
ognize a somewhat displaced fayalite spectrum. This is shown in Figure
10. We proceeded to obtain a similar spectrum using our 201-C Far Infra-
red Spectrophotometer by making necessary adjustments in slit and gain
settings. This is shown in Figure 11, along with the spectrum of bulk
fayalite. It should be noted that the angle of incidence used with the
521 is 30° and with the 201-C it is 45°. Further, the polarization
characteristics of the 521 are unknown and the calibration is less well
known that with the 201-C. There appears to be a long wavelength shift
of the spectrum using the 521 Spectrophotometer for the powder surface

as compared to the bulk fayalite spectrum. The wavelength shift is dif-
ficult to explain and cannot be entirely attributed to instrumental
difficulties since it does not vanish although it is perhaps somewhat
reduced in the powder spectrum run on the 201-C. Nevertheless, the
similarity of the spectra obtained from the two instruments is obvious.

A run on the new sample under conditions similar to those used in our
previous work shows that somewhat higher reflectance and enhanced spec-
tral details are obtainable with this sample than with the original (See
Figure 12). Runs made with the 521 Spectrophotometer under "more normal"
conditions (without reference beam attenuation) show a comparable reflect-
ance level of approximately 5 to 107% with some small features visible.

We feel the point is amply demonstrated that spectral contrast is obtain-
able in reflection experiments from fine powder surfaces. The importance
of these experiments is that while reflectance is reduced on going from
bulk to particulate surfaces, the conclusion reached by Corliss(ls), that
"spectral structure is wiped out" by finely powdered substances in emis-

sion, is incorrect.
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Further powder spectra were obtained from fine particulate
samples of quartz which are shown in Figure 13. These spectra were ob-
tained with two different packing fractions (volumes) to illustrate the
effect of void spaces on the spectra. The quartz powder has a particle
size range from 1.6 to 5 microns and is shown in Figure 14.%* The less
dense sample was placed in an aluminum cup and the sample face smoothed
with a spatula. This was necessary as our instrumentation is designed
for making specular measurements. The denser sample was compressed
somewhat by slight pressure in order to obtain a different packing vol-
ume. We feel that there is no longer any possibility of doubt that
spectral details are present in fine powder samples.

(1)’

We originally thought that our previous experimental results

14)

as well as those of Van Tassel and Simon( who made emission measure-
ments, could be explained simply on the basis of a large diffuse compo-
nent to the radiation. This component might result from the gross rough-
ness of the sample (See Figure 9) rather than the individual particle
size and would have the effect of cutting down the measured signal until
spec
ficult. This assumption was tested for our experimental arrangement by
comparing the reflectance level in the "specular' position with that in
several "diffuse'" positions of the sample. As the incident and detected
beams are fixed 90° apart in our spectrometer, we rotated the sample into
the incident beam for our measurements. This had the effect of giving an
angle of detection equal to 90°-i where i is the angle of incidence. By
turning the sample into the incident beam, we avoided any energy bypass-
ing the sample altogether. The results are shown in Figure 15, where it
can be seen that the reflected radiation falls off very rapidly as the
"specular'" beam is lost to the view of the detector. This experiment

renders our tentative explanation of the signal loss invalid. We note

Some larger particles are visible in the photograph, but numerous
microscopic examinations show the bulk of the material to be in the
1.6 to 5 microns range,
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that the angular spread of the "specular'" beam is similar to what we ex-
pected, judging by the optical diagram of our instrument. Therefore our

sample is essentially a specular reflector.

We were left with the conclusion that spectral details can be
discerned in reflection from particulate media and, by implication, by
proper use of Kirchhoff's Law, in emission. However, the experimental
observations of lessened reflection and less easily observed spectral

details remain.

Our explanation of these phenomena is based upon packing den-
sity rather than particle size. It is true, however, that fine particles
generally pack rather loosely. As is well known, reflectivity is given
in terms of the optical constants of the medium, n and k, by the Fresnel

equations of which the simplest is, at normal incidence

(n - D2+ kP
R = 7.2
(n+ 1) +k

3)

If the material in question is in large measure made up of voids,
then n and k should be replaced by effective optical constants where these
quantities are averaged over the material and the vacuum. As a first ap-
proximation when the complex refractive index, n - ik, is close to 1, the

(16)

average index is given by
n - ik = f(n - ik - 1) %)

where £ is the packing density, or the fraction of the volume occupied by
the particles. This leads to the equation*(17)

