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I. INTRODUCTION

With the increasing importance in modern warfare  of
infrared laser weaponry, guid ance systems, and thermal imaging

devices, it has become more and more important that we under-

stand techniques for obscuration by particulate systems, i.e.

smoke screens. A light beam is attenuated by the two processes,
- absorption and scattering, the sum of those being called extinc-

tion. A desirable property of the screening smoke is high

extinction efficiency per unit volume or per unit mass of the
material (depending on the exact application). In order to

attenuate CO2 laser radiation one requires a particulate system
having large extinction coinciding with the CO2 laser emission

band wavelengths of approximately 9.6 and/or 10.6 pm. Band

widths need not be large in this case. For the purpose of

screening against ther~~l im~ iing devices , which may utilize the
• entire atmospheric window region between about 8 and 14 pm

wavelength , a considerably wider particulate extinction hand

is called for. One might at first think that the best approach
would be to use an aerosol which would give high extinction

throughout the infrared . it is possible, however , to achieve

much higher extinction in a narrow band than in a wide band ,
as will be shown in this report.

A. Purpose bf this work

In order to successfully tailor the aerosol to the specific

need we should he able to enqineer the optical properties of

the particulates, that is to calculate the performance of

various systems and to produce the one that most closely fits

the desired characteristics. In order to accomplish this

optical engineering of aerosols the followinq two things are

necessary :
(1) A catalogue of the wavelength-dependent optical

~~~~~~~ _ _ _ _ _ __

~~~~~~~~~~~ 

-



- - — -~~—•-~~~~~~~~— —--
—2—

• constants for various solids and liquids.

(2) Adequate theoretical representation of how extinction

is related to such factors as particle size, shape, and coating.

Great difficulties have been present in both of these areas.

Regarding the all important optical constants, there is no
extensive compilation available. This is true in spite of the

- fact that there is a large amount of literature on certain
optical characteristics such as transmission . 2ptical constants,

however, are usually determined only for homogeneous samples
such as single ç~ystals and bulk~liquids . Unfortunately, most
solids have not been produced as single crystals, but are
commonly available only in powc1e~~d form. A technique to

permit accurate determination of optical constants for powdered

materials would provide a much needed moans for filling this

gap in our basic physical data~~ank• The main goal of this

• work has been to attempt development of such a technique .

In the course of the technique development we have had

to deal critically wit:h point (2) above, the theory of small

particle e>:tinction. Some progress in the theoretical treatment

of shape effects has been achieved as a necessary part of the
optical constants technique development. The purpose of this

report is to describe the development of the technique for
determining optical constants of powdered solids and to summa-

rize the pro~edure. Application of the method to four solids
with well-known optical constants provides a means for eval-

uating the success of the procedure. As a by-product, some
• insights we have gained into the larger question of how to

produce maximum extinction will be discussed .

B. Organization of this report

Organization of this report will be in the following

way. In part II we discuss methods for determining optical

• ~- ‘. -— ~~-.~~~-~~.~~~~—-•—- I
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constants starting with the well-tested methods used on smooth,

bulk materials. This enables us to present a viewpoint on
‘how to treat the similar but much more difficult problem in

powdered samples. Difficulties in previ.ous attempts at

determin ing optical. consLants for powders are discussed , and the

philosophy of the present ~ork is presented , emphasizing the

special need for better understanding of absorpt.ion by irregu-

larly shaped particles . In part III we point out why it is

desirable to limit both experiments and theory to the Rayleigh
regime. Part IV develops a theory for treating irregular 

—

• shapes which , while not perfect , gives a significant im-

provement over the theory for spheres. Part V summarizes

• the experimenta~~techniqucs for measuring extinction by

small particles and compares the measurements with calcula-

tions based on the shape distribution theory of IV for the

- 
cases of four solids with well—known optical properties.

Part VI presents our attempts to invert the small particle

• extinction data for the four “known ” soli~ds and discusses
• the degree of success. The larger question of how does one

produce ma>:imum extinction by means of absorption by particles

in the 10 pm spectral region is returned to in part Vii

Several insights into this question gleaned from the present
combination of theory and experiment arc commented on. Finally .

• part VIII summarizes the conclusions of this work and makes

• suggestions for further work.

II. DISCUSSION OF SO1~1E ~ETI1ODS FOR DETERMINING

OPTICAL CONSTANTS

The basic optical properties of matter, such as absorp-

tion, reflection , and scattering~ are determined by the

wavelength--dependent complex optical constants

m (X) n + ik

where n is the index of refraction and k is the extinction
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coefficient (although this terminology will be avoided in

this report because of possible confusion with small particle

extinction). There arc numerous common misconceptions con-

cerning optical constants, such as that n must be greater than
one to avoi d violation of Einsteinian relativity -- Lot true;

• such as that n may ho considered as appro>:imatcly constant

as k varies — • -  not always true. These misconceptions, both

F of which play a part in this discussion , probably arise
because technical people have been trained by their e].ementary
optics teaching that n is essentially constant ( ~~~i .5) with

• 

• only a small dispers ion toward the blue that increases n by
a few percent, while 1: is usually zero but may vary a little
in colored materials. These statements are, after all , true

for glasses in the visible , which is what traditional optics
is all about . The truth is , however , that in the more

remote wavelength regions of the ultraviolet and the infrared

all solids have regions in which both n and k vary over

• wide ranges. Very commonly n is less than 1, k is qroater

than n, and both very over orders of magnitude within a

narrow wavelength region . Examples of this behavior will

come up in this report.
• In addition to the indices of refraction , optical

properties can be summarized in terms of complex dielectric

functions

c ( A) £ + ic
1

The complex indices of refraction and the complex dielectric

functions are directly related in the following way:

C l n2 
— k2 -

£ 2 = 2nk

Hence either pair of quantities can be said to completely

describe the optical properties of a substance , and we shall
• frequently use the term optical constants to refer to

either set.

•—~~~~~~~~~ - • — -~~~ -~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ----
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A . Bulk optical constants

The most direct determination of optical constants

• is accomplished by measurement of transmission through a

slab of the materia.l and reflectance from its surface.
For wavelength regions and for solids of concern in this

work , however, absorption in sc> great that bulk solids cannot
be produced in sufficien tly thin slices that any measured

light can penetr~te through the slab. One must necessarily
resort to pure reflectance techniques. Since , however , one
measurement cannot determine the two desired quantities , the

usual procedure is to measure reflectance un d er two different

conditions ( two polarization states at non-normal incidence

• 
or two differen t angles) or to measure re f lec tance  over an
extended wavelength range coup led with an analysi s that proper—
ly relates n and k. It is this last technique that we shall
present.

