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SECTION I
H

-- INTRODUCTION

F
Scattering and the rmal emission of electromagnetic  radia t ion

from particles of various compositions have taken on si gnif icance in
several areas of technology during the past few years .  In addition to
the importance of these processes  in cer tain  environmental  problems ,
emissio; absorption and sca t te r ing  of radiat ion from par t ic les  plays a
cruc ial role in cer ta in  Ai r  Force Systems appl icat ions.  The in t e r -
act ions of part icles  with energy sources  can signi f icant l y change the

- -. electromagnetic radiation field from that expected in the absence of
- particles.

To our knowledge , at the beginning of the present  stud y there
were no measurements of single particle emissivity in the infrared at
room temperature or elevated temperature-s. To compound the pro-
blern of a lack of experimental data, there were apparent discrepan-
cies between visible emiss ivity measurements based on bulk and on
particulate matter. As a consequence, the reliabil ity of using bulk
refractive index data to calculate particle emiss ivi ty  in the infrared
was open to question. Furthermore , there was a dearth of high tern-
perature bulk ref rac t ive  index data for materials of interest.

The Particle Optical Propert ies  Measurements  (POPM ) Program - -

was proposed to , and jo in t l y funded by AFRPL and SAMSO/ABRES , to
• attempt to provide answers  to these ques t ions .  The program agreed

upon between AFRPL, SAMSO/ABRES , and The Aerospace Corporation
in June of 1974 consis ted of four tasks:

(1) To perform an exhaus t ive  and cr i t i ca l  compilation of exist-
ing measurement s  of bulk r e f r ac t ive  index at room ternp-
e ra tu re  and above for four mate r ia l s:  Carbon , MgO , ZrO 2
and A12O3.

(2) To fabr ica te  an appara tus  and procedures  for the deter-
minat ion of the inf rared  complex re f rac t ive  index of “bulk ’

— 1 5 —

- - . - — —- — - --- -—-- -- •

~

- - - --—-

~

— —



p’r ~~‘i~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

~—~~~i TT~~~ ~~~~~~~~~ T~~ 
•

- -  

-- • -• -

samples of mater ia ls  at hig h t empera tures .  (By ‘ bulk”

samples we mean samples which have dimensions such
- 

- 

that a polished sur face  3. 2 X 7. 6cm can be prepared on

the sample. ) This apparatus was then to be used to

measure hig h temperature infrared complex refract ive

indices for carbon , MgO , Zr0 2 and A1203.

(3) To desi gn and const ruct  a device to measure  the emissivi ty

~ of s ing le spherical particles heated to hig h temperature

- 

- 
- by laser  radiation. Thi s apparatus was to be used to

• determine the emissivi ty of s ingle part icles of various

sizes in the micron range formed from the four  mater ials :

carbon , MgO , Zr0 2 and A1203. The observed emissivi-
tie s were to be compared with the emiss ivit i e s  computed

from the hig h temperature bulk re f rac t ive  indices.

(4) To use the apparatus built for Task 3 to measure  the

emissivi ty  of part icles provided by AFRPL.

The f i r s t  of these tasks has been completed and the resul ts  pub-

lished in a combined AFRPL/Aerospace  report.  [Ref. 11-1 ‘~I~ This task

will not be discussed fur the r in this report .  The fou r th  task was

deleted by mutual  agreement  when suf f ic ien t  quan t i t i e s  of pa rticles to

make both bulk and pa rticle measurement s were  not available.

Tasks 2 and particularly 3 involve combinations of s tate-of- the-

art  measurement  techniques. This report  d i scusses  the procedures

developed and resul ts  obtained on these two tasks. The second section

discusses  the bulk refractive index experiment and results. The third

section provides the theory and computed par t ic le  em iss iv i ty  based on

Mie theory and the refract ive  index resu l t s  presented in Section II.

Section IV d i scusses  the techniques and apparatus developed for  the

single particle emissivity experiment.

I-
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• SECTION II

- HIGH TEMPERATURE BULK REFRACTIVE INDEX EXPERIMENT

-: A. EXPERIMENTA L DESCRIPTION

The optical constants , n and k , of the materials of interest were
obtained in the wavelength range 4. 5~i.m to 25. 0p.m, and the measure-
ments were made with sample temperatures of 300 K and 600 K for

all the materials except carbon, which was measured at 300°K only.

The complex index of r e f rac t ion  was ext racted f rom the ref lectance
• spectrum by apply ing what has come to be known as K r a m e r s - K r o nig

analys i s  and , when necessary ,  the classical dispers ion model calcula-
tion.

In 1952 Robinson1
~~~~ ~~~~~~~~~~~~ f i r s t  applied the K-K anal y s i s  to

reflectance spectra that were obtained from normally incident radia-

tion. Since then the technique has been extended to make it appl icable
[Ref.  11—2 — 11—6]for all angles of incLdence between 0 and 90 degrees ,

provided l inearl y polarized li ght is used. The classical  d ispers ion
[Refs . 11-7 and 11-8]model is also a tLme-honored technique and can be

applied to reflectance spectra obta ined with any polarization and angle
cif incidence. These two theories are presented in detail in Section Il-B
of this report.

The experimental procedure , shown schematically in F igure  11-1 ,
for measur ing  the reflectance spectrum is to chop the radiat ion f lux of
an infrared source , collimate it , l inearly polarize the li ght with the
electr ic  field perpendicular to the plane of incidence , reflect  the radia-  -
tion from the sur face  of the sample , spectrally modulate the li ght wi th  a
fas t  scanning  Michelson in ter ferometer , and finall y,  collect the radiation.

In this invest igat ion 1600 in ter ferograms were obtained and
coherently added to improve the signal - to-noise ratio. For each

• 

• 

sample~calibrat ion spectra were obtained. The ca l ibra t ion  standa rd
was a gold mir ror .  The sequence of measurement  was: Run calibra-
tion spectra;  run sample spectra;  run ca l ibra t ion spectra.  
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1. Experimental Layout

The expe r imental layout for the bulk index of re f rac tion  meas-
urements  is shown in Fi gure 11-2. The path of radiation within the
tank is shown in Fi gure  11-3. The in f ra red  rad ia t ion is provided by
an Opperman source , Perkin-Elrner  457-0244 , which is a ceramic
coated res i s tance  wire.  The radiat ion is chopped by a small mir r o r ,
0. 2 x 0. 3cm , mounted on a torsional tuning fork , Bulova type L45 ,
tuned to lOkj -Jz, having an angular amp litude of two degrees  peak to
peak and which has been placed close to the source exit aperture .
The light is then rendered parallel by a 31cm focal length spherical
mi r ro r used slightl y off-axis .  The parallel beam from the source is

en folded and passed throug h a Perkin-Elmer wire  gr id polarizer ,
a gold wi re  gr id deposited on silver bromide . The e f f i c iency  of this
polarizer is about 98 percent at 2~.j .m and increases  to more than 99. 8
percent  at 10 p.m; the t r ansmission  is 20 percent .

• The source beam , polarized with  its e lec t r ic  field perp~ nd icula r
to the plane of incidence , and with a diamete r of 2. 2cm , s t r ikes  the
sur face  of the sample at an ang le of 2~ relat ive to the optical ax is  of
the in te r fe romete r  and is reflected along that axis;  the ang le of inc i-
dence i s ~~. The equipment is de s igned to provide a range in c~
between 25 and 80 degrees  with  some vi gnet t ing  at the ve ry l a r g e s t
ang les. The angle c~ is measured  with a d ig i t a l  angular  encode r
(Norden Model 5-36 BCDE36 OL)  to an accuracy  of ‘- 0 .05  degrees .
For the measu remen t s  presented in this  report  c~ was set at 45 degrees .

The sample dimension s are 7 . 6  x 3 .2  x 1.3cm. The fron t  and
rear sur faces  are cut so that they are not parallel.  This insu res  that
the radiat ion re f lected  from the back sur face  does not enter the inte r-
fe rometer.  The sample has an e lec t r ica l  heater  pressed  aga ins t  the jrear surface.  The mount  for the sample and heater  is des igned to s e rve
as a he at shield; it is made of tantalum and su r rounds  all but the f ron t

~~ 

of the sample. To min imize  heat losses due to conduction , the sample
holder is mounted with low-conduct ivi ty  ceramic parts;  convec t iveC. 

- 19-
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heat losses are eliminated by evacuating the whole system. Surface

temperatures of up to 700 °K have been reached by this method; attempt s

for hig her temperatures resulted in heater fai lure.  A new heater sys-

tem is now being tested which is designed to allow the attainment of
surface temperatures up to and in excess of 1000 °K.

An array of spring-loaded the rmocouples touching the front  sur-

face of the sample was used to detect thermal gradients .  The largest

dif ference observed on the surface was about four degrees at 600°K.
During data acquis i t ion the thermocouple array is not used; the tem-
perature is then monitored with a thermocouple touching the surface
out of the f ie ld-of-view of the interferometer .

Af te r  reflection from the sample , the source beam leave s the
vacuum chamber through an Ir t ran 6 window. Light emerging from
the vacuum chamber is brought into the in terferometer  by means of

a beam displacer inserted in the optical train for convenience in

alignment. These optical components outside the vacuum tank are
shown in the left of Figure  11-4.

The Digilab 296 fas t  scan Fourier  t ransform interferometer ,
shown in the center of Figure 11-4 , is of the Michelson type modified
so that double-sided interfe rograms can be obtained. Since double-

sided interfe rograms do not require  phase correct ion , the possibi l i ty
of er rors  be ing introduced by a phase correction is el iminated . The

radiation leaving the interferometer is collected by a 10cm diameter ,

76cm focal length mirror  and is detected by a liquid helium-cooled,

copper dope d germanium detector , Raytheon QKN 1546. The detector
character is t ics  are: KRS-5 entranc e w indow , 7. 85 x lO ”3cm2 area ,
five degrees f ie ld-of-view, 6.8 X l0 ’2 WHz ’

~~
”2 N.E.  P. To limit the

band pass , a cold f i l t e r , Spectrum Systems 54958X , was mounted inside

the dewar. The t ransmission of the f i l ter  is greater than 60 percent

in the 2. 8 .~xn to 22. 0~ m range and less than 0. 5 percent from 0. 4~ m
to 2 .0 p.m.

-
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The source hou sing , collimating and folding optics are liquid
nitrogen-cooled to lower the u~ want ed thermal background radiation,

- 
• 

wh ich might overload the detector. In addition, the chamber walls
are shielded by a liquid nitrogen-cooled shroud. Near the end of the
experimental measurements the vacuum integrity of this chamber

shroud failed. However, little degradation of experimental perform-

ance was observed after this failure.

2. Signal Processing

The interferogram was sampled when the optical path differenc e
between the stationary mir ror  and moving mir ror  was increased by
0. 63299 x lO 4cm , the wavelength of the He-Ne laser  line; for this
rate of data acquisi t ion sampling theory dictate s that the largest  wave-
number with non-zero intensi ty should be 7900cm~~~.

The scan velocity of the interferometer  mirror  is ‘ - 0. 5cm/sec .
therefore , our largest  wavenumber, 7900cm~~~, resul ts  in a f requency
of 3 950Hz. (This means that a monochromatic beam with v = 7900cm ’

~
- 

- - would have as its int erferogram a cosine wave of f requency 3950Hz. )

The s ignal that reaches the detector is a 10kHz car r ie r  wave
(due to the chopper) modulated by lower f requencies  (due to the inter-
ferometer)  with the highest  of these be ing r-.3950Hz . This signal is
amplified and then synchronously detected with a Princeton Applied
Research lock-in amplifier , model 124A.

The last stage of the lock-in amplif ier , which provide s the final
filtering of the demodulated signal, has a high frequency cutoff less
than 3 950Hz and so it is not used. Instead, a band pass f ilter with a
6kHz cutoff f r equency  and an a t tenuat ion  of -40dB at 10kHz has been
built from commercial active bandpass filter components and is used

to f i l t e r  the demodulated signal before being fed to the data handling
system.
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The data handling system samples the filtered analog signal

[ 
from the lock-in amplifier when commanded by the interferometer.

The sampled sig nal is converted to a 12-bit  digital number in an
analog to digital converter.  The resulting number is recorded on
computer compatible tape for subsequent Four ier  t ransformat ion and

F ; processing of the spectra by the Aerospace Control Data 7600 compu-
[R ef. 11-9]ters ustng standard technLques.

3. Samples

Bulk samples had to be at least 3 .2  x 7 . 6  x 1.3cm , of high

• purity and, when appropriate, single crystals. Since this last condi-

tion could not be met for all of the materials , sources and methods
• were sought that could produce bulk samples from pure powders. The

• su r faces  of the samples were polished with a compound made of 0. 3~j.m
Al203 particles and distilled water , and Linde type A polishing corn-

pound. They were then cleaned with an ul t rasonic  cleaner and d i f f e ren t
solvents; acetone was f i r s t  used , then a de te rgen t  and ammonia corn-
bination , and finall y, disti l led water .  Impuri ty contaminat ion of the -

samples i s felt  to be neg ligibl e , however , the ph ysical  p rocess  of pol-
ishing and cleaning can affec t  the sur face  of the samples (i. e . ,  intro-
duction of s t r a in s )  and thus may affect the r e f l ect iv i ty  measurements .
This is d i scussed  in more detail in the section on the exper imenta l
observations on Al 203.

a. Carbon (C)

Sing le crysta ls  of graphite can be produced synthetically.
Howeve r , available s izes  are not large enoug h to use in this experiment. 

- 
-

- 
The sample we have used is CEP graphite , produced by Union Carbide.
This is a mixture of lamp black and binde r pressed and baked at a very
hig h temperature.

- 

• 
-2 5- 

— - --- ~~ -~~-— £ ,~~~~ ~~~~~~~~~~~~ — S ~~ __ ~~~~~~~~~
•- -—— - ~~~~~~~ - - -—- 

~~
• -- -—



-w -
— 

,— 
7~~~~ — -  —~ -—- ~~~~~~~~~~~~~~ •—- 

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

b. Magne sia (MgO)

A single crystal  of MgO was obtained from the ROC/RIC

Corporation of Sun Valley, California. This material is 99. 99 percent

• pure .

C. Zirconia (Zr0 2 )

Single crystals of zirconium dioxide , large enough for our

- 
• 

needs , do not occur in nature and are not synthetically produced. The
- 

- 
* only available choice was a polycrystalline p iece formed by hot pres-

s ing Zr02 powder.

• The Cerac Corporation supplied Aerospace with a hot pressed

Zr02 sample that is 98 percent Zr0 2 plus two percent Hf02, an

impurity which cannot be economically removed from Zr02.

d. Uumina (Al203)

Synthetic pure crystals of alumina were foun d to be avail-

able. The Union Carbide Corporation supplied us with a single crystal

of pure Al 203.

B. DA TA REDUCTION METHODS

1. Angular Reflectance Analysis,  Avery  Method

The index of refract ion and the extinction coeff ic ient  can be

determ ir.ed from a measurement  of the reflectance R 1 1 and/or R 1
(radiant flux polarized parallel and perpendicular to the plane of m ci-

denc e, respectively) by the method of Avery.  [Ref. 11-10]

This method is based on the generalized Fresnel reflectance
[Ref. l i — i l ]eqUattOn a which can be wr i t ten

~26..
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R - (0 
- cos 9) 2 

+ ~~~ and- 

(Q + cos 8)
2 + P 2

(11—1)

. 2 2
R 1 = R 1 

()~ - ~~‘t ’ 6 tan 6) + P
2 
, where

1 (Q + sin 9 tan 6) + P

2 2 2 2 . 2Q - P = n - k  - sLfl 8, and

-. . 
(11-2)

- . Q P = n k ,

where n is the index of refraction (real part), k is the extinction coef-

f ic ient , and 6 is the ang le of incidence.  Thu s in principle , a measure-

ment of R 1 and/or R 1 ~ 
as a function of 0 will allow determinat ion of

n and k. A direct  method for inverting these equation s to dete rmine
[Refs.  H — l i  — 11—13]

n and k has been d iscussed  recently rn the l i t e ra tu re .

Unfor tunate ly, when the ref lectance data for A12O3 we re analy zed by

this method , the equat ions proved to be i l l-condit ioned unde r cer ta in

conditions and unreasonable values of n and /or  k were sometimes

obtained. Invariably in these s i tua t ions , small changes in the input

reflectance data produced large changes in n and/or k. The reason for

this ill-conditioning is not too difficult to d iscover .  For instance , if

n is small (~ 1) and k large (~ 7),  both R1 and R 11 are> 0.8, and change

little with 0 or increasing k. Another  example of i l l -condit ioning is

-
• i l lustrated in F igure  11-5. Plotted is R 11 as a funct ion of the ang le of

incidence 6 = 45 degrees  for the three cases: n = 3. 5, k 3. 0; n = 4. 5,

k = 3.0; and n = 5. 5, k = 2. 0. The curves do not appreciably d if fer
from each othe r unti l  9 is grea te r than about 72 degrees.  Beyond 9 = 75

degrees the curve s are s ignif icant ly d i f ferent , however , measurements

at these large ang les of incidence require  very large samples (because

of the foreshortening ef fec t) ,  and very accurate  angular measurements ,

-
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due to the rapid change of R 11 with respect to 0 for 8 ~ 75 degrees.

Since neither of these conditions are readily achieved in our experi-

mental apparatus, we have employed either a Kramers-Kronig analy-

sis or a classical dispersion analysis to obtain the optical constants.

2. Kramers-Kronig Analysis

The amplitude, R 1, and phase, ~~, of the complex r eflectivity

coefficient are not independent but can, in general , be related by a

Kramers-Kroni g dispersion relation. *

= 

~ 
1n~ ~j~- [~nj ~ j~v~ 1/21 dv (11-3)

where v is the wavenumber of the reflected wave . The gene ralized

Fresnel equations can then be written in terms of this amplitude and

phase ,

( 1 —  R 1 ) cos 9• 0 =  ,

l + R 1 -2 / ~~
’ cos 4

(11-4)

- 2 V ’j
~
’cos 9 sin 4~

P =
1 + R 1 - 2 /~~

’cos~~

where the quantities have their previous definitions. ** Finally, n and

k are obtained from P and Q by solving equation 11-2.

*Kraxners-Kronig analyses have been treated extensively in the liter-
ature. The analysis  outlined here follow s Ref. 11-2.

**Sj mj lar but more complicated equations can be written for R 11.
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The disadvantage of this analysis is that i,L depends on the behav-
ior of R j (~ ) over all of wavenumber space. In practic e, the reflectiv-
ity is measured over only a finite portion of wavenurnber space and
realistic approximations for the behavior of R 1(v) outside this region
are required for accurate evaluation of the integral.

Most of the methods discussed in the l i terature assume some
simple functional form for the reflectivity in the outside region. In
some cases the form of the function is jus t i f ied  by a theoretical model
and in other cases it is jus t  a s imple function which behave s in a

[Refs . 11-14 and 11—16]physically reasonable manner.

We did not use any special functional form to extrapolate the
reflectivity curve s , but rathe r tried to incorporate as much as possi-

• ble any publ i shed~~~~~ 
11-17] experimental data in the outside reg ions.

In some cases the results of classical dispersion theory were incor-
porated and this is discussed in the next section. The reflectivity
was then extrapolated graphically to fit  these data points and to join
them smoothly to our measured reflectivity spectra .

This curve was then dig itized for compute r calculation of the
phase by the Kramers-Kronig integral. The amplitude and phase of
the reflectance were used to obtain P and 0 (equation 11-4) and finall y
n and k determined from solutions of equation 11-2.

3. Classical DispersLon Analysis

The classical dispersion analysis  of reflectivity data is based
on a model which approximates the material as a system of damped
harmonic oscillators. Each oscillator is described by its s trength

width and frequency v
3
. The expression for the complex

dielectric constant (€)  from this model is

4-rrp.
c (v )  = e +  z .

~~ (11-5)
j 1 — (v / v ~) — L ( v / v ~ ) (v~/v~)

~~~~~~~~~~~~ A J  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

•
~~~~~~~~~~~~~~~~~~~~~~~ -
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where is the hi gh frequency limit. The index of r e f rac t ion , n , and
the coeff ic ient  of extinction , k , are related to € by

n + i k  = (11-6)

The ref lec t iv i ty  can then be calculated from F re sneP s  equat ion  if the
cons tants  in equation 11-5 are known or assumed.  These cons tan t s

are called the d ispers ion parameters  and the process of de te rmin ing
them is d i spers ion  anal ys is .  The parameters  are var ied unti l  agree-

- - ment is obtained with  experiment.  The c r i t e r i a  used was to m i n i m i z e
the sum of the square e r ro r s.  This was accomplished with  a non- l inea r
least  squares f i t t ing  computer program which sys temat ical ly var ied the
parameters  unt i l  a best  f i t  was obtained.

C. EXPERIMENTAL RESU LTS

The Kramer s -Kroni g anal ys is  was used to reduce  the data for
car bon , A12O3, and ZrO 2 whe re we fel t  we could adequatel y extrapo-
late the re f lec tance  data to the lowe r (v < 400cm~~~) and the hig her
( v >  2200cm ’) wavenumbe r reg ions. The M gO data was reduced
us ing  the classical  d i spers ion  anal ys is  method w h e r e  we fel t  we
could not safel y extrapolate the ref lectance data to the lowe r (v <

400cm~~~) wavenumber  reg ion. In gene ral , we feel  the Kramers-
Kron ig  method of anal ys i s  is super ior  to the c lass ica l  d i spers ion
method of anal ys i s , since the fo rmer is independent  of any model
assumptions  concerning the behavior  of the optical parameters
(n and k) of the mater ia l , where as the lat te r assume s the behavior
of the optical pa rame te r s  of the mater ia l  may be modeled as a sys-
tem of damped ha rmonic osc i l la to rs .

