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L IGH1 ~iA ~ II ~~~ ~0M iRREGU LAR Dli I I Cl l~l C - ‘AC T I I L I  S

C r i ’~ W or d

I n t i  ~~ I t  ~ Ii

Accurate e\pI ’ I  rre r it ~ 1 t I  i t ’fl~t ’ T 1 t  S O t  ~~~~ t e i ’ I  ~() t t ol l ~t’I O ’0i i ~1l’

F dielectric parti ~1t ’ . ot known ‘-. i .e  and ‘~hapt ’ . t t t ’  nei’dt iI to  ~‘t ’ t

t heoretical C a l c u l t ~ io?1s ~~~t o t t e r ! n f ~ ‘ 1 0 1 1 1  t : - ” .3 ’ ol’ t~~~~~S w 1 i t ’ n

wa velength of the t l ~ ideut I O U  i i t lol i~. L 0 l ~~’ l I 3 I L t l t ’ t o  t i t ’ po rt  I d e

di~;iensi~~n. F b i  ~nd and Ga~iiit’ [1  1 bOyd node ¼ t ’ t ’ lii i ll’ t ’ , l  i t t ’ f l t ’ l l t ’  I l oin

irregular s i l l  to  pat t i  ~ 1t’~ t ro n  10 t o  1 (~n , t f I l ( t  I flu • . i & I I l  $ 1 t Ili t

deviation ’. t rein ‘ p P l t t~ al iiodt 1 ~~~. Pirn ienter I ~
‘ - 4] h t s  ii’~’ io i t ’ ed  i ’

~ngU lar di’. t r ibut I t ’I I of s~ ~t ((‘I ir i g rum i iit t *j tu l  ~ 01’ I dill t ’d s ~~~ I ’

part icles ot qu . i ’ . i—t ’ l  l ip’ .oida~ b i S O ; , and .iI~.o t ; nd .  ‘. I t I t l j  i~.of l~
Uevj a tj ons  fr1’’’ . ‘ P o t  c~ l pa r t i c i t ’  ‘.~~ I t t o r 1 f l t I  1 1 t h ’  HI. k s & o t t e r .

Pi nub ck • Car r~t 11 and ‘
~~~ t i i i  I 01 [5 ]  tnt t ’~Ilt’dd t ho i t t  en n~~ t r ~~I l

1 UIII~)S of  NaC 1 a o l  ~- ‘O~ p It ’ I I ‘~~ • and ft~ md i 01 ,i i 0 It ’ o’ t h

si~ c parafl ieter’ ; ]~~~t ~~‘t  i i ’  i l ’ ~it i t  5 , Mi t ’ t ht ’ t f ’ \  t i \ t i ’ t’’,t  u n it t ’ -, t ht ’

s ca t t er ing at  ho tL ’ .~ ot t e r  IlI~ 1, ’ ,.

I ect I

L ID AR th1Cd’ , t h I ’ I I d l h t S  of  ~t t l nt t .p ier Ii Jdt ’ 0 -. t I  Is  ut I I I  :o I lie SP PO I ’  a 1

part ic le model and look at ~a ckscO t  t e r . We ~~ched to t ’\ tC ’f l d the

measur ements of scat te r i  nq from i rrequl or part  i cl es to ~inq1 es ver~ cl Ost ’

to backscat te r to see how s o t ’  ions an error is being introduced by

neq iect ing par t ic le  shape. We also wanted to dctennin~ whether an

U - 1 -
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ensemble of 1u~’t ’ led irregul in part ic le~ could he represented by an

equivalent sphere in the back sc at ter  ranoe as it can he in tot ’ I- .-a rd

sca t t e r .

Al Ij~P~ a01’

Mi e scattering f rom low—loss  spheres of O f i d  si ~o has very

prono unced s truc ture , which is washed out. by si:e dispersion or

by departure from spheric al shape . We elected to wo ’L c ith

optica l scatter ing in the la boratory ~ i t h ae,’o~o1., o ! :ontr i i 1r~1

s i ze , shape , coniposi ti on , and s i z e  di s pt ’ rs ion . ‘~o I Io l i  sL ’er s ions

of part ic les of known s ize and shdpe were ~‘ t ’ ? IC t I  ted ~ a

Berg lund— Liu [6] v ibra t i  flu —o n fi cc aerosol  q~nt’rator . Cart it e

shape and s i z e di str ibut ion was ~,,II1 to reci by S[M phot i - I t -aphs

The . 1 ight source w a s i pulsed ni troqcn 1~ u~et’ p Jm pin~l a

dye laser. Pulses were typ i cal lv 10 CW 4 ns T W OM at 627 om ,

10 pps.

The p o l a r  nep ha 1 o,:;i’ter went through three m odel s. ~ht f i i’s t.

model used a scanning mirror mounted on an animi to Somoic and

ref lect a 1’ x 1’ portion of the scattered l ight to a small mirror

on the axis of rotation , and out through the tube on which the

arm pivoted. The scanning was contro lled by a steppin u motor.

Li ght was ana lyzc ’d by a f i xed  quartz ana l ys i s  prism , de tec ted

by photo~nuit ip l iers . Mechanical overshoot was a problem . The

second model, used to obtain the data reported herein , used 96

- -
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f ixed mirro rs j r  ~‘ lacc of t he scaniuin~ 0 1 1 1 1  ( ‘  i I. 1Ut’e 1) • ~~ , t i  u I

was accomp i ished by ro tat  I n~ a s m a l l  1 .~’ di au~e t t ’r mm iro n on

the ax i s  of iota t iofl tlleLI’;h I. O’lt t’oil ed b’ a -‘t e;p i Tia motor .

the svs t e~ ha d ro  pt’ ot tlenm’~ w ith hu e,. lian i ci l t ’1t ’ r . $ I oo (  T h e  —

scannin g was 31I. iI.’t ’ l~ l ism ’ed ’ ii ~
‘‘

~ sec • 1 ~mi I t -d l v  f l h i u ’ l ’ t.I L”t’ PilIlt 1

t ’ate. The t hi ,‘a moUel • ~h P is bei f l I  tt ’ s t H a ~ t ’ u ’S o ’ i t

e l iminates s c a n u m m I l  ~il t,.’qet l ier.  it uSd~. I ‘ 1 0 1 ’ o ht i c ~ ~it 111:105

se lected by a Coc ku s — ’ i i b o r t  [7] r iutin e , 0 1 v l i ’ i cuu .  t ’n~~t hs so

as ~to delay each scat te red ~ulse by a d i ’  It t i lt ilIdU’’~ , 1 ’  ‘111 ( 1

an optical para l lel — t o — s e n  ~l pu1 se conver t or . t he lem , ;ei f~ :‘ers

not on ly have mo re de1a ~ • they hove h it i ’n r  I~ s ; , d ’~l t lO t  O l t ’ l i i , .  t ’j

strategical ly  at angie’. where s c a t t e r i  fifi i S  St T O ! l ] t  r , ~0 t h e ’ O

is com press ion of ho d~ t io i i i , .  r J?1 ~m o of the le t t o t o t ’  ‘01 ‘~~t . lit’

fiber bundle qo t s  to a phot ’i~ul t ip i l et ’  ( Id te Ctol ’  ) i ~ re

The chamber ~: m t he t h i rd  model c o a t d in ’ . ~ t ’t 1V 1 l i 0 f l S  lw s : lsv , t ’ s  Ohm

of a single or ient ed part  i d e , and is VaC UUm— t iaht  . ~~~ u-c’

attempting to ca pture sinqle pa rt iLle s a f t i r  scat  ~u n i ’ l ’i on a q la - ,s

SI ide arid to pm ’epat ’e  t ‘icr’i I or S[~° ph o t  ot i’ ,t~01’~’ i n  t h ~ s a ’ m o II’: a r I t  ‘

The third m odel n~’ov ides a pulse t ra in  w i t h  the s o i t  t o t - i n g  ~nio rmat  I ’ ’

obtained f rom a si niil e 1 a’ .er pul ce I n~ i dent on a s i no le or ient H

particle.

The data acq u is i t ion  u~ v stem was des i i t ’ l  and I i  1 t at t me

Uni vers i ty ot Florida , wh I cli was a in st 1ike . It del I \  e l  the pt.oa ram

at least two years. It ~ons i s t s  of a fast  s a i m ’ l e — t o d — h o l J  un i t  t on

each of tw o photomu l t i pliers , one for each pci at’ I :at ion channel • an

A/D converter , paper tape punch , and control lt ’uk iic . it could captur e

the 4 ns pulse and perform a 12—hit  dig it i z a t i o n  reliibl ’.. (T l ,~

~~~~~ 
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deve lo p b’ emt t p u u . ) t ’u ’ ’. wu t - , du’’ to noise p i c k  ii I rat ’ ‘ t o  t ,‘ ,l i i i  i n  h

nitrogen Ia~ er , Ltem u bi’ ie I ~
.‘ i  t ñ  per~ onrioi c h i me s i i ’  I t  Cie  t uumics

Sho p.) At t~me t i m e  it ~•, i s  I u~ It. it ex c e eded  t m e  c a p i b m i l t i c s  a ’ any

coniiieici -il i -  aVd i i d h l e  equ~ pc’en t . or t P e  thi t i  i um dt ’l lirp h i t i ’  i’m , a 
—

di f ferent do t o a c i i  s i r  i ~~m i s~-s t o ’ ’ is i’r’iu H, ~ u 1:  a~ T oP ‘~7 1 2~~ d1 ) .

The prc’~~t t u i , .  m.a ~ to  b~ i 1 d t ~ ice u’a t n .  t e s t  ui P ~.p ll( i’t S  i d

compare wi th ~‘~i~- titor , ’ , t o t  w i t u  e l l i c’ . ids and c c ’  t rO  1’~i t ’ i

published reuui  tu ~ om at ‘ ict ’s , then pr,.- c (‘ t O  t o  t o t es  i’’d üt “e u s~~opes

we manufact ure.

The ca l i bra t ion or u t  a p pa lO  ins 15 s m ,  i i i  ‘ i , . ’ 3. The unet ’’

curve shows ti ’e i \ L ’  i m ’ e am ’ ,t I data ; o i n t ; w  i t im i r m d i v i d , .  !~ COl t’ aci r u.

together w i t~1 t o  t ~eOl~ t m c i i  c u r to  c a l  cu l  a t  od ~rc ~
‘ i’ t u c ’1,r , •

using the index of r e f r a c t i o n  and size d i S n i l .~ ’ifl d a t e  orcv~~ic’d I .

the  manuf actu rer . There are on1~ t o e  ad uu~t ab le  c o n s t a n t s  a i t ’ i e t h c ” :

the gain of eac h o l io t  o:~~ It m l  len . Ca l i bra t iom ,  runs OOt t ~Lo -  ‘ o t t - r e

and after eac h ~‘xa ~’r i u e , m t a 1  run i ’ i th  non- sp uer ical  ea r t  id es . ,1

this case we wo~ 1d e\~ e~ t t i e  data to aut ’ec w i t  mm thc tdo ’ iret ical t,i t~~ C .

and to the extent that it does not , fur t he r impro~ c ’nmt ’ n t in c mi ’

experimental proce dure s is indicated. A SENI Ohe toira1 h of t h e  ca l l t ” m t  ion

part ic les is included. The f i t .  in Channel is ver~ ‘aced , and in Cl’~ ’un~ l

1 it is fair .
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The data ta ken from Cladospori urn part i ( l o s  is shown in El qure 4.

T he theoretica l curves are the best f it that c ou ld  i ’~ obtained by

us ing a spherical part ic le model and varyin g the s ize  paranie ter.

The fit is qual i tat i  vel y correct in the middle ranqe of scat tori U’)

angles , but does not f i t  the data as wel l ~1s in the ca l i bra t ion  run .

Th is difference in good ness of f i t  indicates th a t  the tumbled

Cl adospori urn parti ci es are only crudely represented liv a cp he i’j ca l

scatterer. An SEM photograp h of a ci adospori Ufli spi~ t ’i’ is shown .

(The SEM preparation process has dried out the Spore SO th at i t

has par t ia l l,y co l lapsed , but i ts ot’ i qi nal s pht mr o i dal shap e is

discernable.)

The data from NaC l crystals is shown in Fiqu t ’e  5 .A’~,iin t ~n’ t h u - re ’ m c i l

cu rves are the best f it that could be obta i ne d us i no a ‘phor i  c a l

pa rt id e model and vary i rig the si ze paraine (o r ( t it’ index of no fna’ t ion

is known) . The SEM photograph shows that we have avoided

c lumping of the sal t  c rys ta ls  through het ,a-pu rt i c l e I rradi ~t t in of

the aerosol . ( It is questionable if the par t i c les  are rounded on

only one side as shown ; the shape has been i nf l noticed by the ,o lU ’c  t I -

and/or samp le prepara ti on process. The vol utite is correct . ) t !i’ c i t

that the spher i cal par t ic le model is qua ii ta t  I vol V co t ’ nec  t • h u t  i t

does not f i t  the data as we ll as it did -i n  the  cali b r a tion runs . 
•
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Conclus ion s

We have constructed a d i gital polar nephalo rneter which takes

accurate detailed scatterin g pa t terns from i rre r,ular dj t ’ 1p~ t ri c

particles of known and irregular shape in tumbled nionodispersions.

The accuracy of the apparatus at this point is i nd ica ted lv  the

calibration runs in Figure 3. We have taken subsequent sc tterin q

patterns from two different types of i rregular p a rticle - abo ut

which we have index of refraction inform ation and some shape

information. The data is not wel l  f i t  by any sort of equivalent

sphere model; therefore tumb l ed irregular particles do not scatter

like eq i valent spheres .

Further work is warranted. ~he data is of sufficiently high

quality to lend i tsel f to f i t t i n t  w i th  t heor ie’~ for irregu lar

particles[8]- [i 2].

5 — 1 1 —
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I
Major Department: Electrical Eng ineering

A digital polar nephalometor has been constructed to

measure the intensity and polarization of light scattered

from aerosol particles of controlled shape . The scattering

at 94 angles (0° to 180° in 1.8° intervals) is di gitized by

a fast  sample —and-hold circuit and recorded on punched

paper tape . The light source is a dye laser pumped by a

120 kilowatts nitrogen laser , providing approximatel y 10

kilowatt 2 nanosecond pulses at a chosen wavelength across

the visible spectrum . The device was calibrated with poly-

styrene latex spheres. Sample data for spheroidal particles

(2pm cladosporiums) , and cubical particles (4pm NaC1 par-

ticles) formed by a Bcrglund-Liu aerosol generator , are shown .

It is found that the backscatter from nonspherical particles

differs significantly from that for spheres so that a tumbled

irregular particle is not equ i valent to a sphere .
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CHAPTE R I

INTRODUCTION

The experiment described in this thesis was performed

to provide data to test and compare existing theories of

light scattering from irregular dielectric particles.

Several theories giving both exact and approximate solutions

have been put forth independently in this area in recent

years.

Ward [11 has an approximat.e solution for convex par—

4 tid es using the Raylei gh hypothesis. Y - h  and Barber 12)

have a n e a r l y  exact  s o l u t i o n  us ing  Waterman ’ s extended boun-

dary value approach L 3 1 ,  properly t reat ing  the region outside

the surface  but using an approximate extension between the

i r regular  surface and the inscribed sphere . Eiden [4]  gave

an exact solution which t reats  i r regular  par t ic les  as spheres

wi th  a wave number k which is an a rb i t ra ry  funct ion of posi-

tion , which he app lied to objects with one rota t ional  axis

of symmetry. Herschel Wiel extended his integral-differen-

t i a l  representat ion of induced surface currents  and their  re-

radiated field from conduct ing obj ects to dielectric objects ,

namely thin d isks [5). Ward gave a solution us ing  a general-

ized boui dary value approach [ 6 ] ,  but wi thout  numerical  re—

su l t s .  Acqu ista  [ 7 ]  h at -. (lev( ’loped Shi f u n ’ s in t e gr o d i f f e r e n —

1 
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tial equation [8] into a potentiall y useful approach .

These theories need to be further expanded , applied , and

compared to de termine the range of validity of each. Our

role is to provide fur ther data of high accuracy and hi gh

resolution against which these theories may be checked by

other workers. We have calibrated our apparatus with

spheres , for which the theory is unquestioned , and have

gone on to take data for some very simple shapes. Close

attention has been given to measurements near backscatter

in the range 160—178° where little published data exists

(Pinnick et al. [9] have data to 170°), and where the

scattering is strongly affected by shape .

The experimental work is done t.o obtain a relation

between the shape , size and refractive index of the scat-

terer and the angular distribution of the scattered light .

Accuracy is of great  importance to elucidate the e f f e c t s

of the variables invol ved. The instrumentat ion must be

carefully calibrated. A polar nephalometer is used to

measure the angular distribution of scatte red light in two

polarizations. It consists of a light source to illuminate

the particles , a means of collecting information by scanning

the scattered light , detectors and a data recording system.

Many varieties of polar nephalometers have been con-

structed and used and are be ing used for aerosol measurements.

Ours is unique in its angular range , dig ital data acquisition

system , and tuneable laser source . The information obtained

is in form of intensity and polarization of the scattered

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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light which later is used to find the properties of the

4 scatterer. Accuracy and economy were the principal con-

siderations in desi gning the experimental apparatus .

The history of polar nephalometers goes back to Elter-

man ’s work (1952) with searchlights which could be terme d

an early “polar nephalometer. ” In 1960 B. S. Pritchard

1~nd W. G. Elliott [10] used tungsten filament lamp with a

calcite polarizer as a source with a synchronous motor to

take the scan. Angular resolution was said to be 2° to 7°

chosen according to sensitivity measurements. Ang le range

was not given. One photomultiolier was used for detection .