(n - 1)2 + k2

R = ] (5)

(n +-% - 1)2 + k

The theoretical derivation of this expression is given in the following
section.
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An example shows the type of effect to be expected. For m = 1.5 and

k = 1, R for the bulk material would be 0.172 or 17.2%. For the same
material with 50% of the bulk density, R would be 0.059 or 5.9% (see next
section). A rough check on the density of our material gave d ~ 2.5 as
opposed to d = 4.14 for bulk fayalite. It is possible that such a phe-
nomenon could explain Lyon's(s) data for 2004 A1203. He described his
technique as compacting the material so that it would stay in his ver-
tical sample holder. We attempted to simulate this with 5008 A1203
powder in a similar holder and found that the powder will stay in a ver-
tical position under a large range of densities, including 0.1 of that

of the bulk material. This would give an even greater reduction in re-
flectance or increase in emittance. We observe that the actual emittance
value given by Lyon for his 2008 powder is very close to blackbody, being
derived from a very low reflectance value by means of Kirchhoff's Law.

In principle this type of dilution effect does permit the retention of

some spectral contrast as we discuss in the next section.

When n - ik is not close to 1, no simple equation for reflect-

ance is obtained. 1In its place we have derived the following mixing rule

based on the Lorentz-Lorenz thecory of dielectrics.
— =2 2
(n - ik) -1 _ (n - ik)" - 1
(n - ik) + 2 (n - ik)™ + 2

We will discuss a generalized form of this equation and show its deriva-
tion in a later section of this report. The "averaged'" optical constants
may then be used with the Fresnel equations to compute reflectance for a

fine particulate surface.

B. THEORY OF THE SPECTRAL REFLECTANCE18
OF A SEMI-INFINITE PARTICULATE MEDIUM )

Considerable insight into the spectral reflectance character-

istics of a particulate medium can be obtained by means of a simple model

30

Jrthur M. Yittle, Ine.



in which diffuse radiation is reflected from a semi-infinite medium
composed of randomly distributed spherical particles of uniform diameter.
For such a model the reflectance, in general, depends on the wavelength

A of the radiation, the optical constants n(l) and k(\) of the material
of which the particles are composed, the diameter d of the particles, the
average center-to-center spacing D of the particles, and the condition of
the surface of the medium. The reflectance, in general, consists of both

a volume and a surface contribution.

The volume contribution arises from incoherent scattering by
the particles and predominates when the medium consists of widely-spaced
particles of any size, as in a cloud or gas, or of closely-spaced par-

ticles of size larger than a wavelength.

The surface contribution has both a coherent component--the
specular reflection, and an incoherent component--the diffuse reflection.
The relative magnitudes of the two surface components depend on the rough-
ness of the surface. Surface reflection predominates over volume reflec-
tion when the medium consists of closely-spaced particles of size much

less than a wavelength.

1. Volume Reflection

The conditions for predominantly volume reflection are repre-
sented schematically in Figure 16 where diffuse incident radiation is
represented by the symbol 1 and diffuse reflected radiation by the
symbol Rv. The sinusoidal wave on the right indicates that the wave-
length of the radiation is small compared with the particle diameter.
The packing density of the particles is so low that the surface reflec-
tion effect to be discussed later is negligible compared with the

volume effect.

The distribution of the spherical particles shown in the di-

agram is meant only to indicate the average spacing and would therefore,
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VOLUME REFLECTION

FIGURE 16.



for example, represent approximately the case of a "fairy castle" struc-
ture composed of a very porous network of particles of size considerably
larger than the wavelength of the radiation. An experimental justifica-
tion for this model of the fairy-castle structure is to be found in the

work of Blevin and Brown(lg) who found that the reflectance of a powder

composed of particles larger than the wavelength was almost independent

of the particle spacing over a range from very wide spacing down to

spacings where the particles were almost in contact.

Volume reflection can be evaluated most simply by the two-beam

theory of Schuster(zo)

in which forward and backward radiation fluxes L+
and I represent the state of the radiation at any point in the medium,
a distance x from the surface. The differential equations for I+ and T_

are:

dI+
o= = - (K+ I + SI_ (7
dI
- —— =< (K + ST + ST (2)
dx * ‘- + )

where K and S are the macroscopic absorption and backscattering coeffi-

cients of the medium.