— 3 1 —
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I . Carbon

The room temperature reflectivity spectrum of a microc rystal-
line, pol ished slab of graphite , at an ang le of incidence of 45 degrees ,

• is shown in Figure 11-6. The resolution is ‘—i l5cm~~ .

— lThe observed reflectance was smoothly extrapolated below 400cm , - 
-

as shown in Figure  11-6 , and a Kramers-Kron ig  analysis  was performed.
The resulting values of n and k are shown in F igures  11-7 and 11-8 ,
respectively.

The variat ions of the observed reflect ivi ty about the generally
smooth trend of the graphite ref lect ivity  spectra are  consistent  with
the expected noise level. It was discovered , empirically, that a
curve of the form

R 1 = A + Bv~~~~~~ (11- 7)

could very accurately f i t  our experimental data. This smoothed
reflectance spectrum is shown as the dashed curve in F igure  11-6. A
Kramers -Kron ig  analys i s  was performed and the resul t ing  n and k are
shown as the dashed curves  in Figures 11-7 and 11-8 , respectively.

For some situations the scaling in Figures 11-7 and 11-8 may be

too coarse , and therefore  n and k (as deduced f r om the experimental
data and the smoothed data) are  given as a function of wavenumber, in
l2cm~~ increments, in Table Il-i , f rom v = 400cm 4 to 2200cm 1.

In an effor t  to ascer ta in  the expe r imental e r ro r s  in our meas-
urements , and to est imate the resul t ing errors  in n and k , the follow - —

ing analysis  was performed. At l2cm~~ in terva ls  the quant i ty
A = R 1(s)  - R 1(e) was calculated where R 1(e) is the experimentally
measured ref lectance (Fi gure  11-6), and R 1( s)  is the smoothed reflec-
tance from Figure 11-6. These As were then used to est imate the
e r ro r  made in measur ing  ref lect ivi ty  in two hundred wavenumber
intervals  from 400cm~~ to 2200cm~~~. The resul ts  are g iven in Table
11-2. The ARs , the ref lect ivi ty  e r rors , were  calculated in a root-
mean-square  (rms) fashion , that is

I 1
- 32 -. 
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Table 11-1. Measured Index of Refract ion and Extinction Coefficient

for Carbon from v = 400cm ’ to 220O cm~~.

V n n . k k
(cm 1) smoothed experimental smoothed expertmental

400 2 .75  2 . 9 2  3.36 3. 32

12 2 .78  3.07 3. 28 3. 43

24 2.81 3.00 3. 19 3. 64
36 2.83 2 .50  3.11 3.48

48 2. 85 2. 64 3. 03 3.05

• 
• 60 2. 88 2. 66 2. 96 3.09

72 2. 90 2 .55 2.89 2 .76
84 2 .91  2 .77  2. 82 2 .51

96 2. 93 3. 13 2. 76 2. 40

508 2. 95 3. 2 1  2. 70 
- 

2. 76

20 2. 96 3.01 2. 65 ~~, 62

32 2. 97 3. 10 2. 60 2. 52

44 2. 98 3. 26 2. 55 2. 55

56 2. 98 3.06 2. 50 2. 76

68 2. 99 2. 99 2 .45 2. 38

80 3.00 3.36 2.40 2. 49

92 3.01 3. 2 0  2.36 2 .75

604 3.02 2. 78 2.31 2. 73
• 16 3. 03 2. 76 2 .28  2 . 2 7

28 3. 03 3.00 2. 24 2. 23

40 3.03 3.08 2 .2 1  2. 30

52 3.04 2. 94 2. 17 2 .35

64 3.04 2. 86 2 .13  2. 23

76 3. 04 2. 86 ~ . 2 .10 2 .05

88 3.05 3.00 2. 07 2. 00

_ _  

_ _ _ _  j
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Table Il-i .  (Continued)

n n . k k
(cm~~~) smoothed experimental smoothed experimental

700 3 .05 3.00 2. 04 2 .01

12 3.05 2. 98 2.01 1.97

24 3.06 3.03 1.98 1.84
-
- - 

36 3.06 3.19 1.95 1.96

48 3.06 3.03 1.92 2. 03

60 3.06 2. 90 1. 90 1. 92

72 3.06 2. 98 1.87 1.66

84 3.07 3.17 1.85 1.78

96 3.07 3.05 1.83 1.79

808 3.06 3 .12  1.80 1.71

20 3. 07 3.12 1.77 1.75

32 3 . 0 7 -  3.11 1.75 1.71

44 3.07 3.15 1.73 1.71

56 3.07 3. 12 1.72 1.70

68 3.07 3.16 1 .69  1 .67

80 3. 07 3.15 1.67 1.72

92 3.07 3. 10 1. 65 1. 66

904 3.07 3.17 1. 63 1.66 -

•

16 3.07 3. 07 1.62 1 .69

28 3.07 3. 08 1.60 1.57

40 3. 07 3.13 1.58 1.58

52 3.07 3. 12 1. 56 .- . 57

64 3.07 3.11 1. 55 1.55
- 

- 

76 3.07 3.15 1.53 1 .52

88 3.07 3 .12 - 1 .52 ~.6 1

- 37- 
- 

-



~ 
~~~~~~~~~~~~~~

—
~~

• -
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _  

•

Table 11-1. (Continued)

(crn ’) 
nsmoothed nexperimental ksmoothed kexperimentai

1000 3.07 3.04 1.50 1.50

12 3. 07 3.12 1.49 1.44

24 3.07 3.15 1.47 1.45

36 3. 07 3.18 1.46 1.44

48 3.07 3. 20 1.45 1.48

60 3.07 3.16 1.43 1.48
-
‘ 72 3.06 3. 17 1.42 1.46

84 3.06 3.20 1.40 1.48

96 3.06 3.15 1.39 1.57
- 

-

.

- l ld8 3.07 3.04 1.38 1.48

20 3. 06 3.10 1.36 l .4

32 3. 07 3.07 1.35 1.44

44 4. 06 3.06 1.34 1. 40

56 3.06 3.06 1.33 1.36

68 3.06 3.09 1.32 1.35

80 3.06 3.09 1.30 1.35

92 3.06 3 .09 1.29 1.35

1204 3.06 3.08 1.28 1.33

16 3.06 3.09 1.27 1.33

28 3.06 3.07 1.26 1.30

40 3. 06 3.13 1.25 1.28 H
52 3. 06 3.10 1.24 1.36

64 3. 05 3. 04 1.23 1.29

-

• 

76 3. 06 3.09 1.22 1.26

88 3.06 3.12 1.21 1.28

t 

1 -
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Table 11-1. (Continued)

V n n • k k-l smoothed expertmental smoothed experimental(cm

1300 3.06 3. 08 1.21 1.31

12 3.05 3. 08 1. 20 1.24

24 3. 05 3. 14 1.19 1.28

- - 36 3.05 3. 08 1.18 1.33
i - H

-

~~ 48 3. 05 3. 03 1.17 1.32

~~~~ 
~

- 60 3. 05 2. 98 1.16 1. 2 9

72 3. 05 2 .96  1.15 1.19

84 3.05 3. 07 1. 14 1. 18

96 3. 05 3. 05 1. 13 1.24
-

• 
1408 3. 05 3. 01 1.13 1.25

20 3.05 2. 97 1. ia 1.21

32 3. 04 2. 96 1.11 1.16

44 3.04 3. 00 1.10 1.12

56 3. 04 3. 02 1.10 - 1.13

68 3.04 3. 04 1.09 1.11

80 3.04 3. 06 1.08 1.15

• 92 3. 04 3.01 1.07 1.14

1504 3.04 3.10 1.07 1.15
- 

~
- 16 3.04 2. 99 1.06 1 .29

28 3.04 2. 86 1.05 1.23

40 3. 04 2. 78 1.04 1.11

52 3~~O4 2 . 7 9  1.04 0. 97

64 3.04 2 . 92  1.03 0. 84

76 3. 03 3.04 1.03 0. 88

88 3. 03 3 .09  1.02 0. 93

—- ——-~~~~--~~ —---—— ----—-——-- - •  •~~~~~~~ — ~~~~~~~~~~~~~~~
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Table 11-1. (Continued)

- 

- (crn~~~) ~ smoothed ~experimental k smoothed kexper imental

1600 3.03 3.10 1.01 0. 96
12 3.03 3. 13 1.01 0. 99
24 3. 03 3.15 1.00 1.04

36 3. 03 3. 08 1.00 1.20
48 3.03 2. 90 0. 99 1.04

60 3.03 3.10 0. 98 0. 96
-
: 72 3.03 3.08 0. 98 1.11

84 3.03 2. 98 0. 97 1.11

96 3. 03 2. 92 0. 97 1. 05

1708 3.03 2. 94 0. 96 0. 98

20 3. 02 2. 98 0. 95 0. 95
32 3. 02 3.03 0. 95 0. 96
44 3.03 3. 03 0. 95 1.04
56 3.02 2. 95 0. 94 1.01
68 3. 02 2. 99 0. 93 0. 99