Information was recorded on a chart recorder. Calibration

was done with a then new procedure which emp loyed a diffusing

plast ic screen of known r ef lec tance  and admi t t ance  as a
4

s tandard .  In this  case the sample volume was out-side in

the atmosphere .

The fo rmula t ion  a-n~~ mode1ing of l ight scattering pro-

perties obtained from experimental  data was tried by Kurt

Bulirich (11] in 1964. He was intere sted in the scattering

function and polarization of the light scattered by a volun’~e

of air. His light sources were a 500 watt hi gh-pressure

mercury lamp for short waves and a 1000 watt high-pressure

xenon lamp for visible and near infrared reg ions. He used

a “Waid ram i r is” to keep the sample volume constant and

e l iminate  the back ground i l lumina t ion. He also used a photo-

multiplier for detection .

Ii ~: 

_______ 

__________ 

1-
~~~~~

-5 -- - _________________________.



4

Reiner Eiden [12] studied the polarization (1966) to

de termine the imaginary  part  of the re f rac t ive  index and

ae rosol size d i s t r ibu t ion. He used a polarized xenon pres-

sure lamp with uniform spectral emittance as a source to

scar: an angle range from 500 to 160° in lO °intervals. A

photomultiplie r tube was used for detection . He measured

the aerosol size distribution for the particle radii from

.1 to 3 pm , and pointed out that 70% relative humidity

was a dividing line for aerosol growth because of the con-

densation of water vapor upon the surface of the aerosol

particles. Using three different wavelengths (.443 , .548 ,

.639 micrometers) he stated that the accuracy of the mag—

nitude of the refractive index was 1~.. His results were H

a f f ected by the tu rbulence of du st in the a i r  since he worked

in the actual a tmospheric cond I Lions.

The f i r s t  ca re fu l  laboratory experiments  on i r regular

particles ~~re carr ied out by A . C. Holland and Gagne [13].

They used a tungsten halogen lamp and a recording polar

nephalomete r consist ing of two identical telescopes , one

fixed at 11° , the other scanning a range from 18° to 166° .

The particles were carried by a jet of dry nitrogen gas.

The ca l ibra t ion  procedure was based on using a standard

sheet of known reflectivity . Photomultipliers were used

for detection. The particles used were 5pm silica with a

refractive index of 1.55. Measurements were made at two

wavelengths.  They concluded that the li ght scat ter ing for

L a pol ydispersion of randomly oriented ir r e g u l a r  pa r t i c l e s

~

--
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was very similar to t h a t for spherical pa rticles except

near  back—scat  i& r i nq whe re the di fforences were s t r i  k i n g .

Studi es co Uec t i n q more i n fo rma t ion on complex inde x

of re f rac t ion  of atmosphe r ic aerosols have been made by

C. Crams [14] f rom 1973 to date . His  polar nephalomete r

moves the chopped He-Ne laser light source . The angular

range is l5°— l6~ °. Angular resolution is limited to •50 ,

l~y photomu ltiplier field of view. In these airborne

studies , particles are also collected with am impaction

device fo r microscop ic artaiysis . Mie theory  is used to

fit curves for various complex indice s of refraction and

size distribution functions.

H . H.  Hlau et ul . . ~J ~i co n s t r u c t ed  a p o lar  n e p h a lo —

inc Ler in 1970 to  st u dy  sph e ~ I en 1 M i t ’  i;c,: t t e  r i n g .  A H e—Ne

I user  was usc’( 1 t o  _~cai: a l t  u n g u  1 a r range of I 0° — ] 7 0 0  . A

I - ph ot  ~-unul t i p I 1cr was usc ’( 1 f o r  ~~~~ ‘ tee t ion . ‘l’he scal t~ ’r ers

Were  sUspefl(lOd I n an c i  (‘C t r i  e i ci d ; Si V-C ranged f rom 7. 5pm

t 

to 11pm in  d i  a m e t c i -  and m d  Ices of r e f ra c t io n  front .1 .55 to

1.63. C a l i b r a t ion procedures were not m e n t i o n e d  i n t h i s

pape r . 13 1.au et u l .  [16) constructed another nephalome t:er

to dete rm ine wat er  d rople t conce n t r a t i on s and size d i s t r i b u —

t ions. In this case a Ga—A s diode laser with .6W Cw ou tpu t

at 8500A ° was used , the s cat ter i n g  was measured  n t  30° , 45°

arid 60° . Cal ibrat i on was made by a known size  dr o p l e t .  f rom

a hypoderm i c in  ~ ‘c t ion  need 1 e . A photoinu 1 t 1 p1 i c: t ube was

used; the pu I se he i cj ht was I ak en  as i)r ()por ( i .onal t 0 pro J e C ’ tt ’d

area , and pul s’ i-at -c as proisotLiotril t o  p a i l  I c  i t ’  d ensi  t -y .

in b f t h  (‘ .1505 the a n q u l . i :  i c r ;o l  ul ion was ess t h a n  1° .

_____ 
_ _ _ _  -.
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A very fast instrument for measurement of light scat-

tering was made by Gucker et al. [17). The system used a

He-Ne gas laser with 50MW output power at 6328A. Scanning

was made from 7° to 173° and 187° to 3530 in 14.5 msec.

Photomultipliers were used for detection. The instrument

was calibrated with polystyrene latex particles. More

complex instruments have also been made, for example that

of An on J. Hunt and Donald R. Huffman [18]. They used a

piezo-birefringence modulator to modulate the polarization

state of the incident light beam, which was a collimated

high pressure Hg lamp. Detection was done by a photomul-

tiplier tube covering an angle range of 0° to 168°. Their

results for latex spheres agreed with Mie theory . They

concluded that thc f luctuations were due to the additional

particles in t h e  l at e x  sols tha t  were not specified by the

manufac ture r .

Many d i f fe :r en t  forms of aerosol s iz ing and count ing

instruments are commercially available. The problems with

these instruments are calibration and maintenance . With the

utmost care still the accuracy of 10% in sizing becomes an

optimistic estimate. While this continues to be a practical

problem that has not been solved yet, there is a reasonable

agreement between the integrated scattering coefficient for

irregular particles and equivalent spheres fitting the same

size distribution . So-called integrating nephalometers

measure all the light scattered ray between 60° and 120°. —

Irregularity of the scattering particle has little effect on

~ 
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the total scattering into this angular range. A comparison

4 of this is g iven in a recent paper by R. G. Pinnick , 1). E.

Carroll and 1). 3. Ilofniann [19]. The objectives of this

experiment are similar , but the experimental techniques are

different. Pinnick et a]. used an argon ion laser of 2W

output power at 514.Snm . All measurements were made at

this wavelength. The scattering was collected throughout

an angle range of 10° to 170°. Several non xlispersions of

polystyrene latex , salt , and sodium chloride were sampled.

They concluded that; the scat:terinq might be modeled with

some success us ing Mb theory for spherical solid particles

of equal cross-sectional area , p rov iding  the particle size

parame te r is less than about 5. For l a rger  p a r t i c l e s , they

found that  Mie theory ove rest imute d the scat t e r  i n  in non—

‘ forward ang les .

This pa r t i  ciii a:- research .1 1 ms t o he I p f i n d  a be t:te r

model for u g h  t~ scat- te n r ig f rom I rrequl ar shapes by exper—

iment i  ng i - u t ! : ~ vu ri  e L y of shape s and s i zes of ae rosols an d

wave l ength s  of incident  li gh t .  A t: t h is  p o i n t  of progress we

were only able to exocriment with three shapes of one size

each u s i ng  one wavclencth of inc iden t  light - .

- —

L~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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I = + E

1
E
1

>

Q = <E,,, E,, , - E
1

E
1

>

U = <2Re(151,E
j
)> = <E~,,E

1 
+ E

j~,, >

V = 21m(E,, Ei) > = <1 (E,,~ E
1 

+

ii - parallel component

- perpendicular component

* - complex conjugate

and E1, U and V characterize elliptical polarization ,

k is the wavenumber of incident light. The scattering

matrix (S1~ ) is a 4x4 matrix which can be reduced to less

than 16 elements depending on symmetry considerations in

various scattering situations. These elements can then be

related directly to the intensity functions obtained from

Mie theory . The intensity functions are given in terms of

the particle complex refract ive index in , size parameter x,

which is the ratio of part icle  circumference to the wave—

length and the angle from forward scattering direction , 0.

For ~~~~~~~~~~~~ - . ~ ing in a medium that is isotropic and free

of optical activity the scattering matrix is found to be

S11 S12 0 0

S12 S22 0 0

S. . =

3.) 0 0 S33 S34
0 0 —S 34 S44

S
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For single homogeneous spherical particles ,

S11 
= 12(m,x,O)

~22 = 11(m,x ,O)

S12 = 0

S33 = S44 = L ( m ,x , 0)

S34 = D(m ,x ,0)

The intensity functions:

I~ characterizes the perpendicular , 12 characterizes

the parallel polarizations where L and D are for elliptical

polarization.

This theory for the characterization of polarization

is not Shape dependent .  The values  of the elements depend

on shape . M e a su rem e n t s  of the  average i n t e n s i t y  of l igh t

scattered f rom u n i f o rm  polystyrene latex pa r t i c les  were made

f or comparison wi th  Mi e s c a t te r i ng  theory (see Appendix I i ) .

Th is is used for  c a l i b r a t i on .

The scattering of electromagnetic waves by an e l l ipsoid

of arbitrary size and optical properties may be solved exactly,

using the method of separation of variables. The procedure

would be to formulate the problem in ellipsoidal coordinates

and express the solution of the wave equation in a series of

ellipsoida l harmonics. However , Stevenson used a dif-

fe~rent approach by showing that the genera l solution of

electromagnetic scat ter ing problems can he expressed  as a

(
~ 

powe r series in the r a t i o  of the d imens ion  of t h e  s c a t te r e r

. 
- -- - - 
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to the wavelength (see Appendix I I I ) .  We used this theory

to analyze scattering by cladosporium spores.

While the exact solutions give a means of standard

to check the experimental work , solutions for irregular

particles are not yet well known.

Further studies have been made on the subject which

will not be explained in detail since it is beyond the

scope of this thesis.

I
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CHAPTER III

EXPERIMENTAL APPARATUS

A polar nephalometer is constructed to dig itize and

record light scattering measurements (Fig. 1). It consists

of a scattering chamber , nitrogen pumped dye laser , digital

data recording system and aerosol generator . The tumbled

I~ n~~ispersions generated by the vibrat ing o r i f i c e  aerosol

generator are i l l u m i nat e d  by the laser beam in the scattering

chamber. The scat tered l i ght, i s  c’ollectcd by the photomul-

tipliers at several. angles. ‘l’he detected signals are sam—

pled and recorded t:hrough a d .iqi.t:a] . da t -a  acquis i t  ion system.

S c w ~3.n~~~Chanlbe - r (F1q.  2 )

The scattering chamber is a light, t igh t  box of dimensions

34x43x78 ct-n ) made of .5 cm thick a lu m i n u m .  It is lined

with black velve t to prevent any ref lect ions.  The aerosols

flow into the box through a 7 cm diameter hole and are re-

moved through two outlets which have negative pressure to

the chamber located 10 cm above and 10 cm beneath the in-

let hole. The aerosols are illuntinateci by the incoming 0.5

cm dia. f/12 laser beam about 8 cm from the injection port.

A 1.5 cm portion of the 7 cm x 0.5 cm roughly cy l indrical

i l l umina ted  volume is viewed by the de tec to r  optics and is

12

-
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called the in te rac t ion  region . The laser beant enters the

box through a rectangular slit of .5x2.2 cm focussed (f/12)

into the interaction region and then it is sent into a light

trap (Fig. 3). The light scattered by the particles is

collected by a semicircular mirror arrangement (Fig. 4)

which redirects the scattered light to an axial mirror

mounted on the shaft of a stepping motor. Light passes out

though the hollow shaft, and is analyzed in a stationary

Glan air prism. The light passing through the prism is

decomposed i n t o  pa ra l le l  and p erpendicular  components ,

which the intensities are separa ely detected by photonnul—

tipliers. The secondary mirror has art angular resolution

of about 1.3°.

The volume of the inteu ,ict ion region is individually

calculated for eaeh laser beam. A sphori  cal lens wi th  1.2

in. focal I enqth is used to focus the ni troqen lasers ’ UV

output  at the in te rac t ion r egio n . D i f f e r e n t  lens ar range—

inents are used for the dye lasers e i ther  to focus the beam

or to prevent divergence because of the d imens ions  of the

liqht trap. A li ght stopper is used to prevent the direct

scattering of light from the entrance slit at the backscatter.

The mirrors used are front surface mirrors, silver coated

by vacuum deposition on glass slides of 1 mm . thick. The

stepping motor is the Sigma Instruments , Inc . 29A-21 Bi-

polar R/l Drive motor which has a torque of 115 oz-in. at-

2.4 amps . Two inicroswitches are provided at the 0° and 180°

of the motor revolu t ion  to stop the o p e rat i o n  i n  case of

overshoot. 
—

~~~~~~~~~~~~~~~~~~~  
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Digital Data Recording System (Fig. 5)

The data recording system is a very fast digitized

electronics which is capable of synchronizing the laser

pulse, the stepping motor and the paper tape punch.

Laser triggering starts with a manual push button while

the mirror connected to the shaft of the stepping motor

is at the forward scattering angle , approximately 2° from

the optical axis of the laser beam. The scattering light

is collected by the photomultipliers and is multiplied to

a voltage level detectable by a sensitive instrument.

This voltage is fed to a sample—and-hold circuit with a

delay time of lOns. The threshold level for this circuit

is 2.5 mV. The samples voltages are digitized by means

of a 12—bit analog to d igi t al  converter in 40~is , and re-

corded Ofl a punched paper tape w i t h  a BCI) coded sequence

count.  The 12—bit coding is shown in Fi g. 6. Af ter the

informat ion is punched on the paper tape a command signal

triggers the laser, advances the motor and proceeds to

sample—and-hold . The main time—limiting factor of the

process is the mechanical paper tape punch . It takes about

.24 seconds for the paper tape to punch an information set

consisting of the sequence count , and voltages for two

channels. The whole scan of 94 steps is completed in 23

seconds. The information on the paper tape is decoded and

analyzed by using a computer program given in Appendix IV.

-5-- -_ -- --  
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The A/D converter and the sample and hold amplifier

L used are ADC-12QZ and SHA1-2A of Analog Devices, Inc.

respectively.

2p,~
ration (Fig. 7)

The start box is a push button control with forward

and reverse switches. Closing the switch in the forward

mode causes the control unit to send a signal to the relay

to release the short circuit on the photomultiplier inputs

and puts the S/U in the sample mode. At the same time a

short pulse of 1.7 ps triggers the laser. The information

on the photomultipliers A and B are integrated , partially

using the capacitance of the lines. Aft-er a very short

sampling the mode on the S/Il is set to hold by the control

un i t .  The FE’I’ control then chooses the input with the

fastest hold r it o  to he d i.i t .izecl . The hoi~l in one lnput

is 10 times longer titan the other by manufacturers spocifi —

cat ions. Upon t he con ver t  command f r om t he con t rol ut t i  t

this signal is converted by the A/I) converter .

The information from the A/I) converter is stored it-i

either A or B latches. After it is stored the control unit

sets the FFT control to the other signal , which is then

converted and stored in the other latch the same way . By

this time the five-stat,e counter is cleared and the first

motor position is put through gate 1 to the output gate

and is punched on paper tape upon a signal by the control

u n i t .  Dur ing  the punch ing  there is a busy s ignal  that  keeps

the counter blocked. W i t h  the comple t ion  of the f i r s t  punch
.

__ _  
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the busy signal is released and punch again command is - 
-

given which through gate 2 punches the first 6 lines of

the information stored in the A latch. This is repeated

4 times until all four 6 lines stored in A and B latches

are recorded. As soon as the last bit of information is

re corded and the restart is activated, the control unit

sends a signal to the motor to proceed one step. The

operation up until punching takes 10.4 ms but including

the limiting punch time, one set of data is taken in 240ms.

The operation , then , is repeated 94 times which is part

of the logic circuitry in the control unit. After the 94th

step the logic stops the operation.

The reverse mode on the start box is to take the motor

back to its original position . During this, none of the

other circuitry is activated .

Nitrogen_ Laser

The construction of the nitrogen laser which is used

to pump the dye is franapaper by P. Schenck and H. Metcalf

[20]. The design incorporates a bandsaw blade as multiple

electrode structure to ensure an even transverse discharge

in flowing nitrogen and produces superradiant emission at

337.1 nm. The laser channel consists of two plates of glass

supported on an aluminum base (Fig. 7a), which serves both

for support and electrical ground . The high voltage edge

of the laser channel consists of a copper bus bar , bandsaw

blade electrode , and copper spacer. The electrode geometry

- — — - 5- - 5----- ~~4—~~~- - --5 — --5-- -
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has been altered to keep the discharge off the glass walls.

Twenty 590 pF capacitors are mounted in parallel, along the

laser channel (Fig. 7b). The laser channels is continuously

pumped and the nitrogen gas input is leaked in at a constant

rate. The storage capacitor is charged to 10-15 kV through

a resistor. A Thyratron is used for switching . When the

switch closes, the positive side of the storage capacitor

is grounded and the other side is kept at a high negative

voltage . Its charge , therefore , flows on the bus bar to

the dumping capacitors, which provide the energy for the

discharge in the nitrogen. This results in direct electron

impact excitation of the triplet stages of molecular nitro-

gen ’s second positive band and superradiant lasing at 337.1 nm.