The normal incidence ref lec tance  R of a surface of
material characterized by optical constants n and k is given
by the Fresnel equation

R (n—i) 2 + k 2 
(2)

(n+ l) 2 + k2

where the material is assumed to be in air with index of

refraction taken to be 1. When the reflectance of certain
solids is measured in the infiared there is a region of

wavelengths for which R is very close to 1. An example is

shown in the a part of figure (1) for the solid silicon carbide.
• 

• 

The historical terminology for the highly reflecting region is

“reststrahlcn ’ region , since multiple reflection of polychro—

matic light from such a solid results in ~‘residual radiation”

at these wavelengths . The rest strahlcn region is caused by
• strong interaction of light with the ionic vibration modes of

the crystal. Almost all solids and liquids have vibrational
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Pigure 1: (a) Measured reflectance , (b) derived optical
• constants, and (C)  derived dielectric functions for u—SiC

from Spitzer , Kleinman , and Walsh (1959). The circles in
• the reflectance graph represent some of the data points and

the continuous curves in all three graphs are calculated from
the one oscillator fit to the data with

- c~~— 6.7 ~ 793 1443 y 4.76
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• absorption bands in the infrared , but the strengths of the bands
-

, 
may not be great enough to produce a reflectance approaching 1

as in the reststrahien case. It is , however , the strong
• • vibrational interaction that ultimately gives rise to the

• strong small par ticle absorption han ds tha t are of chief concern
in this work. Hence our attention is focused primarily on bands

such as those of f i gure ( la)  . For such cases it has been found
• 

- that a char ged harmonic osci l l ator model of the crystal vibra-
tions and their interaction with the electromagnetic field give s
a qui te accura te descrip tion of the optical effe cts in the
bulk solid. For a solid composed of N identical oscillators

per unit volume the complex dielectric function is (flodgzon

1970 , for example)

p

3+ i~ (~) 
-

where = Ne 2/m is the plasma frequency of the ions of mass m .

~~ is the v ib ra t i onal  f r egucncy related to the e f f ec t i ve  spring
constan t and the mass , and y is the damp ing factor . c~ is

• the dielectric function at high frequencies compared to the

oscillator frequency. The high frequency dielectric constant

is normally duo to th e e f f e ct of electronic oscillators in
the ultraviolet. • If there arc several types of oscillators ,

due for exampl e to d i f f e rent bonds between ions , equation ( 3)
can he written as a sum over the several types j ,

• ptJ
• c =  

~~~~~~ 
• (4)

+ iy
jW

The multiple oscillator model forms the basis of a conm~on

t - 
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technique for analyzing normal incidence reflectance data for

bulk optical constants of the solid. The results are illus-

trateci in figure (1) for the solid silicon carbide . Values of

the parameter~ c0,y, li) 0 and w~are assumed (guessed) and used in
equation (3) to calculate c ,(A) and c2 (X) , which are converted

to n(X) and k ( X )  u sing equations ( 1) . Indices of refraction

are then used in equation (2) to calculate R~~) . The parameters
- are varied until t~he calculated reflectance gives a good

match to the iiteasurod reflectance spectrun. Once the fit is

achieved the oscillator parameters then give c 1 (A) and c2(A)

or n (X) ~nd k(A ) as desired. ‘rho full curves in figure (la)

are the calculated values as compared with measured ref lectance
values denoted by circles . Optical constants in (ib) and (ic)

are the inferred values based on the best fit.

If the solid is aniso tropic the techni que can still he

employed provided the sample is cut and oriented properly and

polarized light is Used . A class~•c example of optical constants
• determination for an anisotropic solid using the m u l t i p l e

oscillator expression (4) is the work on crystalline quartz
• of Spitzer and Rlcinrnan (1961) . Figure (2) shows the measured

reflectance for the two major crystalline direction s as solid
lines and the fits to the data achieved using the multiple
oscillator theory . Their derived parameters and the optical

constants resulting from them will by used in our work discussed

later in this report..

There are several reason s for our presenting these details

of the techn ique for determining optical constants  by using
• the oscillator model. We wi).l use an analogous method in our

task of determining n and k for powdered materials. Secondly ,

we wish to assure the reader that the oscillator model,

although very simple, has convincing validity when applied to

solids such as we are most interested in. Finally , this

commonly used method for “measuring ” optical constants em—

phasizes the necessity of interposing theory (in this case

- - - 
-
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Figure 2 Reflectivity of oriented single crystal quartz
for the two major polarization directions. Data are
shown by the po ints and the theoretical fit by the
solid lines.
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Loreritz oscillator theory plus Fresnol’s equation) between the

measurements and the derived quantities. Diagramatically,

Measuremen ts Theory

I N ormal incidenc~J iL orentz oscillato4
reflectance theory n,k

1— 1 L~
resnei’s eqn.

J

Another popular technique of analyzing norma l incidence reflec-
tance data for extracting optical constants is by means of

so-called KraTners-Kronig relations. This technique has been

discussed in many places (see for example Stern 1964). The

diagram is

Measurements Theory

Normal inCidenCe ~Kramcrs—Kronig

reflectance 
~~4 

analysis 
_________  

n ,k

vs A 
• 

of RCA) C 3 , C 2

It is frequently true , as in the above situations , that the
quantity “measured” is actually an inferred quan ti ty based on
the actual measurement of a related quantity coupled with

some sort of connectin g link , the theory . Assuming that the

measurements are perfectly correct , the resul ts can still be
accurate only if the intermediary theory is accurate and applies
accurately to the experimental situation . In the ease of the

above mentioned determinations of optical constants for quartz

and for SiC , we have great confidence in Fresnel ’s equations,

the Kramers-Kron ig relations , and the Lorentz oscillator
equations. Furthermore , sing~le crystals such as were used in
those examples can be cleaved or polished to insure that the

• 
~~~ 

-- - •

~~~~

• •-

~~~~~~~~~~~~~~~~ . 
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normal incidence reflection equation is accurately obeyed in

the experimental measurements .
A more subtle feature of the two bulk optical constants

methods is that n and k are correctly related to one another.

It is an important point in this work that n and k (or c 1 and c~ )
are not independent quantities but are real and imaginary

• parts of the same complex quantities. As such they are

inseparably related to one another . The relationship of c
~ 

and
to one another can be expressed in fact by another one of

the Kramers-Kronig relations.

2 ~c~~(w) 1 + — J — - d~~’

(5)
(~)C 1 (W ’ )  -

e2 (~ ) ~ ‘w’~~
_ 

~

Any method that determines a wavelength-dependent c 1 (or n)
by one technique and a wavelength dependent c 2 (or k) by an
unrelated technique that does not properly acknowledge the

inter-relationship of the quantities should be used with

caution.

— 

B. Small particle optical constants

- - 
Several attempts have been made to determing optical

constants of powdered or otherwise inhornogeneous materials.

Volz (1972), for example, has presented “measured ” optical

constants for atmospheric dust particles, Perry et. al. (1972)

have given optical constants for lunar soil samples, and

Penman (1976a ,b) has inferred optical constants from minerals

and meteoritic material bearing-a possible relation to inter—

- stellar grains. The subject of our present study is (fortu—

nately) a little simpler than most of these tasks. We are

:~ ~~~~~~~~~~~~~~~~~ ~~~
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dealing with only one chemical component, such as SiC or CaCO3,
‘ in powdered form, as opposed to a rock, a lunar soil sample, a

collection of atmospheric dust , or a •meteorite, each of which
- are rnulticornponent mixtures. Som e of the work by Volz and

some by Penman were concerned with single component powders,

however, and will be discussed briefly. A recent paper by

Jennings et. a].. (1979) has been critical of the techniques for

determining optical constants of inhomogeneous materials,

particularly for atmospheric particulates. We now discuss some

of the difficulties in relation to previous methods of deter—

• mining optical constants and to our own proposed method. Our

conclusions are that, despite difficulties, there is hope of

extracting reasonably reliable optical constants from one—

component, powdered materials. The discussion of difficulties

emphasizes experimental and theoretical problems to which

particular attention must he paid.