80 3. 02 2. 88 0. 93 1.04

92 3.02 2. 87 0. 93 0. 88
1804 3. 02 2. 96 0. 92 0. 87

16 3.02 2. 98 0.9 1 0 .89
28 3.02 2. 98 0. 91 0. 90

40 3. 02 2. 98 0. 90 0. 90
52 3.02 2. 97 0. 90 0. 89
64 3.02 2. 97 0.89 0. 88

76 3.0 1 3. 00 0.89 0. 88

88 3.01 2. 9-6 0 .89 0. 90

~~~~ 40
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Table 11-1. (Concluded)

V n n • k k• 
(cm~~~) 

smoothed experimental smoothed expertment~~

1900 3.01 2 .96  0.88 0.84

12 3.01 2. 99 0 .8 ,  0.84

24 3.01 2 .98  0.87 0.85

36 3.01 2 . 9 5  0.86 0.83

48 3.01 3.01 0.86 0.74

60 3.01 3. 10 0. 86 0.84

72 3.01 3.04 0.85 0 .85

84 3.01 3 .07 0.85 0.85

96 3.01 3.05 0.84 0.91

2008 3.0 1 3.02 0.84 0.91

20 3.01 3. 00 0. 84 0. 92

~ 32 3.01 2 .9 4  0 .83 0 .90

44 3.00 2 . 9 6  0.83 0.85

56 3.00 2. 97 0.82 0 ) 87

68 3.00 2 . 9 4  0.82 0 .90

80 3.00 2.86 0. 82 0.85

92 3.00 2.~35 0.81 0 .75

2104 3.00 2 . 97  0.81 0 .66

16 3.00 3.03 0.80 0 . 7 9

28 3.00 2. 96 0.80 0 .76

40 3.00 3.04 0.80 0 .76

52 3.00 3.00 0 .79  0.83

64 3.00 2 . 9 4  0 .79  0.81

76 3.00 2 . 9 2  0 .79  0 .70

88 2. 99 3.04 0 .79  0. 74

2200 2 . 9 9  3.00 0.78 0. 77

-4 1-
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Table 11-2. Reflectivity Measurement Er rors  (rms)

Wave Numbe r Interval AR , Reflectivity Er ro r

400 - 600cm~~ 0.028

600 - 800cm~~ 0 .020

800 - l000cm~~ 0.007

1000 - l200cm~~ 0.0 11

1200 - l400cm~~ 0.011

1400 - l600cm~~ 0.015

1600 - l800cm~~ 0 .013

1800 - 2000cm~~ 0.008

2000 - 2200cm~~ 0.011

-42-
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AR = [ ~~ 
(A~~) J /

/
~ (11-8)

There is no a p r i o r i  reason for  a ssur  ig the r e f l ec t iv i ty  of
carbon should be smooth as a funct ion of wave numbe~~, or that it have
the particular dependence as assumed in equation 11-7. Howeve r , the
ARs given in Table 11-1 are about what would be expected when detector
sens i t iv i ty ,  ins t rumental  response and atmospheric  absorpt ion are
taken into considerat ion . In a sense th is  method of de termining reflec-
t iv i ty  er rors  is conservat ive , s ince all dev ia t ions  f rom the smoothed

F - 
curve  are t rea ted  as e rr o r s , whereas  some of the l a rge r  devia tions
may be real .

As d iscussed  previously, n and k are determined from the gen-
eralized Fresnel  equations ,

— 

( 1 - R 1) cos P
— 

1 + R 1- 2f ~~
’cos~~

- 2f ~~~ cos & sin ~~
= 

l + R 1- 2 ~~~~~~ cos~~ j

whe re

2 ~ 2 2 . 2Q - P  = n - k - s i n  0 , and

QP nk ,

and R is the ref lect ivi ty,  0 the ang le of incidence , ~/ the phase change
on reflection (obtained by K ramers-Kron i g anal ys i s ) ,  and n and k the
desired optical constants.  Q and P, and therefore  n and k , are deter-
mined by three quanti t ies;  R 1, l~~ and 8 , and t he re fo re , e r r o r s  in these
quan t i t i e s  will determine the probable error  in n and k. The angle of

-43-

_ _  -.



incidence , 6, is very well known experimentally and analys is  has
shown that the e r ro r  in the measurement  of R(~ 0. 2

0
) is neg lig ibl e in

comparison to the errors in R and ~~ . The erro r in R , AR , was
assumed to be

AR = ± 0.015 ,

an~ is representat ive of the er rors  g iven in Table 11-2. The errors  in

were determined by examining the Kramers-Kronig  data for the

F experimental and smoothed data , in a manner analogous to the analys is

for AR , with the result :

A~~ 1.10 degrees .

A computer program was writ ten to calculate n and k given 4 and

• R , and then fou r calculations were carr ied out , setting

R = R + A R , and~ b =

R = R + AR , and 4 = - A~b;

R = R - AR , and ~j i = 4 + A~ ;

R = R - AR , and ~ = 4, -

to determ ine n and k. The two extrema (+ and - about the input value)

were then selected and their d i f ference  from the input value was

called the error  in n and k. The results  are shown in Table 11-3, for

a range of n and k from zero to ten. The table is in matr ix form ,

• whe re the top number is the error  in n and the bottom number is the

error  in k. As an example , suppose n was measured to be 3. 0 and k

2 .0 , then Table 11-3, g ives the error in n as ± 0.20 and the error  in

k as ± 0. 17. Intermediate cases can be obtained by in te rpolation.
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Table 11-3. Errors  i n n  and k as a Function of n and k , Assuming

AR = ± 0.015 , A4, = ± 1. 1°, and A~ = 0.

2 .0  3.0 5.0 7.0 10.0 

—

- - 

- 1.0 ± .05* . 09 . 15 .29  .48 .85

- - -- ± .05 .09 .17 .40 .75 1.42

-
- 

• 

2.0  .07 .08 .12 .21 .42 .66  1.12
- - 

.04 .09 .10 .18 .43 .80 1.58

3.0 .11 .17 .20 .26  .52 .83 1.37

.12 .17 .17 .17 .44 .83 1.64

5.0 .22 .34 .44 .53 .73 1.10 1.81

.36 .40 .44 .44 .40 .80 1.67

7.0  .37 .55 .71 .86 1.12 1.45 2. 18

.72 .74 .80 .83 .78 .75 1.58

10. 0 .66 .92 1. 17 1.41 1.85 2 .26  3. 06

1.52 1.55 1.53 1.59 1.62 1.54 1.53

*Top f igure  is er ror  in n , lower f igure  is error  in k.
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Although a def ini t ive analys is  was not performed , the calcula-

t ions from which Table 11-3 was derived indicated that the e r ro r s  in

n and k were more sensi t ive to the e rro r  in R as opposed to 4,.

Approximate scaling should therefore  go as the size of AR (Table 11-2),

although it should be kept in mind that the Fresnel equations are non-

L linear in n and k and extreme extrapolation may be erroneous.

The optical cr~~stants (n and k) of carbon type materials  (coals ,

ashes , graphite , e t c . )  are the subject of a vast  l i t e ra ture  and the
• . . . [Ref. 11—18]reader is r e fe r red  to a review by Twitty and Weinman • In

order to i l lus t ra te  the wide variance in the experimental results , the

present  data is compared with three previous invest igat ions in Figure

11-9, for n t~ e index of re f rac t ion , and in F igure  11-10 , for k the

extinc t ion coeff ic ient . In each f igu re  the dashed curves  are the resul ts
[Ref. 11-19] . .obtained by Foster  and Howarth for  polycrystal line graphite

(method of preparat ion not d iscussed) .  The dotted curve s are the
[Ref. 11-20]resul ts  of Lenham and Treherne for pyrolytic graphite

(deposited at 2280 °C and annealed at 3200 ° C) from reflect ivi ty mea s-
urements  with the electric field vector polarized perpendicular to the

(presumably oriented) optic axis of the graphite crys ta l (s ) .  The solid

curve  is the present results  and the dot-dashed curve is for pressed
carbon soot (obtained for an oil furnace  process , fixe d carbon per-

centage = 98. 5 j e r c e n t, part icle size 0. 023~i,m ) as reported by
[Ref.  11-19]Foster and Howarth . The resul ts  shown in these two

fi gure s were chosen to i l lus t ra te  the wide di f ference in resul ts  obtained

for carbon mater ials .  The reader is r e f e r r ed  to Ref.  11-18 for a more
-• complete compariso•n. Some of the d i f fe rences  are probabl y due to

experimental e r ror , but it is probable , especially from the investiga-
tions of Foster and Howarth~~~~~ 

11-19] , that most of the apparent

disagreement  is real and due to suc h fac tors  as source of the raw
material , and method of preparat ion of the samples.
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2. MgO

A sing le crystal  of MgO , approximately 7. 6cm long by 3. 2cm

wide , was wedged to prevent internally reflected rays from entering

the inte rfe romete r , and polished flat. Ref lec t iv i ty  measurements

were made at t empera tures  of 300 °K and 573 °K. The reflectance

spectra are shown in Figures 11-11 and 11-12 , respectively. The peak
in the 300 °K data at ‘— 4Z0cm~~ (one data point) appears to be spurious.  -

~ The ref lect ivi ty  curves are ve ry similar , but do diffe r in two details.  I :
F irs t, the reflectance of the hot ter  case is in general lower than that

for  the cooler case in the reg ion of 400cm~~ to ~~~ 800cm~~~. Second ,

the slope of the curve at about ..j = 800cm 1 is somewhat steepe r for

the cooler measurement  compared to the warme r measurement .
- This is in agreement with what has been observed previously. [Ref.  11-21]

From the l i t e ra ture  and our data , the reflectance change s of MgO below
400cm~~ appear to be s ignif icant , and indeed the infrared allowed

vibrational mode of MgO does lie below 400cm ’. Rather than extra - -

polate our reflectance data , or try to use l i t e ra tu re  reflectance data

for the wavenumber region below 400cm ’ for a Kramers-Kron ig
analys is , we anal yzed the MgO ref lectance data using clas~~ic al dis-

persion analysis .  The init ial  value s of the three  dispers ion para-

meters  (p . ,  v. and si .)  were taken f rom the l i t e ra tu re .  The resu l t ing

best f i t  curves  to the input ref lectance data us ing  a sing le osci l la tor

are shown in Figures 11-13 and 11-14 , and are to be compared with

Figures  LI- 11 and II- 12 , respect ively. The d i spers ion  pa ramete r s

found for the 300 °R data are V = 389cm~~~, y = 71. 3cm~~ and
4r~ = 5.63. The parameters  for  the 573 °K data are ‘~, = 389cm~~~,

= 128. 2cm~~ and 4rr p = 5. 94. For both tempera tures  e~~ = 2. 3.

7 — 
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The calculated curve s are very smooth , as would be expected for a

three parameter fi t .  As discussed previously, n and k are also

• determined from the classical dispersion analysis , and they are

shown in Figures 11-15 and 11-16 for T 300°K, and in Figures 11-17

and 11-18 for T 573 °K. In Table 11-4 , the index of refract ion (n)
— land the exttnctt on coefftc tent (k) of MgO are tabulated in 15cm

increments from v 400cm~~ to V = 2200cm~~~, and temperatures  of

300 °I< and 573°K.

The present resul ts  (T 300 °K) are compared with the represen-

tative data [Re
~~ 

11-17] in F igure  11-19. Curves  A and C are the present

resul ts  for  the index of refract ion and extinction coeff ic ient , respec-
• . . [Ref. 11—17]

tively. Curves B and D are the representa t ive  data as

compiled by Whitson (T 300 °K) .  Except in the reg ion 400cm~~ to

5O0cm~~ (a reg i on of low s ignal- to-noise for our apparatus) .  The

agreement is sa t is fac tory  and , in fact , is typical of the good agree-

ment between previous resul ts  by othe r worker s .

3. ZrO~
- l -lThe reflectivity spectra of ZrO between 400cm and 2200cm

at a 45 degree ang le of incidence were measured at temperatures of

300 °K and 573 °K. These ref lect ivi ty spectra are shown in Figures

11-20 and 11-21 , respectively. A Kramers-K ronig analys is  was per-

formed on this reflectivity data and the resulting n and k for the tern-

r peratures of 300 °K and 573 °K are shown in Figure s 11-22 through 11-25.

No refractive index data and only sparse extinction coefficier 13t
[Ref.  11—17]data were found by Whitson. The representat ive reflec-

tance data giver by Whitson (T 300 °R) are in reasonable agreement

with the present resul ts .  The representat ive reflectance data of Piriou
[Ref. i i— 2 2 J  . .shows similar spectral s t ruc tu re  as in F igure  11-20 , but

are in general hi gher , which may easily be a t t r ibuted  to a d-i ffe rence

in samples.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 11-4. Index of Refraction and Extinction Coefficient

for MgO at 300 °K and 573 °K from 400cm~~ to 2200cm~~~.

T = 300 °K T = 573 °K

n k n k
-

- 

(cm )

400 3.31 4.12 2.88 2. 97
H 15 2.35 4 .09  2 .42  3 .04
C. .- 30 1.67 3.78 2 .00  2 . 9 9

45 1.24 3.42 1.66 2.86

60 0. 96 3.09 1.39 2 .70

75 0. 78 2 . 7 9  1.18 2 .52
• 90 0 .65  2 .53  1.02 2 .35

505 0.55 2.31 0.90 2.18

20 0.48 2.11 0. 80 2 .03

35 0. 43 1.93 0. 72 1.88

50 0.39 1.77 0. 66 1.74

65 0.36 1 .62  0 .61 1.61

80 0.33 1.48 0.57 1.49

95 0.31 1.35 0.54 1.37

610 0. 30 1.23 0.51 1.26

25 0. 29 1.11 0 .49 1.15

- - 40 0 . 2 9  0 .99  0.48 1.05

55 0 .29  0. 88 0.47 0. 95

70 0 .29  
- 

0. 7 - - 0.48 0.85

85 0.31 0 .64 0.48 
- 

0.75 - •

700 0. 34 0. 53 0. 50 0. 66

15 0.39 0 .42  0. 52 0.57

30 0.46 0. 32 0. 56 0.49

45 0.54 0 .25  0. 60 0. 42

60 0.61 0.20 0. 65 0.36
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Table 11-4. (Continued)

T = 300 °K T = 573 °K
V n k n k

(cm )

775 0. 68 0 .17 0 . 6 9  0.30
90 0 .74 0.14 0 .74 0.26

805 0. 79 0. 12 0. 78 0. 23
20 0.83 0. 11 0. 82 0 .20

• 35 0.88 0. 10 0.86 0. 18

50 0. 91 0 .09  0 .90  0 .16
65 0. 95 0.08 0. 93 0. 15
80 0. 98 0. 07 0. 96 0. 13

95 1.00 0.06 0 .99  0 .12

910 1.03 0 .06 1.01 0.11

25 1.05 0 .05 1.03 0.10
40 1.07 0 .05 1.05 0 .09
55 1.09 0.05 1.07 0 .09
70 1.11 0.04 1.09 0. 08
85 1.13 0. 04 1.11 0.07

1000 1.14 0 .04 1.13 0.07
15 1.16 0.03 1.14 0.07

• 30 1.17 0 .03 1.16 0 .06
45 1.18 0. 03 1. 17 0 .06

60 1.20 0. 03 1.18 0.05

75 1.21 0 .03 1.19 0.05
90 1.22 0. 03 1.20 0 .05

H - - - •. - 
- 

1105 1.23 0 .02  1 .21  0.05
- •  20 

- 
1.24  0.02 1.22 0.04

~~
I 35 1.25  --- 0 .02 1.23 0.04

- ,~~ -60-
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Table 11-4. (Continued)

T = 300 °K T 573 °K
V

-l n k n k
(cm )

1150 1.26 0 .02  1.24 0.04

65 1.26 0.02 1.25 0.04

~~ 

•

~ 

- 80 1.27 0. 02 1. 26 0.04

95 1.28 0.02 1.27 0.03 - -

-. 
1210 1.29 0. 02 1.27 0.03

• 25 1.29 0.02 1.28 0.03

40 1.30 0.02 1.29 0 .03
55 1.31 0.01 1 .29  0.03

70 1.31 0.01 1.30 0.03

85 1.32 0.01 1.31 0.02

1300 1.32 0.01 1.31 0 .02

15 1.33 0.01 1.32 0 .02

30 1.33 0.01 1.32 0. 02

45 1.34 0.01 1.33 0.02

60 1.34 0.01 1.33 0 .02  L
75 1.35 0.01 1.34 0.02

90 1.35 0.01 1.34 0.02

1405 1.35 0.01 1.35 0. 02

20 1.36 0.01 1.35 0. 02

35 1.36 0.01 1.35 0. 02

50 1.37 0.01 1.36 0 .02

— 65 1.37 0.01 1.36 0.02

80 1.37 0.01 1.36 0.02

95 1.38 0.01 1.37 0. 02

1510 1.38 0.01 1.37 0. 02

-61-
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Table 11-4. (Continued)

- 

• 

T = 300 °K T = 573 °K
V

-1 n k n k
-

- 

- (cm )

1525 1.38 0.01 1.37 0.02

40 1.38 0.01 1.38 0.02

55 1.39 0.01 1.38 0 .02

70 1.39 0.01 1.38 0.02
-- 85 1.39 0.0 1 1.39 0.0 1

1600 1.40 0,01 1.39 0.01

-
~ 15 1.40 0.01 1.39 0.01

30 1.40 0.01 1.39 0.01

45 1.40 0.01 1.40 0.01

60 1.40 0.01 1.40 0.01

75 1.41 0.01 1.40 0.01

90 1.41 0. 00 1.40 0.01

1705 1.41 0.00 1.41 0.01

20 1.41 0.00 1.41 0.01 j
35 1.42 0.00 1.41 0.01

1750 1.42 0.00 1.41 0.01

65 1.42 0. 00 1.41 0.01

80 1.42 0.00 1.42 0.01

95 1.42 0.00 1.42 0.01
F 1810 1.42 0. 00 1.42 0.01

25 1.43 0 .00 1.42 0.01

40 1.43 0.00 1.42 0.01

55 1.43 0 .00 1.42 0.01

70 1.43 0. 00 1.43 0.01

85 1.43 0.00 1.43 0.01

~4,
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Table 11-4. (Concluded)

T 300 °K T = 573 °K
V

-l n k n k
— (cm )

-
‘ 1900 1.43 0.00 1.43 0.01

15 1.43 0 .00 1.43 0.01

30 1.44 0.00 1.43 0.01
4-’. 45 1.44 0.00 1.43 0.01

• 60 . 1.44 0.00 1.43 0.01

75 1.44 0 .00 1.44 0.01
- 

- 
90 1.44 0. 00 1.44 0.01

2005 1.44 0.00 1. 44 0.01

20 1.44 0.00 1.44 0.01

35 1.44 0.00 1.44 0.01

50 1.45 0. 00 1.44 0 .00

65 1.45 0. 00 1.44 0.00

80 1.45 0. 00 1.44 0. 00

95 1.45 0. 00 1.45 0.00

2110 1.45 0.00 1.45 0.00

25 1.45 0.00 1.45 0 .00

40 1.45 0. 00 1. 45 0 .00

55 1.45 0.00 1.45 0. 00

70 1.45 0. 00 1.45 0.00 . 
-

I’ 
85 1.45 0. 00 1.45 0.00

2200 1.46 0.00 1.45 0.00 H

I ~
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A tabulation of n and k for Zr02 for the temperatures T = 300 ° K
- - and 573 °K is g iven in Table 11-5 ove r the wavenumber interval from

400cm~~ to 2200cm ’ in 15cm ’ increments.

4. A1~ 03

The ref lec t iv i ty  spectrum of a sing le c rys ta l  sample of Al 203
was measured in the wavenumber region 400cm~~ to 2200cm~~ with

~ the electric vector polarized perpendicular  to the C axis of the

crystal  (EJ .C) at t empera tures  of 300 °K and 678 °K. Data were
obtained also for E parallel to C , but appeared to be overly noisy and

- - were not analyzed. The ref lect ivi ty  spectra for T = 300 °K and
T = 678 °K are shown in Figures  11-26 and 11-27 , respect ively, The
spectra are very similar , but in general the hig her temperature
sample show s lower ref lect iv i ty  than the cooler sample. Also for
the hig her temperature  sample the s t ruc ture  in the ref lec t iv i ty
spectra appear broader and shifted slig htl y to lowe r wavenumber in
comparison to the cooler ref lec t iv i ty  spectrum.

A K r a m e rs- K r o n i g  analys is  was performed on eac h re f lec t iv i ty

spectrum and the derived values of the re f rac t ive  index and the
extinction coeff ic ient  for A1203 for  the two tempera tures  are shown 4

in F igu res  11-28 throug h 11-31 . Table 11-6 l i s ts  the values of n and k
as determined in this invest igation of A1203 for the two tempera tures
in the wavenumber interval from 400cm~~ to 2200cm~~ in l5cm~~
inc rements.

The re f lec t iv i ty  and tran smiss iv i ty  of A1203 have been the sub-

jec t  of many invest igat ions, usually with the object of de termining n
[Ref.  11-17]and k for the rn a te rLal .  Whitson has examined the l i tera-

ture  and made a c r i t i ca l  selection of values for n and k ( for  nominally
300 °K tempera ture) .  These are shown in Fi gures  11-32 and 11-33, and
are to be compared with F igures  11-28 and 11-29 (note scale d i f f e rin c e ) ,

which are the present  resul ts .  These values of n and k were then
used to calculate a ref lectance spectrum for A1203 at an inc idence ang le

-71..
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Table 11-5. The Refractive Index (n) and Extinction Coefficient (k)

for Zr02 be tween v = 400cm~~ and 2200cm~~ -fo r T = 300 °K and 573 °K.

T = 300 °K T = 573 °K

V

-1 n k n k
(cm

400 2 . 7 2  2 . 79  1.28 1.76

15 1.67 2 .77  1.26 1.57

30 1.48 2 .07 1.01 1.26

45 1.58 1.88 1.25 1.08

60 1.62 1.58 1.38 1.08

- 75 1.94 1.59 1.42 1.16

90 1.91 2.08 1.29  1.18

505 1.39 2.01 1.22 1.17

20 1.24 1.84 1.14 1 .06

35 1.08 1.64 1.16 0. 97

50 1.11 1.41 1.20  0 .96

65 1.38 1.37 1.21 0 .9 5

80 1.22 1.74 1.21 1.10 -~

95 0.83 1.55 0. 95 0 .90

610 0.61 1.34 0. 97 0 .86

25 0 .69  1 • 02 0. 96 0. 78

40 0. 78 0. 95 0. 96 0. 75

55 0.83 0. 83 0 . 9 4 0 . 6 6

70 0. 92 0 .78 0. 92 0.61

85 0. 96 0 .79 0. 97 0. 55

700 0. 96 0 .77  0. 98 0 .54

15 0. 96 0 .79  0. 98 0.53

30 0.86 0 .79  0. 93 0.48

45 0 .79  0.69  0 .94  0. 44

60 0. 77 0. 58 0.9 1 0.38

.12-
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Table 11-5. (Cont inued)

T = 300 °K T = 573 °K

n k n k
-

- 
(cm )

775 0 .79  0.48 0.95 0.30

90 0. 82 0. 39 0. 99 0. 28
- 805 0. 84 0.31 0. 99 0 .24

20 0. 93 0.22 1.04 0.19

-: - - 3 5  1.03 0.19 1.06 0.18
• 

5 0 - - - . 1.10 0 .31 1.10 0.14

65 L.03 0.18 1.15 0.16

80 1.08- - . . 0 .16 1.15 0.16

95 1.13 
- 

- - 0 . 1 3  1.16 0. 14

910 1.20 0.15 1. 18 0.13

25 1.19 0.15 1.20 
- 

0.11

40 1.22 0 .12  1.23 0.12

F 
55 1.26 0.13 1.22 0.13

70 1.27 0.12 1.21 0.10

85 1.30 0.13 1.26 0 .06

1000 1.32 0.13 1.30 0.08

15 1.32 0.14 1.31 0. 11

30 1.33 0.13 1.30 0. 10

45 1.34 0. 14 1.33 0. 09

60 1.36 0 .13 1.32 0. 11

75 1.36 0. 14 1.34 0.11

90 1.38 0. 12 1.33 0 .13

1105 1.39 0 .13 1.34 0.10
-

~~ 
- 20 1.41 0. 14 1.37 0.12

35 1.42 0.14 1.36 0.15

ki LU
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Table 11-5. (Cont inued)

T = 300 °K T 573 1<
V

1 n k n k
(cm i )

1150 1.43 0.16 1.33 0.15

65 1.41 0. 16 1.34 0.13

80 1.42 0.15 1.34 0.13

95 1.43 0.15 1.32 0.13

-. ~~~~~~~~~~~ 1210 1.43 0.15 1.34 0.10

• Z 5 — ~~ - 

1.43 0. 14 1.35 0.12

40 1.44 0.15 1.32 0. 10

55 1.45 0.14 1.37 0.07 H

70 1.46 0. 14 1.37 0.08

85 1.47 0. 17 1.38 0.10

1300 1.45 0.18 1.38 0.08

15 1.45 0.16 1.40 0.07

30 1.47 0.16 1.42 0.11

45 1.47 0.17 1.42 0.10

60 1.45 0.19 1.41 0.13 r I-

75 1.44 0.16 1.40 0.15

90 1.47 0.14 1.37 0. 13

1405 1.45 0. 16 1.39 0 .09

20 1.48 0.13 1.41 0 .09

35 1.50 0 .18 . 1.43 0 .12

50 1.48 0.18 1.45 
- 

0.13

• - 65 1.46 0.15 1.43 
- 

- - 0.18

80 1.51 0 .16 1.37 0 .20 - . 
- -

95 1.52 0 .19  1.34 0.15 - - - - . 
-

1510 1.48 0.21 1.33 0.11 
- - -

- 
-
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Table 11-5. (Continued)

4 
T = 300 °K -r = 573 °K

V n k n Ic
(cm

_ l
)

1525 1.48 0. 22 1.38 0 .15

40 1.47 0 .17 1.33 0 .07

55 1.56 0 .21  1.48 0 .03

70 1.43 0. 25 1.40 0 .16

- • -. 85 1.43 0 .2 1  1.37 0. 14

1600 1.42 0 .22  1.36 0 .12

15 1.40 0 .19  1.38 0 .11

30 1.42 0.14 1.36 0 .08

-; 45 1 .49 0.13 1.39 0.08

60 1.45 0 .2 1  1.45 0.08

75 1.42 0 .15  1.43 0 .19

90 1.44 0 .19  1.33 0 .14

1705 1.45 0. 15 1.41 0 .05

20 1.47 0 .20  1.42 0 .16

35 1.42 0. 16 1.35 0.10

50 1.44 0 . 15  1 .39  0 . 0 9

65 1.45 0. 16 1.40 0. 12

80 1.43 0. 14 1.37 0 . 12

95 1.45 0. 14 1.38 0.10

1810 1. 47 0. 14 1. 38 0.12

25 1.48 0. 15 1.34 0.08

40 1.48 0.18 1.38 0. 06
— 55 1.44 0. 17 1. 41 0.08

70 1.47 0. 14 1. 41 0. 10
~~

•. 85 1.49 0. 17 1. 40 0 .09

~~~~~~~~~~~~~~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - -~~~__ _
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Table 11-5. (Concluded)

T = 300 °K T = 573 °K
- 

V

1 n k n k
(cm

1 )  1900 1.46 0.19 1.39 0. 11

15 1.45 0.17 1. 38 0. 10

30 1.46 0.18 1.38 0. 11

45 1.43 0.19 1.36 0.10

60 1.42 0.16 1.37 0. 07

75 1.45 0.16 1.38 0.05

90 1.43 0.13 1.39  0. 10

2005 1.47 0.12 1.37 0 .05

20 1.48 0.16 1.45 0.04

35 1.45 0 .20  1.44 0.11

50 1.42 0. 15 1.39 0.11

65 1.45 0. 14 1.40 0 .09

80 1.43 0.13 1.39 0 .09

95 1.46 0. 14 1.39 0 .09

2110 1.46 0 .15 1.37 0 .09

25 1.45 0. 16 1.38 0.07

40 1.44 0.15 1. 39 0 .06
55 1.44 0.15 1.39 0 .07
70 1.42 0. 14 1.41 0.07
85 1.45 0.11 1.38 0 .06

2200 1.44 0 .12  1.37 0.04

•~
-:
~

-
_ ..76.. 

~~ _ _ __ .~~~~~.__ _-.__ _ _~~~~~~~~~~~~~~~~~~
_ 4

_ _ •



I~~T~I ~~~~~~~~~~~~~~~ ~~~~

• ~lI “ P-

• 
—

-~~

• 0) 0

.0 Cd~~~~

~~~I I

- R E-i
0 0) ~~~~~

>•
Cd . - i c~

—

Q O )

— 14

~~~~~~~~~~~~~~~~~~~~~~~~~~

I—

j  

I .0 I -

~~ 0
.4-i

— 0 1 3)
C ) U

0 U ) C )
- 0

U.fl

- ‘4-4 -4

“ 3::
0) Cd

—

4
- -.0

1~ 1

— I I I I I I I I I I

0 ‘.0

d d d
£31A~~ 33j J9~j

77

Li - - • • ~~~~~~ -



- 

~~~~~~~ . - -=
~~z~~ _T’~~.:~~~~~~ 

- • _______

I C d 0 )
0

-
~~~~~~~

Cd
— 1 4

1 - I ~~

~~~~0)
I U

~~~~ 0)
3
’ 0~~~~~~ Cd

— 0 ’

— U
‘ 0

-

- • 0
o 0

\ ‘.n
I — 0)

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1 4 0
.4-i

— 0 0 )
0 ) 0

0 U) 0)
- 0

________ Lfl

• 

- 

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

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - — - -~~~~~~~~~~~~ 

p

— I I I I I I I I~~~~ I I
H

d d d d

-78-

• --- .
~~~~~~~~~~~~~~~~ - - ~~~~ -

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



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Fl 
_________________ _____________________________- —— ——-— — — ____________________________________

—L Cd
0

— 0
0 0

14
4-4

.
~~~~~~~ - .

— P 0
C)

.4-i I I
C)

-

U)

1 - — I
I —

o 7

I 0 0 14— In

• 1 -

.E.
~~~Cd

0)

I 1.. C)•—

3’ 0\ _  0 0) 4-i -
~\ 

.- ‘~~~~~~~ ~~~~o
.4.4 0)• Cd

-
~ .~~~~0)

Q C )

I I
U-

t . . 1 I l _ I l l  1 1 1 1 1 1 1 !  I . _
Ic, o I-fl
— 

UO1~~D~~.IJ~~1 JO x~ pui ‘U

79 .

—- - -- ~~~~~ - -~~-.~~ --~~~ -—_ —~~~~~~• —~~—— — - .rn



~
-

~ -‘ 

~~
7- -r”--~~~ ::~~~~ - ~~~~~~~~~~~~

—-‘-

- -

— 0
14
‘-I

0
0

~~~~0- I
.

~~~~~~~— 140

~ 
0

~~i 0
0) cn

-

U)

-

U
- o ’

0 0)
0
0
In 0 .—
‘-I

—~~~~~ cn~~

) o o~~
~~~~~~~~~~~~~~~ 0 U 0In

4 
- 4-i l

-4-i
—

C ) C d
0)

14

-

C.’