The general solution of the simultaneous first-order differ-

ential equations 7 and 8 can easily be shown to be:

AexVK2 + 2KS + Be-xVK2 + 2KS

I, = 9

) Vi '
=al1+%+ -K——+25)eXK"'ZKS
- sTyZ " s

-
[

(10)

2 Vi '
+B<1+§ K K)e K" + 2KS

- =~ 4+ 2=
S 82 S
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In the case of a semi-infinite medium, I, and I must approach

+
zero for large x. Thus A = 0. The reflectance RV can then be evaluated

as the ratio of I to I+ at x = 0:

K
- 3 + 2-§ (11)

It is noteworthy that the reflectance depends only on the ratio
K/S of the absorption and back-scattering coefficients. Now, when the
particles are, on the average, far enough apart that they act essentially

independently, one can write

K=No (12)

where N is the number of particles per unit volume, o, is the absorption
cross-section, and Og is the back-scattering cross-section of a single

particle. Thus

o
K__a
S o (14)
s
and from equation 11
1
%a %a %a
RV=1+6’—- T +26'_ (15)
s s s

This expression shows that the reflectance is independent of the

number of particles per unit volume, in accord with the experimental re-

(19)

two cross-sections of a single particle. Figure 17, which is a plot of

sults of Blevin and Brown , and is a function only of the ratio of the

equation 15, shows that Rv decreases quite rapidly at first as the ratio
of absorption to scattering cross-section increases, but then falls off

more slowly when Ua/GS exceeds 1.
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In principle, the ratio Ua/US could be calculated as a function
of wavelength by means of the scattering theory of Mie for any given de-~
pendence of the complex index of refraction n - ik on wavelength. 1In
practice, however, the computation would be very difficult because O is
the cross section for scattering into the backwards hemisphere and not
the total scattering cross-section that is relatively easy to derive from

(16)

the Mie theory. Therefore only a qualitative discussion will be given

about the dependence of ca/cs on n(}), k(}), and d/)X.

Of great interest is the way in which Ga/GS (and therefore Rv)
depends on the absorption index k(1). In the limiting case of perfectly
transparent particles for which k = 0, the ratio Ua/GS is zero since no
absorption occurs within the particles. Thus, from Figure 17, Rv =1,

In the other limiting case of perfectly reflecting particles for which

k = oo, ca/as is again zero since no energy can enter the particles and
be absorbed. Therefore, Rv =1 in this case, also. The dependence of Rv
on k must therefore, in general, resemble the curve in Figure 18a in

which R_V approaches 1 for some intermediate value k. for which Ua/Us is

1
a maximum. The minimum of the Rv curve in Figure 18a means that two types
of absorption bands should be distinguichable in the volume reflection

o

and for which k is less than k

5
spectra of particulate media. A weak 1

throughout the band will appear as a dip in the spectral reflectance
curve, as shown in Figure 18b, because Rv decreases as k(}) increases.

On the other hand, a strong reststrahlen band for which k becomes greater
than kl over part of the band will appear with the opposite polarity as
in Figure 18c, since R.V now increases with increasing k, according to
Figure 18a. The two kinds of bands can be called dielectric-type bands
and metallic-type bands, respectively. The experimental results of Blau

(21)

and Espinola on the reflection of infrared radiation by clouds of
large ice particles (d ~ 50-100 microns) appear to show both kinds of
bands. At the centers of the relatively weak bands near 1.5 microns and
2 microns the radiation reflected from the cloud is lower than at adja-
cent wavelengths, while the reverse is true for the very much stronger

reststrahlen band at 3.1 microns. One may expect to find similar behavior
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(a)

(b)

(c)
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A

FIGURE 18. VOLUME REFLECTION FOR STRONG AND WEAK RESONANCES
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in the reflection spectra of coarse powders, such as silica sand. It is
to be noted that the strong reflection bands have the same polarity as

the bands in the reflection spectra of homogeneous solids.

2. Surface Reflection

Surface reflection predominates over volume reflection under

the two conditions illustrated in Figure 19.

In Figure 19a the particles of a coarsely divided medium have
been compressed so closely that the residual voids are small in size
compared both with the particles and with the wavelength of the radiation
Under these circumstances the volume scattering, which now results from
the small widely-spaced voids in an otherwise continuous medium, is much
less than the Fresnel reflection arising from the discontinuity in the

optical constants at the surface of the medium.