The method which Volz (1972) has used for atmospheric

particulates is summarized in our diagrammatic way as fo].lows:

ileasureincnts Theory

Transmission Bulk
and Reflectance transmission n,k
vs A - -b. &

for powder in KBr 
• 

r efl ectance
and pure powder theory

Volz mixed a small quantity of sample powder into XBr, formed a

• pellet and measured transmission . The transmission CT) was

analyzed using the equation

T = exp(— !~i~t) (6)

where A is the wavelength and t is the effective thickness of

_ 
_ _ _ _ _ _  ~~~~~~~~~~~~~ 

—-
:~~~~~~~~
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the sample powder. This equation treats the sample powder as
a homogeneous slab. The procedure has been ju~tly criticized

by Jennings et. al. for not taking into account certain small

particle properties such as scattering and the size dependence

of extinction. Volz continues his determination of n by using

the k’s derived from equation (6) along with measured normal

incidence reflectance R of compressed powder (with no KBr) in

equation (2). In many cases powders cannot be compressed to

anything like bulk solid surfaces so that the bulk reflectance

equation is not applicable. Even if (6) were perfectly appli-
cable and if there were no scattering effects and size depen-

dence of extinction , the serious errors introduced by treating

extinction as a bulk property in determining k would carry over

to introduce serious errors in n.

• We have tried Volz’s method in an attempt to derive

optical constants of 1~1gO. Thor results were so far off that

no purpose seemed to be served by showing them. The reason for
• the severe difficulty in this technique as applied to solids

with strong infrared bands is as follows. Small particles of

a solid have resonant absorption modes at different wavelength
-• than does the bulk solid , but this does not imply that the

= optical constants of the small particle and the bulk are differ—

ent. The shift in absorption bands is perfectly calculable from

• 

- 

bulk optical constants. For spheres the small particle mode

occurs at the wavelength for which c~ 
= 

~~
2C m 

5m is the dielec-

tric function for the surrounding medium , in this case XBr .

The bulk solid has its resonant mode at the frequency where

is a maximum . Thus if equation (6) is employed , treating

the small particles as bulk, the inferred c2 (or k) is sub-

stantially displaced from its true position . Introduction of

this highly erroneous k into the reflectance equation then gives

rise to even worse values of n. Without desiring to be critical

we have mentioned this technique to emphasize the errors that

can accrue when proper account is not taken of small particle 

-~~~~~ ~
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as opposed to bulk properties.
4. Penman ’s (1976) approach has been to measure specular

reflectance at a lmost-normal-incidence for his heterogeneous
solids and to analyze  by means of the Fresnel reflectance 

-

equation (2)  and Kramers—Kronig analysis , as though the sample

were a homogeneous solid with a smooth, plane surface.

Measurements Theory

Normal incidence Fresnel refl.