I i  I I I  I I I  I

-4 .-I

~U31O1 JJ ~~OD UO OU1~ X3 ‘
~~ j

- 7- —— — —~~ —~~ ~~~~~ —- - 

j



_____________________________________ - 

~~~~

Cd
0
0

r~-J 4-4

-

-.
0)

4_i I I
0)

-

U)
C d N

.-I— 
I —

—

0 P C)
0— 
In

1 —

— 0
I ‘

L
0

- í  -
~ 3’ 0

. 70 
0) -4-’0

— 
~~
. 4.40)

+

I.’

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

P
1 1 1 1 1 1 1 1 1  I 1 1 1 1 1

I-fl 0 In 14
-4 —4

bO
UO1 3 e . IJ 9~j J O X3PUI ‘U

I 2

-81-

———- - .---

~

- - - -- - - -——--- --- --- .- -  -



~~~~~~~~ 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~

— 0
14

4-I
0
0
o

7 1  -

— 3.40cc
4_i t-
0) ’.O

- 
~~~ I I

U). 4 C d H
-

-
0 0)

0

In 0 .-’
-i-i

—

-4

- -  U
0

— 0 0
- -

‘

V II
— ~,. C4’~..4

I Cd Q C )
./ ~~.
I —4

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

.‘ 0 )

4-4 .4-i
— 0~~-i

~~ . U)

— 4-i U)

-

‘-4-4

o 0 •
~— 0

In

~~~~
- 4.4 ’

• U U)

~~~~~~~~

I 0 ) C d
I 0) 14

-
~ H C d

-44....,
I I I I I 

13)
I-fl 0 I-fl 14

j ~Ua~~D1JJ ~~OD UO 1 U~~~X3  ~~~

I~~
-
~ -82-

—----—--•--.—- - — — - .- --—-------—----- -- -- 7-—----~-7-- - - - ~—--—---—--.-- . -—---4— --



:~~~~~~~~~~~~~
- - -

~~~~
--7-.-.. -

~~~~~~~~~~~ -~~~~~~~~~
- - - -~~~~~~~~ ::: •~~~~~~i!~~. J r - --

~~~~~~ T T~~~Z

Table 11-6. The r e f r ac t i ve  index (n) and ext inc t ion  coeff ic ient  (k)

for Al 203 in the region 400cm~~ to 2200cm~~ at T = 300 °K and 678 °K.-

T = 300 ° K T = 678 °K
V n Ic n k —

(cm )

-A -
_ 

400 4. 70 0 .00 5.86 1.32

15 4. 64 0. 00 4 .2 6  1.88

30 9.47 0. 00 6. 62 2.83

45 11.59 7. 77 2. 46 4. 50

60 1. 25 6 .44  1.20 2.41

75 1.15 2 .76 1.72 1.18

90 1.34 1.48 2 .63 0.78

505 2. 66 0. 70 3.02 1.01

20 3. 40 0.71 3 .27 0. 87

35 4 .09  0. 67 3 .99  1.~~0

50 4. 78 0.44 4 .59 1.53

65 8. 02 1.39 4 .72  3 .22

80 7 .79  7. 94 4 .04 4. 50

95 1.49 6J~i 1.73 4. 63

610 0. 93 4. 95 1.31 3.53

25 0. 70 3 .79 1 .37 3 .15

40 1. 24 3 .35 1 .22  3.22

55 1.19 3.91 0.78 3.09

70 0.43 3.43 0. 49 2 . 6 5

85 0. 28 3. 13 0. 57 2 .33

700 0.18 2 .71  0. 52 2 .23

15 0.15 2 .53  0.41 2 . 1 0

30 0. 04 2 . 2 4  0.31 1.86

45 0.07 2 .0 0  0.34 1 .66

f 60 0. 09 1.83 0. 34 1.57

_ _ _ _ _ _ _ _ _ _----•--

~~~

--,•— .



_ _ _ _ _ _ _  - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1~

Table 11-6. (Continued)

T = 300 °K T = 678 °K
V
-l  n k n k

-
- (cm )

775 0. 08 1.67 0.30 1.45

90 0.11 1.50 0 . 27  1.30
805 0 .12  1.39 0.28 1.17

20 0.11 1.28 0.28 1.07

35 0.10 1.13 0 .26  0. 94

50 0. 12 1.01 0 .27  0.82

65 0. 11 0.89 0 .27  0. 68

80 0.11 0.74 0.31 0 .55

95 0. 13 0. 58 0. 36 0. 42

910 0.17 0. 40 0. 45 0. 29

25 0.31 0.21 0. 55 0.21

40 0.48 0.13 0 .66 0 .16

55 0. 62 0. 10 0. 75 0. 14

70 0. 73 0 .09  0.81 0. 13
— 85 0.81 0 .09  0.86 0. 10

1000 0. 88 0.10 0 .92  0. 10

15 0. 93 0. 10 0 .97  0 .09
30 0. 96 0.11 1.00 0. 09
45 1.00 0.10 1.03 0 .09
60 1.04 0. 10 1.05 0.08

75 1.07 0.10 1.08 0.07

90 1.10 0. 09 1. 10 0 .06

1105 1.12 0.08 1.13 0.05

• 20 1.16 0.08 1.16 0. 05

35 1. 19 0. 09 1.19 0. 05

_ 
_  _  . - -
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Table 11-6. (Continued)

T=300 °K T=678°K

V
-1 n k n k

(cm )

1150 1.18 0.11 1.18 0.06

65 1.17 0. 08 1.17 0.04

80 1.21 0. 02 1.19 0. 00

95 1.2 7  0. 02 1.23 0.00
-. 1210 1 .29  0.05 1.27 0. 00

25 1.30 0. 06 1.30 0.00

40 1.30 0.06 1.32 0.00

55 1.31 0 .05 1.32 0.01

• 70 1.33 0.04 1.32 0. 00

85 1.36 0. 03 1.34 0. 00

1300 1.37 0. 05 1.36 0.00

15 1.38 0.05 1.37 0.00

30 1.38 0. 06 1.38 0.00

45 1.38 0. 05 1.39 0. 00

60 1.39 0.03 1.40 0.00

75 1.42 0. 02 1.42 0.00

90 1.45 0.04 1.44 0.00

1405 1.44 0.05 1.43 0.01
-

• 

20 1.44 0. 05 1.42 0.00

35 1.44 0. 05 1.43 0. 00

50 1.45 0.05 1.44 0.00

65 1.44 0. 05 1.44 0.00

80 1. 43 0.03 1.43 0.00

95 1.46 0. 00 1.45 0.00

1510 1.49 0.00 1.47 0. 00 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —~~~~~~~ --~ j



Table 11-6. (Continued)

T = 300 °K T = 678 °K

V
-l n k n k

(cm )

1525 1.51 0.05 1.49 0.00

40 1.53 0.02 1.52 0.00

55 1.51 0.05 1.52 0. 00

70 1.49 0.05 1.51 0. 00

-. 
85 1.49 0.03 1.51 0.00

1600 1.49 0.01 1.51 0.00

15 1.51 0.00 1.51 0.00

30 1.54 0. 00 1.53 0. 00

45 1.55 0. 02 1.54 0.00

60 1.54 0.02 1.54 0.00

75 1.55 0. 01 1.55 0.00

90 1.56 0. 01 1.55 0.00

1705 1.57 0.03 1.56 0.00

20 1.56 0.03 1.56 0.00

35 1.55 0.04 1.55 0.00

50 1.54 0. 03 1.54 0. 00

65 1.54 0. 00 1.53 0. 00

80 1.56 0.00 1.55 0.00

95 1.59 0. 00 1.56 0.00

1810 1.60 0.00 1.57 0.00

25 1.60 0. 02 1.58 0.00

40 1.58 0. 02 1.58 0. 00

55 1.58 0. 00 1.58 0.00

70 1.59 0.00 1.59 0. 00

85 1.60 0. 00 1.61 0. 00

7 -



-~~----—- ---- ~~~~--~
_- -— ~ ---• —- -.---~~

----- r~~ -- - — -‘
~~~~~~~~~~~

~~~~~~~~~~~~ L ~~~~~
- ~~~~~~~~~~~~~~~ y7r-~~.r~~ - - . - - . ~~~~~~~~~~~ .~~~~~~~~~~~~~~ -

I

Table 11-6. (Concluded)

T = 300 °K T = 678 °K
V

1 n k n k
(cm )

1900 1.61 0. 00 1.61 0. 00
15 1.62 0.01 1.61 0. 00

~~~ 

-
~ 30 1.61 0.02 1.60 0. 00

- 

-; 45 1.59 0. 00 1.60 0. 00

60 1.60 0.00 1.61 0.00

75 1.61 0. 00 1.62 0.00

90 1.62 0.00 1.62 0. 00

2005 1.64  0. 00 1.63 0. 00

20 1.63 0.00 1.63 0. 00

35 1.63 0.00 1.63 0.00

50 1.64 0. 00 1.62 0.00

65 1.64 0.00 1.65 0. 00

80 1.65 0.00 1.66 0. 00

95 1.66 0.00 1.66 0 .00

2 110 1.67 0.00 1.66 0.00

2125 1.67 0. 00 1.66 0. 00

40 1.68 0. 00 1.67 0.00

55 1.69 0.00 1.68 0.00

70 1.69 0. 00 1.69 0.00

85 1.70 0. 00 1.69 0.00

2200 1.71 0.01 1.71 0.00
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- • of 45 degrees.  The result  is shown in F igure  11-34 , which is to be

compared with Fi gure  11-26 (th e present  resu l t s) .  The agreement is

good and pe rhaps for tui tous  conside r ing the fact  that samples obtained

from di f ferent  sources , or prepared d i f feren t l y often show signif ican t

differences in their  re f lec t ivi ty  spectra.

In an extensive inves t iga t ion  of the room tempera ture  (
~~ 

300 °K)

ref lec t iv i ty  spectrum Barker [R~~
. 11-8] examined e ight d i f fe rent sam -

ples obta ined from var ious  sources.  The ref lec t iv i ty  data were

reduced using a classical dispers ion analys i s .  Chromium impur i t ies

even up to concentrat ion s of 2 . 4  x 1020 ions per cc were not detected

in the infrared spectrum, however, the method of preparation of the

reflecting sur faces  did have a s ignif icant  effect  on the re f lec t iv i ty

spectrum, and is i l lustrated b y a quote from this invest iga t ion [~~
eL 11-8]

“An etch of molten boron oxide and lead ox ide was used to
remove a few micron s f rom the su r faces  of samples 3 and 5.
Spectacular changes (in the ref lec t iv i ty  spectrum)71 resul ted.

• Etching the surface  remove s near ly all t races  of the forbidden
modes. Grinding with diamond dust  by the usual  techniques  then
caused the modes to reappear.. Grinding with  course gr i t , l 5 p~rri
par t ic le  size , caused the forbidden modes to reappear with
larger streng th. Furthe r gr inding with 6 prn g r i t  weakened the
forbidden modes. 1

It would thu s appear (at least  for A1203) the method of su r face

preparat ion has a la rger  effect  than impurity concent ra t ion  on the

ref lec t iv i ty spectrum. Our sample was polished with a very  fine g r i t

(~— 0 . 3 ~ m) and in the course  of the exper iments  heated up to about

700 °K which should have rel ieved to a la rge  degree any of the s train

which allow the appearance of the forbidden modes.

‘:‘Words in parenthes is  added for c l a r i f i c a t i o n  in quota tion .
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D. SUMMARY AND GENERA L CONCLUSIONS

The re f l ec t iv i ty  spectra  of A12O3, MgO and Zr0 2 at room tem-

pera ture  and elevated tempera tures  (~~.4 600 °K) ,  and carbon at room[ temperature  have been measured.  From this data the real and

imaginary parts  of the index of r e f rac t ion  have been determined by a

R r a m e r s-K r o n i g  analy s i s , or classical d ispers ion  theory .  Agreement

with previous (mostly room temperature  data)  inves t iga t ions  is good.

An e r ror  analys i s  based on the carbon data has been ca r r ied  out. It

is concluded that the ref lec tance  method for  de termining n and k is

fa i r l y accurate  as long as n and/o r  Ic are not too large or too small.

In par t icular , the method is ve ry poor b r  de termining k ~ 0. 05.

Di rec t  determination of n and Ic f rom the Fresnel  equation was

7 found to be inadequate for  many s i tua t ions .  Small changes in the

ref lec t iv i ty  data often produced large  changes in the deduced values

of n and k. K r a m e r s - K r o n i g  analys is  provided a much more stable

solut ion to the problem.

Reflect iv i ty  data at higher  t empera tures  ‘b’. ere  not obtained , due

to heater  and sample fa i lu re .  This problem is not cons idered  ser ious

and the hi gher tempera ture  data (
~~ 

l000 °K) should be obtainable.

As d i scussed  above , the s t r a i g h t fo rward  r e f l ec t ance  type meas-

urement s descr ibed  in this  inves t iga t ion  g ive very poor accuracy  for

k < 0. 05. However , by coat ing the sample to be measured  with a
[Ref .  11-23]dLelec t r ic  of suitable index of re f rac tion , Fahren for t  has

descr ibed  and developed a techn ique called ‘ At tenuated  Total Reflec-
1 ?  . -4t ion which appears  to be capable of measur ing  k down to 10

Our apparatus  appears to be su i tab le  for  making such measu remen t s,

but would requi re  some exploratory and developmental e f fo r t  to ver i f y
the val idi ty  of the techni que (especiall y for e levated t empera tu re  meas-

urements) .  Small values  of k can also be dete rmined  by m e a s u r i n g

t r ansmi s s iv i t y  spectra .  This technique  has been well developed and

n ..easurernents  at elevated t empe ra tu r e s  have been s u c c e s s f ul ly

-9 2- 
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3 [Ref. 11—24]performed. Major modLfi.catLons of our present apparatu s
- 

would be required to perfo rm transmissivi ty measurements.
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SECTION III

THEORETICAL COMPUTATION OF PARTIC LE EMISSIVI TY

• One requirement of the Particle Optical Properties Measurements

(10PM ) Program is to calculate the emissivity in the infrared region

of small spherical particles from the complex index of refraction of

the material composing the particle. It is the purpose of this section

to outline the derivation of mathematical expressions necessary to

make these calculations and to apply them to predict the emi5s ivity

for particles of the materials for which bulk refract ive indices are
presented in Section II.

A. DERIVATION OF THEORE TICAL FORMU LAS FOR PARTIC LE
EMISSIVITY

At temperatures above absolute zero , all matter radiate s and
absorbs energy in the form of electromagnetic waves distributed ove r
a spectrum of frequencies.  The well known~~~~~ ~~~ theoretical
expression for the power radiated from the surface of a radiating

body is:

R( ’~, T) dv = e(v , T) (2irh~,3/c 2 ) [exp(hv/kT) - 11

_ i  
dv (111-1)

where

k = Boltzmann t s constant ,

h = Planck’s constant ,

v frequency,

c = velocity of light ,

T temperature, and

e(v , T) = emissivity.

-9 7-
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and R(v,  T) dv is the power per unit area emitted in the frequency

range from v to v + dv. Multiply ing this by the surface area of a

sphere of radius r , we obtain the total radiated power emitted by the

sphere in the frequency range v to v + dv ,

P(v , T) dv € ( v ,  T) rrr 2 (8rrhv 3/c 2) {exp(hv/kT) - l] 1 dv. (111-2)

The emissivity appears as a factor in this expression. Thu s, equation

111-2 can be regarded as the basic definition of the emissivity of a

• • spherical particle of radius r.

The spectral distr ibution of radiated power , P(v , T), can be

computed theoretically by apply ing Kirchhoff ’ s law and solving

Maxwell’ s equations. Kirchhoff ’ s law states that under condition s of

thermal equilibrium, the powe r emitted in any small frequency range

is equal to the power absorbed in the same f r e q u e n c y  range.  The

power absorbed is then computed by solving Maxwell ’ s equations  for the

scattering of electromagnetic waves from a spherical particle. By

comparing the expression we obtain by this method with equation 111-2

we obtain a theoretical fo rmula for the emissivity. A recent detailed
[Ref. 111—2] . . .study by Baltes has shown the emL s stv Lt y obta med by these

the rmal equilibrium arguments is also appropriate for conditions
when the radiating object and the radiation field are not in thermal

equilibrium. In the remaining part of this section we will ca r ry  out

the procedure outlined above to obtain formulae for computing emis-

sivity .

Imagine a spherical particle suspended inside a hollow enclosure

• (hohlraurn). The entire system which consis ts  of the walls of the

enclosure , the particle and the radiation field inside the enclosure is

assumed to be in thermal equil ibrium at a temperature T. The volume

density of radiant energy between the f requencies  v and v + dv is given
• 

• by the Planck formula,
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U(v, T) dv = (8rrhv 3/c 3) [exp(hv/kT) - i j l dv. (111-3)

This radiation field is homogeneous and isotropic. It can be analyzed
into a sum of individual unpolarized plane wave s traveling with the

speed of light , c , in all possible directions. Let us establish a coord-
m ate system with its origin at the center of the particle. The intensity

of the radiation traveling in the direction of a unit vector specified by
• the polar coordinates 9 and cp and contained within the infinitesimal

solid angle d~l is ,

• dI (v , T) K(v , T) dC’. (111-4)

The quantity K(v , T), defined by equation 111-4 , has no angular depend-
ence and can be related to the energy density by the following analysis.
The inten sity of a plane wave is related to the energy density in that
wave by the expression,

I(v, T) = cU(v, T). (111—5)

Combining equations 111-4 and 111-5 and integrating ove r all solid ang les
gives the desired relationship between K(v , T) and U(v , T),

K(v , T) = (c/4 1T ) U(v ,  T). (111—6)

Each plane wave of intensity dI(v , T) is scattered and partially
absorbed by the spherical particle. This process is most conveniently
expressed in terms of a cross section. The amount of power in the

range v to v ± dv absorbed by the particle from a plan e wave of inten-

sity dI(v , T) is given by,

• dPab (v , T) dv = c~(v , T) dI(v , T) dv , (111-7)

where cl(v, T) is the absorption cross section. Substitute equation 111-4
into equation 111-7 and integrating over all solid angle s,

-~~~~~~~~~~~~~~~ _ _ __
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Pab (V ) T) dv = 4rta(v , T) K(v , T) dv. (111-8)

Then substi tute equation 111-6 into equation 111-8 ,

P b (V , T) dv ccY( v , T) U (v , T) d~ . (111-9)

Util izing Kirchhoff’ s law which equates the powe r absorbed ,
Pabs (v , T) dv , to the power emitted, P(v , T) dv , and subst i tut ing from
equation 111-3 we obtain ,

P(v , T) dv = a (v , T) (8nh v 3/c 2 ) [exp(hv/kT) - 1]~~ dv. (111-10)

• Comparing equations 111-10 and 111-2 we see that the emissivi ty  is
• given by,

e(v , T) = a(v , T)/ i -r r 2 , ( I l l - l i)

i. e. ,  it is jus t  the absorption cross section divided by the geometric
[Ref. 111—3] .cross section. Van de Hulst calls this rat io of cross

sections the absorption efficiency and has denoted it by the symbol

~~abs~ 
Thus , the emissivity of a spherical particle is equal to its

absorption efficiency,

e(v,T) = 
~~abs (111-12)

r Van de Hulst IRef . 111-3] gives the following set of Mie theory
formulas for the calculation of Qabs

cabs = (2/x 2 ) 
~~ 

(Zn + 1) [Re(a + b )  - a l
2 

- l b  
2 ], (111-13)IL:’
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where

x = Zri r /X , (111-14)

X = c/v  = wavelength, (111-15)

j~~(y) j~~(x) - mj~~(y) j~~(x)
a — (2) ’ (2)’ (111—16)n j~~(y) h~ (x) - mj~~(y) h~ (x)

mj~~(y) 
~~~~~~~~~~ 

- i~ (~) j~~(x)
b = (2) (2) ’ (111—17)n mj~~(y) hn (x) - j (y) h (x)

m = n(v, T) — ik(v , T), (111—18)

n(v , T) = index of refraction,

k(v , T) = coefficient of extinction, and

y = mx. (111— 19)

j~~ xj  and h1~
2
~(x) are the Ricatti-Bessel functions. [Ref 111-4] The

primes in equations 111-16 and 111-17 denote d ifferentiation with
respect to the argument of the function. The temperature and fre-
quency dependence of cabs [an d thu s of e(v , T)] is due to the depend-
ence of the index of refraction and the coefficient of extinction on
these quantities.

B. . CALCULATIONS OF THE EMISSIVITY OF SMALL SPHERICAL
PARTICLES

A computer program entitled “SPEC TRUM” , which calculates
the emissivity by the method above has been written. The input to •

the program is the refractive index, n(v, T), the extinction coefficient,
k(v , T), and the radius of the particle. The program computes and
plots the emissivity as a function of wavenumber (cm~~ ).

J ___
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Shown in Figures 111-1 through 111-10 are the calculated emissivi-

ties of spherical carbon particles whose radii vary from 0. 5~i.rn to 50~.j m.

The wavenumber range of the calculations is 300 to lBOOcm . The n

and k values used are from the smoothed data for carbon (Section Il-C. 1)

except for Figure 111-8, which used the n and k derived from the experi-

mental data. This figure is to be compared with Figure 111-7. The dif-

ferences between the two curves are noticeable , but quite small.

As was expected, the variation of emissivity with wavenumber

is very smooth and rather slowly vary ing. The chang e in emiss ivi ty

with particle size is much more dramatic , and in fact , for

• l . 0~im � r � 10p~m sized particles the calculated emissivity is greater

than one over a large portion of the wavenumber interval plotted. At

f i r s t  glance this appears surprising, howeve r , it should be remem-

bered that these sized particles are in the “Mie ” region, i. e., their

circumference is of the order of magnitude of the wavelength of

radiation. As is well known, particles in this size region frequently

have scattering cross sections larger than their geometrical cross

sections , due to resonance between vibration modes of the particle

and the radiation and thus, absorption or emission cross sections

larger than the geometric cross section sh .uld not be too surpris ing .

As the particle size becomes larger (i. g., Figures 111-9 and 111-10),

the calculated emissivity falls below one and is more or less constant
— 1above 500cm (shorter than X = Z0~m). Thus, the larger carbon

particles act like classical greybodies , as they should .

For particles large compared with the wavelength of radiation ,

the computed particle emissi.vity should approach the emiss ivi ty  of a

plane bulk sample. The emissivity at normal incidence , e , is par-

ticularly easy to compute for an opaque material  such as carbon.

4n/[(n + 1)
2 + k

2
] (111-20)

I: ~
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W ith n = 3 and k = 1, then = .71 in reasonable agreement with the

l imiting values of carbon particle  emissivi ty  computed at higher  fre-

k quencies for the larger particles.
- • Shown in Figures I II -ll  through 111-28 are the calculated emis-

sivi t ies  for spherical A1203 part icles  of radii from 0. 5p~m to 50~m.
Two sets of resul ts  are shown . The uppe r f igure  on each page gives
the emissivi ty as calculated from l i te ra ture  values of n and k (i. e .,
the representative values from the handbook compiled by Whitson ,
Ref. 111-5). The lower curve s were calculated from the n and k

• determined in this investigation. The calculated emissivity spectra
of spherical A1203 particles are very s t ruc tu red  in the 400 to 900cm~~

• 
• region. * Part of this s t ruc ture  is due to the s t ructure  of the functions

n(v , T) and k(v , T), however , for very small particles some of the
structure  is also a manifestat ion of the polariLon modes[Re~~ 111-6] of
the particle. The calculated emiss ivi t ies  are seen to be in good
agreement for v less than about 1000cm~~ . In this region the emis-

sivity spectra calculated from the l i te ra tu re  n and k values appear
sharper, and in some regions more intense (i.e., large emissivity)
than that calculated from the n and k obtained in the present investi-
gation. This may well be due to a resolution effect .  ~ ‘~~ ‘ In any case
the behavior of the emissivi ty  in the wavenumber region 400cm~~
(Z5 Mxn ) to 1000cm~~ ( l0 p.m) is seen to depend cr i t ical ly on the radius
of the emitting particle.

