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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF SCIENCE 

CHEMISTRY 

Master of Phi losophy 

THE APPLICATION OF OPTICAL FIBRE TECHNOLOGY TO 

THE RAMAN SPECTROSCOPY OF POLYMERS, 

by Gary E l l i s 

The laser was s u c c e s s f u l l y developed as a l i g h t source f o r Raman 
spectroscopy in the e a r l y I 960 ' s . At t h a t t ime i t seemed l i k e l y t h a t 
Raman spectroscopy would compete favourab ly w i t h i t s v i b r a t i o n a l 
coun te rpa r t - i n f r a r e d spect roscopy. However, i t i s now c l e a r t h a t , 
in i t s a p p l i c a t i o n s , Raman is f a r behind i t s compe t i t o r . I t i s accepted 
t h a t f luorescence i s a major drawback, but another se r ious discouragement 
t o p o t e n t i a l users e x i s t s , v i s , sample a l i gnment . The use of f i b r e -
o p t i c s as a s o l u t i o n t o t h i s problem i s i n v e s t i g a t e d . 

The exper imenta l sec t i on descr ibes the design and c o n s t r u c t i o n o f a 
f i b r e - o p t i c sampl ing system compat ib le w i th e x i s t i n g Raman techno logy . 
I t cons iders some p r a c t i c a l aspects of the use of o p t i c a l f i b r e s , and 
compares the performance of a s imple f i b r e - o p t i c probe system, in a 
v a r i e t y o f samples, w i t h convent iona l e x c i t a t i o n techn iques . The 
p o s i t i o n i n g of t he o p t i c a l f i b r e s a t the sample is a l so i n v e s t i g a t e d , 
w i t h a view t o the development of a v e r s a t i l e and e f f i c i e n t probe. 

Two aspects o f t he morphology o f po l ye thy lene were s t u d i e d , t o demonstrate 
the value o f f i b r e - o p t i c s . 

1, Observat ion o f f l o w i n g molten po l ye thy l ene : A f i b r e - o p t i c probe 
was placed in an ex t rude r system a t t he tapered ent rance o f a c a p i l l a r y 
d i e . At h igh pressure and temperature the polymer was fo rced through 
the d ie and t he Raman spect ra recorded. Over a range of temperature and 
shear ra tes i t was observed t h a t the Raman spect ra remained i n v a r i a n t . 

2. Swe l l i ng e f f e c t s in s o l i d l i n e a r po l ye thy l ene : The polymer was 
exposed t o the e f f e c t s o f a non -so l va t i ng agent ( x y l e n e ) . The low-
frequency Raman a c t i v e l o n g i t u d i n a l a c o u s t i c mode (LAM) was monitored 
us ing a f i b r e - o p t i c probe embedded in the polymer sample. I t was c l e a r l y 
shown t h a t the LAM moved t o lower frequency and broadened on t he a d d i t i o n 
o f xy lene , and t h a t t h i s e f f e c t was r e v e r s i b l e . 
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1.1 I n t r o d u c t i o n 

A mo lecu la r system can execute a number o f e n e r g e t i c t r a n s i t i o n s , 

t h rough t r a n s l a t i o n a I , r o t a t i o n a l , v i b r a t i o n a l and e l e c t r o n i c processes. 

The na tu re o f such processes have become we l l unders tood , and consequen t l y 

when a t t e m p t i n g t o de te rm ine mo lecu la r s t r u c t u r e a l a rge number o f 

exper imenta l t echn iques a re a v a i l a b l e . 

Research i n t h e Chemist ry Department a t Southampton U n i v e r s i t y has 

long been i nvo l ved in t h e e l u c i d a t i o n o f mo lecu la r s t r u c t u r e . In 

p a r t i c u l a r , Raman spec t roscopy (which i n v e s t i g a t e s t h e v i b r a t i o n a l 

c h a r a c t e r i s t i c s of mo lecu la r systems) has been e n t h u s i a s t i c a l l y deve loped. 

The research group has cons ide red many chemical systems i n c l u d i n g deeply 

co lou red i n o r g a n i c mo lecu les and complexes, gases/vapours adsorbed t o 

c a t a l y s t s , and polymers ( I ) , and a p a r t i c u l a r i n t e r e s t in improv ing 

s p e c t r o s c o p i c t echn ique has always been ma in ta i ned . Much s p e c i a l i s e d 

appara tus has been developed and a p p l i e d in t h e s tudy o f adsorbed spec ies 

(2 , 3 ) , e l e c t r o c h e m i c a l processes (4 , 5 ) , t h e c o n c e n t r a t i o n o f mo lecu la r 

spec ies in f lames ( 6 ) , samples under c o n d i t i o n s o f h igh and low tempera tu re 

and h igh p ressu re , and more r e c e n t l y t he Raman spec t ra of f l o w i n g polymers 

(7 , 8 ) . The c o n t i n u i n g improvement o f expe r imen ta l t echn ique and 

e f f i c i e n c y r e g a r d i n g t h e des ign and c o n s t r u c t i o n o f s p e c i a l i s e d sampl ing 

appara tus i s ve ry much an ongoing concern w i t h i n t h e g roup . 

1.2 V i b r a t i o n a l Spect roscopy 

Spectroscopy i s f r e q u e n t l y , but no t e x c l u s i v e l y , d e f i n e d as t h e 

s tudy o f t h e i n t e r a c t i o n o f e l e c t r o m a g n e t i c r a d i a t i o n w i t h m a t t e r . 