reflectance . 
+ n ,k

~~~~. A Kramers—Kronig C 1 62

This is the exact technique that has bcen used often for bulk

• solids , but the theory is not str ictly app licable to the
inhomogeneous samples, and the effect of optical anisotropy
is not taken into account.

The approach we outlined in the proposal for this con-

tract was to use transmission measurements of the particulates

as a dilute suspension in a KBr pellet, similar to what Volz

did . We proposed to analyze the transmission measurements by

using small particle absorption and scattering theory coup led
with a multiple oscillator theory.

Measurements Theory

Transmission o
~
j 1 iii ~~~~~~~~ j

powder model n,k

[~~~~ro~~~~~~~~~J 
C ,

The merit of this approach as contrasted wi th the Volz and
Penman approaches is that it takes into account specifically

the small particle nature of the sample. Optical constants

— 

~~

- 

, 

_ - • • • • _ - -
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are also related correctly to one another in a self consistent

way by the oscillator model. Unfortunately , our early work

under this contract proved that a very important factor is not

included in this approach -- the shape distribution of the
particles.

Although it is commonly believed that shape effects are

not important in the Rayleigh region , especially for absorption ,

this is not at all true in the vicinity of very strong infrared

resonances. A preview of figure (7), which will be discussed

in more detail later , will show the reader that the sphere
theory using accurately measured bulk optical constants of

quartz fails badly in calculating the extinction band properties
of a real powder of quartz particles. The discrepancy lies in
the fact that absorption modes in individual particles are

quite shape dependent . Because of th~ inadequacy of sphere

theory in regard to shape effects we have macic considerable

effort in attempting to develop a theory to correctly treat
irregular shapes. This extensive digression was not planned

- at the beginning of the work but turned out to be a necessary
deviation from the original  plan . Having developed a more
successful small particle theory for treating shape effects,

• discussed in part III, our method for inferring optical constants

now has become

Neasurements Theory

• Transmission of Oscillator
modelpowder n ,k

• in J~J3r shape di s t r ibu t ion
______________  

theory 
_________

We have given the preceeding discussion in order to
• . emphasize that one does not measure optical constants direct—

ly; one performs related measurements that are analyzed with

— _.__ —_———_ ___ _ 
• — -•--- 

_ 
- • -— —~~~~~~~~ — —•—••••• — _______________________________ • •—— _ _ - - ____________________________________________
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the help of appropriate theory to infer n and k. The weakest

part of the process for small particles seems to he the theory

box. It is difficult to make the experiment exactly conform

to the theory (perfectly isolated spherical particles , for

example), and it is difficult to construct a theory that

correctly interprets the actual experiment (somewhat clumpy

collections of highly irregular particles). The game we play
- is a difficult one, and the results can hard ly be expected to

he as accurate as single crystal results.

III. LIMITATION OF THEORY AND EXPERIME N T TO
TUE RAYLEIGH REGION

Although the difficulties in inverting experimental

measurements on powders to obtain optica l constants are severe ,
great simpli f icat ion s occur if only particles are considered
that are small enough for the Ray leiqh approximation to be
valid . The conditions for applic~~ility of the Rayleigh approx—

- 

iination arc that the particle dimonsions (1) are small com-
pared to the wavelength (X) and that the phase shift , 2-~rml/A,
across the particle is small. The important  siinp li f icat ions
resulting from use of the Rayleigh theory are the following :

(1) there are no size effects in volume—normalized

extinction .
(2) shape effects, which are substantial in work of this

sort, can be simply treated theoretically.
In this section we will demonstrate with sphere calculations

how the size dependence goes away for small radii , then show
how inadequate is the spherical theory even in the small

particle limit. Finally, we preview the results from section

IV by showing the improvement a Rayleigh theory of shape dis-

tribution can provide over the spherical theory.

_ _ _ _ _ _ _ _ _ _ _ _ _  

. 
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. A. Size dependence

The only shapes of arbitrarily large particles for which

an exact solution to the electromagnetic boundary value problem

is possible are spheres (the Mie theory) and infinitely long

cylinders. By using Mie theory (see van de Hulst 1957, for
example) it is possible to determine how the extinction coeff i-

d ent, normalized per unit volume of solid , varies as the parti-

cle -size (radius) changes. Figure (3) shows results (Day et. al.

1974) of Mie calculations based on measured optical constants

at infrared wavelengths where maximum absorption occurs in the

vicinity of 10 Pm. Three silicate materials were chosen for

which the absorption strengths are quite large. One sees that

at small radii (less than 0.5 pm) the volume normalized extinc-

tion is constant. For radii greater than about 1 Inn the extinc-

tion is extremely size dependent, falling quickly as radius

increases. This decrease of extinction with radius is a

saturation phenomenon which occurs when absorption is so effec-

tive that the inner parts of the sphere are hardly influenced
by the electromagnetic fields. As the rad ius increases, the
volume increases, but more and more of the inner volume is

ineffective ; thus the absorption per unit volume decreases.

For particles in the 1 to 10 pm size range it should be clear

that the exact size distribution must be known and taken into

account in order to infer optical constants from measured

extinction . For particles smaller than about 0.8 pm , however,

figure (3) shows that the size distribution is immaterial since

extinction per unit volume has become independent of size. This

is the consideration demanding that we experimentally select

out the sub--micron size fi~action , if at all possible, for doing

our extinction measurements on. Jennings et. al. (1979) have

called attention to the size dependence problem in analyzing

optical measurements of powders and have pointed out the

necessity of knowing the size distribution . We circumvent the

•-_ 
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need for knowing the size distribution by selecting only par—
tid es small enough for the size distribution to he immaterial.

In order to confirm the size dependence and to develop

• techniques for selecting a suitably small size fraction we

have segregated a powder of quartz into several size fractions
by differential settling in water. Stokes ’ law for the rate
of settling of spherical particles of radius r with density p 1
falling in a medium with density p 2 and viscosity ri is

2 ~~~ ‘ 
—

v = ~~-— -gr 2 (7)

where g is the acceleration due to gravity. For quartz falling

in water the velocity is given by

v = 3.6 x l0~~ r
2

where v is in cm/sec and r is in pm. Therefore the radius of

a particle can be determined if the distance traveled and the

time are measured. Experimentally, approximately 10 grains of
a finely ground quartz powder were mixed with 5 — 10 ml of

distilled water. A 100 ml graduated cylinder whose height was
marked in cm ’s was filled nearly to the top with distilled
water . The dense quartz suspension was poured into the cylinder

and allowed to settle for a predetermined length of time ,

after which successive portions of the fluid were drawn off

from the top and placed in pctri dishes. The water was

then allowed to evaporate, leaving behind “sized” particles.

Extinction measurements were made for a few different

sized particle fractions of the quartz encapsulated in KBr
pellets. (Sec section V for a more detailed description of
the sample preparation and measurement techniques.) Trans-

mission curves for three of the size fractions in K13r are

shown in figures 4 ,5, and 6. Figure 4 for the large size

fraction also shows a light micrograph of the particles, con-
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firming that they are indeed quite irregularly shaped. Corn-

4 parison of the three spectra inclucling the derived mass-nor-

malized extinction coefficients at the peak shows that the

shape of the extinction spectrum for large particles is quite

different from the spectrum of the smaller particles. The

peak mass extinction coefficien t decreases markedly in going to
the smaller sizes , in agreement with the discussion of f i gur e
(3) . Table I summ ar iz es the peak mass ex tinction coeff ic ients
for the several size frac tions of quartz.

TABLE I

Mass normalized extinction coefficients for quartz
• par ticles in KBr •

Size range Peak position. Mass extinction coeff.
(pm) (cm- i ) (cm 2/g)

5.2 < r < 6.7 1000 1,300
r < 2 1086 8,000

0.8 < r < 1.1 1084 15,400
r < 0.8 l08/ 33,100

The implications of these results are clear. To avoid

the mossy and complex prohlem of dealing with extinction
varying in a comp1~ catcd way with size distribution one

should experimen tally separa te out a size f r act ion for which
this problem does not exis t. Our experimen ts on quar tz
particle segregat ion  hav e convinced us that this is possible.

The technique has therefore been adopted as standard practice.

B. Shape effects

Having eliminated the size dependence problem our next - 
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concern was to compare measurements with the theory for spheres.

In this case and in the rest of our ~~~~~ absolu te normaliza-
tion of the extinction coefficient by unit volume (rather than

by unit mass) has been used. It is important for us to point

out that we are not making any arbitrary scaling of either the

exper iment or the theory,  as is ver frequently done in such
comparisons. Figure (7) shows the vo1umo~ normaliz ed ex tinc-
tion coefficient determined experimentall y from the small size
frac t ion  of quartz powder , co~iparc-d wits the calculated extinc-

tion based on accuratel y measured bulk optical constants for

quartz (Spitzer and Kleirirnan 1961) . The agrcemc-nt is seen to

be very poor . Maximum extinction shows a disagreement of more

than a factor of five , and widths and shapes of the strong

extinction band compare poorly. The problem is evidently shape

effects. We have used a theory for spher es to appl y to highly
irregular particles (see inset of figure 4) . Our theory block

of section II is not wron g , but it is inappropriate to the
measurement block. It is evident that use of the sphere theory
to invert the measurements for optical constants would likely
lead to very bad results. One need s either to create spheres
of the particles or to construct a theory capable of a better

representation of irrec;ular particles. Since it appears im-

practical for us to make spheres (loss than ijin in diameter) of

all solids we wish to study, our alternative has been to attempt
developmeiiL of a more satisfactory theoretical treatment.

Fortuna tely,  for par tic les of this s ize  ran ge , the Rayleigh
theory is a rather good approximation , and shape effects can be

easily treated , to some extent , by considering elli k soids with

a wide variation of axial ratios . De tails of this development

are given in the next scct~on. In the lower curves of figure

(8) we preview our theoret ical  i- c-suits for  quar tz  (one of the

better cases) . Result:; of extinction from the distribution

of Rayleigh ellipsoids calculation are compared with the

measured cx t ineLion  curve , w i th  no arbitrury scaling. It is

~
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obvious that the accounting for of shape distribution has

markedly improved the agreement of theory and experiment and

shows promise of enabling us to extract optical constants for

real powders composed of hig hly i rregular  particles.

- IV. Th EORY OF Shh1~PE DISTRIBUTION IN THE
RAYLEIGH ELLIPSOID APPROXJflATION

- The average absorption cross section for a co] lection of
randoml y oriented idoiiLical  homogeneous ellipsoids that  are
suf f i c i en t ly small compared to the wavelength of the incident
light may be written in the form (van de fluist 1957, chap. 6)

3
• 

<C
h

> = kv/3 1m C ~~ (~~3 + J ) 1 
, ( 8)

- 
j=l

• ~~~~~~~~ (c — 1)~~ ,

where v = 4~rabç/3 is the volume of an ellipsoid with serniaxes

of length a > b > c ; c = + ic 2 is the complex dielectric

- 
- 

function of the particle relative to th at of the sur rounding
medium , and k = 2i~/A is the wave number of the surrounding

- - medium. The L
i
’s are geometrical factors  related to the ratios

of semi—major axes for the ellipsoid (van de h lu i s t  1957 , p . 71) .
Only two of the geometrical factors , which we shall take to
be L1 and L2 are ind ependent because of the relation

• L1 + L 2 + L 3 = 1

Suppose now that , in addi t ion to being randomly oriented ,
the collection consists of all possible ellipsoida]. shapes;
i.e. the geometrical factors are not restr icted to a single
set of values but arc distributed according to some shape

probability func tion ~~(L 1, L7). All ellipsoidal shapes are

represented by points in the shaded triangular region shown

- ~~
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• in figure (9). However, it is convenient for purposes of

integration to define P on the larger triangular region r,
-4 which is composed of six equal area regions , each of which
‘4 corresponds to one o1 the six possible ways of choosing the

relative lengthc of the ellipsoid axes a, b, c. The shape

probability function is normalized to unity on

- - JJ ~~(L 11 L2
) dL1 dL2 = 1 (9)

The absorption cross section averaged over the shape distribu-
— - tion and over all orientations is, therefore,

<<Cabs>> = JJ<Cabs> ~P(L1,L2)dL1 dL2 (10)

- 
= kv/3 Im {J

1 
+ + 5.9.

3 
)

where

If ~~~~~~~~~~~~~

1 3 + L
1

(t  ~9u~1,’-.~ dL dL
= JJ — -

~~ 

— 1 22

~~_________

i i  — d L1 clL2 -

‘‘ ~+l—L 1—L2

and ~ = (c — 1)
_i
. The integral of a function f(L1,L2) over

r may be written as an iterated integral :

1 l—L1JJ f ( L 1,L2) dL1 dL2 = f dL1 J f(L1,L2)dL2

r 0 0

___ -
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We have assumed that all particles have the same volume v;
however , if there is no correlation between shape and volume,
then the total absorption cross section of the collection is

-‘4

~~k<v> Im{~91 + 5-
~2 

+ ~~3)

where ?7 is the total number of particles per unit volume and
<v>- is the average particle volume . It has also been implicit-
ly assumed that ~~(L11 L2) is con tinuous ; this is not a necessary
restriction , however , and we can ta}~e into account d i screte
distributions by replacing the above integrals with summation s
over the discrete set of points (L1,L2) in F.

Perhaps the simplest conceivable dis t r ibut ion is one for
which all shapes arc equally probable , in the sense that
9(L1, L2) = 2, and the integrai.s are readily evaluated

2c
~~ l~~~~~ 2 3 =~~~

_-_~~logc -2

Therefore , the average cross section is

<<Cab >> = k<v> Im 
~~~~~