*In the region v = 400cm~~’ and lower , our results depend on how our
ref lect ivi ty  spectra were extrapolated for  v � 400cm ’, and thu s
comparison of the two calculations is not valid in this region.

— l
~.~;1The resolution employed in this invest igat ion was 15cm . The

resolution applicable to the l i t e ra ture  values of n and k is not
known. If the resolution for the l i te ra ture  values of n and k is
better  (i. e .,  < 1 5cm 1) then the more complex s t ruc ture  seen in
the upper curve s is probabl y real , however , if the resolution for
the l i t e r a t u r e  values of n and k is poorer , then the more complex
s t r u c t u r e  z lL ay  be due to an ar t i fac t , such as the way the data for
n and k we re di g i t ized  for compilation in the handbook (Ref.  111-5)

• by Whi t sun .
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The comparison of the calculated particle emissivities for

‘~~> l000cm~~ is not very satisfacto ry, and in fact , becomes progres-

• sively poorer as the particle radius inc reases. This is due almost

solely to the differences in the k (extinction coefficient)  values as

compiled in the handbook by Whitson and the present results  (see

Section II , Table 11-6). At about l000cm~~ ( 10~.m) the l i tera ture

value of k is 3 x i0 2 , decreasing monotonically to 3 x io 6

2000cm~~ (5 1.i.m) . The present expe r imental resu l t s  give k in the

range 1 x lO
_ 2 

to 5 x l0 2 for l000cm ’ � v � 2000cm~~ except for  a

few values.

Theoretically, for a perfect  crystal , for f requencies  greate r

than the highest  infrared allowed lattice resonance frequency the

extinction coefficient should become small until  electronic effects

become important. In fact , had we made a classical  dispersion f i t  to

our A12O3 ref lect ivi ty  data using l i tera ture  or near l i t e ra ture  values

for the dispersion parameters, we would have obtained considerably

• lower values of k for ‘)> l000cm * From a consideration of the

noise encountered in our experimental reflectivity spectra (see

Section lI-C. 1 on carbon , where the effect  of experimental error  on

the determination of n and k is discussed) we conclude e r ro r s  of

0. 05 in k are quite possible. We feel that the single crystal of 
•

A12O3 used in this investigation was sufficiently pure , and lacking in

imperfection, so that , in the region > l000cm~~~, k should be con-

siderably smaller than the measured value. Thus , the calculated

particle emiss iv i t ies  in this region should be considered upper l imits.

For an imperfect crystal, however, the conclusions can be

quite diffe rent. The presence of impurity sites , vacancies , disloca-

tions , e tc . ,  can in general break down the selection rules applicable

to a perfect  crystal .  Thus , resonances not previousl y allowed to be

infrared active could become infrared active . In such cases the value

• of k could be s ignif icant l y perturbed upward , and the emiss iv i ty  of an

• spherical  imperfect  crystal l ine part icle would then exhibit much hig her

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 111-2 9 is a plot of the emissivity of Al203 which was

calculated using the s imple formula shown in equation 111-20 , and the

l i terature values for n and k. This plot should be compared to
• Figure 111-27 which was calculated using exact Mie theory for a

particle of radius 50 1j .m. It is apparent that this s imple limiting

formula has reproduced the complicated shape of the emissivity

quite well in the region of frequency less than l000crn~~~. The only
feature it failed to reproduce is the sharp minimum at about 350cm~~~,

however , this is at a wavelength of the same order as the particle

size and so the simple formula is not expected to be valid. Mie theory

will predict zero emissivity if the extinction coefficient, k, is zero
• whe reas the simple formula can predict a finite emissivity. This

will only cause difficulty when k is zero or extremely small and is
-

• the reason the emissivity falls off at high frequency in Figure 111-27

and does not in Figure 111-29. Keeping in mind its limitations,

equation 111-20 is an extremely useful  formula, adding phys ical insight
• and enabling one to do “back of the envelope” calculations.

For completeness , particle emissivity calculations for sphe rical

particles (0. 5~ m � r � 50~ m range) were carried out for A1203
(T = 678°K), MgO (T = 300 °K and 573°K), and Zr02 (T = 300 °K and
573°K). 4

The results for Al 203 (T 678 °K) are shown in Figures  111-30
• through 111-38. The resul ts  are seen to be quite d i f ferent  than obtained

from the T = 300 °K data , and reflect the changes in n and k deduced

from the reflectivity spectrum measured at T = 300 °K and 678 °K.

The calculated emissivi t ies  for spherical particles (0. 5~.i.m � r

� 50~,.m range) of MgO are shown in Figures 111-39 through 111-47 for

T = 300 °K, and Figures 111-48 through 111-56 for T 573°K. The MgO

emissivity spectra are much simpler than those calculated for Al 203.

• This is because the MgO ct ystal struc ture is much simpler than the

Al 203 crystal  s t ructure .

• 

• 
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The calculated emissivit ies for spherical particles (0. 5pm � r
� 5O~ m) for Zr02 are shown in Figures 111-57 through 111-65 for
T = 300 °K, and Figures 111-66 through 111-74 for T = 573 °K. Sinc e
the reflectivity data were obtained for a polyc rystalline sample , the
results are applicable to spherical polycrystal line particles of Zr02

~~ and not the s ing le crystalline form.

C. SUMMARY AND GENERA L CONCLUSIONS

The theory of small particle emissivity has been summarized.
The ern i.ssivity of a spherical particle is equal to its absorption
efficiency as calculated from Mie theory. A compute r program has
been writ ten which calculates the emissivity  of spherical particles.
Using the data given in Section U , spherical particle emissivi t ies  have
been calculated for particle sizes in the rang e 0. SI.Lm to 50~ m. For
small particles (~ l0~ m) the emissivity often exceeds one , since the
absorption cross section is larger than the geometrical cross section.
For larger  particles the calculated emissivity does indeed reduce to
its classical value. The emissivity of spherical pa rticles is found to
be very dependent on the values of n and k , as well as the size (dia-
meter)  of the part icle.  Also , the calculated emissivi ty of inte rmed-
iate ( l0~.&xn � r � 50~ rn) sized particle s becomes quite large (~~~~ 

1) for
relatively small values of k ( ‘—-a 0 . 02), which in general are poorly
determined by reflectance type measurements .  Furthermore, these
values of k which can lead to high emissivity values under proper
conditions are much more likely to occur for the impure and imper-
fect crystals in particular than for large , carefully prepared bulk

samples where It < 0.001 at f requencies  greate r than the last infrared
allowed frequency.

The calculated emissivity of small spherical particles is seen
• to be critically dependent on size , and complex index of refraction

(i. e . ,  n and k). We the refore conclude that real particles , even if

• 
1 -141-
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- they are quasi-spherical, will probabl y have an emissivity quite dif-

ferent from that calculated from Mie theory, since the bulk values of

- n and k may not be applicable to very small particles. Measurement

of individual particle emissivities are still required.
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• SECTION IV

SINGLE PARTICLE EMISSIVITY EXPERIMENT

- • A. EXPERIMENTA L APPROACH

The basic objective of the POPM program is the comparison of
particle emissivi t ies  computed f rom bulk data with value s measured
for s ing le particles.  This section describes the progress  which has

L 
been made experimentally in holding and heat ing a s ing le part ic le ,
then observing the infrared radiation from the hot part icle , and
finally analyzing the infrared data to obtain particle emiss iv i t ies .

• - The sing le par t ic le  emis s iv i ty  experiment is based on simple
scient i f ic  pr inc iples which requ i re  a combination of s t a t e - o f - t h e - a r t
techni ques.  A sing le part icle of A1203, MgO , Zr0 2 or carbon is

• e lect rosta t ical ly suspended at the focal point of a Nd:YAG laser , which
is used for heating the particle. Conventional optics are used to
collect and spectral ly analyze the radiat ion from the heated part icle.

• Blackbody cal ibrat ion techn iques are used to allow conversion of this
radiative signal into spectral radiance data , which may then be
anal yzed to provide spectral emiss iv i ty. The or i ginal operat ive  con -
cept of the apparatus necessa ry  to make these spectral  emiss iv i ty
measurements  is shown in Fi gure I V -l .

Calculations performed to predict  the temperatu re achieved by
laser heating of micron-size  A12O3 part icles (discussed in detail in
Section IV-B.  3. c) us ing the representa t ive  values of n and k from the

- [Ref. iV_ 1 1 -POPM l i tera ture  survey report LndLcate that laser energy
density fluxe s near ~~~ watts/cm

2 are required to heat 4~m to 81j~rn

diameter par t ic les  to 1000 °K. F ig u r e  IV-2  p re sen t s  this  computed
equ i l ib r ium tempera ture  as a func t ion  of laser  ene rgy flux densi ty .
The time required to attain equi l ibr ium is g iven in Fi gure IV-3 as a
function of laser energy flux , and is seen to be on the order of a few
tens of seconds for 4p.m to 8~n-i particles of A1203. Maximum flux

• densities of 1. 6 x 10~ wa t t s/ cm 2 in a 48~ m spot size diameter have
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been observed using a s ing le 4 -watt TEM 00 Nd:YAG lasers  and focus-
• ing optics (Seètion IV-B. 3. b) . This indicate s the feas ib i l i ty  of heating

• A12O3 particle s to temperatures  in excess of 1000 °K. Based on

- • 
these resul ts  we expect that M gO, Zr0 2 and carbdn can also be heated
to at least l000 °K , s ince these materials are less t ransparent , i. e. ,
more absorbing , to the l . 0 6~ m laser radiat ion than is A1203.

Signal to noise calculations assuming a collection solid angle of
1-T/ 9 ,  a . 5~ m diameter particle , and an interferome te r e f f i c iency  of • -

0.4 (Section IV -B.4) ,  along with reasonable detector electronics and
background assumptions, predict for a Zsec observat ion time that 17
interfe rograms are requi red  to obtain a S /N = 100 from observations
of a 900 °K particle. Thus we conclude that the actual detection and
anal ysis  of radiation from a small l000 °K particle should be possible.

The levitation of particles in the presence of forces  produced

by the intense radiation from the heating laser  beams has required

considerable effort .  The commerciaE y purchased Science Spectrum
part icle levitator which we expected to use proved to have unreliable

elect ronics , and a sample cell which had to be modif ied for the present

experiments .  With the modified cell and electronics , part icles of all
four materials of interest were successfully levitated when introduced

into the sample cell by means of an aspi ra tor  throug h the e lectr ical
d i scharge  from a Tesla coil. We found , however , that  a laser energy
flux of 50 watts/cm2, corresponding to the unfocused , polarized out-

put of one Nd:YAG laser exerted suf f ic ien t ly s trong fo r ce s  ( radia t ion

and/or  photophores i s )  upon the par t ic le  to dr ive  it f rom the potential

well of the levi ta tor .  The geometr ical  a r r angemen t  of th ree  symmet r i -
cally placed beams proved to be inef fec t ive  in prevent ing par t ic le  loss ,

althoug h wi th  modified levi ta t ion e lec t ronics  we were able to achieve

re tent ion  t imes on the o rde r of lOsec  at full power. Re ten t ion  of the
i r radia ted  par t ic le  at the lev i ta t ion  cell equ i l i b r i um posi t ion has onl y
recentl y been achieved by replacing the three symmetr ica l ly oriented

laser  beams system with a two-laser  opposed beam s?stem in which

-159- 
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• the focal points of the beam s, and the laser powers , are carefully

adjusted.

B. EMISSIVITY EXPERIMENT DESCRIPTION

1. Introduction

The experimental apparatus shown in Figure  IV- 1 modified to

the two opposing laser configu ration is shown schematically in

Figure IV-4 . Up to the conclusion of the work reported here no
- • spectral measurements have been completed , so the exte rnal infra-

red optic s cons i s t  of a collection mi r ro r , choppe r , and det ec to r

rather  than the combination of blackbodies and in ter ferometers

planned in F igure  IV-4 .  Two opposed 4-watt TEM Ø0 Nd:YAG lasers

are focused to a point at the particle equilibr ium posit ion in the levi-

tator , for the purpose of particle heating. Throug h this po int also

passes the beam of an Ar + laser , used for illuminating the part icle

for position sensing. Figures IV-5 and IV-6 are photographs of the

levitation cell and surrounding apparatus.  Not shown are the Nd:YAG

lasers and the Ar + laser .  The res t  of this  section contains details of

the subsystems which are cr i t ica l  par ts  of the particle emiss iv i ty

experiment, as well as analys i s  methods for the reduct ion of in f ra red

emission observat ions  to obtain emiss iv i ty .

2. Levitation Apparatus

-
• 

a. Cell Design

The configurat ion of the Science Spectrum Dif ferent ia l  II

levi tat ion cell supplied by the manufac ture r , shown in Fi gure  lV -7 ,

has been used except for modif icat ions  to the t ransparen t  w indow

sect ion.  This portion of the cell has been modified to accept thin

quar tz  windows to pass the Nd:YAG heating laser  beams. An IR trans-

parent  window for viewing the thermal radiation from the particle was
• also added . It was found necessary to use 5-15cm long 6mm diameter

-160-
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Figure IV-7. Scat ter ing cell .

- 164- . 

- - -— - - 5  -~~~~~- - -  •- ---— -- • --~~~~~~~~~—- - - • - • • •- _ _ _



-

tubes, painted black inside , to space the Nd:YAG and argon ion laser
beam windows away from the cell. This greatly reduced the levels

of scattered light in the cell , and thus increased the sensitivity of the
optical servo system.

Particles were charged in an RF discharge located in a glass tube

through which sample particles were blown by a bulb. These particles

passed through a leng th of rubber tubing, into the setting chamber , and

on into the cell with sufficient charg e for levitation. The exhaust con-

nector was sealed closed after particle injection to prevent variat ions
• - in outside air pressure from displacing a levitated particle.

• b. Electronics
4.-

Several months of operation using the Scienc e Spectrum

Differential II levitation electronics demonstrated that these electron-
ics were unreliable and d ifficult to repair. Interference problems

from the RF discharge unit were insoluble , and required that the

levitator be turned off while charged particles were injected. In

addition , the maximum voltage output for the unit was � 300 volts ,

which was not high enough to generate a potential well within the levi-

tation cell of sufficient strength to hold particle s in the presence of

radiation produced forces. A new set of levitation electronics was
• therefore built. The block diagram of this unit  is g iven in Figure IV-8.

The image of the levitated particle illuminated by the argon ion laser

is split horizontally and projected onto two 4818 photomultipliers.

We retained the original optics designed for this purpose , but added

a 61cm long 1:1 telescope to space the electro-optical servo box

from the levitation cell. In addition , the two photomultiplier high
voltage circui ts  were separated, so fine adjustments in the photo-

multiplier voltages could be made to compensate for  slight d i f ferences

in tube gains.  Type 4818 tube s were employed instead of the ori g inal
• ~

- 1P2 1 tubes s inc e these have a high gain with very low background

noise level.
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The two signals from the photomultipliers are processed by a
log-difference circuit , and this output signal ultimately dete rmines
the voltages ~~~~ and Vpiate in the cell. The top plate of the cell is

• ground , and Vpin is 2 x Vpiate
; the actual signs of Vpin and Vplate

• depend upon the charge of the levitated particle. Two Ortec Model 456
power supplies , slightly modified for msec voltage tracking character-.
istics , are used as high voltage supplies. The hig hest voltage s
attainable are on the order of 3kV but such hi gh voltages cause arcing
within the cell , so actual operation is usually in the 600 to 800 volt
range for ~~~~~

A future planned modification for this servo system involve s
• the replacement of the two photomultipliers by a s ing le split field

solid state detecto r , UDT PIN SPOT/8D. This will eliminate two
high voltage power supplies , a bulky optical system, and an expensive
argon ion laser. The laser will be replaced by a low-cost 5mW HeNe
unit.

c. Operational Details

Successful operation of the levitator is a skill which
require s several hours of practice to acquire; however , particles can
be captured and levitated in a matter of minutes by an experienced
operator. The general procedure for levitating particle s is as follows:

(1) Place the levitator electronics in the manual mode . This
disconnects the optical servo and allows the operator to

manually adjust voltages to hold a particle in the levitator

• during the period of time when othe r particles are settling
out of the optical system field of view.