An Amperex 5C22 Thyratron is used for switching. The best

measured power outlet of the N 2 laser of 40 m m  Hg. and 12 kV

is 120 kW (Fig. 8a,b) . The pulse width is 2 ns FWHM .

Aerosol Generator

The generation of mnonodisperse aerosols is achieved by

a Berglund-Liu vibrating orifice aerosol generator [211

machined by University of Florida Engineering Machine Shop .

The generator is based on the instabi l i ty and break-up of

a cylindrical liquid je t .  A cylindrical  liquid jet that is

unstable for controlled mechanical disturbances produces

equalized droplets, which are dispersed and diluted to form

monodisperse aerosols. The minimum l iquid velocity to form

a liqui d jet from a cap i l lary tube is given by,

_ _  -~~~~ 
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= ~y/2 

1.8

pun j

where o is the sur face  tension , p is the density of the

l iquid and D .  is the diameter of liquid cylinder je t .

A practical formula for producing uniform droplets is,

- 5D~ < A < 7D~ where A is the wavelength of the disturb-

ance . The disturbance in the system is created by a

piezo electric ceramic connected to a signal generator.

A syringe pump de l ivers  the liquid at a constant rate.

This liquid jet  then breaks up into un i fo rm drop lets at

the frequency of the ac vol tage .  The u n i f o r m  droplets

then disperse by means of a tu rbu len t  a i r  j et  for  the

pa r t i c l e s .  A schematic d i agr a m  of the e n t i r e  f low system

and the  dispe rs ion system is qi~’e n in Fig. 9 and F ig .  10

respect  i ’iei y.  The d i a m e t e r  of the droplet can be ca l cu—

lat ed  by,

D - 6Q~~ ’3
d

where Q is the l iquid  flow rate and f is the frequency of

the disturbance.

The diame ter of an aerosol made by dissolving a non—

volatile solute in a volat i le  solvent is given by,

1/3
D C~ ”3D =p d -ti f

where C is the vo lumet r ic  concentrat ion of t he  solute in

th i s  so lvent .  Cor rec t ing  th i s  value for  i t npu r i  t i es  q iv e ~

—------ 5- - - - --—
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~
1/3

D Il + Ii D

~corr 
Cj p

where I is the volumetric fraction of 
the impurities in

the solution .

The outpu t aerosol concentration is equal to the

ratio of the ac voltage frequency 
to the total air flow.

j t.
-I
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Fig . 3 Light trap: Brewster angle 57°, index of
refraction : 1.55 3mm black glass (Actual
dimensions) .
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Fig. 4 Pr imary m i r ro r  mount 0 = 12.095°.
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3

Fig. 7a ~~oss sectional diagram of laser channel.
1: Base; 2: Dumping capacitor; 3: Bus bar;
4: Band saw blade; 5: Plate glass;
6: Aluminum bar to centra l ize  discharge .

Storage capacitor
+ .0 123 .c f

H igh voltage~~~~~~~IH
supply .—w&-—--l

250K I

1K ~~~~ 500pf ‘phannel
Thyratron Dumping I

I ~~apacitor~~

Fig. 7b Diagram of discharge electronics in nitrogen
laser.
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‘4.

Fig . 8a N i tr oqen  3 aser output  t:hrough photo diode
osci 1 I o~ c’ope cit : 40 n~- /d  iv  and  40 nV/div .
FW }IM = 6 ns.

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

F F’iq. Sb Dye laser output u s i n g  Rh od inl in c  13 at 627 n m .
20 n a/ d iv  and 40 nV/div.  
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~~~~~~ Dispersion system
Cleaning outlet

Sthb ilizer

j  

Frequency

1 Control Signal
valve  generator

[_j N~ tank  
.8 L’E~~~ 

Syringe pump

w/holder Gas tight teflon piston
syringe

Fi g. 9 Schematic diagram of Aeroso] generator.

] CT T_ _ .  -

1

— 

- 6

1 r -~~To frequency generator
t

Dispersion air I
Cleaning outlet

Solving

Fig. 10 Schematic diagram of the dispersion system.
1: Transducer (p ic~ oeloctr ic) ;  2 : 25 jj~ Pla tinum
orifice ; 3: Teflon 0 ring; 4: h ousing 1 grounded;
5: Housing 2 live ; 6: Slip cover.

h

~~~~~~~~



~ _______________________
--5— - — __5-,—-_

CHAPTER IV

EXPERIMENTAL RESULTS AN D CONCLU SI ON -

The data  that  w i l l  be present€ d in t h i s  chapter

cori’sists of experimental and theoretical results obta .in--~

from spherical polystyrene latex particles , elliptical

cladosporium spores and cubical sodium chloride cr~ st-iis.

Th e exper imenta l  appara tus  is c a l i b rat e d  by the co:-~p ar i~~nn

of theoret ical  .~1ie calculations for spheres and cxpcrimentai

scattering measurements  f rom 1. 091~irn p o l y s t y r e n e  la te x

particles of Dow Chemica ls  run LS 1028 N ( s t a n d a r d  ~ cvij -

tion . 0 0 8 2 )  - A d iscuss ion of t h i s  is in Appendices VI and

VIII and the statistical program developed is qivc-n in

Appendix IV . Evaluation of experimental resOlts and com-

parisons with the theories are fully automated by a series

of computer programs . The computer program used for theo-

retical Mie calculations is given in Appendix - V.

Several corrections are made on the experimental data

because of scattering geometry and statistical error calculi-

tions. In the comparison of theory and experiment , a set of

- 29 - -
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two d i f f e r e n t, log in tensi ty  versus scattering angle , graphs

are presented for incident light plane polarized parallel and

perpendicular to the plane of scattering .

Due to the fact that the scattered light is collected

through 180° by the rotation of a mirror and then analysed

by a stationary prism, the intensity of the light received at

each photomultiplier tube is a combination of the parallel and

perpendicular components of the polarized light, regardless

of how the incident beam is polarized. This phenomena can be

explained by a simple rotation matrix , which can be expressed

as:
r cos® sinol

M W )  =I I
L—sinO cosQj

The analyser prism divides the scattered light, into its

parallel and perpendicular  p o l ir i z & it i o n s ;  therefore when the

l ight  incident to the prism is rotated by 0 we get:

(1//cosO + I
~ 

sinO) 2

12 (I
1
cosO — I,,, si n0)~

1
~ 

and 12 are the intensities observed by the first and second

photomultipliers respectively; i,~ and I
~ 

are the pa ral lel an d

perpendicular polarizations of scattered l i g h t .  The terms on

the right hand side of the equations are im ) l i t u d C  squar i s tha t

{ are directly proporLional to the in t en s i t i e s .  So , to recove r

- - - - -  - --- —~~~ . 5 - - -  —--— --- — - -5  -5—- -~ — -
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the parallel and perpendicular components of scattered light

we have to take square roots of the observed intensities and

solve for I/,~ and I~~
. By doing so we get:

I
j 

= /Yj sinO + 12 cosO

I,,, II~ cosO - /Y~ sino

Because of the involvement and complexity of the computer

program t hat processes the raw da ta , instead of rotating the

obtained results we applied the inverse rotation matrix to the

theoretical curves for comparison . Appendix V shows the comput-

er program developed to perform this  rotation on theoretical

M ie c a l c u l a t i o n s .

The r ” s u i ts  are then ana1y~.ed as Il and 12 ? f irst and

second cham ois respectively. Several computer plotted graphs

of exper imental  results  and t heo re t i ca l  curve s are g iven for

each run  of para l le l  and perpendicu la r  polar ized incident  beam.

( an  analyser  pr ism is used in the entrance slit  to achieve

linear polar izat ion of incident l igh t )

The li ght source used throughout this experiment is N 2
laser pumped Rhodamine B (Eastman # 4453) which lases in the

range of 685nm to 616 nm due to its tuning and superradiant

character. An oscilloscope picture of this output versus

wavelenght , us ing  a monochromcter and a slow sweep of the

scope by modulated z axis on time base , is given in Fig.  11.

I t was impossible to detect  the wavelength of the laser l i gh t

F
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each Lime the exper imen t  was run . The var iables  involved in

4 the tun ing  of the dye laser and the operation of N 2 la ser caus-

ccl the wavelencjths to be sli gh t ly  d i f f e r e n t  at each set of r uns .

There fore , we took the best theoretical f i t  to the experimental

data as the theory to be compared with . A scanning electron

microscope p ic tu re  of the scatterers in each case are also

included in the data  set to be presented.
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Fig. 11 A picture of the dye laser output versus  wavelength
taken through an oscilloscope . The tail ends at 641.Onm and
start’s at 640.Onm . The first peak is due to the superradiance
of Rhodarnine B. 
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Corrections For Experimental Data

There are several factors in the experimental data

gathering that effected the results directly and indirectly.

It is impossible to separate and isolate these problems . The

major correction performed on the raw data takes into account

the fact that , the scattering is from a volume of several

particles. In addition to this, the particles are moviñg

perpendicular to the light path . The velocity of the particles

are controlled to be kept at relatively ins igni f icant  levels

and the numbe r of particles in the interaction region is

assumed to be constant.  There are also coagulated particles

and tumbling e f fec ts .  Most of these problems are easily

eliminated by averaging a large number of runs for each data

point . The raw data had to be corrected for the volurne t:ric

scattering from the particles in the interaction region .

This is treated as an angular  gain problem. The e f fec t ive

cross sectional area is found to be (Appendix VI)

A 2 L COSO RcosO + L/2r
sin® R + (L/2 ) cosO

L - length of the interaction region

r - radius of the interaction region

R - distance of particles from primary mirror

This is divided by the maximum cross sectional area which is

2r1. and multiplied by a factor N (0) which is inversely pro-

-f portional to the square of the distance and the fou r th  power
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of sin 0/2.{261 As a result we get an arbitrary weighin g

function which can be expressed as:

G(O) = 
cosO Rcos0 + L/2 (R2sin4O/2)
sin® R + (L/2)cosO

The observed val ues ca n be expressed as a convolution of one

particle wi th  G ( O )  in the real time. To recover the data for

one part icle, an i nverse f i l t r a t i o n  process is applied to the

data points since the intensities we need are already multipli-

ed by G(®) i.n the frequency domain. Fast fourier techniques

are used for this purpose . A study of this can be explained

as follows : Let a ( 0 )  be the in tens i t ies  observed by the

photomult - ipl i e r s .  This is a l read y a d ig ital quan t i t y .  If

i ( 0 )  is the sca ttered in t ens i ty  of one part ic .c , we have

a (0)  = i (0) * 
g (0)

in the real time domain

Then in frequency doma in :

A ( O )  = I (0) C(0)

Since
cu -lO tI i ( 0 )  g ( t — 0 ) d O  1 1( 0 )  C ( 0 ) e  (10

—~~~ — (XI

to recover i ( O ) :

1(0)  = A ( O ) / G ( O )  

- -_
-

~~~~~~~~~
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3r,

i ( 0 )  f I ( O ) e _ i O tdo

which  is the inverse  Fourier  t r a n s f o r m  of 1 ( 0 ) .

Then ,

i
( Ø )  ~ 

A ( O )  o~
i ( O ) t

dO
G ( 0 )

This is found to be the best correction (by statistical

analysis)  in order to f i t  the c a l i b r a t i o n  data to theory and

is used for all the outputs .

Other corrections that had to be taken into account are

the threshold of the analog to dig i tal  converter , and photo-

mul t iplier noise . The threshold for  channel  I and 2 of the

electronic data  acqt r i s  i t i  on sy~; tern i n nieu surcd to be 7 3mV

and 6BrnV r e spec t ivel y .  An averaqe of 0. 1 vol t~ d ev i at i o n  was

also found ; and the re 1 at ive cal  ihi  at ’ ion of the e lectr o n i c

system is entered as a cor r ec t- i  ~ ) t )  t o  t h e  raw d at a .

The p h o t omu l li pl i o r  tubes used in th i s  e x p e r i m e n t .  are

RCA type 7265.  Pho tomul t ipli e r  noi se is measured to he •in

the range of l2O mV to 240mV in to  10 Meyaohrn s , which y ie lds

a curren t range of .O l 7p A to .0 2 4 ~t A  wh ich  i s  wel l  below the

specified dark current: . Comparing these values w i t h  the

scatt  er ing  cxpectat~ ons ( A p p e n d i x  V i i )  we made s t i i ’ e  that  t h e

lowest do teciahie I ntensi ty i s q rca e r t h a n  t he b a ck q r o u ncl

intensiti (‘s
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The calibration for the relative g~ in of the photomulti-

pliers are done by dark current  measurements and by u sing

several optical fibers. Actually this is not needed in our

calcu la t ions since we give the results in form of channel 1

and channel 2 which are the photornuitipliers outputs. The

operationa l volt:ages of the photomultipliers chosen are based

on this c ri te r i a  and the linearity of their gain in the

desired region.

Fluctua ’-ions i n  the laser output power are not included

in these c.~t l c u I a t  ions since the neg ligible variat ions were

corrected by a la rqe  sum averaging at each data point .  A

statistical analysis of the averag ing and error calculations

are g i veii  in  the proceed inq s i -ct :  i ons .

r m e nt a l  Pa~~ i

T u e  ex p e r i m e n ta l  data 1:; qi ~.‘en by computer  plot:tod q r ap h s .

The v a r i a b l e s  used are; the s i ~e parameter x, which is

x = 2 n r / X

where r-~Radius of the scatterer,

X- wavelength of the incident  l ight ,

and r e f r a c t i v e  index R , of the scatterer.  The theoretical

gr aphs are chosen to be the best f i t  to the exper imenta l  da t a .

The explanat ions  of the f iqur c s  are as f o l l o w s :

Fig. 12 a, b-— Th e scanni nc~ electron microscope pi ctur es  of the

ca l ib rat  ion purl i d e , po lys tyrene  latex , of Dow (‘hc’mi cal i-un

-
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LS 1028 E. Particle diameter given by the manufacturer is

1.091 pm and the standard deviation is 0.0082. The mean

particle diameter  we determined from the electron microscope

pictures is 1.04 pm.

Fig. 13 - Theoretical Mie calculations for Channel 1,

relative log intensity versus scattering angle with a size

parameter of ~ .0l and refractive index , 1.592.

Figures 14 to 17 are with scattering volume of 5cm length

and . 3cm radius . Concentration of the particles y ield a

number of 15 for number of particles in the interaction

reg ion . Corrections are done accordingly .

Fi g.  14 - Channel  1 experimental results for  polystyrene

latex of 1.04 pm diame te r .  The incident light plane is

polarized perpead .icuiar.- to the plane of scattering .

Fig.  15 — Same as Fig .  14 before  sub truc t~~ng the background .

Fig. 16 — Chann el  1 experimenta l ,  i-c-suits for  po lys tyrene

lat ex  of 1.04 pm diameter. Inci den t light plane~ ~is polar-

ized pa ra l  ic-i to the plane of scat ter i  nq .

Fi g.  17 — Same as Fig. 16 before subtracti ng the back ground .

Figures 18 to 21 are wi th  scat ter ing volume of 2cm l eng th

and .5cm rad ius .  Concentration of the par t ic les  are in-

creased to have approximately 35 particles in the in t e r—

action reg ion.

Fig. 18 — Channo 1 experimental results for latex p a r t i c le s .

Perpendicular po1ar~ zed incident light.

Fig. 19 — Same as Fig. 7 w i t - h  the background .

Fig .  20 — Channel 1 latex data. m c i  dent ii qht  p o l a r i zed
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parallel.

Fig.  21 — Same as Fig.  20 wi th  the background.

Fig .  22 — Theoretical Mie ca lcula t ions  for  channel 2 ,

relat ive log intensity ver sus scattering angie, with a size

parameter of 5.01 and refractive index 1.592 for latex

particles .

C onditions for figures 23 to 26 are the same as those of

figures 14 to 17.

Fig. 23 — Channel 2 experimental results for latex of

1.04 pm diameter. The incident light plane is polarized

perpendicular to the plane of scattering .

Fig. 24 — Same as Fig . 23 before the subtraction of back-

ground .

Fig. 25 — Channel, 2 experimental results  for  latex . m ci—

dent light p i ano is polarized parallel  to the plane ct

scatterine.

Fig. 26 — Same as Fig. 25 without subtract ing the back—

ground.

Conditions for  f i gures 27 to 30 are the same as those for

figures 18 to 21.

Fig. 27 - Channel 2 data for latex.  Incident light is

polarized perpendicular .

Fig.  28 — Same as Ficj 27 including the background .

Fig.  29 — Channe l 2 latex data with  inc ident  l ight parallel.

polarized.

Fig . 30 — Same as Fig. 2 before su h t ra ct i i i .-j the background .

An examp le of how these data arc t abu la ted  i s  g iven i n
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Appendix VIII.
F Fig. 31 a,b - The scanning electron microscope pictures of

prolate spheroi dal , cladosporium spores. Mean particle

dimensions are determined from electron microscope pictures,

to be 3 pm x 1.5 pm x 1.5 pm. That is for the ellipsoid

a = l . 5 pm , b = .75 pm , c = .75 pm.

The experimental results for cladosporium are best

compared with Mie theory using a size parameter of 12.1

and a real ref ract ive  index of 1.12.

Fig.  32 - Theoretical Mie result for Channel 1, relative

log intensity versus scattering angle , using an equivalent

spherical part icle  diameter of 2 . 4 7  pm. The wavelength of

the incident light is 640 nut .

Fig. 33 — Channel  1 experimental  results , for cladosporiui-n .

Incident light p Thne is p o l a r i z e d  p a r a l l e l  to the plane of

scattering .

Fi g. 34 — Same as F:iq. 33 w i t h  the  backgrounds.