-
~~-— log c) . (11)

c—l

In the above expression log denotes the principal value of

the logarithm of a comp lex number z = re ’-0 (Churchill 1960 ,

p. 56): -

Other functions 6~(L11 L2) could be chosen to represent

a shape distribution of particles. The one chosen

has the advantage of uniformity in the L1L7 plane of f igure  (9)
and simplicity of the resul t ing expression (11). The real

test of its practical va].uc, of course , lies in how well it

describes the properties of actual  particles.
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V. DIRECT CO~’1PARTSON OF EXPERIMENTAL AND THEORETICALEXTINCTION ~EASUREMEU TS

Having developed a theoretical  approach for t r eat i n g
nonsphor ical par t ic les  in the Ithyleijh approximation and having
successfully developed an experimental  procedure for l imit ing
the particle sizes to the small, size range, we now seek to find

- how well the theory and experiments agree for severa l solids
with already well known optical constants. In this section ,

then, we compare experimentally determined extinction spectra

with calculated ex t inc t ion  spectra based on the known optical
constants. This is the direct problem . The indirect problem ,
which is our ultimate in terest, will treat the optical constants

of these solids as unknown to see how well our inversion
technique can determine optical constants. This will be the
subject of section VI .

Four solids have been selected that have strong absorption
band s in the S to 20 pm spectral ~ange. The main criterion

for selection of these “standard ” solids is that their bulk
optical constants be alread y well know n from conven tional
measurements on s ing le crystals .  The solids chosen are quar tz
(5i02) , calcite (CaCO3) , SIC , and NiO. All of these solids

were available commercially as fine powder. NiO is the only

truly isotropic solid and was chosen partly for  that reason .
SiC is iniaxial but only slightly so. It is of interest because

it has one of the largest calculated extinction peaks near 10 pin

of any so] id we have found .  Quar tz  and calcite are both very

common minerals that  are anisotropic.  Calcite is part icular ly
anisotropic and was chosen pr imar i ly for  this reason .

A. Sample preparation and measurements

Samples of small sized powders dispersed in KBr pellets

were prepared for extinction measurements in the following way:

(1) The solid was either acquired as a f i n e  powder or

_____
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bulk material was ground in a ball mill to produce a fine
powder. Most solids are available from the manufacturer as a

fine powder since many of the produc~tion techniques , such as
wet chemical precipitation , givö rise to such a form . All the

materials reported on in this study were in fact purchased as
powdered material . -

(2) The powder was segregated by Stokes ’ law settling in

either water or alcohol. Some details of this have already

been g iven in section III. After di~;persal of the powder in the
liquid the dispersion was allowed to stand overnight , a f ter
which the top portion of the liquid was drawn off and dried in

a glass dish on a hot plate for a sufficient number of hours

to drive off the water.

(3) A small quantity of the smnp le powder (of the order

of .5 mil l igram) was weighed and mixed with about 0 .5  gm of KBr

~ wder by agitation of the mix ture in a small glass vial with
steel bulls for 12 hours or more. This appears to be necessary
in order to break up clumps of powder and to insure uniform
dispersal.

(4) A 1/2” diameter pellet of KBr and sample was pressed

from the powder mixture  in a special pellet die obtained from
Barnes Engineer ing  Company. Ten tons of force were used , re—
suiting in pellets tha t are a lmost tran sparent in visible
light. Transmission spectra CT vs. wavelength) were recorded 

-

with a Perkin Elmer model 137 spectrophotomc ter with a pure
KBr pellet in the reference hea - to correct for reflection at
the XBr surfaces.

(5) Volume extinction coefficients (a) were calculated

from the expression

T = exp (—a ~-)

where ~ is the mass density of sample per unit  cross sectional
area determined from the weight of the powder and the dimension
of the pellet. The bulk density of the solid is denoted by p.

- —
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B. Extinction results compared with theory

Figures cLO—13) show the comparison of measured extinction

coefficients with calculations for spheres and for a distribution
of Rayleigh ellipsoids using equation (11). Optical constants

derived from bulk solid measurements reported in the literature
were used in the calculations. References to the published

optical constants are given in table II.

Table II

Sources of the measured optical
constants used

- 
Solid Reference

quartz (S102) Spitzor and Kleinman (1961)

calcite (CaCO 3) Heliwege et. al. (1970)

u—SiC Spitzcr , Klcinrnan and Walsh (1959)

NiO Gielisse et. al. (1965)

Generally , the distribution of elli psoid calculations (CDE)
come much closer to matching the measurements in magnitude

and shape of the extinct ion fea ture  than do the sphere
calculations.  In the case of quar tz  the agreement in
magnitude , width  and shape of the bands is excellent .  For

CaCO3 there i_ s about a factor of two discrepancy r emain ing

between the CDE and measurements , but the improvement over the

spherical theory is substantial .  The magnitude agreement be-
tween CDE and measurements is good for SiC alt~:-augh measurements

show a rather extended tail of absorption to lower frequencies.
It is possible that this tail is due to the presence of other

forms of SIC in -the powder than the a—SIC for which theoretical
- calculations were made . SiC occurs in a number of d i f f e r en t

— crystalline forms (see the various articles in O’Conner and

- - —~~~~~~~~~~~~~~~~~~~~~~~ ~ 
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Smiltens 1959). Our information supplied by the manufacturer

gave no idea of the percentage of SiC polytypes present in the
powder. In the case of NiO thc maximum of the measured ex tinc-
tion falls about half way between the sphere calculations and
the ellipsoid distribution calculations , but the shape and width
of the extinction is modeled more correctly by the CDE . The
fact that the peak ex t inc t ion  measurements are higher than the
CDE curves in the cases of ca)ci te  and NiO probably implies that
the particles arc a little closer to being spheres than to the
wide shape d i s t r ibu tion  described by our d i s t r ibu t ion  funct ion
of equation ( 9 ) . In deed it is reasonable tha t this shape dis-
tribution might be too “drastic ” . A numerical integration over

L values more closely surrounding the sphere poin t (L 1~L2=l/3)
in figure (9) might be hotter. Further work along these lines

is planned in the next year ’ s work.  Because of the integrabili—

ty of the shape distribution function ~~(L 1 Ti ? ) = 1 and because
it does seem to give a rather good representation of ex tinction
for some solids , we continue to uue it for our attempted

inversions of the da ta .