Figure 19b represents the case of a fine powder where the
particle size and spacing are both small compared with the wavelength.
Volume reflection is negiigible in this case because Ga/GS is generally
very large in the Rayleigh scattering region for materials that have a
finite absorption index. However, the surface reflection is important
since large numbers of particles act cooperatively when the interparticle
separation is much less than a wavelength. This coherent effect is en-
tirely equivalent to the effect of the discontinuity in the average com-
plex refractive index at the surface of the medium. When the index
n -~ ik of the individual particles is fairly close to 1, the space-

(16)

averaged index n - ik is given by
(n - ik - 1 = f(n - ik - 1) (4)
where f is the packing density, i.e., the fraction of the volume occupied

by the particles. On equating real and imaginary parts of equation 4,

one obtains:
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(b)

SURFACE REFLECTION

FIGURE 19
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f(n -1) (16)

=
I

fk (17

An approximate estimate of the diffuse surface reflectance RS
is obtained if expressions (16) and (17) are substituted into the simple

Fresnel formula for normal incidence

— 2 =2
R, = o-1) *lk (18)
(n+1) +k
One then finds
2 2
R = (n -1 +k (19)
s 2 2 2
(n+=-1D+xk

f

Table 11 shows the effect of the packing density f on the
reflectance RS and on the spectral contrast (Rs)max/(Rs)min for the case
of a fairly strong absorption band in which we assume for simplicity
that the refractive index n remains constant at 1.5% while the absorption
index increases from 0 to 1 between ihe edge and center of the band. The
table shows that the reflectance at the center of the band decreases
markedly from 17% to 0.3% when the packing density decreases from 1007
to 10%. But the spectral contrast, which is the ratio of the reflectance
at the center of the band to the reflectance at the edge of the band, re-
mains high and actually increases with the dilution of the powder. Thus
if high signal-to-noise ratio can be obtained in the measurement of spec-
tral reflectance, either by slow scanning with relatively wide slits in
a spectrometer, or by the use of an interferometer, there appears to be
no reason why excellent reflection spectra should not be obtainable from

finely-divided low-density powders.

* .
As n actually undergoes anomalous dispersion in the region of an ab-

sorption band, the results of a more comprehensive calculation will be
given in Section IV.
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TABLE II

THE EFFECT OF PACKING DENSITY ON SURFACE
REFLECTANCE AND SPECTRAL CONTRAST FOR
CONSTANT REFRACTIVE INDEX

£ n k Rs (Rs)max/(Rs)min
1 1.5 0 .04 4.3
1 1.5 1 172
0.5 1.5 0 .0123 4.8
0.5 1.5 1 .059
0.1 1.5 0 .0006 5.0

0.1 1.5 1 .003

It is worth noting from equation 19 that for constant n, R
always increases with increasing k. Thus the surface reflection spectrum
of a fine powder has the same polarity as the reflection spectrum of the
bulk material, but it has opposite polarity to the volume reflection spec-

trum of weak bands from a coarse powder.

3. Effect of Surface Roughness

Surface roughness can have an important effect only on the
surface contribution to the reflection by a particulate medium. Thus the
diffuse reflectance of a medium composed of coarse particles, such as
sand or a cloud of large ice crystals, is not affected appreciably by the

state of the surface of the medium.

In the case of a medium of fine particles, where the reflection
is caused almost entirely by the surface discontinuity in the optical
constants, the state of the surface can be important under certain condi-
tions. If the surface contains no steep~-walled cavities of dimensions

comparable with the wavelength, roughness merely causes a redistribution

41

Jethur D 4Little, Fne.




in angle of the reflected radiation but does not change the total amount
of energy reflected. Thus the diffuse reflectance is independent of
gentle surface irregularities. Reduction in the reflectance begins to
occur when the surface is so rough that an appreciable fraction of nor-
mally-incident rays suffer a double bounce. In general, if Ro(k) is the
average reflectance for a single bounce, then the reflectance of the

rough surface is approximately

_ 2 3
R = F Ry (M) + F,R ") + F,R V() + ... (20)

where Fl’ F ... are the fractions of the radiation undergoing single,

2)
double, etc., bounces.

In the critical case of a fine powder of low packing density,
RO(X) is quite small, and all terms in equation 20 except the first can
be neglected. Thus the reduction in reflectance due to roughness is
simply the fraction F, of incident rays that make a single bounce. This
fraction is moderatel; large except when the geometry of the roughness

is exceedingly angular.

It is worth noting that when RO(R) is not small, as in the
case of solid material or wind-packed powder, roughness changes the shape
of the spectrum since the multiple-bounce terms in equation 20 are non-

linear in RO(K). The effect sharpens the spectral peaks.