F ig .  35 — Channel 1 experimental  results  for cladosporium .

Incident l ight plane is polar ized perpendicular to the

plane of scattering .

Fig. 36 - Same as Fig. 35 , including background values.

Fig. 37 — Theoretical t1ie calculations for Channel 2.

Fig. 38 — Channel 2 cladosporium data. Incident light

plane polarized parallel to the plane of scattering .

Fig. 39 — Same as Fig. 38 1)1U5 backg round .

Fig. 40 — Channel 2 ciadospor i um data. Incident light

plane is polarized perpendicular to the  plane of sea Lterinq .
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Fig.  49 — Same as Fig. 48 with backgrounds.

Fig. 50 - Theoretica l Mie results for Channel 2.

Fig. 51 - Channe l 2 experimental data for NaCl. Incident

light parallel polarized.

Fig. 52 - Same as Fig. 51 with backgrounds.

Fig . 53 - Channel 2 expe:imental results for NaC1. m ci—

dent l ight  perpendicular polarized.

Fig. 54 - Same as Fig. 53 with backgrounds.
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Fig.  l2a Spheric’ - ‘1 p y _  .1 at  ~- x p ar t ic l e s  col l e c ted
on m i l l  i por e f il t e r  pape r .  Measured mean
d ia met:er 1.04 pm. Real P~.etrac ’ t- i,vc i ndex  = 1 .59 7.
t 4 a q n i f ~~~at ion in th i s  p i c tur e  is 7500.
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Fig. 44 SE~--1 photograph of NaC1 particles , collected on a
glass slide . r-lagnification is 20000.
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Analysis of Data and Error Calculations

The major source of error in the measurements is the

photomultiplier tubes. The main problem we had was the

variations in the photomultiplier characteristics after a

long period of operation. In this case a short duration

of high intensity li ght causes the photornultiplier to over-

load , and its recovery might take several weeks. The Chan—

nel 2 photomultiplier developed a permanent noise problem

in the midst of our experiment,. The results can be seen in

Figures 38 through 41 and 43.

For instance in Fig. 3, the data points at 21.5
0
,

37.7 °, 86 .3 °, 95 .3 °, 138,6 0, and 172 , 8 ° are out of range.

Although the scattering pattern seems to be somewhat simi—

lar to the theory (Fig. 37), the intensities at 2710 0
,

36.0 0, 43 ,2 °, 4 8 . 6 0, 77 .6 ° and those closer to the back—

scattering range are hard to explain without noise. Some

of these points could be discarded as scattering from

doublets or triplecs but there is quite a lot of them that

don’t fall into the error bracket. These, we had to in-

clude in our data presentation because there was no reason-

able way to get rid of them.

Other than this, the items for error considerations

are as follows:

1. Probability of multiple scattering in interaction

region:

Assume particle density 3 x 106/ ft3
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— i I - ; C ( j t h o~ ~‘c~t t  I t ’r inq  vo lume

-— ce l l i’ent ra t  ion of p 5tr I’ i ci es

~ ~~~~~~~~~~ 3 x I u ~ / 1’ t~~ x 3.5 1  x i0~~ ~~~~~~~~ x 3 . 1 . . x :~ 
C~

cl ii

16.7

~ p4i i’t i c 1 es in  cone froui po ut  coil  Si on to mi rror:

lase r --
~~~~~~I ~~~~~~~~~~~~~ mir ro r

h 2/3cm

0 - 1/ 36 .6rad .

= h O

The con ic. 1 volume t ’ eni p~t r t  i ci e C;~~~~~ I t ei:inq :

1. 2 1 3 2
V — ir h -~~~~~~~~~~ - h 0 C

r ’ — 6 3v = a i . 8 x lO cm

# particit’s 55.8 x io
_ 6 

x 1 0. 5 9  591.48 x i0 6 particles

Due to the irregularities , taking ii 1 cm

—4 3v = 8 .3 x 1 0  cm

* particles 8.3 x l0~~ x 10.59 = 8.7 x 10~~ particles

Probabili ty of Mul tiple scatter ing =

8.7 x l0~~/l6.7 5 x l0~~

There is .05% probability of double or multiple

scattering .

2. Probability of scattering from coagulated particlesi

1’

- - ~~~~ . —~~
---
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~‘ A pp r o x i m 4 tt e ly  10% c o . t q ulat  ion of latex and 2O ’~ of

cl . ido:~p e r i un  and t ’htCl was detected f rom elec t ron  micro-

scope p I c t u r e :; • r~q~j~; is not taken into account in the

calculations. Actually a 10% coag u la t ion  mi ght cause

one or two orders of magnitude increase in the intensi-

ties at a specific scattering angle, But this problem

is avoided by putting an error bracket to the data

points. This means the intensities that might be caused

by cca~j u 1 a tion  of two or more pa r t i c les  are rejected .

The va lues  for  re jec t ion  are determined by Mie calcula-

t ion . The a ver a g i n g  is done for  S r uns  at  a t ime  and

there a re at  least  50 of these averages .  Assuming

there  are at l eas t  15 p.~r t i  ci es in  the i n t e r a c t i o n

rc’~~ i n at. one Li me , one d a t a  pe i n I i s L l ie ave  r a q e  OVer

37 sO p.i r t  i ci e~~ . By re ~ect  .i nq one n L out  of 5 , W I.’

r.r ’d , -, ’ .in erro i ’ or 20 ’ ’

The over,i 11 probabi  i i  ty  of ot’roi’ fc i : en~ ’ d 5 i t a  p oi n t  i s

t h t ’n  .2  x 100/50 . 4 %

3. Fa lse  count r at e  due t:o Gamma Source :

There mig ht  be a fa l se  count in the pho tomul t i p lier  duo

to the K r .  86 source used to n e ut r a l i z e  the aerosol par-
I I)

tid es. T h i s  i s  ~;iven as 10 phot.ons/cm sec at  1 me-

ter .  The ui ish io 1.~~ed p o rt i o n  of pho tomult i p lie rs  are

appro~ i r i a t ’l . y 1 cm 2 . There fore  f al se  count  r a te  i s  1O 3

p l to tons/ crn 2 sec x 1 cm 2 
= 1/nisec

Gat e  W i d t h  oI~ ph ot . Of l l u i t i p l i .’i’s 20 nsee

I
I’. _ 

_______  
-
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.. False count rate 20 x lO 9sec/ lO 3sec

= 20 x io 6 1/50000

1 false count in 50,000 shots

4. False count rate due to electronic command signals:

The digital data acquisition electronics have several

discrepancies in recording the data. A high error rate has

been detected especially in the first and the last data

points. This is due to the start and stop commands fed

into the system during operation . The error rate is exper-

imentally determined to be as high as 80% at the first and

last data points which are 9° and 176.4° respectively .

Within the rest of the 92 data points there is a 20% chance

of the occurence of a false count. This happens when the

t paper tape punches an undeterm i ned code which mi ght be a

line less , a line more or a noniterated value as the count .

In this case that point is rc ’qarded as an “out of range ” ,

which is indicated in the graphs by setting the scattering

angle off with respect to the rest of them. This data

point is then discarded. This, of course causes an error

in the overall averaged value because of less averaging .

5. Error encountered in subtraction of background :

In obtaining the final values the background at each

set of runs is subtracted from the averaged raw data . The

accuracy of th:ts procedure is questionable since sometimes

the background values are hiqher than the experimental re—

suits .  Background values are checked a g a i ns t .  1~a 1eiqh

scat t e r ing , but even i n the cases where ther e  i poor

~ 

~~~~~~~~~~~
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agreement , the final values remain unchanged . This is

t possibly due to the dust particles floating around in the

scattering chamber or those that rise from the velvet

lining on the wails because of the turbulance. Neverthe—

less we presented the data before and after the subtraction

of background, to avoid this confusion .

6. Accuracy of the values:

Accuracy of the detected values depend on the sensi-

tivity of the experimental apparatus and the variables of

the experiment. Sensitivity of the apparatus depends on

the angular resolution, noise level and threshold of the

electronic system. Values below .2 volts cannot be detect-

ed due to the A/D threshold and photomuiti plier noise.

Angular  reso lut ion  is l imi ted  t o  10 by a n eyepiece s,1.i. t a t

the i’e~ eiv i ng end of the ana l yser p r i sm.

The vo lumet r ic  scat ter ing element expla.i .ned in

Appendix VT causes the e x p e r i m e n t a l  values to be an average

of the i n tens i t ies  from an interval  of scat ter ing angles .

As a resul,t of this  any two proceeding data points are not

independent .

Using the mechanics of the system the error involved

at each data point because of the geometry can be calculat-

cd as the r a t i o  of the volume element from one particle to

the mirror  and the volume covered by the in te ract ion  reqion

and the m i r r o r .  The lat ter is a ITuncti on of the scat te ring

angle;  but.  we wi l l  approximat e i t  by t a k i n g  the mean value .

t .

_ _ _  -
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The angular  dependence of the ef t e c t i v e  dis tance  i i;

expressed as: (Appendix VI )

1) L ~~~~~~~~~ ~~~~~~~~~
sin O R 4 L/2cosO

Then ,

2L cosOI) — 
~~~~~~

To take the average we have to integrate this over an

interval of 2’g
2 2 11

D = — ~~--- J 92~~~~d()
av o .

qii R sinO

The result  of this in tegral  g ives us an indeterminate

form ; so we take 2 (L 2 /4 1TR) l/tan0 as the correction to

length L; therefore  the tolerance on the ef f e c ti v e  length is

1
‘~~2’~i~ ~~~~

The correction g ives us an av e r aq e  of 2 .(~ , 1 = 5cm .

Th is gives u:; 1. 5 + 2 . 6

The area considered is 7rl; and r 1/3 Cm

.~~. A 4 (
~ 

-
~ 2 . 6 )

which i s

A 3. 33 ~ 1.74

The volume covered by the interaction region is the volume

created by the e f f e c t i v e  area and the mir ror  fac ing  i t .

The volume comes up to be:

V~ = 36.6 (2 I .86)

Volume of the cone covered by a particle and received by

the mirror is :

V~ = 36 .6  x .17

The r,i t 10 ol theSl ’ vo I t imes i s t l i e ’  n

v~ /v 1 .
~~ .1 7/ (? - 8~~) . .10 .

I

I. _ _ _  
__ .--.4~~~~~ .4 .. -— — -- --‘-.4-.-- .4-—-
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Therefore the accuracy of a data point due to the volume

effect is

“ (10 ~ 5 ) %

We will take the mean of this as 10%. There is an addition-

al 5% error due to the variation in the number of particles

in the scattering volume. Since these are additive , on

the average we have + 15% accuracy at each data point. As

we mentioned earlier this is also a function of the scatter—

ing angle , and this can be taken as an additional + 5% ,

which diminishes at 90 . This means there is a 10% error

in the forwardmost scattering angles and a + 20~ error in

the backward most angles .

Conclusion

The formulat  ion arid modelling of light s c a t ter  i rig

pr opert ies of non spher icai pa rt icles is  of particular in--

terest in work with the atmosphere. Accurate experimental

data is of importance to be able to success Fully accom-

plish this task.

The polar nephelometer designed for this particular —

experiment is capable of’ digitizing the intensity of

scattered light at 94 angles with 1.8° intervals. This

covers an angle range of ,l67.4~~, whose limits can he

chosen to start anywhere from 00 to 12.6° from the forward

scattering direction . We chose the ‘I i.mi ts to be q .0 0 to

176.4 0 because of the minor  d i. f r aet ion of 1 i gh t  ~ rem the

— - - -. 4  -- — - ~~~~~~~~~-~~~~~~~~~~~~~~~~~~~~~~~~~~ --—~~~~~~~~~~~~ —~~~~ 
-

~~~~~ 

- 
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entrance slit and the reflection from the light trap.

These could not be avoided since the divergence of the

incident light beam was considerably high and to decrease

this would have caused a noise level above detectable sig—

nal because of the angular recolution. Considering the

fac t that the last data point is not reliable because of

the electronic command signals, we achieved taking accurate

data up to 174.6 °. To the best of our knowledge this is

the furthest scattering angle range achieved yet. In addi—

tion to this the large number of data points taken in this

range allows better comparison with theory on an angle to

angle basis.

The vibrating or i f ice  aerosol generator used in t h i s

( experiment generates monodisperse aerosols of various

shapes from approximately 0 . 5  pm to 50 pm in diameter , with

an ave rage geometrica .l s tandard deviation of 1.014 . The

wavelength of the light source can he varied from approx-

imately 400 nm to 800 nm accordinq to the type and the con-

centration of the dye to be pumped . This gives us a wide

range of particle size parameters to measure and compare

the scattering patterns with . Due to certain unavoidable

limitations , we only had the chance to use one wavelength

of incident light to examine three known shapes of one size

each.

The disadvantage of the experimental apparatus is , the

time that  it takes to scan the ent i re  angle  range ( 2 3  sec) .

During this  time there is a ce rt a in  change i n  t h e  number of

—.4— -’ ---— 
- .4 - -:-=--

~~~
‘

— -- .4-- —’ ——-- ---~~- - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .4.-— . -.4 - .
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particles and their orientations because of the turbulance

in the scattering region. This has been partially over-

come by averaging a large sum of runs at each data point.

The angular scattering patterns of polystyrene latex

particles were found to be in very good agreement with the

Mi.e theory for the size parameter of 5.01, although the

experimental results were a little smoother. (Figs. 13 to

17 and 22 to 26). The smoothness of the curves can either

be due to the bandwidth of the laser light (Fig. 11), or

the irregularities on the surface of the particles (Figs.

12 a,b). The effects of tumbling of a larger number of

particles was significant at forward scattering angles when

the incident light plane was polarized perpendicular to the

plane of scattering (Figs. 18 and 19). This was detected

at Chinnel 2 which is the perpendicular channel relat ive

to the body frame of reference. This convinced us to use

a lesser concentration of scatterers.

We found that angular scattering properties of prolate

spheroidal cladosporium spores and cubical sodium chloride

crystals are not very dependent on incident li ght polariza-

tion for the size parameters 12.1 and 10.2 that were examin-

ed. Since there are no exact theories for these particles,

we compared them with Mie theory for equivalent spheres.

The scattering pattern for the spheroid is much smoother

than the Mie results (Figs. 32 to 43), although the f igures

are not very clear because of the noise that appeared in

4, the system prior to these sets of runs. t~y fol lowing the

I1I ~~~~~~ -~~~ - . -  -~~~~~~~~~—- - 
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general pat tern, we concluded that the backscatter pattern

( 
- 

for a spheroid is significantly different than that of an

equivalent sphere.

In the case of scattering from cubical sodium chloride

particles for a size parameter of 10.2, the scattering

properties were found to be smoother than those predicted

for an equivalent sphere by Mie theory. The patterns at

forward scattering angles are in good agreement, but the

nonforward angles are overestimated by Mie theory (Figs. 45

to 54). The difference in backscattering patterns with

respect to equivalent spheres are much greater for the pro-

late spheroid than the cubical particles. The smoothness

of the experimental results can be explained by the varia-

tions in the laser output and the concentration of scatter-

ers since the forward scattering patterns are in good agree-

ment with  the theory .

In general , we conclude that the backscatter from non-

spherical particles d i f f e r s  sign i f i c an t l y  from that for

spheres , so that a tumbled irregular particle is not equiv—

alent to a sphere .

We refra in  from fur ther  comment on the subject since

theory is not our task , but it is necessary to mention that

the results of this experiment are important for the -
‘

interpretation of measurements of atmospheric aerosols and

for successful modelling of scattering from tumbled non-

spherical particles.

_ _ _ _ _ _ _  ___ .4 -.4—
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APPEND IX .1

ELECTROt~AGL’1ETIC SCATTERING

The discussion of light scattering theory starts

with Maxwel l ’s equations [22), which form the basis for

all electromagnetic phenomena. The set of four equations ,

aD
P Vx = ~ +

313
V B O  VxE +~~~~~= 0

are known as M a xw e l l ’ s o iuat ions , where !) = d i e l e c t r i c  dis-

placement; B magnet Ic induct  ion ; II maqne ti i c field .i ri— - 

-tensity ; E eloctr ic  f i e l d  in t en s i t y ; J c u r r e n t  d e n s i t y ;

p charge dens i ty .

For macroscopic n~ dia the dynamica l  response of the

aggregates of atoms is described by the constitutive rela-

tions which connect B and 3 wi th B and H wi th  B , e . g . ,

D cE , 3 = cE , B = pH for  an isotropic, permeable conducting

dielectric where c dielectric constant;  ~1 = conduct ivi ty ;

permeability .

The nonhomogeneous equations for each component of the

damped wave motion t hen become [20],

2 , ~V L — n p  -

(
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( — ~ 
— 

~~~~~~~~~ 
= 0

However in nondissipative media the homogeneous

undamped wave equations are expressed as (o=0),

2 32EV -~~ 
— e~i 

—
~~~

- = 0
at

v 2H _ c p ~~~ -~~~~~o

The velocity of light in various media is given by

corresponding values of (~-p )~~~~
2, since light itself is a

form of electromagnetic radiation .

For a harmonic monochromati.c light wave in a homo-

geneous medium the vectors F. and H are perpendicular to

each other and -to the direction of propagation . The scalar

components are related by

E -E 1/2
I 14

o

where is the intrinsic impedance of the med i um for plane

waves; i is /‘~T. The associated electrostatic and magnetic

energies are given by

U + T 
~~

- 

f (d!~I + p 1 11 1 )dV

1’

- ~~~~~~~~~~~~~~~~~~~~~~ -- ..4 

--
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For a periodic f ield such as the electromagnetic

wave there is a flux of energy crossing a unit area per

uni t time which is given by Poynting’s vector,

By taking the time average of this vector and

utilizing E
~
/H
~ s the intensity or the flow of energy

crossing a unit area along the direction of propagation is

I = (2 Z )~~~ l Et 2

The function u satisfying equations ; nonhomogeneous scalar

wave eauation in dissipative media (a>0):

and homoaeneous wave equation in dielectric media (c=0) :

2 3 2uV u — c p -----~~ = 0

is one of the components of E or H. Then, F

E
~ 

= Ae
)
~~~

t
~~~~

Taking only the real part of the exponen tial we have

= Acos (wt—kz)

where ci~ = 2 -iry .