(2) Set the system gain to a level which results in only 100 to
- 200 volts maximum for  

~~~~~ Higher gains make manual
- operation ve ry difficult and result  in the capture of parti-

d e s  with a smaller charge.

• - 167- .
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(3) Turn on the RF discharge and blow a cloud of charged
particles into the cell.

(4) Capture a particle of the appropriate charge and hold it -
•

in position by manually adjusting the voltages until all
other particles have settled out of the cell.

(5) Turn the levitator electronics to the servo mode; the
particle should be held automatically at the equilibrium
pos ition.

— (6) Increase the gain to a value which results in V - between
pin

600 and 800 volts maximum; this should strongly hold the
particle and greatly reduce any oscillations.

3. Particle Irradiation and Heating - 

-

The optical configuration required for successful  ir r ~ àiàtiot~ of
a levitated particle has been given in Figure IV-4. Two focused, - - - 

~ - --- 
- •

opposed Nd :YAG lasers are used , together with coaxial HeNe align-
ment lasers. The laser outpu t is f i r s t  expanded using a Holobearn type
1006190 upcollimator , then focused to a point approximately 48~.m in
diameter by a 2.5cm diamete r , 20cm focal length lens made from fused
silica and ant ireflect ion coated for use at 1. 06~ m. This focusing lens
has a depth of field on the order of 5mm. The lasers used for heating
are two Holobeam 255 Nd:YAG CW lasers used in the TEM Q0 mode.
Typical s ingle mode output is ~—..a 4 watts CW. The laser ene rgy flux

- - - 5 2 .measured at the focal point in the cell is ~~~ 1. 6 x 10 wat t s/ cm - This
is sufficient to heat particles in the size range of interest  to tempe r-
atures in excess of l000 °K , as will be shown shortly. For convenient
alignment purposes a Spectra-Physics Model 156 lmwatt HeNe laser
is mounted with the Nd :YAG lasers and aligned to produc e a . 63~j .m
beam colinear with the 1. 06 im Nd :YAG beam .

-168. 
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a. Alignment

Alignment of the laser beams is a critical problem in this
expe r iment because the Nd:YA G and levitator beam s must  intersect

within a volume less than 20~i.m in diameter. We have demonstrated
that the use of Oriel Model 1460 high precision mounts for beam
adjustment mirrors allows micron-scale adjustments within the levi-
tation cell. Initial beam adjustm ents are performed using the HeNe
alignment laser. Final adjustments are then made with the Nd :YA G
scattered signal from the particle , using an IR viewer.

- 
- 

Experiments have shown that a s ing le focused Nd:YAG laser
irradiating a particle in the levitator rapidly move s the particle away
from the equilibrium position. The original concept of balancing
laser-induced forces on the particle by mean s of three symmetrically
placed beams has proven impossible to implement. Particle residence
times in excess of lOsec in the cell were achieved with high cell
voltages and some minor changes in cell electrode configuration, but
the particle was ultimately lost.

The configuration of two opposed lasers has proven to be success-.
ful in irradiating the particle without moving it. Adjustment of the

• laser power levels to the point where the forces effectively cancel has
proven to be quite difficult , and typically occupies approximately 30
minutes. With the irradiated particle in a stable position , observa-
tions on the order of hours are possible.

The focal points of the two lasers must be carefully placed to
entrap the levitated particle, as shown in Figure IV-9. The radiative
forces are proportional to the flux density in laser beams. Thus , for
example , if the particle move s to the left F2 increases and F1 decrea-
ses , tend ing to re tu rn  the part ic le  to the neut ra l  point. In fact , it is

• unimportant which direction the laser induced forces act on the parti-
cle since an adjustment of the focusing optics to interchange the posi-
t ions of the focal points of the two lasers wil l compensate if the forces

act in the opposite direction. This oppos-d l a se r  balanc ing is required

4
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because we observe that the radiation forces are strong compared to

the potential well of the levitator. These observations are consistent

with the order of magnitude calculations for photon momentum trans-

fer to a particle through either absorption or reflection, and is illus-

trated in Figure IV- lO .

b. Laser Flux Density Measurements

The success of the particle emissivity experiment in the

P POPM program depends critically on being able to heat the suspended
- • particle with a high flux density laser beam. For micron-size Al203

particles flux densi t ies  of J O 5 wa t t s/ cm 2 on the particle are needed

to achieve temperatures near the melting po int. Give n a nominal
• five watt laser , this requi res  that the spot size , at the particle , be

of the order of tens of microns in orde r to achieve the required flux

density.

An experiment was performed to measure the maximum flux
density obtainable from a nominal five watt , sing le mode , Nd: YAG

laser. A description of this exneriment and the results are contained

in this section.

The flux density contour for a laser operated in the TEM 00q
mode is Gaussian, and may be writ ten

2 2 2 2 2
F(r)  = F0e~~~ 

y ) /a  = F0e~~ 
/a

where F(r) is the flux density at a distance r (x2 
+ y 2 )~~~

2 away from

the beam axis , F0 = F(0), and a is a measure  of how narrow the beam

is. For instance , when r = a, F(a )/F 0 = e~~~, the so-called “one ove r

e point’ . A plot of F(r) as a func tion of x and y (or r) is shown in

Figure I V -l l .  This is the Gaussian or “bell shaped” surface, where

x and y are the orthogonal spatial coordinates perpendicular to the

• ! laser beam axis and the z coordinate give s F(r) ,  the flux density, at
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any distance r from the laser beam axis. We now calculate the power
that would be passed by a circular aperture of radius r

a centered on
• 

• 
the laser beam axis.

P(r a ) 
~A 

F(r)dA = 
~ 

F0e
_r

~~ a rdrdç°

The integration ove r 40 is trivial , and multiply ing by (-2a 2 / -2a 2 ) we
have

• P(ra ) = - ~a2F0 ~~~ 
e~~~

2
/a

2 
~-2:dr~

and since the term in parenthesis is the differential  of the argument
of the exponential , we have

2 2-r /o-
P(r ) = U aF 0 ( l _ e  

a )
Letting ra ~~~~~~ gives the total power in the beam, P(total), that is

P(total) = rrcr2F0

Therefore , the ratio of the power passed with the circular
aperture to the total power is ,

P(r ) 
/ 

-r /a \
R = P(total) = ~1 - e a (IV- 1)

Thu s a measure of this ratio with a known pinhole radius determines
a, or how narrow the beam is.
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A schematic of the laser flux density experiment is shown in
Figure IV-lZ. The laser beam is expanded and goes into a beam
alignment device which allows the beam to be translated in any direc-
tion perpendicular to the axis of the beam. The beam is focused by
a lens and somewhat after the focus point is located a detector which
intercepts the entire beam. The beam profile is probed by means of
a pinhole aperture which can be moved along the axis of the beam.

The beam diameter, a, will be a function of where along the

beam the pinhole is located, and by definition has a minimum value at
the focus. Flux density will be a maximum where a is a minimum.

The experimental data were obtained as follows. With the p in-

hole aperture removed, the laser was adjusted to g ive three watts at

the detector (detector element area large with respect to beam dia-
meter).  The pinhole ape rture was mounted on a micrometer stage
such that its 12mm travel was approximately centered on the focal
point. Powe r passed by the pinhole aperture was measured as a
function of distance (d in Figure IV-12) in steps of 0.25mm. The pin-
hole aperture cente r could not be made to center on the laser beam
axis exactly (crude analysis  indicate s it moved about ZO~i ove r a - •

travel of 3. 75mm). However, the beam alignment device provided

the mechanism whereby the beam could be translated so that  it could
be centered on the pinhole. A typical set of data is given in Table IV-l.

The first column g ive s the micrometer  reading , and the second column
the number of watts passed by the 99pzn diameter  pinhole aperture.
The third column is the ratio P(r )/P(total), and the fourth column is

he value of a calculated from equation IV-J .  The data are plotted in

Yigure IV-l3. The error bars were determined assuming an er ror  of
0. 05 watts and are representative of the noise encountered in the

measurements. A smooth curve was drawn, and although it is not a

~t in the least square s sense , it is estimated from the minimum in

t~~~- curve and the size of the e r ro r  bars that ,

-175-
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Table IV-l .  Pinhole probe data of laser intensity.

Power

d(mm) (watts) P(total) a(~ m)

6. 50 2 .45 0.817 38. 0

6.75 2 .65  0.883 33.8

7. 00 2.82 0. 940 29. 5

7. 25 2. 85 0. 950 28. 6

7.50 2.87 0.957 27.9

7. 75 2. 90 0 .967 26 .8

8. 00 2 .92  0. 973 26 .1

8. 25 2. 97 0. 990 23. 1

8. 50 2 .95  0. 983 24. 5

8.75 2.90 0.967 26.8

9. 00 2. 85 0. 950 28. 6

9.25 2.75 0.917 31.4

9.50 2.70 0.900 32.6

9. 75 2.45 0. 817 38. 0

P(total = 3. 00 watts
r = 49. 5~ m

(
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a(min) = 24 ± 2~i.m.

When r = a,

R = P~~~~a~j  = - e ’~~~ 0. 632J ,

A which says 63. 21 percent of the power in the beam is confined in a
circle whose radius is a. The average flux density is then,

F’ — (0. 6321) P(total) watts
~
aJ avg 

- 2 2ira cm

When the laser is optimally tuned and the excitation lamp is operated
near maximum output , P(total) 4. 5 watts and using a = 24km , we

- • obtain

F(a) = 1.57 x 10~ wat ts/ cm2
avg

The choice of the “one over e point” as the limiting radius is some-
what arbitrary. What it means , however , is that if we could center
a 481Jm diameter particle in the laser beam, it would experience an

- 5 2average flux denstty of 1. 6 x 10 watts/ cm . For a smaller partt-
cle the average flux would be higher. For instance , for a Z4~ m dia-
meter particle (i. e.,  a/2 )  we have

F(a/2) (0. 2212) (4. 5) watts 
= 2 .20  ~ ~~

5 watts
avg -3 2 2r r ( J , 2  X 10 ) cm cm

It will be shown in the following section that it should be possible to A 

-

melt A1203 micron-sized particles with flux densities in this range.

4 — -
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Figure IV-13 also provides an estimate of the dept h of field we
have at our disposal. If we allow a to vary by “- 10 percent  (2. 5~ m)
the allowable variation in d is —i 1.3mm (see Figure  IV -J 2 ) .  That is ,
if we locate the particle to within ± 0. 65mm of the t rue  a(min) we will
have a maximum degradation of r— 20 percent in flux densi ty.L

c. Laser Heating of Particles

This subsection describes the results of computer calcu-
lations of the laser particle heating scheme for aluminum oxide.
Ignoring convection and conduction the basic heat transfer equation

• •• applicable to laser irradiation heating is:

A Ha = ~ irr 3
P C~ ~~~ + ~~ exp(C 2 /X T)~ T dA - 4€ 

~ exp(C 2 1XT 0)-T dX (IV-2)

where H is the incident laser power, a the absorption efficiency factor ,
• r the particle radius , p the particle density, C~ the heat capacity of

the particle, T the temperature , T0 the temperature of the surround-
ings , t the time , e the emissivity , C 1 the f i r s t  radiat ion constant , C2
the second radiation constant , and A the wavelength of the radiation
emitted. The term on the left describes the steady-state  energy input
to the particle from the laser. The f i r s t  term on the ri ght sid e of the
equation describes the heat stored within the particle. The second
term describe s the energy emitted by the particle as a blackbody.
The last term describes the energy absorbed by the particle from the
surroundings.

A program was wri t ten which computed the particle temperature
as a function of time. The calculations were carried out long enough
in time for equil ibrium to occur. Since equation IV-2 is a d ifferential
equation in time , the methods of numerical  analysis  had to be used to

• 
- 

perform the integration. The Runge-Kut ta  method was used to perform
the integration.

- 180_



The parameters of equation IV-2 were evaluated from the best
available data for aluminum oxide. Three values of the particle
radius were used for the calculations — 0. 5, 4, 0 and 8. 0~im. The
density of Al2O3

[R~~. IV-2] was taken to be 3. 965gms/cm 3. The heat
capacity of aluminum oxide is a function of temperature as is shown in

~~ Figure IV- l4 .~~~~~ 
LV -2] These data were tabulated at closely spaced

temperature intervals and interpolated linearly by the computer. The
emissivity of aluminum oxide was taken to be 0. 85 in the waveleng th
interval of 4 .5 to 11. 5~ m and 0 .0  outside this range. This is a rea-

. - - [Ref. IV-3 1 - -sonable approximation of the data of Mergerian which is
shown in Figure IV-15. The blackbody integrals were evaluated ove r

• the corresponding wavelength interval — 4 .5  to 11. 5pm. The effic-
iency factor for absorption, a, was calculated from Mie theory for
A = 1. 06p.m and the three particle radii given above from absorption
coefficient data. The absorption coefficient of aluminum oxide is
also a function of temperature , Unfortunately, there does not exist
data by the same experimenter and apparatus over the whole temper-

• 
- - [Ref. IV— 3]ature range of interest. Mergerian covers the rang e from

373 to l273 °K. Gryvnak and ~ urch~~~~~’ IV-4] cove r the range from
1473 to 1973 °K. Unfortunately, the two sets of data do not jo in

smoothly. The calculated efficiency factors for absorption are shown
in Figure IV-l6.  The discontinu ity around 1400 °K is obvious. The
data were linearly interpolated by the computer. For some high

• temperature calculations an art if icial  value of a at 1473 °J� was inserted.
This art if icial  value is a s imple interpolation of the data at 1273 and
1773 °K and are shown as solid symbols on Figure IV- 16. The laser
power was varied between 40 and 4 x l0~ watts/cm 2. The laser
intensity measurements described in the previous subsection show
that the Nd :YAG lasers  used in the particle experiment are capable of
fluxe s as high as 2 x 10~ watts/ cm 2.

~; -

~~
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The results of the calculation are g iven in Table IV-2 and in

Figures IV-2 and IV-3. Figure IV-2 shows the equilibrium tempera-

ture attained as a function of laser power. Figure IV-3 shows the

time required to achieve this equilibrium temperature as a function

of laser power. The open symbols are for the unsmoothed a data and

the solid symbols for the artificially smoothed a data.

The results shown in Table IV-2 show an inte resting feature of

the time history of the heating of a particle. That is the asymptotic

approach to equilibrium. The length of time to achieve the last one

• percent of the equilibrium temperature , particularly at low laser

power levels , can be significant. For example , l6 pxn diameter

particles with 40 watts/cm2 incident laser power attain 99 percent of

the equilibrium temperature in less than one minute but require

almost three more minutes to achieve the last one percent. Great

care must be exercised when conducting the particle emissivity expe r-

iments to allow sufficient time for equilibrium to be attained. Figures

IV- 17 and IV- 18 show the time history of the heating of various dia-

meter particles for two different laser power levels. In general, the

small particles equilibrate much more rap idly than the larger parti-

d es. Also, the higher the laser power , the fas ter  equilibr ium is

attained. 
- • 

-

The calculation s indicate a potential problem with aluminum

oxide. This problem is graphically illustrated in Figure IV-2 with

the step function behavio r of the equilibrium temperature. The prob-

lem is thermal runaway caused by the precipitous increase in the

efficiency facto r for  absorption of energy above 1500 °K. Figure IV- 19

is an additional illustration of this problem. This f i gure show s the

time history of the heating of a 16 1.Lm diameter particle w ith an inci-

dent laser power level of 6 x l0~ watts /cm 2. The calculations we re

made with the smoothed data for the efficiency factor for absorption.

The temperature of the particle is well behaved up to 1600-l700 °K at

which point thermal runaway occurs. If the absorption coefficient  of

• i
j — 185— • 
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A1203 is trul y as indicated in F igure  IV- 16 , there will be g rea t  diffi-
culty in achieving stable temperatures  above 1600 °K since the part ic le
temperature  appears to be extremely sen s itive to small var ia t ion s in
laser power. However , the absorption coef f ic ient  is not known well
as a function of temperature and the runaway problem may not be as
severe as these calcula t ions  would indicate .

These calculat ions , togethe r with the measured  laser in tens it i e s
reported in the previous subsect ion indicate that heating par t i c les  to
at least l000 °K should not be d i f f i cu l t  in principle if the losses due to
convection and conduction are not large.  If these additional losses
are  large they can be decreased by evacuat ing the cell , which will
r equ i re  changes  in the damping of the part icle lev i ta t ion  servo system.

4. In f ra red  Radia t ion  Observation

In this subsection signal - to-noise calculations, part icle  temper-
¶ a ture  measurement  ca lculat ions , and optical conf igura t ions  will be

described . We had the opportunity to make onl y two at tempts to
observe radia t ion in the few days between the success  of the stable
two-laser confi gu ra t i on  and the relocat ion of the POPM laboratory to
a new bui lding.  Both of these rathe r quickl y assembled a t tempts
were unsuccess fu l , we believe due to the fact  that the s t r ingent  posi-
t ioning requi rements  of the in f ra red  detector  re la t ive  to the image of
the particle were  not met.

The present  optical  system consis ts  of several elements .  Rad-
iation f rom the particle passes  through a .75  x 1. 5cm window in the
cell wall , and is collected by a 7. 95cm diameter , 23 degree  o ff -ax i s
paraboloidal m i r r o r , which focuses  the rad ia t ion  at a dis tance of -

~ - im
from the cell. Placed between the c ell and the m i r r o r  is a 790Hz cir-
cular  chopper. The radiat ion is detected by a l iqu id  hel ium-cooled
coppe r doped ge rmanium detector , Raytheon QKN 1546 . The detecto r
c h a r a c t e r i s t i c s  are:  KRS-5  entrance window , 7.85 ~ 10 3cm 2 area ,
f ive  degrees  f i el d - o f - v i e w , and N . E .  P. of 6 .8  ~ 10 WHz~~~’~

2 . The
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procedure for optical  aligrLment will  be to use the detecto r w ithout a

blocking fil ter  to detect the scat tered l . 06~ m Nd:YAG laser  radiation

from the part ic le .  When this is accomplished, a broadband f i l t e r  will

be placed in f ront  of the detector , and the rad ia t ion  from the heated

par t ic le  will be exam ined .

The final opt ical system is shown in F igure  IV-4.  The sam e

collection mi r ro r  will be employed , the converging particle radiation

will pass through a Digilab fas t  scanning Michelson in ter ferometer

and be chopped at ‘~~ 9kHz using a hig h speed rotat ing choppe r , Laser
Precision CTX 534. The detector to be used will be a Raytheon

• copper-doped germanium w i ”  ‘n area of 5 x l0~~ cm 2 and 2 . 5 degree

field of view. The subseq ~nal process ing  will be similar to

that alread y described for th~ ~ulk experiment.

a. Signal - to-Noise  Calcula t ions

The hot par t ic les  are small in s ize  and the re fo re  provide

only a small in f ra red  signal. In this  subsect ion we show by calcula-

tion that  adequate signal levels should be available to make spect ra l

measurement s  of the pa r t i c le  radiance with the mul t i plex advantage

of Fourie r  t r ans fo rm spect roscopy.  To c a r r y  out this  ca lcu la t ion

we mus t  beg in by summar iz ing  the pe r fo rmance  c h a r a c t e r i s t i c s  of

our in ter fe romete r .

The A e r o s pa c e  M i c h e l s o n  i n ter f e r o r n et e r  can ope ra te  in the

wavelength reg ion 2 . 8  to 2 5um ( v  3600 to 400cm 1 ). The s t a t i o n a r y

m i rr o r  of the in t e r f e r o rn e ter  has been d i sp laced ~ 0. 2 5 c m)  so tha t  tWO

sided ir i t e r f er o gr am s  (- 0. 25cm � x ~ 0 .25cm ) can be ob t a ined  which

can be t r a n s f or m e d  into spec t r a  w i thou t  t he  need for  pha~~c co r r e c t i o n .

The c o r r e s p on d i n g  r e s o l u t i o n  is 4cni ’. However , w i t h  l i t t l e  d i f f i -

cu l ty ,  the s ta t iona ry m i r r o r  could he fu r t he r  disp laced . so tha t  a

spectral  r e s o l u t io n  of “
~ 1cn~~ ~ could he a c h i e v e d  if d e s i r ed .

~I1 - 19 1-
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The scan velocity of the moving mi r ro r  is “- 0. 5 optical cm/ sec

which for v = 400cm yields 1L 200Hz . (That is a spectral “line ’~
at v = 400cm~~ would have as its in t e r fe rogram a cosine wave of

f requency 2 00Hz .)  Likewise , for ‘~.i = 3600cm~~~, 
~H 

= 1800Hz for a

nominal bandwidth of l600Hz ( t~f) .  This bandwidth will have to be

inc reased slightl y because of the pract ical  l imitations of the inter-

ferometer .

Sampling theory dictate s that the in ter ferograrn  must be sam-

pled at least as frequentl y (in optical path d i f fe rence)  as

L~x = ( I V - 3 )

whe re ~ is the larges t  wavenumber, with non-zero  intensi ty , in thec -l  -spectrum. In our case v 3600cm , due to optt cal  components ~n

the in ter ferometer, so i~x(max) 1. 388 9~ m. However , i~x for our

in ter ferometer  is measured  in integral  powers of two time s half the

wavelength of the HeNe laser  line (X = 0. 6328~j m ) ,  that is ,

F- . -

~~~, Z X , 4X , 8~~, etc . For our case ,

Lx(opt imum) l .3889~tm 
= 4 40 . 3 l 6 4~im

Therefore , ~x(pr ac ti cal)  1.2656 x 10 4cm. The number of

points  per in te rfe rogram n , is then ,

= 
optical path t raversed  4 l0 3pts.

~x ( p r a c t L c a l )

The fas t  Four ie r  t r ans form prog r am e f f i c i e n t l y t r a n s f o r m s
in 3t n t e r f e rograms ~v ith  n 2 • For in 12 , n = 4 .096  10 pts. Work-

ing backwards and remembering that two-sided in tcr f c rograms a re

being  measured

, 2
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L = = (2048) (1.2656 x l0~~) 0.2592cm,

which y ields a resolution of 3. 86cm~~~. Also , ~x(practical) =

1.2656 x lO 4crn , and so 
~~~ 

3950cm 1, which for our moving mir-

ror velocity of 0. 5cm/sec y ields 
~H = 1975Hz and ~f = 1775Hz. The

region from 3600cm 4 to 3950cm 1 will be “empty” (1. e.,  no
— 1spectra) because of the natural cut-off at v 3600cm . Although

there will be no useful  spectroscopic data in this region it can be
used to estimate the noise in the “occupiedtt  spectral region as has

[Ref.  IV-5] .been pointed out by Connes. This does not impl y that only
this method is used to measure system noise.

It is now possible to proceed with the si gnal to noise com puta-
tion. Assume a background limited detector on the interferometer

10 1/2 —1with D;~ = 5 x 10 cm Hz W , a r r / 9  field of view and an area
-3 2A 1 0  c m .  Then

NE? = 2 . 6 6  x lO~~~~W

where we have assumed a 1~f 1775Hz f rom the spectral range of
inte r e s t  and the parameters  of o u r  i n t e r f e romete r .  It has been shown
that the noise in the spe c trum , N , is re la ted to the no i se  in the inter-

[Ref.  IV -6 ]  S

ferogram N
1 

by,

N N
1 

1.06 x 10~~
3I W/ cm)

where L = 0 .25cm ( reso lu t ion  = 4cm ’), ~x = 1.2656 x 10
4
cm and N

1
is the NE? as ca lcula ted  above. The above express ion  is app rop r i a t e
for  a s i n g l e - s i d e d  in te r fe rogram. For a double-s ided  in t e r f er o g r a m
we p ick  up  a factor  of [1, and f u r t h e r m o r e  the best  r e s o l u t i o n

• 
- r e q u i r e d  is about three  r e so lu t ion  w i d t h s  so we can in t e g rate  o~ i’r

t hese  t h r e e  e lements  and pick up a f u r t h e r  f ac to r  of li. I bus ,

~~~~~

.j
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N ( ~ l2cm~~ element) = 4 .32  X l0~~~ watts .