4. Determination of Packing Density and Particle Size

The theory outlined above leads to the following conclusions:

a. When the wavelength is much smaller than the particle size,
the reflectance depends mainly on volume scattering and is independent of

packing density.
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b. When the wavelength is much larger than the particle size,
the reflectance is a surface effect and decreases rapidly with packing

density.

These theoretical results imply that the spectral reflectance
of a powder should have a relatively high average level, comparable with
that of the bulk material, for wavelengths less than the particle size,
and that the level should drop to a lower average value for wavelengths
larger than the particle size. The wavelength at which the change in
level occurs therefore determines the particle size, while the reflect-
ance level itself at the longer wavelengths, in conjunction with known

values of the optical constants, determines the packing density.

An experimental search for the change in emittance (or reflect-
ance) level was carried out using a double beam emissometer in which the
reference beam was derived from a 'black" surface emitter radiating at
approximately the same temperature as the sample. The radiation from
both the sample and the reference is integrated over a solid angle of

approximately 1.57 by means of a gold-plated hollow collector and con-

ducted by a 1ight pipe to the slits of

. 1 -
tne s t d

tae

e

our Perkin-Elmer 521 spectrophotometer. The sample was the quartz powder
previously mentioned having a particle size range from 1.6 to 5 microns.
The results of a qualitative experiment are shown in Figure 20. The ex-
pected emittance rise appears between 3.5 and 6 microns. The sample
temperature was nominally 220°C. A broad emittance minimum is visible
in the region between 7 and 10 microns, corresponding to a reststrahlen

feature for this material shown in the insert.

The relatively small emittance minimum can probably be under-
stood in terms of the foregoing discussion of the effect of low packing
density on the spectra of sub-wavelength size particles. Although the
packing density was not measured in the emission experiment, we infer a
similar magnitude to that given in Figure 13. Therefore an emittance of

approximately 0.95 * 0.03 is expected in the region of this reststrahlen.
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On this basis a blackbody curve at the sample temperature would be
expected to lie only slightly above the longer wavelength part of the
emittance curve shown in Figure 20, Under these conditions a signal-
to-noise ratio higher than that employed would be necessary to show the
details of the spectrum which can be seen in the insert reflection
spectrum of the same powder. This point will be further discussed in
Section V. Further work needs to be done here, but we are gratified

by the appearance of the predicted emittance change at a wavelength

near the particle size.
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IV. MIXTURES OF MINERALS

In general, one may expect the spectrum from the surface of a
planet to be that of a composite owing to the size of the areal resolu-
tion element that follows from system design considerations. For ex-

(2)

ample, in our recent proposal of a broadband infrared interferometer
for the 1971 Voyager Mission to Mars the resolution element had a diam-
eter of about 100 km. An area of this size could contain a number of
different mineral spegies, some in the form of spatially separated bare
rocks, others mixed together in patches of fine dust. The spectral

mixing rules are quite different in the two cases,

If the minerals are spatially separated either in distinct
rocks or in large grains in a single rock, the individual reflectances
add linearly with weighting factors proportional to the respective
areas. WE have tested this simple rule using a chondrite composed of

seven minerals (including four silicate minerals).
A. RESULTS

We had previously run the spectrum of the Forest City Chondrite.
It was our intention to measure the spectra of its component minerals
and compare them, using some sort of simple mixing rule with the spectrum
of the composite chondrite. Unfortunately, it proved very difficult to
obtain precisely the same minerals as those reported for the chon-

drite.(1’22’23)

In addition it was very difficult to get a good polish
on the chondrite which is composed of materials of varying hardness.

During the current contract, however, we succeeded in obtaining a better
polish on the chondrite. This resulted in an approximately constant in-

crease in the reflectance level of the chondrite spectrum by about 6%.

Figure 21 shows the comparison of the repolished chondrite

spectrum with two calculated composite spectra on a volume per cent basis.
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The mixing rule used assumed that the reflectances of the components
could be simply added and normalized by the volume percentages of the
minerals present. We believe this rule adequate if the facets of in-
dividual components are large compared with the wavelength of the radi-

ation (which is true for much of the chondrite).