The propagation constant k is given by the relation

2 2k ue~
j — ipci~o

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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which can be written as

k = a~, —

where

1/2
= ~ {~~~[[l + 2 2 )  + i~ }

and

1/2

+ 2 2 )  —

For an undamped wave in a nonconducting medium (o=0) k is

real and

k = ~~(p c ) 1”2 ui/v 2 n /X

where v is the velocity and A ,is the wavelength in the

med ium.

For the general case when k is complex , a complex

refractive index in can be defined by

E = Aexp [i(wt-k mz)’J

where k = 2it/X and m k/k = in - urn ..o o o r i.

When there i.s an absorption , the absorption coef f ic ien t

is defined by

I = t0exp(-a ’zl

where the in tens i ty  of radia t ion decreases from I’ to I

over the path length z ,

1 -
—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~_:~~~~~~~~~~~~~- - - .4 -- ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~-- -~~~~~~~~~~~~~~~~ 
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a’ = km.
1

The components of F. where there is no attenuation

are,

= Aexp [i(i+~1)1 
= Acos(T+~S1

)

= Bexpli(T+52)] 
= Acos(T+&2)

by taking only the real parts.

The locus of E is found by eliminating -r from these

equations,

. 2 2
+ [

~
) — 2 —h-- COS~ =

which is Lhc equat ion of an ellipse ,

B/A = tana

where a is the semiside of the ci r cumsc r ib ing  rectang le ,

B1I K.4~~
= tanX

1

where X is the semiaxis of the ellipse.

The state of polarization is defined either by Ct and

S or x and ~i . The intensity is given by,

~~
-
~~-- (A

2+B2) 
~~~

When the polari zation ~li ipst’ reduces to a strai’~;ht I inc

= (j  0 , -~l ,~~2)

C

-.4 .4- .4 
.
~~ .t- - . 4 . —.4- -   £ ‘  ~~~~~~~~~~~
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and

( 1 ) m B
F. A
x

When the ellipse reduces to a circle , i.e., A=B,

= ~~
- inn Cm

and

2 2E + E Ax y

Another representation of the polar ized li g ht is intro—

duced by Stokes. The Stokes parame ters are ,

2 2
S A I B = A  4 1~~0 1 1

A 2 
— B2 (A~~- I B~~) c~~~~~’cos2 \

s,, 2ABcosS -: (A ~4B~ )sin2~JcOs2 X

53 = 2M3sinS (A~ 4-B~~) 5 i n2 X

~ ~
2 +o 1 2 3

Whe n 6 = 00  or 180° the radiation i s  l i ne ar l y pola—

ri’~cd , so s~ = A2 +112 , ~~ = A 2 — B 2 , 
~2 = + 2AB and s~ 0.

For c i r c u l a r ly p o l a r iz e d  l iqh t  ~ 90° or 2 7 0 0  and

A - -B so, s :~~~s 2A~~; s  s. 0.

One impor t a n t  p i op e  r t V  oU St ekes ‘ pa r’an~’ t c rs i s t he i i-

L add i t  ivi  ty fo r i neehe r en t  po1 a i- i ~c~i beams , 

- . - - - - - . -~~~~~~~~~~~~ -.4-- — - -.4.—---~~~--- 
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t S0 
= ~ S0~ ‘l = 

~ 
51i = 

~
- ~2i S3 S~~.

The polarized and natural parts are expressed as

S~ + S~ S
1 

S~ S
2 

S~ $
3 

S~

The ratio of polarized intensity to the total is then

Ipol 
- 

[(s~~)
2 + (s~~)

2 + (~~ )2]

‘tot s~ + Sn s
o

0 0

Using a m a t r i x  notation Stokes ’ pa r ame te rs of the out—

going beam must be a homogeneous l i nea r  f u n c t i o n  of those

of t he

S
0 

a 11s F a17s1 ~ 
‘
~13~ 2

Si = a21S + a22 s1 + a23s2 + a24 s3

a31s + a 32 s1 + a 33s2 + a 34s3

s~ = a4 1S + a42s1 + a43s2 I-

which can be applied to scat.tcring as

I

~~~~~~~~~~~ 
[~~~~~~~~1 

.4 - --~~~~~~~-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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where the notation changes are:

~~ i 
- 

_
I 

-

0 S 0 0

2 s 2 o

S I V S V
3 s 3 o

r 1 i ra~~ j = [ S1

•1

~~ 
- 

~~~~~ ~~~~~~~~ •_~~~
j
~~~~~~~ _ I L ~~~~~~~~~~~~~ ~~~~



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

APPENDIX II

GENERA L THEORY OF’ SCATTERING bY A SPHERE (23]

The electromagnetic properties of a particle may be

defined by the incident wave, which has the field vectors

E
~
, H

~
, the wave inside the particle , E n H1. and the

scattered wave , E5, 11g. These vectors satisfy Maxwell’s

equations and the boundary c on d i tio n s  which  ar e  respective l y

g iven as , 2
2 a~.V E O Il  

— I ~~~~~~~ 
= 0

and 7

2 all ~
V H — o ~i ~~ 

— L p 0

boundary c o n d i t i on s:

r • II 0

where

B p1!

and

( ! 1 2 
— H~~) ~

w ’ nre  b is the s ur f a ct ’  c u r r e n t  de i t s  i ty . One’~ t he so lut  ion s

fo r  th t ’sc ’  ar e  obtained , a1 1 el oct  r c u i l q l I & ’  t c pin ’ mona no I ated

t o  I h t ’  ob ject  ar e  known .

0 cot  r ic  ~tn ( 1 ma~;nt ’t  I (‘ I to  r z roe I o t s  ii , and  11
2 

at

tie f i tied by I h~’ t ’  I at  i ( -Ills

101
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B1 
= p cV x

= V V - rr 1 
—

= -pcV x

!12 = VV .ir 2 
— iica u/at —

These vectors also satisfy the wave equations,

2
2 h-]. a j r 1V E_

~ 
C~~ t at 2 

= —

2
2 ~~2 

a - ~2
V 

~ 2 
- 

~~o at 
- 

~~o ~~2

where P and M are the electric and magnetic polarizations.

The scalar Hertz potentials cr1 and cr2 are derived as,

=

=

The spherical components of f i eld vectors in terms of these

potentials are then,

2a (rut 1
) 2

E = E i + E 2r = 2 + k r • l t 1 + 0

1 a 2 ( r -ir 1) 1 a (rut2)
F.0 E10 + F.20 ~~ ar ao + k 2 r s in0  a~

2
a (ru ) a ( r n

LI ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

*

.. ... IIE.~ =— -~~~~~~~~~ 
~~~~~~~~~ 
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~~~~~~~
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- • a 2 ( rn 2 ) 2-( 11r Hir + H2r — 0 + - 
2~~~ 

+ k rn2

~ 
a ( r ~ 1) 

~ 
32 (r ut 2 )

H
0 

hI
~~ 

+ 1120 = —k
1 rsinO 3~ 

+ ~: 3r 30 
-

1 ~ (ru1) 1 
~2 (r2-n2)

= + H2~ k1 r 
- 

30 
+ rsinO ar a ~

where the propagation constant k2 = -k
1 

k
2

k
2

iw

The Debye potentials are the solutions of the homo eneous

time-depeadent wave equation ,

- (
V
2
p ’ -I- k 2 p ’ = 0

, L~~twhere p p e

In spherical coordinates ,

~~ 

+ 
;
~~~n0 ~~~~ H~~

) + _ _ _  ± k211 =

By separation of variables,

fi =

-I- [k
2 _ P . 4~~ -~

1)
~.] + R ( r ) ’ 0

-

~ 

~~~~~~~~~~~~~~~
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t sinO 
[sin~ d O( 0 ) )  + [n(n+l) — 

~~~~~~ 
] o o  = 0

~- + m
2
~~(4) = 0

dc~

where in = —n,.. .0,.. .+n n-integer

The solutions for the first equation are Bessel func-

tions

= (flk /2)1”2 
~n+½~

1’
~~

X n (k r) = — ( I ( k r /2) ’12 N~ ÷1 (k r )

where Jn+~~
(kr )  and N~~1 1 ( k r)  are half-integral order Bessel

func t ions .  The solut ions  to the second equa t ion  arc’ 1.egendre

.4 polynomials

= ~~~~~~ (cosO)

For the third equation solutions are sin(um~) and cos(m~).

The general solution of the scalar wave equation is then,

~~, n
~m)

r J l = r  ~ ~ ~nn=0 m=—n

= 
~ {CntPn (kr) + dn~ n (1~~)}{~~~

m) ( coso) }
n 0  in=—n

{ a~cos(m4~) + b s in (m ~ )}

The relative refractive index is def ined  as

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

- — - -
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in = k~ /k~ mk0/m2k0 = m
1/m2

Considering the Debye potentials as the incident ir~~, ir~

the scattered rr~~, ir~ and inside the particle ir~ , ir~ we get

i 1 ~ .n—1 2n+1 (1)
rn 1 = 

~~~~ L 1 n (rt+1) 4)~~(k 2r ) P~ (cos8)cos4
k n 1

= 

~~ n~i 
in-i n~ t~ ~ (k 2r )P W (cos0)sinc~

rir~ = — 4 ~ in-i 
~~~~~~ 

a~~~~(k2r)P~~~ 
(cos0)cos4

k n 1  .4

ru~ - 4 
~ 

)~~( f l 4] )  
b~~~~(k2r)P (cos0)sin~

n—

and
- 

r cr~ = 

~~ n~ i 
i
n-i 

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

(cos0)cos~

r-ir~ = ~ in—i d ip (k1r)P~~~ 
(cos0)sin~

n=i

where ~n (k 2r) are the Hankel functions

= * (kr )  + iX~~(k r) = ( f lkn /2)~~
”2 fl~~~~(k r )

The coefficients an, b~ are

— 

(a)tp~~(f3) 
—

a - 

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

~~~~~~~~~ 
~~~~~~~~ -~~~~~~~-—- 

—.- -
~~~~~~~~~~ 
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—

b~ 
— 

mc~~(ah~1
1T

~)

(prime indicates  de r iva t ive  with respect to the argument.)

where a = k2a = 2 11a/A = 211m2a/A0
B = k1a 

= 211m1a/A0 = ma

A0 
= wavelength in vacuum

A = wavelength in the medium

in =

When the measured scattered field is far from the particle,

i.e., k2r >> n, the solutions become easier ,

• (n+l )  —ik 2r
~~~(k 2 r) = 1 e

n —ik.,r
e

With further simplification

—Ik 2rHO —ic • 2n+l
~~ = ----- = 

~~~~~~~ 
sin~ 

n~1 
ii (n+l)

~ (l) (cosO) ÔP~
’
~ (coso)

a + b — ~~--—-—--—n sin O n dl)

-ik2rHO ie 2n+1
- 

k2r 
COS~I 

n=i i~~n+l)

a 
dP~ U (cosO) 

+ b 
~ (l)

n dO n s inO

Denoting
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to
2n+l (

S
1 

— 

n~ i 
n (n+1) 1a it (cosO ) + b T (cosO )

~ 2n+1 I
S2 

= 

n~1 
n(n+1) lanm n (cose ) + b~n~~(cos0 )

where

(1) (cosO )
ur~~(cos0 ) sinO

dP~~~ (cosO )
T~~(cosO ) = dO 

—

Then, by Poynting ’s theorem, the intensity of scattered

radiation polarized in the 0 and ~ azimuths is,

= 

4J1 2r2 
,s~~l

2 sin2~ ~~~~~ 
11

S1fl~~

:1
0 

= -
~
-
~
--
~~
----

~~
- J s~~~

2 cos24 = ~~~~~~~~~~~~~~~ i~c0s
24)

4 1 1 r  4H r

where i1 and i2 are intensity functions.

While the exact solutions give a means of standard

to check the experimental work,  solutions for irregular

particles are not yet well know.

Further studies have been made on the subject which

will not be explained in detail since it is beyond the

scope of th i s  thes is .

• ..j : _ _ _
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SCATTERING BY AN ELLIPSOID (A THIRD APPROXIMATION) [24]

Let the equation of the ellipsoid be

x2/a2 
+ y2/b2 + z2/c2 = i

where a, b, c are the principal semi—axes. Suppose in the

first place that a, b, c are all unequal , but this restric-

tion can be removed in the final results. The dielectric

constant and permeability of the ellipsoid are c , p, respec-

tively, the external medium being a vacuum. Define the

incident wave by the three sets of direction cosines,

(2~,m,n): direction of propagation ,

(~ 1
,m1,n1

) : electric vector ,

(~ 2,m2,n2): magnetic vect:or.

Consider a steady state with time factor e
_1Wt

. The

incident field is then given by

(0) 
— 

ik($lx+my+nz)E —

(0) 
— 

ik (R~x+my+nz)
—

where k = 2-a/A, X being the wavelength in vacuum .

We expand the incident field in powers of ik in the

form

E~
0
~ = ~ E~ °~ ( ik)~

p=0 P

~ (0 )  
= )

~ ~~~~ (i k)~~
p=0 ~

11_ 0 
e 

. 4- — --
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The first three terms in the expansions are

t
—0 — 1’ 1’ 1

= (~11m1, n1) ( R ~x+my+nz)

E~~
0

~ = ~ (& 1,m 1,n 1) (tx+my+nz) 2

with similar expressions for 
~~
°
~~ 2 

obtained by replacing

(9.11m1,n1) by (R . 2 , m2 , rt 2 ) .

Let (E,H) be the scattered field and (Eta ’ , H~
’
~ the

field inside the ellipsoid . Then

to

E = E (ik)~~, etc.
p=0~~~

t ~~~~~~~,.. . ~~~~~ are given by the equations

= VV0 
= VV~

1
~

(i) (i) Ci)H1 = G 1 + V U 1 Hi = C 1 + V U 1

= + Vv2 
i) 

= p~j i) +

curlG1 = curiG~~~ =

cur iF2 H~ curiF~~~ =

diva divG~~~ = divF2 = div~~
’
~ = 0

where G1, F2 vanish at i n f in ity , V0, IJ1~ 
V2 are external

harmonic functions, and ~~~~~~ (J~~1)
, V~

’
~ interna l harmonic

function s, which satisfy the boundary conditions on the

elli psoid ,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ a-- 
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n x V (V0 - V~
’
~~) = -n ~~ 

~~~ °)

n • V
0

— c V 0 — —n~~~~~0

ax vcu 1 — = —n x — +

a V ( ! J1 
— ~~~

( i )  
= —n (C

1 
— 

~~~~~ + H~
0
~ )

a x VW 2 — V ~
’
~ 

= — n x (F2 — F ~~~~ + E~
0
~ )

V (V2 
— cv~~ = —a • 

~~2 
— + E~

0
~~)

where n denotes a unit vector along the outward normal.

Further

J n . Ed S J n . H 1d 5 = J f l . E2d 5 = O

where the integrals are taken over the surface of the

elli psoid.

From these we obtain the results as

V
0 

= AiXIa(~
) + A2yIb(~~

) + A3zI
~~
(
~~
)

= A~~~x + A~~~y +

= A2 zI
~~

(
~~

) - A
3
yI~~(~~)

= ~~(A~’~ y - A~~~~z)

U1 
= BX

~
T
~~
(
~
) + B’X V ,T

~,
, (1) + B

l
yzIbc (~~

)

+ B2ZXIca (~ ) + B3XYIab(~
)

= + B’ ~~~~~ + B~~~~yz + B~~~ zx + i~~~~xy 
I

j  ~~~~~~~~~~~~~~~~~~~~~~~ 
- fl -- . 

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

— 
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= — ~~ A1[x~I (~ ) + 
~
‘‘b~~~ 

+ z2I ( ~~) 
—

— ~ B1[x
21 (

~
) + y I b (E;) -F 3z2I

~~~
(E
~
) — 1 (f)]

+ B
2
XyI

b U ) 
+ ClYZIbc (~~

)

9 = A14~ + A2 4t~ + A
34~

= ~~ (x
2+y 2+z2)xI (E) — xI(~ ) — 

~~
-(3a2+b2+c2)xIa(~

)

(F
~~~

)
~ 

= ~~ A~’~ (y
2+z2) — 

~~
- B~~~

1) (y2—z2) + c~~
)
yZ

V2 = DiXIa U;) + D2yI~~(~ ) + D3zI (E~)

The y and z components are given by cyclic permutations

of x , y, z, a, b, c and of the suffixes 1, 2, 3 in the

constants A1, A2, A 3, etc.

The notation is as follows: ~ is one of the elli p-

soidal coordinates of the point (x,y,z), defined as t he

greatest root of the equation

2 2 2
O(~~) : + —

~~ + — 1 = 0
a + ~ b + ~ c + f ~

Furthe r

X = (a2+v) (b2+v) (c 2 +v ) O ( v )

v ,v ’ = roots of equation

1 + 1 + 1 = 0  .4

a2+v b2+v c2+v

~~~~ ---- .4- -- -- - —
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II E~ — 

R(u)