To est imate a signal for  comparison with the noise we assume a

part icle  of radius , r = 0. 5~ m and emiss iv i ty  € = 1. This corresponds

to about the smallest carbon part icle  s ize  to be inves t iga ted  in this

project  and will g ive a reasonably conservat ive  estimate of the expected

signal. Furthe rmore , assum e the solid ang le ove r which radia t ion is

collected , ~) = r~ /9  steradian s , and the t r ansmi t t ance  or e f f i c i ency  of

the in te r fe rometer  is f = 0. 4 . Then the detected par t ic le  flux is ,

• N = A€ ( Bf
~~B (T ) ,

where A = rrr
2
, the effective emitting particle area , and N

3(T) is 
the

blackbody radiance at t empera ture  T. The above express ion was eval-

— uated for a range of t empera tu r e s  (400 to 900 °K )  fo r  the spectral  ele-

meri t 400 to 412cm 1 which again should lead to a c o n s e r v a t i v e  es t imate

s ince for the t empera tu res  considered this wavenumber reg ion  l ies  on

the longer  wavelength side of the blackbod y rad iance  func t ion .  \Vith

these assumpt ions  Table IV-3 was cons t ruc ted .  For the va r i ous  parti-

cle t empera tures  l isted in the f i r s t  column , the second column g ives

the integrated (v = 400 to 4 12cm 4 ) signal - to-noise  rat io for a s ingle

in te r fe rogram.  The third column g i v e s  the number  of coadded inter-

f e rogram s requi red  to increase  the s i g n a l - t o - n o i s e  r a t io  to 100 in th is

same spectra l  elemenL The four th  column g i v e s  the time r equ i r ed  to

measu re  this  number of i n t e r f e r o g r a m s .  The table ind ica tes  that  if

the tempera ture  of the emit t ing  pa r t i c l e  could be changed qu ick l y ,  and

the detector  noise were the l imi t ing  noise source , the data could be

gathered in ten minute s or somewhat longer , the ex t ra  time be ing used

to obtain back ground i n t e r f e r o g r a m s .  The S /N and related numbers

g iven above are op t imi s t i c , especially fo r the J owe r t e m p e r a t u r e s,

s i nce  no account  has been g iven  to the -
~ - 3 0 0

°
K bath in which the emit-

tin g pa rt ic le  will probabl y be immersed.  To suppress  unwanted  si g-

nal s due to r a d i a t i o n  from the 300 °K su r round ings  in th is  appara tus ,

- 194-
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T able IV-3. Computed s ignal- to-noise for 0. 5~im particle at

va rious temperatures ( ‘~ 400 to 4 12cm4)

T Signal-to- n , Number of T ime to Obtain

(K) Noise Ratio Interferograrn s to n in ter fe rograms
one in terferogram achieve S/N = 100 (minutes)

400 6 277 4 .6

r 500 10 100 1.7

600 13 59  1 . 0  
- 

-

700 16 39 0.7

800 20 25 0.4

900 24 17 0.3

~~~~ ~:

, i i’
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a modulated signal is sent  to the in t e r f e r o m e t e r  used to make  spect ra l
measuremen t s .  The chopping f r equency  m u s t  be s i g n i f i c a n t l y g r e a t e r

- than the e lectr ical  f r equenc ie s cor responding  to the wavelength reg ion 
-

of i n t e r e s t .  For the scan speeds of our  Michelson i n t e r f e romete r s
used to obta in  spect ra l  data , the hig hes t  f r e q u e n c y  of i n t e r e s t  is
2kHz. The choppe r operate s at “- 8kHz and thus adequate sampling

is achieved. However , a back ground problem st i l l  exis ts .

The infrared image of the r ad ia t ing  par t ic le  is focused on a
choppe r blade in the present appara~tus. The modulated signal con-

sis ts  of the part icle emission , plus emission from the particle sur-
roundings , minus the emission of the choppe r blade. Ideall y,  the
emission for the part icle sur roundings  and the choppe r blade would be

identical so that when no hot pa rticle is present  and the choppe r is
running,  there  will be no AC signal .  Howeve r , if the blade and the

background  are at d i f f e r en t  t empera tures , there  wil l  be a res idual

AC back ground which must  be d i s t ingu i shed  from the signal due to

par t ic le  emission.

In order  to es t imate  the seve r i ty  of this  back ground problem ,

the follow ing anal ys i s  was ca r r i ed  out.  U s i n g  the optical  pa rame te r s

of the par t ic le  emi s s ivit y  apparatus , a number  of c u r v e s  were  gen-

e ra ted  for  f r e q u e n c i e s  between 500 and 2500cm ’ ( 20 to 4dm ) and

are shown in Fi gu re  IV-20 .  Con s ider f i r s t  the uppe r dashed cu rve .

It i~ the spec t ra l  flux dens i ty  (watt s/ cm 1) of the r e s iduaJ  back ground

signal  if the tempe r a t u re , T 1~ , of the pa r t i c l e  s u r r o u n d i n g s  were 300 °K

and the t empera tu re , T B ? of the chopper blade were  301 °K. The next

lowe r dashed curve  is for T H = 300 ° 1K and TB = 300. 2 °K , a t empera ture

difference of 0. 2 ° K. The lowest dashed curve  is for  T 80 °K and
1-1

T
B 

= 85 ° K. The solid curves  are the spectral flux dens i ty  (wa t t s/ cm

collected by the par t ic le  emiss iv i ty  apparatu s f rom a black Z p.m radius

part icle  for the indicated temperatures  T~~. For the case T~ = 1000 °K

and T
B 

- T
H 

= 0. 2 K the par t ic le  s ignal is comfortably above the hack-

g round si gnal.  However , for  a par t ic le  whose tempera tu re , T = 500 °K ,

I
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Figure  IV-20.  Part icle and background spectral fluxe s for  var ious  temperatures.
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the back ground signal is si gn i f i can t l y h igher  than the par t ic le  signal up

to i 500cm
1 

(‘~
— 6. 6 pm) .  As long as T~ is at least  a few hundred  K

g rea t e r  than T B and TH is close to TB) the par t ic le  emiss ion  spect rum

can be obtained by d i f f e r e n c i n g  spectra obtained wi th  and wi thout  the

heated par t ic le  presen t .  For par t i c le  t empera tu re s much below l000 ° K
this means di f ferenc ing two numbers of comparable magni tude  and thus

accuracy is lost. In fact, as T~ approaches TB this difference goes to
zero and no data can be obtained. The several curve s shown in

Figure  IV-2 0  suggest  the specific values of T~ and TB - T H which mus t

be achieved for  the experiment to produce meaningful  data.

b. Part icle  Temperature and Emissiv i ty  Determ ination

The de te rmina t ion  of par t ic le  emiss iv i ty from the observed

- 
radiation spectra  has been recognized as a c r i t i c a l  analy t i ca l ste p s ince  

-

the inception of the POPM program and has therefore been the subject

of continued anal y s i s .  The de terminat ion  of the emiss iv i ty  implies a

knowledge of the pa r t i c le  t empera ture , which can be obtained most

simply from an anal ys i s  of the i n f r a r ed  radia t ion  emitted by the

par t ic le .

The s ta tement  of work  for  the PO PM program dated 14 June  1974

contains  a proposed anal ys i s  scheme for ob ta in ing  t empera tu res  and
ei -n i ss ivit ies  f rom considera t ions  of the spect ra l  var ia t ion  of the ra t io

of spect ra o ’ the same par t ic le  obtained at two d i f f e r en t  t empera tu res .

Subsequent  anal ys i s  has shown that this procedure was very dependent
on data at SOOcm ’ and below , and that small e r r o r s  in spectra l

intensity values lead to large uncertainties in the temperature.

A new method to dete rmine part ic le  temperature  and e m i s s i v i t y

based on auxiliary observation s of a blackbody at a known high temper-

atures has therefore been devised. This subsection presents the

- 
deta i l s  of this  data anal ys i s  method. 

-
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(1) Particle Emissivity Determ ination

Neg lecting the back ground contribution (fo r which we
shall be able to correct) ,  the intensity of radiation as seen by a spec-

V troscopic device (in our case a l’~ Lchelson interferometer) can be
written ,

2 3
ne (v , T ) C 1 r v f ( v )  d~

T )  dv = ~ 
p (IV-4)

kT
e

where

€ (v , T) = ernissivity of the particle which inp general may be a function of v, and T ,

C 1 = first radiation constant ,

r~ = radius of the particle ,

f ( v )  function of v accounting for instrumental
t ransmiss ion, detector effic iency,  and
atmospheric absorpt ion,

h = Planck ’ s constant ,

c = velocity of light ,

k = Boltzmann ’s constant,

— 1v = wavenumber of radiat ion ( X ), and
= particle temperature .

For a blackbod y radiation source a similar equation may be
written except by definition € BB (V , T) 1 , and in practic e manufac -
turers claim to achieve L BB (V,  T ) >  0. 995. The blackbod y radiance
is 
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- !  2 3rrC
l rBv f(~~) d~

— 

hcv (IV-5)
kT

e B 1

whe re rB is the radius of the circular aperture of the blackbody radi-
ating to the outside world.

Dividing equation IV-.4 by equation IV-5 we obtain

/ hcv
z ( k T

2- = €~~(v~ T~ ) _2- \ e B 
- 1 (IV-6)

\e  P~~~1J

J~, and 
~B will be measured exper imentally, r B and T B are know -~.

The radius of the part icle r~ will be determined expe r imentally by
measur ing  the scat tered lig ht as a funct ion of scat ter ing ang le.
Solving for e ( ~~,

/ hc~
2 1  kTJ r  \ p

= 
J r 2 

- 1 ( IV-7)

BP (e
kT
B~~~l)

Note that by dividing a particle emission spectrum by a blackbody
emission spectrum we obtain an expression for e ( v , T )  directly,

providing T~ can be obtained.

The accuracy of the dete rmination of €~~~ depends cri t ically on

- 
the determination of the particle temperature. Let the er ror  in T

be ~T , then

-200-
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hcv
2 kTJ r  p_~~~~~~~~~~ p B  e hcv

AT j r Z I h ~~ ~~~kT 2 
1 .p B p ( k T B p

\e - 1/

and using equation IV-7

hcv
kT p AT

-— 
e

kT

‘ ‘\e ~~~iJ

Thu s the f r ac t iona l  e r ro r  in c equals  the f rac t ional  e r ro r  in Tp p
mult ipl ied by a funct ion of the fo rm xeX

/ ( e~
( 

- 1) ,  where  x = hc~~/kT~~.
The minus sign indicates the errors run counter to each other .  If
T is overes t imated, € will be underes t imated  and vice versa.  Notep p
that the r e l a t ionsh ip  is a func t i on  of ‘~/T  alone. In the pa r t i c le  emis-

-l  p
s iv i ty  exper iment  

~~~~~ 
400cm ( X = 25~im) and T~~(max) — 2200 K.

Therefore x 0.26. A plot of x versus xeX/(e~
C 

- 1) out to x = 7m in
is shown in Figure IV-21. As x approaches zero xeX /(e

)C 
- I) goes to 1.

Thus, for a given percentage error in T~ the e r r o r  in for small

~/T will be of the same order  as LT~~/ T .  From the graph Table I V - 4
was cons t ruc t ed  for  a one percent  e r r o r  in T~ at var ious  t empera tu res
and radiat ion f r e q u e n c i e s .  The above anal ys i s  should be used with
caution in that the error propagated into by an erro r in T~ may not
always be the most impo rtant.  For in stance , even a “black” 500 ° K
particle will not radiate much power in the 5000cm~~ (~ 

Z~im) region .
and t h e r e f o r e  the de te rm ination of may be governed more by how

well J is dete rmined rathe r than T . However , when the S/N in Jp p p
is sufficientl y hi gh , the error in the d e t e r m i n at i o n  of € will be

l a rge l y g over n ed by the e r r o r  in T~~. T h e r e f o r e , even if J has a
small u n c e r t a i n t y ,  f r ac t i ona l  e r rors  in T will resul t  in f r a c t i o n a lp
e r r o r s  f rom two to ten t imes l a rge r  in ~p
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Table IV-4. Error in € for a one percent error in T

- 
p p

- v = 500cm 1 l 500cm 1 2500cm 4 5000cm 1

- = 20 pm 6 .7~.im 4 .0~im 2 .0~im‘~~~ 1

,- ¶ 
_____________ _______________________________________________________

- I (  K) ’~~~

- 500 1 . 9 %  4. 3% 7 . 2 %  14. 4%

- 1000 1.4% 2.4% 3.7% 7.2%

1500 1.3 % 1.9% 2 . 6 %  4 .8%

2000 1.2% 1.6% 2.2% 3.7~

(
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(2) Determination of Tp
The reliable determinat ion of T is central  to thep

successful  determinat ion of €~~(v~ Tn
). If e~~(v~ T~~) is reasonabl y well

behaved , (the mean in g of “ reasonably well behaved” will be come
apparent fur the r in this section) in one or more fair ly broad wave -
number regions for which v / T v 

� 3. 5(cmK )1, then T can be deter-
mined.

Recall ing equat ion IV -6 , and put t ing all the knowns on the left
side of the equation , we can define a K(~c)

F
~~~~~~~~~~~~ 

(e~~~~ - 1) 

€ (~ ,T) 

(e~~~~ - i)

All  the q u a n t i t i e s  on the lef t  a re  known , t h e r e f o r e  K ( \ )  is known. Now
-

- 
I in the hig h wavenumber end of the spectrum , where  ‘/ T  3. 5(cmK 1

so that  ex~~[~~~~
] 

>> i , we have

-hc ’. /k T
= € ( ‘ ~~, T~~)e ~ , or

1V-8

lnK( ’.5 ) = m e  (
~~, T) -p p

If € is a constant  ove r  some wavenumber  in te rva l  for wh ich
1

~~/ T ~~ � 3. 5(cmK) , then a plot of lnK (~~) ve r su s v wilJ be a strai ght

l ine  whose slope is - hc/kT , thus T~ will be de te rmined .  Obviousl y,
the wider  the inte rval(s)  the more accurate ly T~ will be determ ined.

~~xcept in the reg ion of sharp absorpt ion bands (and tbe re fo r ,~
probabl y emission bands)  the emis s iv i ty  would be expected to be a
slowly vary ing funct ion of . For exampl e , let us assume ove r some
wavenumber  in te rva l

I
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€ ( v , T )  = a( 1 - by) ( IV-9)

such that b is small enough so that

€ ( v , T )  = a(l - b’u ) ae~~~

then

lne = m a - b yp

and equation IV-8 would become

hc vlnK (v)  = lna - by -
- - p

/ (tV-b )
hcv / l  bk

\ P

Obviously, b must be very much less than T~~
’ if T~ is to be

determined accurately. For example, if T lie s in the range 800°K

to 1500 °K and e 0.3 (average in a l000cm range somewhere
P -1

between 4000 and 8000cm ), variation of e
~ 

of three to six percent

as given by equation IV-7 , would still allow T to be determined to

about one percent .  Particle emis s iv i tie s  have not been measured ,

but bulk emiss iv i t i e s  of the mate r ial s of in teres t  show approximately
this variation.

Consid er now the em ission spect rum of a pa rticle measur ed at

two tempera tures  T~~1 and T~~2. Taking the ratio of these spectra we

obtain

, / hc v
* ( k TJ ( v , T 2) — 

~~~~~~~~~~~~~~~~~ \e P’ - 1

J (v , T ) 
— e (~~, T ) / hc~p P 1 p p 1 ( k T

\e P2 _ 1



~~~~~~~~~~~

- .

and for v / T 1 
and v /T 2 

� 3. 5(cmK )1 we have

-
‘ 

hcy 1 1
• J (v ,T ) € (v ,T ) k T 

- 

Tp p2 - p p2 pl pZ
J (y , T

1
) e ( v , T 1)

and therefore

~~~~~~~~~~~~~~~ = _ _ _  ( t v - i l )

If the rat io of the emissivi t ies  is a constant then the above

expression is the equation for a s traight  line whose slope is

— h c / l  1
k I T  T

\ P l  P2

(3) Particle Radiance Data Reduction

The preceding analysis suggests a procedure for

obtaining part icle tempera tures  from the particle emission spectra.

We will obtain spectra at a number of unknown temperature s and

blackbody emission spectra at a number of known tempera tu res .  It

appears that four temperatu res will be adequate ; 2000, 1600 , 1200
and 800 °K. The signal-to-noise ratios for these spectra are antici-

pated to be much grea te r than for the par t ic le  emiss ion spectra . Rho

(p) curve s of the type

= ~(particle)

~pB 
~ (blackbod y)

p

~206-
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will be generated and 1n~ versus v will be examined in the 2000 to
-1 

pB
-
. 

4000cm interval for straig ht line behavior. In a s imilar  fashion

• 

. 

c u r v e s  of the type

J(pa rt ic le , T1
)

Ppp = J (pa r t i cle , T2 )

will be generated  and examined for  s t r a ig ht line behavior of 1no~~
ve r sus  - . In order  to simplif y the notat ion , def ine

X~ = rec iprocal  of the temperature of a blackbody at

t empera ture  T . ,  and

Y . = reciprocal  of the t empera tu re  of a par t ic le  at

t e m p e r a t u r e  I~ •

Each phys ica l ly acce pt able s t r a i g ht l ine plot based on two

spec t ra r e su lt s in a slope , ~~~~ 
proport ional  to the d i f f e r en c e  between

the rec iprocals  of the t empera tures  assoc ia ted  w i th  th i -  two spec t ra

for  which the logar i thmic  rat io  has been plotted. The r e s u l t  of all

the possible spectral  ra t ios  is a system of equa t ions  el the  fo rm:

X. - Y. = M. . ( IV -U i
I J I

~J

Y - V = ~-l ( I V - 13 )
k e ke

Th e X ’ s and M ’ s are kno wn , and the Y’ s ar c to be d e t e r m i ne d .  Sinc e

more  than  one s e gm en t  of the s p e c t r a  may be emplo yed .  pos~~ bly

y ie l d i n g  m u l t i p l e  v a lu e s  of ~\ l  f o r  the same spe’- t r a  , the V’ s wi l l

.: ] he n o i se  l eve l  in t h e  e xp er i m e n t a l  da ta  i s  det e rm inabl e see

Sect ion I V —  p •  4. a . C r i t e  n a  1-an t h e r e  fore  be set  up  to dct e r rn  m e  i f

- ln ; is a s t r a i g h t  l in e  w i t h in  the known si~ na l — t o — n o i S - .
pfl
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probabl y be over determ ined. This can be combined with additional

a priori knowledge to improve the accuracy of the Y’s (and thus tern-

peratures dete rmined). The ordering of the particle temperatures

will be known since the highest laser power should correspond to the

highest temperature, the second hi ghest  laser  power to the second

highest  temperature, and so on. Equat ions  of the type of IV- 12 dete r-

mine the Y’ s temperature. Equations of the type of I V - l3  can be used ,

along with the ordering information from laser powers to determine if

the correct slope value has been used in the type IV-l2 equations.

- . Once T~ for a part ic le  emission spectrum is determined , the
emissivity can then be obta ined from the ra t io  of the part ic le  spec-

trum to a suitable blackbod y spect rum t imes the calculable expres-

s ions shown in equat ion IV-7 .

5. Samples for Part icle Emis s ivit y  Studies

The mater ia l s  and size r anges  for  pa r t i c l e s  of i n t e r e s t  for

emi ss iv i ty  measurements  in the p resen t  program are : Carbon ,
having a diameter from 0. 1 to 1. 0~im; magnesia  (M g O ) ,  z i r conia

(Zr0 2 ), and alumina (A12O3) having d i ame te r s  f rom 1 to 25km. The

stud y was res t r i c ted  to spher ica l  par t ic les  to f ac i l i t a t e  the cornpari-
son of measured emissivity with computed values.

a. Mate r i a l s

(1)  Carbon

Pure solid carbon ex i s t s  in th ree  stable fo rms .
The two cry stalline forms are graphite and diamond and the third is

a u a s i - g r ap hit ic  and known as carbon black.  Our  main concern here

is with  carbon black s ince  that is the form of ma te r i a l  loaded into
rocket motors and most probably the form in which it is p resen t  in
rocket exhausts.

_208_
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Carbon black in the size range of interest for the particle emis-

sivity exper iment is produced by the thermal decomposition of natural
gas in the absence of air or flame and is called thermal black. Carbon

blacks display two-dimensional c rys tal l in i ty .  They cons is t  of well

developed graphite platelets stacked roug hly parallel to one another but

random in orientation about the normal to the layers.  When carbon

black is heated , the growth of the q u a s i - g r a phi t ic  parallel laye r groups
begins at about 1000 °C. In the larger  carbon black powders such as

~ the rmal black , three-dimensional  graphi t ic  s t ruc tu re  is detected a f te r

heating to 3000 ° C. In the f ine r  carbon blacks , a th ree-d imens iona l
g raphit ic  s t r u c t u r e  apparentl y never  evo lves .  The rmal blacks have
neg lig ible oxygen content , and hy drogen present  is from the hy d ro-
carbon raw mater ia l  and is d i s t r ibu ted  throug hout the par t ic le . The
f i n e r  carbon blacks can have appreciable oxygen present  on the sur-
face  of each par t i c le .  The oxygen and hyd rog en comb ine wi th sur f ace
carbon atoms and form a var ie ty  of su r face  complexes. On heat ing
carbon black progressively from 600 to 1500 °C, decomposition pro-

ducts of these surface compounds are  evolve d as C0 2, CO and H2 .
- -  In air , se r ious  oxidation of carbon probabl y begins  around

500 °C. This probabl y does not e f f e c t  the sur face  chemis t ry ,  however ,
s ince all the products  of oxidat ion are  gaseous .  Oxidat ion will  cause
a small pa r t i c l e  to even tua l l y be conver ted  en t i re l y to the gas phase.

(2) Magnes i a

The chemica l  p roper t i e s  of m a g n e s i u m  oxide vary
con siderabl y wi th  the pu r i t y of the m a t e r i a l .  MgO prepared  in the
t e m p e r a t u r e  range  f rom 400 to 900 °

C reh y d ra te s  read i l y even in cold
w a t e r .  Fused m a g n e s i u m  oxides are  v i r t u a l l y insoluble  in w a t e r
exce pt in extremely f in e  powd e rs.  B e c a u se  of the rap id  h y d r a t i o n
hr u ght  abou t  by the p r e s e n c e  ol i m p u r i t i e s , it is e ss en t i a l  to obt a in - 

-

as p u r e  \ I c (  as poss ib le .
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MgO crystall izes f r o m  the liquid in the face centered cubic
system. As with A1

2O.~ there is only one stable crystal form of pure
MgO in the range from room temperature to the melting point at

2800 °C.

(3) Zirconia

Zr0 2 exists stably at ordinary temperatures as
monoclinic crystals. Transformation between monoclinic and tetra-
gonal symmetry occurs at about 1200 °C. This t ransformation is
accompanied by a large change in volume , about 7. 5 percent.  This

• gives rise to cracks and failures in crystals and in ceramic bodie s
cycled through this temperature. This can be ci rcumvented  by
inducing the z i rconia  to c rys ta l l i ze  in the cubic system , throug h the
influence of certain dissolved oxides.

All  natural zirconium ores conta in hafnium. Concent ra t ion s

vary from about two percent to somewhat more. The process of
removing this hafnium is expensive , and the z i r con ium dioxide powder
used to load rocket motors mosi probabl y con ta ins  h a f n i um .  Impure
z ir con ia  cos ts  about $2. 15/ lb . while zirconia of comparable size and
p u r i t y ,  but with onl y 25ppm of ha fn ium costs  about $500/lb.  There
does not seem to be any compelling need to use this  cost l y g rade ;  so
the ZrO 2 mater ia l s  studied in this exper iment  a re  des i gnated “ pure ” ,
when in fac t  they contain two percent  hafn ium.