VI. INVEI~SION OF THE EXTINCTION J)ATA TO OBTAIi-~
OPTICAL CONSTANTS

The prcceecling results have shown that: the new treatment

of par t ic le  shape distribution gives substantially L~ tter
agreement with extinction measurements on real particles than

does sphere theory , even though tha new theory is not entirely
satisfactory in every case. 1~e now u~:c the measured extinction
spectra for our model solids (the dashed curves of figures 10—

13) as input for calcu].ations to determine optica] constants.

In this way we treat the optical constants  as unknown for these
solids and evaluate our dctenninative procedures to see how

- 
accur ately the derived optical constants  agree with the known
optical constants for th~ sc materi als.
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A. The method

The process uses an intcra~ tive computer with which the
operator can repeatedly adjust the input parame ters into

theoretical calculations of extinction until the calculated

spectrum converges sa t is factor i ly  close to the measured spec—
trum . The computer is programmed wi th the theoretical equa-
tions , which are combinations of the Lorentz oscillator theory

for c ( 4 ) followed by the ex t inc t ion  theory for a shape dis—

tirbution of Rayleigh ellipsoids. The principal equations

are the Lorentz multip le oscillator equation for  comp lex c

‘S

C ~~~ L (4)
+ iy~w

and the shape dis t r ibut ion equation (CDE )