1/2
R(u) [(a 2 +u)  (b2+u) (c2+u)~ 

H

I (
~ ) = 1~ —

~~~~

---

~~~~~~a 
~~ (a +u)R (u)

duI (E) -- .. , etc.
ab (a’+u) (b2+u)R (u)

to du
T ( r ,) f  -—__

V )~ . (u—v ) R(u)

du
— ,J 0 RTÜT

I du
I = Ia J~ (a ’+ u ) R ( u )

I I - - — -
~~

- -— - —--
~~~~~~

- -- - --— - --- , etc.ab J 0 (a 2 +u)  (b~ - I n )  R (u )

T = T ( 0 )
V V

A
1 

- ( € ; - l) f 1(~~)~~1

= ( 2/ ab c ) f 1
(~- ) ~~1

= [(~~
_ l )  ‘a +

U. mm , nn
B - 

1 + - ---f-- +-- (p _ 1) T
~~

_ ( l/ v ab c )  6 ( v — v ’ ) a 2 +~’ j) 2 +V c2+v

C B’ = same as B with v, v ’ interch anged ,

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

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



B1 
= g

1(~
i) {_ ~~(b2+c2) (m2n+n 2m) F m2nc2

+ n2mb + [b
2Ib 

— c2I~ — 
~- (b 2+c2) (I

b
_I

C)]Al

+ ~~.4(b
2_c2)A~~)}

= [ _i)(b2+c2)Ibc 
+

B
(i) 

— 
B B ’~~

’
~ 

— 
B’

(p—l)vabc ‘ 
— 

(p—l )v ’abc

( i )  çm2 n+n 2m b2 —c 2
B
i = g1 (u) ‘

~, 
abc 

— 

2 Ibc Z l

I — I  2 2
+ [ abc + 

~~~~~~~~~~~~~~~ 
(Ib+I c) I bclAl

+ ~~•(b
2_c2) I bcA~ 1)}

C
1 

= (b~ —c
2) [ ( a 2 + v ) B  -F (a2+v ’ ) B ’]

= - (2/3)~~ (b 2 _ c 2 ) I ( a 2 + v ) B ~~~ + (a
2 +v I) B IW I

D1 = ( l/ l 0) f 1( c ) {( l_ c ) ~~i (a 2
~~

2 +b 2m2 +c2 n 2 )

+ ~~(b
2mn 2 — c 2 nm 2 ) + [ ( 2 — d I  — ca 2 l a + 4a/bc lA 1

+ (~~I +2I ) B 1 + (1/2)E 2p (b2+c2)A~~~

- C~~(b
2_c2)B~~~}

4 b 
Various relations connect the ellipt ic integrals (and

P , T
~~

,)i of which we mention the fo l l owing ,

— .4 ---~~~~~~~ ~~~~~~
-

~~~~~~~~
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‘a + ‘b 
+ = 2/abc

2 2 2a 
~a 

+ b 1b + C ‘c

‘ab = (Ia Ib)/(b
2 a2)

31aa + ‘ab + ‘C 
= 2/a3bc

3a21 + b21 + c21 = 31aa ab ac a 
.4

I I
T l i  a + b ~~~~~c 1 .  1

V 
— 

~~La
2+~., b2+V c2+V) vabc

To f ind the f i r s t  three terms in the wave zone expan-

sion , we require the coefficients  of l/R 3
, 1/R 4 in EOR , E1R,

and the coefficient of h R 3 in E2R. This necessitates ex-

panding the integrals I(E~), etc., in powers of h R .

a = x / R, B = y / R, y= z /R

so that (ct ,~~,-y’) are the direction cosines of the radius vec-

tor to the field point. Then

= R2 — (a2a
2+b2t~

2+c2y
2) + 0(1/H

2
)

Hence, expanding the integrals I(~ ), etc., in inverse power s

of t ,  we find

1U )  = 2/R + (1/R3[_ ~-(a
2+b2+c2)

+ a
2
a
2+b2~

2 + c2y2] +

iP

~~~ — ~~~~~~~~
- T~~:~~~ ~~T
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1a = 2/3R3 + (1/R 5) [—(1/5) (3a2-I-b2-)- c2)

+ a2
c*

2 + b2
~~

2 + c2y23 + 0( 1/R 7 )

lab U;) = 2/ SR 5 
+ O ( l / R 7

)

= 2/SR5 + O( 1/R 7 )

For the remaining coefficients , when expressed in terms

of surface harmonics , we find ,

~~(0~~3) 
= ( 4/ 3)  (A

1
a+A 2~~+A

3
y)

(1,4) 2 2 2S2 = p1c~ + p2~ + p 3y + q1~~y + q2-~ + q3(~~

(~
) 1)

‘ S1
’’  ‘2~ 

+

s~~~

2
’ 

3)  
= (~~) A 1

(~ [a
2a2 +b2

~~
2 +c 2y 2 _ (~~

- ) (3a 2+b 2fc2)]

+ ‘
~2~ [1

2 2 +~)
2
~
2+c 2 2  ( 1) (3b 2 +c 2 4a 2

)] .4

+ )A 3y[a
2a2+b2~

2+C2y2 (~ ) (3c
24a2+b2)]

where

p1 (6/5) [(b2+v) (c
2+v)B + (b 2+v ’) (c

7+v ’)B’J

= (2/5) ((b2-c2)A1 
-F

r1 (2/75) ((9a2—2b2—2c2) 
~~~ 

+ Sfl~ 
— 1

P = k2[~ ~~ 0~~3)] -+ k4[_ 1 ~.(2, .~ ) 1 ~• ( ~~ ,4 )

+ 
~8

I ~: 
_________

.4 
-.4 _______
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For the wave zone field we have
.4 L

E — H  1 g~ _ _ _

0 4t (~~~~o sine a~J R

E — H _ f  1 
_ _ _o j~sine 3d~ ~eJ R

where , as far as the term in k4,

P k2(K1a + K2B + 1(31) + k4[Ljci + L2B + L31

+ }4
1~~

2 
+ M2B

2 + M31
2 + N~ fly + + N3aB

— (1/30) (K1a + + K31) (a2a2+b2B
2+c2y

2
)]

Here (R,o,q,) are polar coordinates of the field point,

while (a,B,y) are direction cosines of the radius vector

to the field point, and are therefore functions of o~ q

which depend on the choice of the polar axis. The con-

stants K11 L1,... are defined as follows,

K1 
= (-

~
-) (~ — 1) f 1(~~)~~1

lSL
1 

= f
i
(~~){(~ -l)~~1[(~~) (6a

2-b2-c2)

2 2  2 2  2 2 ~~ 2 2
- (a p. +b in +c n )J + ~ (b rnn 2

-c nm2 ) 1

+ [f 1(E)1
2~ 1{(C_1) [(c—2)I + ca 2Ia — 4a/(bc)~

+ E ) J  (b2+c2)/(abc)} + 
~~~ g1 (~~~ ){  b~~ c~

4 x [(p/2) (b2+c2) (mn 2+nm2)-mn2b
2-nm2c

2]
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_ c p (b 2_c 2 ) (mn 2 +nm 2 ) / ( abc)
} +

x

+ c ij ( c p— 2 )  (b
2 .-c 2 )/ (abc)J

M 1 
= ~j~~[(e—1) (Iabflfl

l
+Iacininl

_21
b1t91)

+ (2a2tp . —b 2mm —c2nn
abc(~ a b

15N1 
— (

~
) (p—l) f 1

(~i) (b2—c 2 ) R,2 + g1
( c)

2 2  2 2
x [ ( E / 2 )  (b +c ) (mn 1+nm1) — b inn 1 

— C nm1]

+ f 1(~t ) g 1(e)~~2 E t ( b 2 —c 2 )/ abc ) —

where

k1(c) = b2Ib 
— C21c 

- (c/2 )  (b 2+c 2 ) 
~‘b~~

1c~

Q = (c_1) 2 (IabIbc+IbcIca+IcaIab
)

2 2
— 

4c (c— l)r~ + - - +abc 
~a
2b2 a2b2c2(~ a

2b2)

du 
~~ b ’ ~

)/(c2-b
2)

Jo [ R ( u ) ] a a 
—

= 
udu 

= ~~ b 
— c J , etc.

0 [R(u)1 
a .4

~~a
2 = a 2 + b 2 + c 2

~ 
a
2
b
2 

4- b
2
c
2 -F c

2
a
2 

.4

- -
.4 
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~ ‘a’ etc. are elliptic integrals.

The scattering coefficient s (ratio of energy scattered

by elli psoid to energy incident on elli psoid) is found to be

s = (L 2b2c2 + m2c2a2 +

4 3 2 2 6
x ~ (8/3)k  ~ ~~~~~ + I~~ I ) + ( 16/3)k

j =1 3 
.4

3
x 
[~
Re ~ (K.L~ + R . t ’~ ) - (1/150)

— j=l ~ 3 3

x [(3a
2+b2+c2) (1K ~2 + I1~~I

2

+ (3b2+c2+a2) (11 (21
2 

+ 1K 2 1 )

+ (3c2+a2+b2) (IK 3t
2 + 1K 1 ))]} + 0 ( k 7)

(1) ~~heroid

If two of the pr inc ipa l  axt ”S of the eliipso il  are

equal, the eilipLic integrals become elementary integrals.

We f ind for the

~ro1ate spheroid (a=b<c) :

i — 2_ 2 -1/2 c + (c2—a2)1”2
— c a ) og 2 2 1/2c - (C -a

while for the

oblate spheroid (a=b>c) :

I = 2 ( a 2 _ c 2 )~~~~
’2 cos~~~(c/a)

Exact solutions for spherotds have been found  by Asano and

Yamamoto [251.

j 
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(2 )  Sphere

If a=b=c, we find easil y

I = 2/a, ‘a = 2/(3a3), 1 aa = 2/(5a5)

J = 2/ (7a7), J’ = 4/(35a5)

There is further no loss of generality in taking the z

axis as the direction of propagation and the x axis as the

direction of the electric vector, so that

= m~ = 1

the other direction cosines vanishing. We then find

E
0 

= H~ = {k
2a3[~~~. cosO + J~-~ J + k4a5

x [F ( cs~~) cos~ + F( 1i ,~~~) + - -
~~

-
~~
-
~
- cos2O

ikR
+ 

~~~2 +3) cos0]} ~~~~ 
e

= —H
0 

= - {k
2a3[~~~ + 

~~~~~ 
coso) + k4a5

x [F(ct~ ) + P (~i,c)cosO + 6 ( 2 c + 3 )  cose

ikR
+ 6 ( 2~t+3 )  cos2O]} ~~~~ 

e

where

F ( c ,~~) = ~3/l0) (~~+2) 2 
(t-
2
-6r+4+r

2
i~)

‘.4

“.4

_ _ _  

-
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(3)  Per fect 1j~~ Conduct ing_Elli2soid

We can deduce this case by putting i=0 and making

I c~ ~~‘ in our general results. Thus

K
1 = (2/3I~~)~~1

= (l/ l5I~~){~ 1[(~~) (6a
2—b2-c2) = (a2~ 2+b2m2+c2n2)]

+ b2mn2 — c2nm
2} 

+ (p.1/15~~
) (I+a2Ia)

M1 
- 

45Q’ [I bnnl + ‘ac~~’l 
- 21bc~~ 1

+ 2 (2a2p.9. -b 2mm —c2nn
abcQa

2b2) 
1 1 1

= ‘ab’bc + ‘bc1ca + ‘ca1ab

- + 
~~~~~ ~~ J 

+ 
a2b2c2(~ a

2b2

N1 = 

~~~~~~ 

+ 
~~~~~

-

~~

---- (mn1+nm1)

2
1 

-- 

~~

= 1~~(~~
2
+I [a

2~ 2 + b2m2 + c2n
2 

— ~-(6a
2_b2_c2

)]

+ - r1 + + .~.(b
2_c2) Ibc1

15(Ib+Ic)
2 L be 4 j

c + 
~
(I
~
41
~
) (mn 1+nm1

)

_ _ _ _ _ _  — — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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a — 
— 

i. 
_____________________

‘.4 M 1 —~~-~ i ~ +1 I +1 Iab be bc ca ca ab

= 
-c p. +

1 451 1 (b 2+c 2 )I bC—2/ (abc)

x [b2mn 2+c2 nm 2
_ ( ~~1/I~~) (b2Ib~

c2 Ic) ]

The remaining constants K2, K3,... are obtained by cyclic

permutation as before.

- ¼ .

II

1 .4
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APPENDIX IV

COMPUTER PROGRAM TO DECODE PAPER TAPE
AND AVERAGE OVER STATISTICAL DATA
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APPENDIX V

THEORETICAL MIE PROGRAM
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17rAP(~~.~~~,O~ P

250 0PP’IAT(1-I0 .4.) -
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CALL. 6~~A1’HI I 511311’D. PlN t l  .101 . 10•0 .RrP . PF1 s K I
CAll. G~~A PP4I(STP-4 E l’O .flTNT2 .101.10 .0.RrI5.Rr t .X )
S IC P
(34 0

132

51 -



‘~~ ‘“ ‘ ‘“ ~~ .‘~~~~~ ‘ ‘ ‘ ‘~~~~ ‘.‘ ~] - _1 1 ’ ~~~ 
- - 

~~~~~~~~~~~~~~~~~~~~~~~~ -- —-  ,,~ , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ , p
— . - ~~~~~~~~~~~~~ —S’—,s~.S’~-=5 . —-— -- - - --  -__-- - . ._

133

t

1!
!IJSII I .)uII l’.F C t * I E  (x.RPR. r3 i - I .T PIF TO. ,Ix.O rxT.OSCAT.CTPI OS.EL TUMx) OtIM IrO Q I

C SIUIROU S *1-11 0035 LONI’ IJI lOG 1344.  P414.11 - -S 14.155 01 THE F(.I’CIISONAGNE T IC D3,~M l( 002C CC MI’ UVAV IONS III 0(10531 F P’SFC IS I ON A R I T 4*4~ TIC • 1)13~~11 004
C THIS S3.fl’IOUlIF* COMPUT E S TIlE C A P I T A L  A F UN C T I O N  41 M A K I N G  USE OF D OMI F 005
C flfl.N’.APO PFCu P~~C” 5CE R E L A T I O N S H I P . 0(5131(006 -

C K I S li t  I , A 1 3 A 7 - t~ ii~~ Cl 1144. 51”Iff.’P(’, (  2 • P S  • PA 3 ) I U S  OF T15 ~ SPi- IFRE)/ D0UI0007
C WA V (  I I- P . C. ) 4 I  CF T>,3, I NCII’5EP’IT (IAIS I 41100) • fl’5441(’()O*
C Pp .’; ‘SEF ISAC1 l y E  134(14. * or IPSO M A T E R I A L  4W 11-sE SPIIFISF.COMI’iEX O11P-l 1 I’O07~
C OIIAN T IT v..I (‘i -i - : I Ri- P — I * 110 I ) 0 t 4 ” l t  010
C ‘1441-11)1 J ) 4OCT1 4. IN fl4.71 fl 4.371 f l 4 . T *7 t N  1431 DI HF , C TIO P ’l S CU 11-IF INCIDENT OO PA II 0))
C ~No I 1-4 1 SC A T  11111,1 ) 7) A D I A T  11I34 5 T4II 15)1 j) I S ( 1)’) Go. u (13114 13 0) 2
C II’ 113110(3) 51-h Um PI.%11Pf4 10 (~1’ 0(10*1(1% 1 1-sAN 00.0. (Ou R W I T H  0(’Ml5- O I l
C S U P PL EM E N tA R Y  13AL141T SEE COHM (Pl1’; 11* 10W ON rt 1’RMX.. 1)013100*4
C -ix : 101*1 OIJMtSER (IF 113(10 FOR WPIICP3 13>0 COMPUTAI I(ThJS ARE 011~~IE O I 5
C J3E Q 3 , I I 34F f l .  .1)4 553(10* II PlOT I )4frT’IS too UN ’ . 4.7171 T h I r  1)1133 1- IS 51 )1 - IS  D 1 I M I ’ 5 ) % 4 .
C 51 413 .M FN T ,I. AIl E * l ’ IHflPPII A l l ’. V 1-10(111 ILl) . Uf l M I r 0~ i
C 14* I” 43. 11(111 Al’ 511115-lI D A L 71(1 1- sAV E R EA .$ A 11-10101 500 ) .7’’. T iSIIx ( 4 .100.7) • 1 ) 31 13 5 1 - ’  (1) 4
C ‘1 1-IF 07 ) lOt  It (It S F 1)4 TIlE F’Ot LOW I NC. Sy3 ’3 I’1(ILS C API III ~‘ 91,)137) I N • L. IGIiT 3) 75~4 7 1 ( 7 4 9
C SCAT 1* II (1-Is. It’s’ 7 1 ) 1 5 - i t l’A I) 1 1( 1  I S • )5.C • VA N  1)1 34513 ‘II • ,1(’IlP’l W I *, ry 1. SONS6 ‘M! 0,’ 0

-: C • b c .  • O~. A V (’l~ k . )S4P ‘ .
C 01 X I :  I I  I I U I  I I N) V I A C Ton l OPS r x T i  NC T I  01-4 ,V A N  rsr 111, 13 , ’ , 1 , 1’ . 14 F- 127 • ()l