This figure demonstrates how good a match may be obtained
when the proper minerals are used with a linear mixing rule. The top
two spectra were obtained in precisely the same way, involving the same
assumptions except for the member of the olivine series used. The top
spectrum includes fayalite and the middle spectrum includes Fo7OFa3O.
The match obtained for the latter spectrum with the chondrite
(F°81.7F318.3) is, in our opinion, a demonstration of the general
validity of the method used, especially when contrasted with the very
poor match obtained when fayalite is used for the olivine component of
tne cnonarite. We feel that the minor differences observed between the
spectrum of the chondrite and the calculated spectrum based on Fo70Fa30
can be easily accounted for by the approximations we made in the compu-
tations., By using a flat value of 1007 reflectance for the kamacite and
enite we undoubtedly calculated too high a reflectance level for our
composite spectrum. The general problems of scattering by interfaces in
the chondrite, orientation uncertainties for the minerals in the chon-
drite, and uncertain uniformity of composition throughout the chondrite
can further contribute disparities between the spectra. The enstatite
used was a single crystal, and the face studied is unlikely to be the
orientation of that mineral in the chondrite. With natural materials,
it is quite difficult to obtain specimens of exactly the same mineral
composition as are present in the chondrite. As we were never able to
obtain a sufficiently large sample of pigeonite, we had to substitute a
feldspar (andesine)--pigeonite composite. Unfortunately, andesine has
a slightly different composition than the feldspar (oligoclase) in the
chondrite. Finally, the simple mixing rule used is valid only for large

grains and there is some fine grained material in the chondrite. By

microscopic examination, we have concluded that the bulk of the material
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is large compared with the wavelength. Despite these qualifications,
the good agreement in the shape of the curve for the chondrite and for
the calculated composite leads us to believe that a linear mixing rule
is appropriate for composite spectra if the grain size is large compared

with the wavelength.

On the other hand, if the grains of different components are
small, we have derived the following mixing rule (see mnext section).
2 (n ik )2 1
(n'ik) -1=Zf p P
(n - ik)> +2 Pla - ikp)z +2

(21)

where np and kp are the optical constants of the mineral of type p (in-
cluding vacuum) and fp is the volume fraction associated with each one.

Thie »nla ic a oeneralization of equation (6) for composite samples,

A computer program was written to calculate reflectance at
normal incidence using the above mixing rule to derive the average op-
tical constants of a mixture of minerals. As a test case, we used data
for X and Z-cut quartz taken from a dispersion anélysis carried out by

(24)

Spitzer and Kleinman. Using the dispersion parameters that they
obtained, the computer program recomputed the optical constants of quartz
in order to avoid errors in reading data points from their graphs. The
optical constants were used with equation 21 with varying fp's to show
the effect produced by changing packing fractions. However, the f for
Z-cut quartz was always taken as one half of the f for X-cut quartz as
the latter orientation is doubly degenerate, and a random mixture should
have twice as many crystallites X-oriented as Z-oriented. Quartz is a
particularly good substance to test this relationship for it fractures
conchoidally. A powdered sample therefore should have no preferred
orientation. In Figure 22, we show the reflectance of Z-cut and X-cut
quartz and that computed for the random mix. It should be noted that
the mixing rule always predicts the proper number of spectral features

if one judges by the features in the component minerals, although some
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shifting is apparent due to the way in which the slopes of the individual
curves interact. The 500 cm-1 feature in X-cut quartz has been reduced
to a shoulder which is slightly shifted in frequency in the mixture and

is apparently replaced by a valley at 500 cm-l.

In Figure 23, we have plotted the effect of vacuum packing
fraction on the spectrum using a log scale. The top curve is our 2:1 mix
with no vacuum or air space (i.e., fZ + fx = 1). The middle curve has

the same quartz mix but fZ + £ = 0.5 and fVa = 0.5. The lowest curve

X
continues the series to fva = 0.9, It is quite clear from the figure

that according to this quantitative mixing rule the spectral features
remain even at low packing fractions, which agrees with our previously

reported(17’18’25)

conclusions concerning spectral contrast (see Table II).
The mixing rule used here is general in contradistinction to the special
case rules used before,(17’18’25)(equations 16 and 17), which resulted

in the simple relationship of packing fraction to reriectance (ecyuaiiown 5.
Figure 23 takes into account the effect of changes in the refractive index
due to anomalous dispersion and is therefore a further improvement on

Table II.

Because of the difficulty of application of such a complex
mixing rule in disentangling the spectra of mixtures (one needs to know
the optical constants rather than simply the emittance or reflectance
spectrum), a comparison with the spectrum expected from a simple mixing
rule such as that used for large grains is shown in Figure 24. While
the spectra are similar in most places, important discrepancies can be

seen near 1160 cm-1 and 500 cm-l.