= k<v> im { —
~~~

-
~~-— log c) . (11)

~

• 

c—l

Input parameters are the oscillator parameters

and y .
~ p ,J  3

Although it might at f i r s t  seem to be a hopeless task to vary

- 
so many parameters , a little exper ience with the Lorentz theory
enab]•es one to make exccilant est imates of some of the parameters
in the beginning,  as we now indicate.  First , the can of ten
be found from handbook or l i terature values since for most
insulating solids it is equal to the square of the index of

refraction in the visible or near infrared . This quant i ty  can
be determined , even on microscopic part icles of a solid , by

• va ry ing  an im;- crsion oil’s index of re f rac t ion  unt i l  the par—

• tid e as viewed under  the microscope appears to vanish.  The

- - - - -

~
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oil and the particle then have identical indices of refraction .
A discussion of this technique along with an extensive

collection of n values is found in The Particle Atlas

(NcCrone and Dolly 1973).
Next one must determine the number of oscillators, j ,

by considering the number of resolvable peaks in the extinc-
tion curve for the frequency range of interest. In most
cases of strong infrared extin ction there will be only one

dominant oscillator near the region of interest. This is

true of CaCO3 as regards the 1500 crn~~ region , for example.
In NiO , one major oscillator giving an extinction peak near

480 crn~~ is suggested , al thou gh further weaker extinction
appears to be present near 580 cm~~ . In the case of quartz

there appear to be two main , over]apping extinction bands,

near about 1090 and 1150 cm~~ . These examples show th at the
first estimate of j  is not difficult. Estimation of and

is greatl y aided by a litti~ familiarity with the behaviour

of the oscillator equations. Shape broadened extinction bands

for the extremely intense bands of concern in this work are

well confined to the frequency region for which c 1 is negative

(see paragraph 4.3 of the review article by fluffman 1977).

The low frequency limit of this negative c 1 region coincides
closely with for an isolated band. This enables one to

make a good est imate of immediately. The high frequency
limit of the ext inct ion band occurs at the point  where = 0.
Since absorption is low in this region one can reasonably
neglect the damp ing term in the denominator of equation (4)
and set = 0. These approximations are indicated below.

- -
C = = = + 

~~2~~~~~2 
+ i~ic~~ =0

~

- -  -- --—-~-~~-j  - J - ~LL.~ I
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• Solving for w and calling it ~ (c=O) -

~ (c=O) 
1 w 2 + w~ 3 1/2 (12)

The only oscillator parameters loft to be chosen are the damping
f actors y.  Usually,  for strong bands which puts some

• l imits on y. Beyond this it is probably best to determine
by-making a few trials at matching the measured extinction on

- 

- the computer. Following these f i r s t  guesses , any of the
oscillator parameters may need to be corrected and other less
important oscillators ad ded .

- A brief summary of the techniques suggested for making

the f irst  guesses is as follows: -

(1) Select c from handbook or literature values.

(2) Select 
~~ 

from the low frequency edge of the

extinction hand .
(3) Estimate from the hig h frequency edg e of the

extinction hand using e q uat i o n ( l 2) .
(4)  Determine the r emaining parameter  y by computer

iteration to match the data.

Lest the reader feel that this is a terribly subjective and

“hit or miss” technique, we want to point out that this is
exactly analogous to the time—tested oscillator method for

determining optical constants of bulk solids from normal
incidence reflectance data. Most of the single crystal optical
constants referenced in table II have been der ived in such a
way . The only d i f f e rence is that , in the present case , the
theory incorporates the much more complicated extinction
for a dist r ibut ion of shapes rather than the simple and
unquestionably applicable Frosnel equation (2 )  used in the
bulk studies.

p--- ~~ 
- -
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Treatment of Anisotropy

The above technique has assumed that the solid is isotropic,
i.e. that its optical constants are the same for all polariza-
tion directions. A crystalline solid, however, may be either

isotropic (all directions the same), uniaxial (two major polari-

zation directions), or bi-axial (three major polarization direc-

tions). The difference these cases would make in the extinction

- 
- expression (11) is indicated below :

<<Cabs>>/k<V> Im {) isotropic solids

= 2/3 Im ( )  uniaxial with ELc

I = 1/3 Im {) uniaxial with Eli c

or hi-axial

Ejc and EI~ denote the electric field orientation perpendicular

and parallel respect ively to the unique axis c. For purposes

of inversion we have merely assumed that the optical constants
arc isotropic. This could result in an error as large as

a factor of three in the absorption attributed to a given band.
One could rather assume the factor 2/3 so that the maximum

error in absorption would be a factor of 2. It should be pointed

out that this magnitude of error does not necessarily propaga te
into the optical constants. Further work should be done, however ,
on the problem of how to select the factor.

B. Results of the inversion procedure -

Results of the scheme for obtaining optical constants

are presented in figures (14) through (17). Derived dielectric

functions are shown as dashed lines and the 4’true ” (measured

for single crystals) dielectric functions are represented by

full lines. The scales of the figures have been chosen to

emphasize the regions of most consequence in determining small

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _
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particle extinction properties , although this emphasis truncates

the extreme excursions of c 1 and c 2 . In the case of quartz the

powder results compare very well with measured bulk constants.

Crystall ine quar tz  has two sets of optical constants , one set
for the ordinary (0) ray and one set for the extraordinary (E)
ray. For the large feature near 1050 cm~~ the measured optical
constants are very similar for the two directions and only one
set is shown to minimize confusion in figure (14). Since the

optical constants in the two directions are so similar near
l 1050 cm 1 the crystal acts very much like an isotropic crystal,
which our fitting procedure has assumed . For the structure near

800 cm~~ there is more difference for the two directions, and
the powder results contain structure from each polarization

direction. The silicon carbide results are very close to

bulk iaea~urcd properties -— so close that the agreement may
contain an element of good luck. However •- the true optical

constants for SiC are acurately modeled very well by a one
oscillator fit with very low rn

y
’ . Since our procedure has

l i t t le  sens i t iv i ty  to small y ’~:, on ly the two parame t.ers

and need be chosen correctl y;  these have ev iden tl y been
chosen quite well in the f iL t in q  procedure . The NiO r esul t s ,
f igure  ( 1 7 ) ,  are not so favorab le  in comparison with measured
values. In the case of CaCO 3 the result-si arc rather ;ood
despi te the f act tha t  the aniso tropy is not taken in to  aCCI tint
in the inversion . We treated the s itua t ion  as thou’jh it
was an unkno’~-in for which we had- no kI -m Owl(-d~Ja of whothcir the

—l - -band near l1’OO cia is present  in o n - i t~- ’o o~ three oi: the

major polari ;~ation di rec: ions. Th~ bull: opt i cal constants;

in the comparison are for thc~ O—-r.~y which is totally responsible
to the band . Ovcr.-ill , the inversion tcchniciuc for determining

optical con stants of po~-:ders çjive.s results which compare quite
favorably with measured bulk values for the cases of our

four comparisoli  solids.
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• VII. COMMENTS ON THE SEARCH FOR MAXIMUM EXTINCTION

Although our primary goal has been the development of

a technique for determining optical constants, the process
of repeatedly going back and forth between calculations and

experiment for a number of solids has provided some insights

into the larger problem of how to produce maximum extinction

-
- 

in the infrared . Several points of this nature which were not

fully rea).ized by us at the beginning of this work will now

be discussed briefly.

A. Selection of the resonant frequency

The equation (8) for extinction by a Rayleigh ellipsoid

clearly shows that a resonance of the sort we have been con-

cerned with can be made to occur at any point in the negative

c 1 region by varying the relative dimensions of the ellipsoid

to change the L~. The resonant condition follows directly from

minimizing the denominators of each term of equation (8),

giving rise to

-~ 

‘ 
= —c

~
[1/L . — 1) (13)

-
; This equation is also discussed in some detail by Huffman (1977).

To exemplify - the placement of the ellipsoid resonances we have

calculated extinction for a randomly oriented ellipsoid of SIC

with the particular 1
)
’s of .1, .3, and .6. The results are

shown in figure (18) along with our CDE calculations and the

real part of the dielectric function which determines the

ellipsoid resonance position according to the above formula.

In this crystal the range of possible resonance frequencies is

from about 780 cm~~ to about 960 cm~~. One notices that the

spread of the shape distribution calculation is between these 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -  ~~~~~~~~~~~~~~~~~~~~
_ _ _ _ _ _ _ _
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• limits and the three ellipsoid peaks fall in the same region.

In the case of metallic solids -it is possible to choose

• the res nance frequencies over a much wider range. The negative

~ 
region for many metals ranges from the plasma frequency,

which is characteristically in the far ultraviolet, through the

visible, infrared , and microwave regions to zero frequency.

Thus a resonance in a metal particle could conceivably be

designed to occur at any frequency in the infrared.

A calculated example of extinction for one particular ellipsoid

- (L~= .01, .3, and .69) of aluminum is shown in figure (19).

Once again the CDE calculation and the curve are given for

comparison. These two illustrations emphasize the important

point that the resonance positionsof a single ellipsoidal shape

can be selected if one can control the shape parameters; how~
ever , a distribution of shapes inevitably decreases the strength
of the extinction while giving a broader extinction band. It

appears to be technologically impossible to produce a cloud of

sub-micron particles composed of identical ellipsoids, all having

exactly the same, chosen axial ratios; therefore, it is perhaps

- - 

more important to consider the extreme ellipsoidal shapes of

spheres (L
i
’s = 1/3), discs (L

3
= 1/2,1/2,0) and needles (L~=

1,0, 0). These shapes can frequently be taken by real particles.

B. Practical maximum extinction for
spheres, needles, and discs

Since the heights and widths of the extinction peaks are
determined by optical constants of the various solids, not many

of which are known , it is not possible for one to say what the
maximum possible extinction may be among all solids. We can ,

however, choose a few examples from promising ionic crystals
having measured optical constants in the vicinity of their

intense absorption bands in the infrared. Calculations for

peak extinction normalized per unit volume of spheres, needles,
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‘ and discs of three solids are listed in Table III. The metal

aluminum is included in the three for comparison.

• The first important point to observe is that the sphere

wins in all cases in the competition for maximum extinction

among the three limiting shapes in the vicinity of their

shape-dependent resonances. The magni tude of the maximum
extinction for spheres is determined by how small c2 is at the
resonance frequency. For these examples the maximum value

of extinction is about 4 x 1O 5 cm~~ in the vicinity of 10 pm.
For the present, at least , this represents about the maximum
expected extinction per unit volume for spheres of real

material. 
-

c. Practical maximum extinction for - shape distributions

It has already been discussed that a distribution of shapes

gives a broader but less intense extinction band than single

shapes. If the CDE expression is applicable to real particu—
lates one can determine an approximate upper limit for extinc—
tion by a collection of irregular particles, since equation (11)

usually tends to a l-miting value in the vicinity of the shape-

dependent resonances with low damping. The reasoning follows:

c/c—i is approximately = 1

Im{iog c) 0 arctan c2/c.— ii

- 

<<Cabs>> -

- ~~~ k~r ~~‘ (2i1 ) 2 /X .

For particles in air the limit is about 3 x ~~~ cm~~ for a
frequency corresponding to about 10 pm wavelength. This

limiting curve is shown in the last figure . Our highest

extinctions measured in this work are, consistent with this

- - - - _ 
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limit or slightly greater. This might be considered to be

the maximum extinction for a wide distribution of shapes.

The considerably larger peak extinction value of

= 2.1 x 1O5 cm~~ has been reported for a small size fraction
of powdered talc (Dorschner et.al.1979), a mineral with the

chemical composition Mg 2 (OH)2(5i205)2 which is the primary
- - basis for the common talcum powder. These measurements were

‘ discussed briefly by Bohren and Huffman (1979b) and are
included in figure (20). It appears that the exceptionally

large extinction values may be due to the particles being

nearly spherical. Since talc is one of the softest of all

solids, our speculation has been that in the process of

forming the talc into a KBr pellet the high pressure molds

the talc grains into an approximately spherical shape, con—

- 
- 

siderably enhancing the peak extinction . An attempt was made

to use our technique to invert the extinction data for talc

using the ellipsoid distribution theory, but it was impossible
-

- - to decrease y enough to give calculated values as high as the
— measurements. In this special case, because of the softness of

talc, it proved possible to press a pellet of pure talc with

almost bulk density for specular reflectance studies. Analysis

of the specular reflectance curve, treating the sample in this

case as a smooth, bulk sample gave optical constants for

extinction calculations. The results were that the CDE

calculations peaked at about 2x104 cm~~ using the inferred

optical constants, while the sphere calculations could be

made to peak at about the measured valucof 2.1x105 by choosing

a value of the darnpinq constant within the uncertainty of

the optical constants fit. The conclusion from this approach

agrees with our earlier conclusion ; that is that talc particles

are much more spherical after being pressed into the pellet

than most collections of particles in KBr.