(4) Alumina

o-A 12O3 c r y s t a l l i z e s  from the l iquid in the rhom-
bohedral system. This is also the onl y s table form of pu re anh ydrous
Al 203 at all t empera tures  f rom room tempera tu re  to the mel t ing  point
a~ 2040 C. Because of th is , t he re  is no d i f f i c u l ty  in i n s u r i ng  that  all
forms of pure solid Al 203 will have the same c ry s t a l  s t r u c tu r e  in
these experiments. It is produced indus t r i a l l y by so l id i f i ca t ion  of
molten alumina , from a sintering process in the t e m per a t u r e  range

-2 t 0 _
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fr o m  1300 to 1700 C , and a l s o  b y c a l c in a t i o n  at a s u f f i c i e n t ly hig h
t . - x np er a t u r e  (1100 to 1300 ° C) of the o ther  forms of a lumin~i . There
a re  a g r e a t  many s table  forms of a luminum oxide when mixed  w i t h
h v d r v x y l g roups  to p roduce  the so-cal led  hyd rated a l u m in a s .  It  i s
n e c e s s a ry ,  t h e r ef o re , t o obta i n as pu re  a f o r m  of  A1203 as p o s s i b l e
s i n c e  a number  of i mp u r i t i e s  can cause  rapid h y d r a t i o n  of ~ -A1 203.

b. Spheroidal  Sample Prepa rat ion

( I )  Carbon

Carbon powders are available as amorphous carbon ,

g r a p h i t e  and diamond. Diamond is not ava i lab le  in sp l ’er i c al  for m  nor
is it poss ib le  to produce it in tha t  form. Th is  r e s uh s  f rom the funda-
mental  c r y s t a l  s t r u c t u r e  of t h i s  m a t e r i a l  wh ich  imposes f l a t  s u r f a c e s

on the pa r t i c l e .  The p r imary  in te res t  of th is  p rogram , in an y case ,

is in amorphous carbon , that  being the form of the m a t e r i a l  most

probabl y p r e s e n t  in rocke t  exhaus t .

The powders  of spher ical  p a r t i c l e s  that  we have  ob ta ined  are  of

ve ry  hig h p u r i t y  and mee t  the size r e q u i r e m e n t s .  The K r e k a  Corpor -

at ion  supp lied us w i t h  amorphous carbon pa r t i c l e s  tha t  a r e  almost

pe r f ec t  spheres  in the 1 . 5  to 8 t 1m r ange  and are  9 9 .9  p e r c e n t  pure

(F i g u r e  I V -2 2 ) .  For the 0. 3 to 0. 8um pa r t i c l e  s ize  range , the Hu he r

and Vanderb i l t  Corpora t ion s supplied us wi th  powders  that  are  most l y

spher i ca l  and are  99 percent  pu re .

( 2 ) Me t al Oxides

Abundant  sources  of these  m a t e r i a l s  in powder

forms are ava i lab le  in a wide a s so r tmen t  of s i z e s .  1-loweve r , no

suppl i e r s  of any  of these  m a t e r i a l s  can claim capab i l i t y  of p rov id ing

sph e r i c a l  p a r t ic l e s .  Conve r sa t ions  w i t h  m a n u f a c t u r e r s  of plasma

arc h e a t e r s,  on the othe r hand , revealed that  it is pos s ib l e  to form

sph e r i c a l  p a r t i c l e s  by mel t ing the powders  in a plasma sp ray .

- ~
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Plasmadyne Corporation of Anaheim , California has success-

fully genera ted  sphe re s  of A1203 and Zr0 2 in the s ize  range f rom 20
to 8Oum. Photomicrographic s tudies  of these alumina and z ir c on i a

— powders show tha t  while sphe r es do indeed ex i s t , the y ield of spheres
is on ly about ten p e r c e n t .  Apparen t l y, th is  process  func t ions in such
a wa y as to c o n v e r t  pa r t i c l e s  to sphe re s  in onl y ove r a f a i r l y n a r r ow

range of pa r t i c l e  masses .  Larger  pa r t i c l es  do not melt  completel y
an d smaller p a r t i c l e s  evaporate  and subsequen t l y recor idense as
many ve ry  small par t ic les .  Plasmadyne has not been success fu l  in

— con v e r t i ng ~ 1gO to spheres .  Tafa I ndus t r i e s  of Bow , New Hampshire
cla im t o be ab l e to p roduce sphe res  in the s ize  range of 2 to 2 O L m
from any one of the t h r e e  oxides of i n t e r e s t .  There fo re , it wou ld

seem t ha t  if th ese compan ies  w e r e  supplied with the proper s ized

powders that sph e r i c a l  pa r t i c les  could be obtained.

The Aerospace  Corpora t ion  is capable of supply ing these corn-

panies with a narrow range of particle sizes , as we are equipped with

a Donaldson par t ic le  c l a s s i f i e r  that separa tes  any range of pa r t i c l e s

des i r ed  f rom powders with a l a rge  s ize  d i s t r i b u t i o n .

Several sources for these oxides were contacted , photom icro-

gra phic s tud ies  of many samples were  made and the powders that
could meet  the program requ i remen t s , a f te r  c lass i f ica t ion  and

sp he ro id iza t i on  were chosen,

(a)  M ag nes ia

We have procured three powders that together

meet  all of the r e q u i r e m e n t s  of the exper iment  a f t e r  c l a s s i f i c a t i o n

an d sphe ro id i za t i on :  F i she r  Chemical  M5 1 .756 17 , K a i s e r  Chemical
325 mesh , Ventron 325 mesh. No at tempt , as y et , has been made

to c lass i f y or sph en i s i z e  these pa r t i c l e s .

.2 13-
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(b) Zirconia

Two powders have been located which, after

classification and spheroidization will meet the requirements: Fisher

Chemical; 2-83 , M L / B , ZxlZO/8404. No attempt, as yet , has been

made to classify or spherisize these particles.

(c) Alumina

The size range f rom 7-9~im of the F isher

- - alumina A - 5 9 l  was separated us ing  the c l a s s i f i e r  and sent to Tafa

Corporat ion for spheroidizat ion.  This  attempt fa i led ;  the powder

• - agg lomerated and could not be plasma sprayed .  Howeve r , by us ing

their  own A1
2
0

3 
powders as a s t a r t ing  m a t e r ia l , Tafa Corporat ion

was able to supply Aerospace with spher ica l  pa rt icles , “ Ionarc ”

A1203-320 and 400. These par t ic les  have a size d i s t r i b u t i o n  from

4-2 O ~ rn and l5 - 3 O ~ m, respec t ive l y ,  and are  shown in F igu re  IV-23 .

C. SUMMARY , DISCUSSION AND RECOMMENDATIONS

Part ic les  of all four  mater ia l s of i n t e res t  in this  stud y have been

levitated and maintained in place while be ing irradiated with intense

1. 06t ~m Nd:YAG laser  radia t ion .

A method of anal yz ing  the spectral emiss ion data has been

der ived  and is presented in this  report .  The emis s iv ity  de pends on

F f i nd ing  the pa r t i c l e  t e m p e r a t ur e .  A procedure  for doing this is pre-

sented which depends on finding a spectral  reg ion , ~~~~ 2000cm~~~, in

which the emiss iv i ty  does not vary  rapidl y with f r e q u e n c y  over a

suf f ic ien t  f r equency  in te rva l  that a slope can be determined.  In view

of the computed part ic le  e m i s s i v i t i e s  shown in Sect ion III , th is  condi-

tion may not be met for some of the mater ia l s  of i n t e r e s t .

Samples of all the mater ia ls  are  available in the s ize  r ange

— requi red  for  the part icle  experiments. Spher ica l  par t ic le  samples of

S 
A1203 and carbon are  avai lable .
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Due to the problems encountered in simultaneousl y levi ta t ing
and irradiating particles , no infrared radiation has been observed
from the hot particles within the period covered by this  repor t .

We believe that s igni f icant  evidence exists that the exper iment
is possible and recommend that it be continued. Specificall y, we

• recommend the following approach:

(1) Use  an infrared detector with the required collection
- optics to observe the infrared radiation from the hot

particle. This will provide a demonstrat ion of the feasi-
bi l i ty  of the ove rall experiment.

(2)  Measure  the particle emission spectrum with a Michelson
S 

in te r ferometer  spectrometer .  The optic s should be con-
f igured  so that calibrat ion spectra from a high temperature
blackbody can also be obtained. The emiss i ty  spectrum
will then be deduced by the methods outlined in this  section ,
or an improvement of these procedures.

I
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SECTION V

S U M \ I A R Y  AN I )  RECOMMENDATIONS

Th~ e~~ a l u a t i o n  of the r e l i ab i l it y  of u s i n g  bulk r e f r a c t i v e  index

da t a  to ca l c u late  i n f ra r e d  p a r t i c l e  e m i s s iv i t y  has bee n the  b a s i c

m o t i v a t i o n  j or  the PO PM program.  In t h i s  r epor t  we have shown

t h a t  pa r t i c l e  e r n i s s i v i t y  c a l c u l a t i o n s  f rom bulk data  may in deed he

v e r y  u n r e l i a b le .  T h i s  emp h a s iz e s  the need for con t inued  e f f o r t s  to

d i r e c t l y d e t e r m i n e  i n f r a r e d  par t ic le  emiss iv i ty. To this end an

a p p a r a t u s  h a s  been a s s e m b l e d  wh ich  l e v i t a t e s and s imu l t aneous ly

h e a t s  s i n g i t -  p a r t i c l e s .  An a l y t i c a l  means  have been de r ived  to

d e t e r m in e  €~rn i s si \  i t ies  f rom exper imenta l  spec t ra l  radiance  meas-

u r t - n w n t s .  Ih e  s i g n i f i c a n t  a ch i evemen t s  in each of the a reas  covered

in t h i s  r e p o r t  and l ead ing  to the general  c o n c l u s i o n s  s ta ted above are

s u m m a r i ze d  in th i s  s e c t i o n . For a more deta i led  d i s c u s s i o n  consu l t

t he a p p r o pr i a t e  s e c t i o n  of t h i s  r ep o r t .

A .  B U LK E X P E R I M E N T

A dc~ i ce  was des i gned and c on s t r u c t e d  for  the m e a s u re m e n t  of

t he s p e c t r a l  r e f l e c t a n c e  of po lar ized  i n f r a r e d  r ad i a t i on  by plane sur-

faced  samples at room t e m p e r at u r e , and hig her , for  a range of m ci-

dence  ang les .  The o r i g i na l l y planned i n v e r s i o n  of the F resne l  e q u a t i o n s

for  v a r i o u s  ang les  to ob t a in  the complex re f r ac t ive in dex was f ound  to

provide ambiguous  r e s u l t s .  The r e f r a c t iv e  index data were t h e r e f o r e

obta ined  by e i t h e r  c l a s s ica l  d i spe r s ion  ana lys i s , or K r a m e r s -K r o n i g

anal y s i s , of the r e f l e ct i v i t y  data ob ta ined  at the f ixed inc idence  ang le

of 45 degrees .

R e f l e c t i v i t y  data between 4. 5 and 25 prn have been obtained and

- • 
anal yzed to de te rmine  n and k for Al 203, MgO and Zr0 2 at room tern-

pe ra tu re  and a t empera tu re  600 °K. S imi la r  m ea s u r e m e n t s  for

carbon have been made onl y at  300 °K.

-2 19-
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~ I In genera l , the p resen t  r e f r a c t i v e  index data fa l l  w i t h i n , or ne a r
the range of values g iven in the l i t e r a t u r e , which a re  mostl y room
tempera ture  values .  The va lues  at highe r t e m p e r a t u r e s  behave qual i -
ta t ive l y as expected , the r e s t s t r a hl  la t ti ce  f r e q u e n c i e s  m o v i n g  s l ig ht l y
to lowe r f requenc ie s , wi th  an increase  in bandwid th .

-
- 

- As e r ror  anal ys i s  of the ca rbon  data  has been made i n d i c a t i n g
e r r o r s  of f ive  to ten p e r c e n t  in n and k for mos t  of the r e f r a c t i v e  index
data , and hig her  u n c e r t a i n t i e s  for othe r va lues , no tab l y for  k ~$ 0. 05.
Di rec t  r e f l ec t iv i ty  m e as u r e m e n t s  a re  not well  s u i t e d  to de te rm ine
small values of k. As d i s c u s s e d  prev ious l y, t r a n sm i s s i v i t y  m e a s u r e-

— ~ men t s  or total a t t e n u a t e d  r e f l e c t i v it y  m e a s u r e m e n t s  a re  capable  of
5-

’ m e a s u r i n g  k down to l0 ”
~, or less .

The t e m p e r a t u r e s  for  which data are  p re sen ted  he re  a re  below
those thoug ht typical  of pa r t i c les  in appl ica t ions.  The m e a s u r e m e n t s
were  l imited by sample hea te r  f a i l u r e , which we do not be l i eve  to he
a major  l imi ta t ion .

The c o n t i n u e d  bulk m e a s u r e m e n t  program should inco rpora t e
the fol lowing improvements  to the bas ica l l y opera t ional  bulk experi-
men t.

U Improve the t h e r m a l  contac t  be tween the  hea te r  and

sampl e so tha t  sample t e m p e r a t u r e s  in e x c es s  of 1000 K
may be ac hieved.

(2 )  Improve the chopping sys tem in the expe r imen t  to provide

more e f f i c i e n t  chopping.  This  should improve the s igna l -
to-no ise r a t io  by at l eas t  a fac to r of th ree  to f ive  and

thu s lower the e r r o r s  in r e f l e c t i v i ty  m e a s u r e m e n t s .

(3) De te rmine  t h e o r e t i c a l l y if 45 deg ree s  is the opt imum
inc idence  ang le for r e f r a c t iv e  index d e t e r min a t i o n .

(4)  Devise  a t echn ique  comp lemen ta ry  to the p resen t  ref lect -
— ance t echn ique  to de te rmine  a c c u r a t e l y low va lues  of k ,

especial l y for  heated samples.

-220~
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- - - B. PARTICLE EMISSIVITY COMPUTA TIONS

The em i s s i v i t i e s  expected for spher ica l  p a r t i c l e s  of a v a r i e t y

of radii  have been calculated by Mie theory f rom complex r e f r a c t i v e

indices de te rmined  in the bulk r e f r a c t i v e  index m e a s u r e m e n t s  pro-

gram. These ca lcu la t ions  ind ica te  the e m i s s i v i t y  of small pa r t i c l e s

depends c r i t i ca l ly on pa ramete r s  which are  very likel y to change
markedly be tween bulk and par t ic le  condit ions.

The ca lcula t ion s show e m i s siv i t i e s  g r e a t e r  than uni ty which a re

caused by expected resonance e f fec t s  between v ib ra t i on  modes of the
part icle  and the in f ra red  rad ia t ion .

The e m i s s i v i t i e s  are c r i t i ca l l y dependent on s ize .

The e m i s s i vit i e s  are s t rong func t ions  of f r e q u e n c y  in the spec t ra l

range corre sponding to the r e s t s t r a h l  bands in the bulk m a t e r i a l .  In

this  same spect ra l  reg ion  the in t e r ac t ion  between pa r t i c l e  s ize  and

r e f r a c t i v e  index is s t rong ,  complicated and d i f f i c u l t  to pred ic t  without
S a full  Mie theory anal ys i s  for  pa r t i c l e s  in the resonan t  f r e q u e n c y  s ize

range.  The reade r is reminded of the Al 203 par t i c le  emiss iv i t y

spect ra  p resen ted  in Section III as  an example. —

In the spectral  reg ion of wavelength short  wi th  respect  to parti-

cle size and where low values of k occur , the e m i s s i v i t y  depends
di rec t l y on the value of k. See Fi gures  111-27 and 111-28 for example.

The observed e m i ss i v i t y  of par t ic les  large compared wi th  the

wavelength of rad ia t ion  and away from the reststrahl  reg ion s is

expected to be d i f ferent  than the computed emi s s i v i t y  because  of the

dependence of emi s s iv i t y  on k and the l iklihood that  values of k in

pa r t i c l e s  will  d i f fe r  si gni f icant l y from bulk values due to imper fec-

t ions  in the par t ic les .  This resu l t  of the theoret ical  calculations

emphasizes  the importance of observing experimental ly the emission

from sing le par t ic les .

The theoretical  analys is  ef for t  should be continued to determine

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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C. PARTICLE EMISSIVITY EXPERIMENT

An experimental apparatus has been de s igned and const ructed

which has demonstrated the capabil i ty  to levi ta te  and s imultaneously
i r radia te  with Nd:YAG laser radiat ion sing le part icles of AI 2O3, C ,
MgO and Zr0 2 . Anal ys i s  indicate s the observed laser  intensi t ies
should be suff ic ient  to heat the particles to temperatures  approaching
the melting point of A12O3.

Analyt ical  procedure s have been devised to de te rmine  the

emiss ivi ty  of the par t ic les  from observed spectral  measurements  of
the intensi ty of the emit ted radiat ion , providing a spectral  region of
nearly uniform par t ic le  emiss iv i ty  can be found in the Z000-8000cm~~
region.

The d i f f i cu l t  problem of s imultaneously l ev i t a t ing  and i r r ad i a t i ng
a par t ic le  was solved shortly before the close of the time period
covered by this report. Therefore , no the rmal energy from a single

F particle has been observed .

The continued s ingle particle emis s iv i ty  exper iment  should
incorporate the following steps:

(1) Detect  thermal radiation from a laser  heated levi tated
par t ic le .  This will provide an empir ical  demonstra t ion
of the feas ib i l i ty  of the experiment.

(2)  Inc o rporate the fas t  scanning Michelson in te r fe rometer
and hig h temperature  cal ibrat ion source into the experi-
mental apparatus to measure  the spectral dependence of
the emitted radiation .

(3) Determine from the emission measurements  the e m i s s i vi ty
of small spherical particle s and compare wi th  the theoreti-
call y computed emiss iv i ty  values .

(4) Extend the measurements  on s ing le par t ic les  to non-spher ica l
shape s and othe r mater ia ls .

_ 2 z a _



- - 

~~~~~~~~
- 

~~~~~~~~~~~~~~~
- 5-- -

~~~~~~~ -- -- ,5-—--.—5- --’5,-’ - --“—-.5-

- 
D. GENERAL CONCLUSIONS AND RECOMMENDA TIONS

The computed emissivi ty of small part icles can be expected to

differ  widely from the observed emiss ivi ty, based on computations

• presented in Section III and summarized above. This provides a

part ial  answer to the fundamental quest ion to which the POPM pro-

g ram has been addre ssed. This analytically derived answe r should

be verif ied b y empirical s ing le particle observations.

We recommend that in the near  fu tu re  the highest pr ior i ty  in
F 

- the POPM program should be g iven to the single particle emiss iv i ty
5- 

- experiment. A lower pr ior i ty  should be given to the theoret ical

analysis  of non-spher ical  shapes. At  this time the bulk r e f r ac t i ve

index is also of low p r io r i ty ,  but in the more dis tant  fu tu re  bulk data

will be required to anal yze the then ava ilable single particle data.

Therefore  the improvements in this bulk experiment outlined above

should be implemented on the basis  of non- in te r fe rence with the

part icle experiment.
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THE IVA N A. GETTING LABORATORIES

The Laboratory Operations of Tb. Aerosp ace Corporat ion is conducting
experimental and theo retical investigations necessary for th . evaluati on and

appli cation of sc ientific advances to new military concepts and systems. Ver-
sat il ity and flexibility hav , been developed to a high degree by the laboratory
personnel In dealing with the many problem , encountered in the nation’s rapidl y
devel oping spac e and missile systems. Expertise in the latest scientific devel-
opmente Is vital to the accomplishment of task , related to these problem .. The
Laborator ies that contr ibute to this research are:

A.rcphysics Laboratory: Launch and reent ry aerodynamics , heat trsns-
tsr . reent ry physics, chemical kinet ics, str uctural mechan ics , f light dynamic ..
atmosp heric pollution , and high-power gas lasers.

Cb.mistry and Physics L aboratory : Atmospheri c reactions sad atmos-
pheric optics, chemical reacti on. In polluted atmosp heres , chemical react ions
of excited specie. In rocket plume., chemical thermodynamics, plasma and

- 
- 

laser-induced reactions , laser chemistry, propulsion chemistry, space vacuumr and radiat ion effect. on material. , lubrication and surface phenomena , photo-
sensitive materials and sensors , high precision Laser ranging , and the appii.
cation of physics and chemistry to problem. of law enforcement and biomedIcine.

Electronics Research Lab oratory : Electromagnetic theory, device. , and
pr opaga tion phenomena. includ ing plasma slectr oinagn.t ics; quantum electronics ,
lasers , and electro- optics; communicat ion science. , applied electro nics, semi-
conducting. superconduct ing, and crystal device physics , optical and acoustical
imaging ; atmosp her ic pollution ; millimeter wave and far-inf r ar ed technology.

— 
Materials Sciences Labor atory: Development of new materials; metal

matrix composites and new form , of carbon; test and evaluation of graphite
and ceramics in reent ry ; spacec raft materials and electron i c ~ompoi~onts in
nuclear weapon , enviro nment; application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals .

Space Science. Laboratory: Atmospheric and ionospheric physics , radia-
tioa £ rem the atmosp here, density and composition of the atmo sphere, aurorae
and eir glow; ma(neto.ph.rlc physic. , cosmic ray. , generation and propagation
of plasma waves in the magnetosphere; .olar physic. , stud ies of solar magnetic
field. ; space astronomy, x-ray astronomy ; the effects of nucl .ar explosion. ,
magnetic storms , and solar activity on the earth’ s atmosphere , ionospber.~. and
magnetosphere; the effects of optical, electromagnetic , and particulate radia.

F : 
- 

ti ons in space on space system. .

THE AEROSPACE CORPORATIONr El Segundo. California