We invoke the results of Figure 13 in order to verify the
validity of our mixing rule experimentally. These results appear to
confirm the general validity of the complex mixing rule as well as the
effect of packing fraction. Some discrepancies between our experimental
and theoretical values can be accounted for by the experimental spectral

slit widths used and the variation between the calculated reflectance at
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normal incidence and the measured reflectance at 45°, 1In additiom, our
Golay cell was discovered to be in the process of breaking down shortly
after these spectra were run. Therefore, we rechecked our experimental
data for the upper curve and found a deviation of about 1% from the data

shown.

The experimental shape in the middle infrared region near 9
microns appears to deviate from either the simple or complex mixing
rule (see insert in Figure 20), though retaining apparent features of
both. This is not too surprising as the wavelength at this point is
not very far removed from the particle size,and some more complex rule
is probably necessary. As stated before, we feel additional effort is

required here.

B. DERIVATION OF THE GENERAL
MIXING RULE FOR FINE POWDERS

The reflectance of a medium composed of a mixture of fine par-
ticles (small compared with the wavelength) and vacuum depends on the
macroscopic optical constants n and k of the medium., Scattering is neg-
ligible compared with the coherent surface reflection if the particles
are very small compared with the wavelength and sufficiently densely

packed so that n - 1 and k differ appreciably from zero.

The complex index of refraction n - ik is related to the com-

plex dielectric constant € of the composite medium by the relation
2
€ = (n - ik) (22)
Thus the problem of deriving a mixing rule for n - ik is equivalent to
that of obtaining a mixing rule for €. Now Clausius and Mossotti long
ago proposed an explanation of the dielectric constant of materials in

terms of the polarization of an assembly of conducting spheres. Lorentz

and Lorenz improved on this model by attributing the polarization of the
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medium to the polarization of the individual molecules of the medium.
We shall carry the argument one step further by applying the same idea
to an assembly of spherical polarizable particles of dimensions that
are macroscopic but still small compared with the wavelength of the

radiation.

The Lorentz-Lorenz theory is based on the idea that the polar-
ization of an individual molecule is due to the sum of the externally
applied electric field E and the field Ei caused by the induced electric

dipole moments of all the other molecules.

Let  be the polarizability of a molecule. Then the induced

dipole moment is, by definition,

p=a (E+ Ei) (23)

If there are N molecules per unit volume, the polarization of the medium
is

P = Nu (24)

The theory now assumes that the individual molecule under consideration

is effectively located at the center of a spherical cavity in a homoge-~
neous medium composed of a smoothed-out distribution of all the other
molecules. Then the internal field is, by a well-known result of electro-

statics,

E, = (25)

E=1+4T= (26)
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On combining equations 23-26, one gets the Lorentz-Lorenz

relation

c ¥ 2 3 (27)

In our extension of the theory to a fine mixed powder we do
two things. First we replace Na by the appropriate expression for a
mixture of particles of different N's and a's. Second we express the
a's in terms of the dielectric constants of the bulk materials of which

the particles are composed. Thus for the mixed powder

e =1 _4r7
%32 -3 5 Npozp (28)
P
e =1 3
o% = EIL:77 ap (29)

where Np’ o$, ep, ap are, respectively, the number of particles per unit
volume, the polarizability, the dielectric constant, and the radius of
particles of type p. Equation 29 is another well-known result of elec-

trostatics for the polarizability of a dielectric sphere.

On substituting (29) into (28) and noting that &4 7 ap3 Np/3
is the fraction fp of the volume occupied by type-p particles, we arrive

at the mixing rule for dielectric constants

. 1 e =1
e + 2 = i fp ) ep + 2 (30)

The mixing rule for the optical constants can now be written

down with the help of equation (22) to give
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N 2
(n - ik)2 -1 (np - 1kp) -1

(n-ik)>+2 P p(np-ikp)2+2

(21)

The volume fractions fp do not add up to unity since in general there
are empty spaces between the particles. However, since np - ik =1,
for vacuum, the summation can formally include a term to represent the

vacuum., Under these conditions the sum of the fp's will be unity.