— - - -



H
C. Comparison of some extremes in infrared extinction

Our last figure ( 20) can be taken as a sort of summary of
several things we have learned in relation to the search for
maximum extinction in the 10 pm spectral region . A number of

materials and limits are presented , all plotted in the same

volume—normalized extinction units with no adjusted scaling.

- A phosphorous smoke aerosol, which is a common mili tary
screening smoke, has been plotted from the published measure-
ments of Can on et. al. (1977). Calculations on SiC for spheres

and for a continuous distribution of ellipsoid shapes , which
have been shown on a different scale in figure (12), represent

extinction to be expected for spheres and for a wide distri-

bution of shapes . Recall that measured extinct ion for SiC

particles falls near the CDE calculations although the band

shape is somewhat different. Talc measurements are included
¶ to indicate how large the extinction peak may be in some

almost-spherical silicates. The r~ actical maxima for spheres

are shown as a series of dashed peaks to remind the reader that

this level of extinction is appropriate only for narrow band
absorption at a few, but not all, of the indicated wavelengths.

Placement of the practical maxima for spheres is based entirely

on a few solids for which we know c2at the resonance position ,

- - 
and for talc. Also shown in figure (20) is the theoretical

maximum for a distribution of shapes based on the saturation
of our expression for a continuous distribution of Rayleigh

ellipsoid shapes. A curve of the “practical upper limits”

for absorption only, deduced by Can on (1979), is included .

It does not include effects which arise from strong variations

of optical constants in the vicinity of an absorption ,

which has been the main emphat~is of our work.

This collage of extinction information is meant to give

an overview of representative maximum values that might occur

• in the 10 lim spectral region. Although the total picture may

-

- 
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still be a bit confused, one fact is clear. Spheres of certain

materials having strong vibrational absorption bands in this

region produce very intense, but quite narrow, extinction bands.
To produce broader bands it appears to he necessary to reduce

the maximum extinction , either by varying the shape distribution
or by using solids with different optical constants.

VIII. CONCLUSIONS 1~ND RECOMMENDATIONS FOR
- 

-
- 

FUTURE WORX

-

- 

- The best method we have developed for deducing optical

constants of powdered materials is to segregate a sub-micron
-~ 

- size fraction , embed a weighed portion of the powder in a KBr

pellet for transmission measurements, and fit the measured

results with a theory composed of Lorentz oscillator expressions

and Rayleigh theory for extinction by a distribution of ellip-

soidal shapes programmed into an interactive computer. Our

conclusion on testing the method for -a series of solids with
known optical constants is that the method is a qualified

success but could use some more refining and evaluation .
It is clear that shape effec ts in the region of strong absorp-
tion are extremely important. Since every powder may have its
own unique shape distribution it is difficult to construct a

general theory of shape effects that works perfectly for all

powders. The other side of this shape distribution sensitivity

is that control of particle shape can markedly enhance peak

extinction or broaden and widen the band . Understanding of

these effects are important in the ultimate goal of being able

to engineer the optical properties of particulate systems.

In future work it is suggested that more of the same kind

of close comparison between optical constants determined from

single crystals and from powders be carried out. Although

most solids cannot be obtained as single crystals there are

still quite a few silicate minerals that can be acquired as

_ _  
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• natural single crystals, whose optical constants have not been
measured in the infrared. These sil~icates all have strong

• bands in the important 10 pm region because of their common
Si-O vibrational bands. Measurement and cataloguing of such

single crystal optical constants in the 5—15 pm region coupled
with simultaneous efforts to extract optical constants from

powders of the same materials will be pursued with support of
next year ’s NASC contract.

r

_ _ _ _  _ _ _  

_ _ _ _ __ _ _  _ _ _ _ _  _ _ _ _



,I1 
- - - 

~~~~~~~~~~~~~~~~~~~~~ -
~~ ——~

-_ -- —
~
-- — - -

- - - 
— 3 8—

REFERENCES - -

Can on, II. R., 1979, Appl. Opt. 18, 1372.
Can on, H. R., et. al., 1977, Appl. Opt. 16, 1598.
Churchill, R. V., 1960, Complex variables and ~~~lications,

(McGraw—Hhll :Ncw York).

Day, K. L., Steyer, T. R., and Huffman, D. R., 1974,

Ap. 3. 191, 415.

Dorschner, J., Friedemann, C., and Gurtler, 3., 1978,
Astron. Nachr. 299, 269.

Gielisse, P. J., 1965, J. Appl. Phys. 36, 2446.
- 

- 
Hellwege, K. H., Lesch, N., Plihal, M., and Schaack, 1970,

- 
-

. 

Z. Physik 232, 61.

Hodgson , J. N., 1970 , Optical absorption and dispersion in
- solids, (Chapman and Hall:London).

Huffman, D. R., 1977, Ad. in Phys. 26, 129.
Huffman , D. R., and Bohrcn, C. F., l979a, Proceedings of the

international workshop on light scattering by irregularly

shaped particles, June 5—7, 1979, Albany, N. Y., in press.

Huffman, D. R., and )3ohren, C. F., l979b, Proceedings of

the workshop on artificial aerosols, Vail, Cob .,

June 19,20, 1797, in press.

van de Jlulst 11. C., 1957, Light scattering by small particles,

(Wiley :London).

Jennings, S. G., Pinnick , R. C., and Gillespie, J. B.; 1979,

Appl. Opt.- 18, 1368.

McCrone, N. C., and Delly, 3. G., 1973, The ~~rticle atlas,
(Ann Arbor Science Pub.: Ann Arbor).

O’Connor, 3. R., ~id Smiltens, J. eds., 1959, Silicon carbide,

(Pergamon: New York).
‘ Penman, 3. H., 1976a, Mon. Not. R. astr. Soc. 176, 539.

~ 

~ - -~~ -~~~~_~~ - - •

~~~~~

-

~~~~~~~~

--



~~~

-—  -

~~~

- -----

~~

—-—---—---

- - - - - —3 9—

- - 
Penman, 3. M., 1976b, Mon. Not. R. Astr. Soc. 175, 149.

• Perry, C. H. et. al., 1972, The Moon 4, 315.

*4 Spitzer, W. G., and Klcinman, D. A., 1961, Phys. Rev. 121, 1324.

I SpitZer, W. G., Kleinman , D., and Walsh, D., 1959,

Phys. Rev. 113, 127.

Stern, F., 1964, Solid State Physics Vol. 15, ed. F. Seitz and

D. Turnbull (Academic Press: New York).

Volz , F. E., 1972, Appi. Opt. 11, 755 (1972).

S

— •

S

L 
_ _ _ _  

_ _ _ _ _ _ _- : ~~~--~~
- - —  - *.-•- -‘• ~ •

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ “~~~~~~~~~ — 1 ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~
-

~~~- ~~~~~~~~~~~~~~~