~ M l ’  02 ?
C Ø5 ( A T  i -F l  If C I I  0(1 14 (1 (Ill FOIl SCA 1 I 144 10 (.. V . 1 3 4  (44 .  1101 ,71 )  • I’ , 14 F- 5 2 7 .  3)111-4179? I
C C Y P R U S :  A V U H A L . I l ( C SI N i -  I P ’ ( T A )  A O S C * T . ’s A1 -4 ( ‘ (7 11(1 1 711 • 1’ . 1 7 ’ A .  t’3 P-1-4 I 1: ’1 :’ 4
C -EL )  f lUx ( I  • .1 • K ) ;  I:L 5-s I N 15 or TI lE 13) A PI 71. 1 ) 1 1 3 . 1 1  1 1)34 MA I 3 ) 3  15 P • V A N  01 1101 (1(11311 0? ’.
C 5 1  • t ’ . 1~~ .4 ’, (- 5 2 7 1 .  I -‘ t : IL 15-15-NT N 717I3 1 2. • I ‘ ,‘ . (~3. ( 1- I )  N E  N 711,11) 1 • .011” ) ~f ()~~~
C I = 3~ [1. 5 #3 ’-’ lt T S SOt> 2 % . .  I 4 [ ‘ L I HI P-l I (1 611 )1 I I . . ( 1 O S ’ 7 7 3 ’ l,’ p

C ft I I ’ - I X ( I . J , I )  O I 4 I 1 I 1- 1 0 1 9  1 I’ 4 .  7 T h  i -I  5 - 1 - ” N 1  (IF T I ’ ! ’  1 3 4 1 11 101% - (‘II II ’I (‘I ’ ,)

C 1 5 3 1  A N t - L I  11- 1- 191.1 1. .  ( L I I 1 P I ’ P ( I . J . ? I 3:l I’ , l I ’ .L NIT. 1)9 I l l s  1 1.3 , 131 NT ( ‘ 4 1 4 h 1 7 1 1.1~~~•)

C (51 -- 1 - I l  5 - ’ A I I i I A 1 (41-I 1 h ’ I ,  A N( I.I1 1*4 0 . 0  — 5 1 1 1  (1,3.1 ) • • ( 9 9 11 1  I) ‘0
I. 3 I~ 1- ’ - P - i  ( i  ) s )  • . 1311  5 - 4 3  I’ ). UI TI’’ 5 (4113 ’ ’ I’ l l ;  A N ’ - )  I 571 (.ITfASt I) I I 4 AN  I~~I ’ ” I 7 ’ (1 I ?
I ,)0. 1) 1 : 1 4 , ’ I_ I S • II 5 ‘• • •(l I 5. ~ ) L I I I ’ l  1’ t ) I

6 7 1105*7 4 J/ 1)4) . • 1 1  1- 4 9 ’  Il( All CO UPS 5 135 c• • / ,‘ ) (‘‘I~-~I 3  (I I  I
7 I 14.1-l A 1 (~‘- .‘1 10 • I ol 5-’ A l U) (II 1 6 4 1  A I4 ( ; I. I13I NT IS, IS s.’ l  4 . 1 1 1 3  T 1-1* 1-1 100’  1 (111911 0 ‘4
33 1 1 1 1 1 1 3 6 14  //~ I0. 1113,’ L I I ’ S  IS ‘ . I N I  1’ 3 0 9  A ’  *0 1 ’ .’. 1 4 0 1  1 ‘4 . l 4 I t , I I .  7134),,,) 61 9,1- I 1,10113 ( > 4 ’,

I ()1- I ’ l l ( S )  I I I I T S ’ I J T  * 1 - , )’  5 - 1 1 1 1 ) 3 5  5’ 7i (j7ll)I.)I9 5 iM’ • / / I  111131 ’ “34 ’,
01*1 •Il X . l ’ X , l- l - (i , hll I .07 1 5 1 . 0 9 4 * 1 ,  1 ( 5 3  . 1 . 1 ( 4 1 . 1 1 1 ( 2 )  . 5 ( 1  - )  ( I i ’ 1 7 !  Q I T
, ,rA t  .“ T I ~ l .1).l1(2),(IIOIOS I I ) 5 ~ 54’ ’>

~-t ~~~~
s -> 1 3  T II7 -X(A .%t)9.2).Pl 1 5 , 1 0 0 1 .  3 A ~ I( 4 , l~~ O ) . C ’ ; ~~~( l ( I  - 1 0 3 , 7 1 I ? I I s T ( 1 0 0 ) 9 ’ ’ P ’ I l  - I ’ ’ )

‘. •1 3 1 1 (55 190 I ( ‘ l I• l  3 3 I )’ )  )

( J ) b S l - (  * X 17. I 4 P . Il1l 7 . I)Hl X . ’01I 1 . 1  1 - 1 4 . 1 - 1 - 4 1 5, S C I . T C . ’ 4 . 5 - P N I  ‘ 1 , 4.1 .\I’l 7 0 0 1 1)
C I N 1 . ’ t L * S I F .  I P.Ab ’ ,INSIP (‘‘l’-IIl  ‘ 3 1

C ‘ T * ( t ) :  I1LAL 1 .1(1 1 tI E W IN(S).. 14( 2 ) 7 I 1 - ’ S ( . l 1 - 1 A I l V  I ’ A I 7 I (14 W IN I I ) . .  l)’101 1 ’ ’ 3I
C 7 4 ( 1 1 7  ( ( [ A ’ . .  1 4 5 * 1’ (13- 4 I 1 - J ( 2 3 . . T A ( 4 )  l P 4 - ) o I P I A r) V I ’ f t ) I T  ( ‘ I  WI 3 , l t 2 ) .  ( “ 1 - 3 7 3 5 1 s 1 s 4  .4

C TI l l I) :  I~ 1. AL FA ll I (II 1 1--IA. • 1 3 1 ( 2 ) ;  113* 1,10* 114 1’A Sl T I’ S 1 1 3 4.  • 01)1311 04 ’ s

C 1 ( 1 %  I: 1 1 1 4 3  ( ‘A l I t  oi I Oil .. T ( ( 7 )  I M A c , T 1 - I A T I 1 Y  3 ’ I . O I  l 5 (  ( P I l l.. L S° N ! ’  044
C ( ( 7 1 %  ) Ill AL I ’AR  1’ 00 1 3 4 4 3 . • T (11 2)  I NA G  11-4 4 4 Y S’ ATS I (II I 1-lA O • ( ‘ 4 4 1 3 7 4  1)4

C T ’ ( I I ;  5 ’ )  A l, 0 6 4 1 1  (4 I 34110, • T1(’ 7 I 1-’ 49.3 14 P.44y 1-’ 435 1 413 - I Nt13~ • (5)5 ’ ) 3 1  04 ’ )
C rO Sbi - ’  I. I ? 4) I . , .1151 14~7 I ’ I7E  ( 10 13 4 9.  VAL UI ’ S 01 I R A  3. P 1334 1)1- S ) ’ O C T I V F I .Y .  3 ) 4 1 1 3 1 1  ( ‘ 6 ’ )

F 03,1 1 5- 4 1  4.9, 4. I U 1- Nfl) .1 A ( S ) ) .  ( 1 -_ M A  1 III I ) )  • I 3’NIt . 1 C C  1 ) )  (111 5 -’ I ’  ‘ ) ‘ ‘O

(Ut’ I v . 5 - L I  o r. 5- (0 N A3- ’ . 115 ( 1 ) )  • (1 Nfl p ,T 0(1)) I) t ’ 5- ) 1F I” %
ir 4 ,ix . 5 - 4 . .  100 4 GO TO 20
U R L T 4 . ( t . 1 )  ( ‘ 3 ( 1 M I F O ’ P )
W I 3 1 ’ 1 r 4 E . 6)
(AL L. f - X I T  0(l M l 1 0 ~,s

2 )  P0 UI NI- I X I  011) .—RF I)  (‘3b~% I( 7 (>714

~ I .07)0/117- 0 1 3 1 3 1 3  0 ’ . ?
O X  I .01.0/K fl’ l’-’I 0-s ”s
P11- * .. 51 ’p * 51* ‘.1(713 37 ’ ‘‘,‘)
TI I)  • (x.*?),(IIFUS,7 6 P01*62)  ( 5 1 1 .5 5 3 1  L’I), t’

1 (3) = (‘710151 11 (I)) fl’ )1 -157 LI5-~~ -
1-41315) a 1.103)0 * 1(5) 01-51311071 ?
II’ I 3 4 1 3 * 1  • LF .  4,909 ) GO TO 25 (1111311 04.1
W i l l 10 (6.4) 0*1)41” 04.4
(Alt, 1 * 1 1  01>13 1 3 04.4

2 % P.13*2 • Ill ) l’bID-~I ’ 0 F s A
IF I 0 M X 1  •G1. 150 ) GO 10 22 0’lMlt- 04.7
05 -4 * 5  150

-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
SI _ _ - — —

~~~~~
- 

~~~~~~~~~~~~~~~ -— - - -



-~~ -r~~~~~~~ ~~~~~~~~~~ -- -r~~r -~~~, 
~~~~~~~~~ .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 
. . ~~~_ L J~~~~~~~~_~~~~

” -- — - - - .- -- - - - -

~~ ~~~~~

— -

~
——— -- 

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

- 

134

N $A? 135 OEIM IEO’ 9
22 A 4.*p(hp~1% 4 I I I 0,000. 0.000 1 - 015133(7 070

1)0 23  1-4 5 .34131)  0(71310071
P-I- PINK) — 1-s I 081410 0??
A (A (’(NN I • INN, ))  A RIW X — I .000/ ( ( N P4 4 j )*MR~~X A CA P(NN•1) )  D’3~~I( 0 7 3

23 ((INII3400
04) ~10 3.J K 1)8131(7075
IF I 11 - 3413(3) •LT. 0.000 5 1141701 3) ~ O AB SITHFTDCJ )) 08131107.5
IF S ~s-€ t’D (J) .61. 0.000 GO 10 24 0U1-4JE0~~7CSTI-4 IIJ )  1.000 081-110070
S I 2 T s T IJ )  • 0.01)0 08131(7079
GO 10 “ 0 001319080

24 IF I fl- E ’ r D(j )  .(.E . 90.000 ) GO 70 25 - OflN 5(7 OAt
III) I 1.1415926335097932 • T1-4ETQ(J))~~18O.OO0 081370082
CSTP’ T IJ ) • 0 (65(7(5)) 1)01310083
51 2 111 T 13) ~ 1.000 — CSTHTIJ)•*2 - D O T I I E O R A
GO 1’) 30 001410005

25 IF I 71-110(3) •GT . 90.000 ) 60 70 20 D~lMIF oR6
0331310087

SI 2 T P 3 T C J )  -
611 151 30 - 01>131(089

28
W 0 I T F I 4 . .~~) - D()M IFO1- ’ I
C A L L  1 - 5 7 !

30 COPI1 INLE 0(7.545101 )3
Of) 3’ . . 1,3* 0lI~~IF 0 9 4
01(1.3) 0.01)0 0(4131(095
P1 (2.31 I.CIIO 0fl~~Ir 09s

~ 0.01)0 onu tr o ’~ ?
14.111 2 .3) C 111>T ( 34 0131411’095

5 C O N T I NU E  001114.099
1 (5 ) • 0(051*)  1)331311100
1 ( 2 )  — 07110(1) 03>5-I I ..r101
WI’) ICMI’4.X( T I I ) , - T ( 2))
W~~P l(1) ~~ (> C 3 r ~~xI f t 2 ) .T ( 1) )  ~ I3 ’ iT E I I ’)
A l N I ?) ‘~ ox e W r N ( l )  — *143 Ol~ 41r !06
14.1 • * C A I I I  4 A ~~(1I’ • 11* 3)9)47 1 -  7 0 7 1
1(2 — AC A l - C l )  $ PF • 31*
F 1-lA (IC) •l A ( S )  — TA( S )) /1 IC 1*11’ N I 2) — 130 1 - I l l ) )  1)(sl’ II ’3 0?

I 1(2 614(3 ) — 1 4( 1 )1/ 1 1( 2  * 131 - 1 -1 (2) — 1 3 1 1 4 ( l ) )  0(’P411tS )1)
F OA P  r. 1- 1-34 (11513,17- 10 9
FlItS ’ S F 4  Df l N i I t I O
‘1(1) — 3 , 710(10 O O N I ” I I t

C 011(111 III 15, 11) 11 -IF ST A I E N E N T  N( ’3480R 9 0.  (11(5~~* 11  • 3.35) 1-545 liii I I ?
C F I L L  0.11346 M E A M I N C .  o m - ’ ( r i t  I
C EL ;Il P 3 x I l .J.K ) : R EAL PART OF Till FIRST Ctll-’I-’LIx AMI’LI1 u t~~~. (‘3 ’ V I I 1 - 1 1 4
C CL l’~~~x 1 2 . 3 . 1 3 4 :  7 1 3 9 . 1 0 * 1 5 5 ’  F’M T (U’ 11-50 I 141711 COMPI. 1 Y. A Il.’fl TUOE • 0(7’S II I I ’S
C OI T FM K(3 .J .A) Ri -Al PART 03’ TilE 50(000 COMI’L i’15 A M P L I T UU E .
C EL IPM *4 4 ,i ,3~ ): 5 1.14.9.1 NA RY pA fli OF TilE SECOND ( ()1-IpLf* AM5 ’LI TUDE. Ol IN 1~ I I  ‘
C K I : r01’~ 70(1013  4 *1-40 K 2 1 FOR 1540.0 — I’IICTO (JI 0’ulr 1 1 8
C (SEr IP -IITIR 1 -l cr 11-li - ((1-4P11X AM PL (T0(1€ V A N  DO PIULST .P.1Z5.

7151 *) • I I I )  4 101 * I 0l>’4 I~ 20
1 ( 7( 2 )  • I I I )  4 111(2) 0 1)14 1(521
1(11) = I I I )  4 TC (2 031 131112 2
1(12) • T ( I )  6 1(12) D(1~~IF  2)
1)11 60 1.3* 0’SM t4.
(L IIMX (1.).I) * 1111 1) * 05(2.3) 4 TC(I) A TAU I’.J) 03)131012’
ILT OMX I2 .J.I ) 18(2) A P3 (2.3) 4 1C12 ) A TAU (2.i) 133,I MI F I 2 A

IC (S) 6 P112,3) 4 T Ilt )) 4 T A 3iI ’.J) (13)1-It t  27
* P1 (2.1) • T 0 (2 )  A 7*3,12.)) (1111-’tr 24.

FL T I 1M X I I . J . 2) T O I l )  4 01 (2.3) — TCW  6 74.0(2..)) (11)5414. 2’)
(I T$~14x( 2.J .2) Tfl(2) A PI I2 .J) — 7(12) * TA ’ .3I2 ,J) r)I’1-’tr 10

.4 11 1545-4*13.3 .2) ‘ 1 (11) 6 P1(2.-i ) — TOIl ) S TAIlS? .)) 013U13’ ‘St
l-ITII’4 *I4 .J.2) * 1 (42) * Oil?.)) — 7 0 ( 2 )  A 7 4 . 1 7 ( 2.3 )  t ’3IIUIF 3?

00 C O N T I N t E  01)1411133
0(’ x T  -‘ 7,000 0 ( 18(5 )  4 IC (S )) I)fl~~I 7 1  ‘54
O S C A r  (173 (3)642 4 10(2)4*2 4 1(11)4*2 4 TC (2)As2)f0 .70-’DO 0111414. ‘5
O T4JPO S o.oco 0PS~~TE :15
1-1 ‘ 2 01)1410)37

.55 T o )  • 20 1 3  — 1 PR M IF I I A
712) ~ N — 5 ‘ 01)1310139
T (3) ‘ 2 4 1-4 • 5 00131( 140

F

~~~~
:;

~
T-_ _

_
~~ __~__ _ _i - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Ii ~~~~~~~~_ . , _  -‘-- ~ - . —- ---—



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

—.