Note added in proof

A private communication received from Dr. John Wood of the
Smithsonian Astrophysical Observatory, while this report was being
processed, has slightly revised his original estimate of the composi-
tion of the Forest City Chondrite.1 The pyroxenes present are better
represented by 24.5 wt% for the orthorhombic form and 2.2 wt?% for the
monoclinic form which is probably diopside. Our composite calcula-
tions shown in Figure 21 are essentially unchanged by the new

information.
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V. REMOTE SENSING CONSIDERATIONS

During the course of this program, Arthur D. Little, Inc.,
submitted a proposal to the National Aeronautics and Space Administra-
tion, Washington, D. C., entitled '"Mapping of the Composition of the
Surface and Atmosphere of Mars by an Orbiting Broadband Infrared Inter-
ferometer."2 This proposal summarizes our thinking as to the kind of
experiment that should be put on the Voyager Mission but could be
readily adapted to a lunar orbiter mission. In essense, we feel that an
orbiting broadband infrared interferometer is capable of ascertaining
the chemical composition of the lunar surface and its state of aggrega-
tion. The Martian Voyager experiment was designed without cooled detec-
tors due to their high power and weight requirements necessary on such
a long mission. There are other differences between Martian and Lunar
missions such as the need to look through the Martian atmosphere, and a
search for the possible presence of organic species on Mars. Basically,
however, we feel that a broadband interferometer (approximate range 2.5
to 85 microns) having .10 cm-1 resolution would be the best instrument
that could be placed on a lunar orbiter to measure the composition of
the lunar surface. We later modified this instrument slightly to satis-

fy the constraints of a Martian Mariner flyby mission.

A typical set of specifications for such an instrument without
cooling are

Wavelength range 2.5-85 microns

1

Spectral resolution
Half angle of viewing cone

Aperture
Scan time

Noise equivalent spectral
radiance (NESR)

58

10 cm”
4 degrees

2
9 cm  (for each section of
this 3-channel instrument)

2.5 seconds
betweem 2 x 10-9 and 1.8 x

10-8 watt/cm2 steradian c:m.'1
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A graph of the expected signal-to-noise ratio of the spectrum
(as derived from one interferogram) with wavelength and frequency is

shown in Figure 25a.

The calculated signal-to-noise ratio is based on certain as-
sumptions (e.g., a gray body with an emittance of 0.9). For our purposes
a more important quantity is the ratio of the change in signal, that
arises from a change in emittance or reflectance, to the noise. There-
fore, performance is better judged by the plot shown in Figure 25b of
"Noise equivalent reflectance increment'" vs frequency. The total radi-
ance, J of Mars for instance, consists of reflected solar and emitted

thermal radiation.

=R J + (1 - R)J

JMars solar (31)

thermal

Differentiation with respect to R, equating the resulting A J
to the noise equivalent spectral radiance and taking absolute values,
yields

larl = E NESR (32)

solar Jthermal

which is shown in Figure 25b and is the smallest detectable feature for
the suggested instrument. It should be noted that improvements in the
instrument could be made by the use of cooled detectors and coherent
addition of individual interferograms. The viewing cone angle together
with the instrumental altitude, scan time, and instrumental velocity set
the areal resolution obtainable. For the Voyager Mission we calculated

an areal resolution of the order of 100 km.
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%
VI. SUGGESTIONS FOR FURTHER WORK i

A number of topics require additional effort in order to fully
understand the phenomena and utilize the data in remote sensing applica-

tions. They include:

(1) continued measurements of the far-infrared spectra of
possible lunar and planetary surface minerals in bulk form to serve as
the nucleus of a catalogue of mineral spectra in the far-infrared region
to supplement existing middle-infrared data. This work could be accel-
erated by the used of a broadband-infrared interferometer. Such instru-

ments are commercially available.

(2) the further study of the effects of surface roughness on
spectral shape and intensity for the case of samples composed of fine
particles (and therefore having diluted optical constants). This should
be done for gently undulating surfaces like those already investigated,
for surfaces similar to the wind-packed surfaces that may well exist on
Mars, and for pumice-like surfaces and surfaces obtained by sifting the

powder in a vacuum to represent possible lunar conditions.

(3) further verification of the mixing rules we have derived
for composite samples, their modification for particle sizes near the
wavelength and derivation of simplified approximate rules for use in

spectral stripping techniques.

(4) development of a computer program for spectral stripping,
probably based on cross-correlation techniques with a library of indi-
vidual spectra.

(5) experimental determination of the relationship between the

normal emittance and single-angle reflectance of a variety of bulk and

particulate mineral samples.
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