. ‘
~ 

T i .: ~~~~~~~~
—

~~~
--

i35

1)4) 70 3 • (.3)1 081310)41
0 2 4 1 . 3 )  * (‘TtI) $Pl(2 .J)ACS THT(J )— NAPI (t,J ))~~T (2) 111111111*?
TA U (3.J) CSTI~IY (J)$(PII3.J)—P 1U.J)) .-T (1)A 5(2lHT(JIA P* (2 .J) , 0*313 111 43
I T A U ( 1 ,J )  0 0 1 3 1 1(4 4

70 (1) 347~~345,1 . -
1313) 13 0 1 4 1 % )  - OF!M1l’I4’.
131 34 ( 5 )  = * 0 1 - s I ? )  D f l M I F ’ 4 7
1 3 0 3 4 ( 2 4  T ( l ) * n x * w F NI l)  — 13132 0~l1I !014l)
1( 1 “ A C A P( N ) A H I I F • NOOK 08 1 3 1 0 14 9
1(2 = A C A P I N I A R O  6 - 081310150
014* • ( T C 5 . T A ( 3 ) — T A ( I ) ) / ( T C I*W F N ( 2 )  — wON (S)) 0613)11)5)
01 3 0 =  ITC A IA(3)—TA (t))/ (T (2*WFN(? ) — 13113( I )) 08141155?
7 ( 5 )  = N , 04.131(153
7( 4 )  • 1 ( l) / ( T ( 5 )* T ( 2 ) t  - on u Ir I sA
TI?) • (TI2)~~(T(5) I I . 0 0 0 )) / T (5 )
CTu~~~S ‘- C II31IOS 1- 112)A(1D(l)ATI3(t) * T o ( 2 ) * T 1 l ( 2 )  I TE(l) STC( l) • (1(11330555

I T L ( 2 ) 6 T C ( 2 ) )  6 1 ( 4 ) 0 ( T D ( l ) * T E ( l )  4 T 0 ( 2 ) * t E ( P ) ) 3)I.3 ’ 4 1 F 5 5 7
00* 1’ — (ICK I • 1 ( 3 ) * ( 7 I 3 1 1 ) , T C ( l ) )  I V 1 4 I 1 1 5 3 3
‘1 44 ) = Tl!II )0$2 0 10 (2)0’? 4 T C ( t ) * * 2  4 T C ( 2 ) A * 2  011U 11159
O SCA T • O S C A T  • 7 ( 3 )  67 ( 4 )  1 ) 1> 1 4 7 ( 1 6 0
1(2) = P.0(344-)) 0UM1l’tb%
I II) • 7(3)/TI?) 01-313311)6 ?
K (34/2)’? 01>14 (1*63
DO (40 3 1.35 ()DNIEIt-4
0 1 , 7 0 1 3* 1 1  •)  • 5 ) — Ft  T o M  X I I  • J • 1)  4 7 ( 1 ) 0  ( I I_Il I 4 ‘5 .11 1, 4 )  4 7 4 . 1  ( 4 6 5 ’  1.0(1.3)) (1111-I Ir I 5’,~~I ’ l T I ’ M X ( 2 . J . %  ) .~1Ll o M x ( ? . J . l ) , T ( l ) ’ ( T l > I ? ) $ l ’ I ( 1 . . ) ) , ’ C 1 .  ) 4 Tl .s l ( ) , J ))  O I 1 4 55 ” I S ’ 5
(5, ‘13 ‘Il. ( 1, J • 1) I 114.135 ( I • 3 • 1 ) 4 1 ( 5 ) 0  C IC ( I t  6~~ I 1 3. 37  F 111( 5 )  * lAS) 13~ 3 ) )  pr>’t II If ,,’
(( II ‘IX (4,), 5 )~ I ~, TR’t * 14 , 3. 1) 1 1 ( 1)4  ( IC  1 7) 5- P 1( ‘. ~I ) F T I l l  , ) 4 -  I fs l,4 3,  J I I O’)”l 4. j 6,3
II C V •4.13• P. 4 CI I’) 11) 75 1)1-4:->’’ ‘~~ ‘ ‘)

II I 4 .’ I 1 (5 .i . 7)~~I 1. 1 U M* ( % . J . 2 1 1 1 ( 1  ) A ( T f l ( I I 4 p l ( l , 1 4 — 1 ( 1 1  7 . T A S) ( 1 . J ) )  3)1 )11 31 -’ )  ‘0
01 7 5 1 5 4 * 1 7 . 1  . ? )~~t ( , 1NF4X(  2 . 3 . 2) 1 - 7 4 * ) * (T I I (2 )  •J~ 1I 3. 3 4 — 1 4 . 42 ) 6 1 * 0 ( 3 . 3) )  D’11- I IEI1S
t L T p ’4x(3..l .2)=E1TP 1 - l x ( 3 ,J .2 ) ,T ( 1 ) A I I C (I ) . P I (’ 1 ,J )— r 0 ( l ) . T A U ( 3 , J ) )  3)1)1411)72
1174.11* ( 4 , ). ?  )~~(7 L T i i 1 - ’ X (  4 . 3 .2 ) 4 1 ( 5  ) A ( T C (  2) ‘ I’ l l 1, 3 ) — S OC ; - 3 . ’l’A u( 1 .J 7 )  (‘) 31 ’ 7 U 7 7 3
60 10 (‘0 P’~~ 1’ 174

15 1 - > .  T INS  5 7 • -J • 2 1 ~I : 115-I X 3 7  • .4 .2)  61(1)6 (—115(1)~ PS I 3. j 111 5 ;  (1)61 P.5)1 3,  3) 4 Il l1- > 34 .  % ?  71
11 1 ‘ ‘l \  1 - ’ .) .2 4 ~t (. 1 I1NX ( 2.  3. 5 4 1  ( I  4 (—117(21>11 I ( 3 .3 ) .  4 1 1~ I’ A l!( 3 .  37 4 DI:’-’ 3 4 .  5
r5 1; ‘ ‘

~~~ ( ‘ . i . 2) - ~I t 1 4l~~ ( 3 . J . 2) 4 r (I  I A C — I C C I  l . p ( (3 , , 1 ) i 1 S ~ ( l ) l 1 / , 4 4 ( Tl . j ) )  I ’ I 1-~~I I )  77 )
1 -I  t r ’ i ’ % l  4 .3 . 2)  L - 1 , T 3 ’ ) 4 K ( 0.  3 . 2 ) 6 1 1*  ) 1 ( — 1 C I 2 ) ~~4 ’ I (  3 . J ) , ’T L > ( ? ) * I A U (  3,3) ) I, ‘~( ‘ 5  7f 5

540 ((341 13415 ’ “15-’’ 4’) ‘(‘4
(I’ ( 1 ( 4 )  .11. 1 .0 ( 1 - - l A  S CII) 10 100
II r. N • I ( ) l I ? i l f  111 1
00 ‘~0 ~i 5 . 3 *  ( ) I I M I 4 . l ( ’?
01(1, 3) (71(2.3% (~f!’1Il ID!
l ’ I ( l . J )  ‘ 1 1 5 ( 3. 3)  0 3 5 M I I 1~~ 4
TA ti ( 1 .3 3 • TA Ll? .)) (5 535 )~ I II ’S
I A I ..J( 2 . J ) • TAu( 3,)) o*ll ’f( I “4

qo (034 1 5 3 4 3 1 P1-~” l ’
r i-s -Si’ ‘ p o.* (191374.1 11 55
4511 1 • 1 - P~35 (11)54 11-- t OO
10 1 34 .10. P.13*2 ) (.0 TO 65 - D1)M!t (9 0
WRIIE((,8 ) OFIM~~I’ I 9 %
(A l l E X I T

100 00 120 .4 • I • JX 1)5154(071)3
051 120 35 1.2 091374.1 94
(Xl I t S  I ‘ 5 .4
7 ( 1 )  = I L 1 P M 5 ( *  . 3 . 1 3)

It S  ( C 4 0 t I 3 4 t ,~€ (1055 I 5 --I ’)7 .4
I t  T R M * ( ? , J . K)  • Ill 1662 0 7 (2 1 *6 ?  -rL1 l s M x ( I . J . K )  • T ( 1 ) * A ?  • 7 ( 4 ) 6 6 2
EL T H M 1 5( 3 .J . K )  1 ( 1 ) 6 7 ( 3 )  4 ‘1(2)A T (4) 0 ”3 1 3 7 F ? 0 0
r t T P N* I * .J. I( ) 7 ( 2 ) 6 7 ( 3 ) —  7 ( 4 ) ~~T ( 1 )  Dni • t r ~~o i

220 ( 0 3 4 1 1 1 - 1 1 - F  0 I)M171?02
I I I )  ‘ 7.0(10 • ~6 A 2  01554 11203
0 1* 5  C O S T  $ 1 ( 5 )  6431114.204

O’ - C A T  0S(,A T  A 1 4 ) )  1)l5’-4111?05
C1t’l’O S 2.0(0 A (7171405 6 1 ( 1 )  0111111206

C 100 1* TA I l S AI> f l >JT 1 1 - i T S  SL ’ (IR(lUrt 340 (P.1-I 80 FOUNt) TN TIlE r c ’LL.o w IPIc .  ISIP’S 11- 20?
C 111 f( I IS( 501141)5 )7 114071 004 CO MPUTING Ti ll PA P A U E T F O S  S F  T I-IC 0 1 ) 5 4 5 0 2 0 4 .
C Fl Es 1g1c. p~A 1;Pl~~) t ç  I I A O I A T ! O P l  S CA T T 1 0 0 0  3)5’ A SPif ; PF • J .v .  PAVE ,  CWUI I  ‘0’)
C I 0 5 4  S C I L N I I F I C  CENT ER , PALO AL T O  • CALi001513T ts. 001311210
C RFP(1 3)T NO. 3 . 0 — 12 36 .. M A Y  1968 ~~ 1)1)3413 121)

4.FIIJRN 01 513 312 17

_ _ _ _ _ _ _ _ _  ‘~~~~ —- -

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

~~~~~
-----



-~~~~~~~~~~~~ - --w,
~ ~~w — -

~~~~ -~~~ ~~—~~~~~~----

— - .  - —  — _ ~~~~~~~~~ 
=—-- --, - - .--- —-~. - ------—

(6

APPENDIX VI

VOLUMETRIC CORRECTION

y

- 

C ’

D

C -

~~~~~~~
j I 

~~

“ 

B 
B’ x

The f igure given above represents the scattering

geometry. The direction of incident laser light is + x , and

the direction of flow of the aerosol particles is + y.

Aerosols enter the chamber through a circular opening of

diameter AB . They get hit by the laser beam in the inter—

action region AB . The scattered light is then collected by

the semicircular arrangement of mirrors A’C’B’. The inci-

dent light is focused at the interaction region. The radius

of the light beam is negligible compared to its length .

Therefore the problem reduces to a cross sectional area

rather than volume . The effective area observed by the
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mirror at D is C13 . In order to find this we find the

equations for the line CB and AB, and intersect them to

find the coordinates of C and B.

The length of AB = L
.. -AO = OB = L/2

00 = R

Angle DOD =

Equa tion of CB:

1 
_ _ _  

(1)

tanG tanG

Since its slope is —i/tan because CB is perpendicular to

00. Then, finding the slope for AD, we get:

m = 
Rsin®

AD RcosO + L/2

Equation of AD:

I~sinO 
- + 

(L/2)RsinO (2)

Rc& s0 + L/2 RcosO + L/2

Intersecting ]. and 2 , we get the coordinates of point C:

= L/2 (2Rsin 2O — R - (L/2)cosO)
C R + (L/2)cos®

— L cos Rsin2O - - (L/2)cosG
yc 

-

sin R + (L/2)cosO

Equation of the line BD is

Rsin® L/2 sinGy =  x - —
RcosO - L/2 RcosG - L/2

Coordinates of point B is then :

S 
xB = L/2

— y13 = o

L 
_ _ _ _ _ _ _  _ _ _  - - -- -- - -
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Using the distance formula

2 2
(X

B 
- x

c
) + 

~~~ 
-

we get

0 = L cosO Rcos® + L/2
sin® R + (L/ 2)cos0

At this point because of the relative gain factor to be

used we can take the problem as a volumetric one, then the

effective volui~e is

V = ~rr
2
D

r being the radius of laser beam.

Relative volume ratio is taken to be V /Ve max

2where V iir L

Therefore the volume ratio CC®) is:

C (0) = cos Rcos0 + L/2
1 sin R + (L/2)cos0

Assuming R >>  L

2
G1
(0) = 

COS 0

sin®

In addition to this, due to the charging of the parti-

cle and the cross sectional effects we have an arbitrary

correction of I~1(0) which is the number of light particles

(photons) scattered into a unit area at angle 0 [26]

N (0) k/R 2sin4(0/2)

K is an arbitrary constant which depends on the charge and

the kinetic energy of the particle. Therefore our correc-

£ tion f actor becomes:
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G(Q) = K cosO Rcos0 + L/2 - /(R2sin~~(O/2))sin® R + (L/2)cos0

A graph of this function is given in Fig. A VI-1.
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APPENDIX VII

SCATTERING EXPECTATIONS

There are a few variables that enable us to calculate

the expected scattering values, and compare them with the

real data points. They are actually the basic considera—

tions of our experimental system design. Aside from

several other factors that effect the measured values like H

the coagulation of particles, multiple scattering and

variation of number of particles in the scattering region,

an approximate estimation of the first order can be done by

using the quantities listed below :

1 - laser output power and bandwidth ,

2 - # particles in interaction region and their velo-

cities,

3 — The angular resolution and the attenuation of

light due to mirror reflections and the glan air

prism ,

4 - Photomultiplier gain ,

5 — Digital conversion .

The power output of the dye laser is estimated by a

comparitive measurement of the nitrogen and the dye laser

OUt r )U tS  ( “ i qs .  8 a,b) -

The power output  of the nitrogen laser is calcui.ited

141
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by the readings from a thermopile and the half width ob-

tained from the oscilloscope picture through a fast  photo

diode.

We read an average of 86 pV output from the thermopile

at 10 pps, counted by modulating a frequency counter .

Calibrating this with a He-Ne laser of known output power

which gave 24 pV at 2 mW we get:

86 x 2 
= 7.17 mW average output power

24

7.17 m J/sec 1/10 pulse/sec = .717 m J/pulse

Half width = 6 ns

• .717 mJ/pulse 
_____  

= 120 kW
6 x lO~~ sec/pulse

Comparin-j the amplitudes:

2
I

~~N2 N2
-

-I
L dye dye

Dye laser power output :

P = (~~~
-
~~
--

~
-)

~~~~ 
x 120 = 81.98 kW

Assuming losses of 45% including 25% due to the Clan air

prism that is used to po1ari~e the incident beam and 20%

due to the focusing lens

P 50 kW approximately

The measured half width for dye laser outpu t is also

6 ns, therefore comparing with N2 laser we have approximate—

ly .3 mJ/puL &~

Energy of a photon = hC/A
‘--p

L~~~~~~~
. 

~~~ ~~~~~~~~~
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Assuming A = 627 nm

-34 8
E 6.62 x 10 joule sec x 3 x 10 m/sec 

= 2eV
1.6 x io 19 j~~uie x 627 x 10~~ in

Number of photons per pulse is then

3 x 10~~ joule/pulse
1.6 x 10 19 joule x 2 ev/photon

= ~~~~~~ ~ i~i
14 photon/pu lse

Assuming 1% of the beam is scattered equally in all direc-

tions and knowing the solid angle covered by the mirror :

Solid angle = 
~ (.63)

2 

2 = ~~~ x 10~~4-ir (36 6)

the number of photons detected per pulse is: (taking the

number of photons per pulse as 5 x io14 due to losses)

5 x 1014 x 8 x 10~~ = 4 x lO~~ photons detected
per pulse H

The photomultiplier specifications are given in table

A Vu —i . At 627 mis the radiant cathode sensitivity E(A) is

E(A ) = 30.4 inA/W

with 4 x 1010 photons : we get 12.8 x ~~~~ joules

4 x io10 x 2 ev x 1.6 x 10~~~ joule/evphoton
= 12.8 x l0~~

Therefore the photocurrent from cathode at 10 ns will be

I = 30.4 x 12.8 x lO~~ W 38.9 mA
k w lO x lO ’

Taking into account the 25% at tenuation due to the

analyser prism we get approximately 30 mA output from the

photomultipliers. This value is only an estimate but can

:4
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be used to determine the absolute quantities.

A better approximation can be calculated by knowing

the number of particles in the interaction region, their

sizes and shapes, and refractive indexies.

The number of particles in the interaction reg ion

depend on the concentration of the aerosols in their sus-

pension or in the solvent, the liquid flow rate and the

frequency of the sinusoidal voltage at which they are gen-

crated. These are the variables of the experiment. They

are calculated at each run and the data is corrected accord —

ingly.

The e lec t ronic  data  acqu i s i t i on  system has  its ‘vrors

in detecting voltages. These ar e given h I  Table A VII-2.

The raw data is corrected due to the relaLive standard de-

viation of these functions.
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4
TABLE A VU-i

Photomultiplier Characteristics

PMT 1 PMT 2

Type RCA7265 RCA7265

Serial # P 57379 P 12542

Cathode 220 pA/i 255 pAll
Sensitivity

Cathode Red 1.05 ~~ 1.25 pA
Sensitivity

Anode 15500 A/l 2700 A/l
Sensitivity

2400 V 2400 V

Dark .045 pA .03 pA
Current

193 0V 220 V

1-2

____________________ - —~~~~~~~
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4.
TABLE A VII-2

Cali bration Data for Electronics

Regulated Channel 1 Channel 2
Applied voltage Average voltage Average voltage
(volts) output (volts) output (volts)

0 .073 .068

1 1.040 1.060

2 2.130 2.140

3 3.100 3.030

4 4.120 4.150

5 5.080 5.060

6 6.100 6 090

7 7.140 7.090

8 8.190 8.050

9.160 9.080 

~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _  _ _ _ _ _ _  -
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APPENDIX VII I

DATA TABULATION

An example of two data sets, which are the average of

5 consecutive runs each, of latex particles, are given in

Fig. A VIII-1 and A VIII-2. The former is Channel 1, and

the latter is channel 2. The incident light in this case

is polarized perpendicular to the plane of scattering . As

can be observed from both of these graphs, the angle at

151.2 is set off , and the axis point is not typed. This

data point is considered as “out of range” . The appear-

ance of the out of range point is because of the rrsiscoding

of the paper tape in one of the five runs that  arc averaged .

In the overall averaging this point is discarded as well as

some other points that might have occurred due to the

scattering from coagulated particles. These are rejected

if they are within the range of the error bracket set by

Mie theory. The rejected values are the intensity at 156.6:

of Fig. A VIII—l , and the intensities at 28.8 , 45.0 , 66.6 ,
0 0 0 0 0 0

79.2 , 86.4 , 88.2 , 97. 2 , 163.8 , and 174.6 of Fig.

A VIII-2. The occurence of so many rejections in the

second channel can be better understood by observing the

graphs of the two channels before the subiracl-iion of the

back ground i n t e n s i tie s , wh i ch are given i n  1-’iqs. A VISI—3

:I~47
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ufld A VIII—4.

It is clearly seen that, while the first channel is

giving a smooth output, the second channel is very incon-

sis tent. This cannot be due to the coagulation of the la-

tex particles since, the scattered light is detected by

both channels at the same time, from the same orientation

of particles. Therefore we conclude that it is a noise

problem of the second channel photomultiplier , which is

random . Nevertheless the data points corresponding to

this effect are discarded.

The same kind of reasoning can be applied to the clad—

osporium and NaC1 datas. An example of a set of cladospor-

ium data is given in Figs. A VIII-5 and A VIII-6.

Most of these data points are e i ther  rejected or

omitted w i t h i n  reasonable l i m i t s .
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