E lec t romagne t i c r a d i a t i o n can be cons idered as a w a v e - t r a i n , 

propagated i n a s t r a i g h t l i n e f rom a source , such t h a t 

y = A s i n - e . q . 1.0 
A 

where y = t h e d isp lacement o f t h e l i g h t r e a c t o r w i t h a maximum v a l u e A, 

X i s t h e d i s t a n c e t r a v e l l e d and A i s t h e wave leng th , g i ven by v = c / A 

where v = t he f requency and c = t h e v e l o c i t y o f t h e l i g h t (see f i g u r e 1 . 1 ) . 



- 3 -

cm 

Figure I . I 

Representa t ion of a t r a v e l l i n g wave. 

The energy of a molecu lar o s c i l l a t o r i s non-cont inuous, and any 

energy change occurs as a d i s t i n c t jump between one energy leve l and 

ano ther , i . e . t he energy Is quan t i sed . T r a n s i t i o n s may take p lace between 

the two v i b r a t i o n a l energy l eve l s prov ided t h a t t h e a p p r o p r i a t e amount o f 

energy, AE, sepa ra t i ng t he l eve l s can be e i t h e r absorbed o r em i t t ed . 

Th is energy can take the form of e lec t romagnet i c r a d i a t i o n of a p a r t i c u l a r 

f requency, where 

AE e .q . 

where h = P lanck ' s cons tan t . 

The s p e c t r o s c o p i s t cons iders the f requency, wavelength and wavenumber 

n o t i o n a l l y , as i f they were u n i t s of energy, and r e l a t e s t h i s t o t h e 

v i b r a t i o n a l s t r u c t u r e of the molecular system under c o n s i d e r a t i o n . 

1.2.1 Mo lecu lar V i b r a t i o n s 

For a molecu lar system of 'N ' atoms, t h e r e are 3N independant 

degrees of freedom cor responding t o 3 t r a n s l a t i o n s , 3 r o t a t i o n s (2 in 

l i n e a r mo lecu les ) , and t h e balance o f 3N-6 (3N-5 f o r l i n e a r molecules) 

g i ve r i s e t o v i b r a t i o n s . These v i b r a t i o n s are r e f e r r e d t o as "normal 

modes" of v i b r a t i o n and may be def ined p r e c i s e l y f o r each i n d i v i d u a l 



molecule. For carbon d i o x i d e , 00%, t h e r e are 3x3-5 = 4 normal modes of 

v i b r a t i o n and these are i l l u s t r a t e d as Noctor diagrams in f i g u r e 1,2. 

+ 

\?3 \?4 

F igure 1.2 

Normal modes of v i b r a t i o n f o r a molecule o f carbon d i o x i d e . 

In a polymer containing 20,000 atoms tve would expect to f ind 

59,994 normal modes, i f they were a l l t o occu r , t he r e s u l t i n g spectrum 

would be an u n i n t e l l i g i b l e jumble . However, i f we were t o cons ider 

po l ye thy lene , f o r example, i t i s apparent t h a t whole c lasses o f 

v i b r a t i o n s have almost i d e n t i c a l f r equenc ies . In the symmetric CH-s t re tch 

a vas t number of v i b r a t i o n s can occur a long the length of t he c h a i n . 

The t o t a l l y in-phase and a s l i g h t l y ou t -o f -phase v a r i a t i o n are i l l u s t r a t e d 

in f i g u r e 1.3. I f t he f requency o f v i b r a t i o n i s p l o t t e d aga ins t t he 

phase s h i f t , 5 , between each CH2 u n i t f o r any mode, a ' d i s p e r s i o n c u r v e ' 

is ob ta ined ( f i g u r e 1 .4 ) . The number of va lues i s dependent on molecular 

we igh t , and f o r an i n f i n i t e cha in on ly t he va lues where 6= 0,Tr a re 

s p e c t r o s c o p i c a I l y a c t i v e . 
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< » A 4 ^ ^ 

(a ) 
V V V V 1, ^ 

( b ) 

Figure i . 5 

Phase r e l a t i o n s h i p s along a po lye thy lene cha in f o r the -CH% symmetric 
s t r e t c h ; (a) t o t a l l y in phase, (b) s l i g h t l y ou t o f phase. 

2900 

2800 

0 IT 

Figure 1.4 

D ispers ion curve f o r the -CHz symmetric s t r e t c h 

A c l a s s i f i c a t i o n of the normal modes o f v i b r a t i o n f o r po l ye thy lene 

was prepared by Krimm in 1956 (9) us ing symmetry a n a l y s i s . (See f i g u r e 

1 .5 ) . 

A f u r t h e r comp l i ca t i on o f the spectrum can a r i s e when the molecule 

i s placed in a c r y s t a l f i e l d . In po l ye thy lene the u n i t c e l l i ncorpora tes 

two cha ins . As a consequence the i n d i v i d u a l modes oP each have the o p t i o n 



• * g 

t f 
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&|y (r«) 
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+ •+ 
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+ + 

B 2 u 

B 
3 g 

A , 

- + 

^3u 

F igure I . 5 

Normal modes of v i b r a t i o n of a s i n g l e po lye thy lene cha in ( 9 ) . 
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o f v i b r a t i n g in phase or out o f phase, r e s u l t i n g in each mode e x h i b i t i n g 

two f requenc ies , depending on the phase. Th is is c a l l e d c o r r e l a t i o n 

s p l i t t i n g . 

Not a l l o f t h e normal modes of v i b r a t i o n are s p e c t r o s c o p i c a I l y 

a c t i v e . The spec t roscop ic a c t i v i t y is governed by the s e l e c t i o n rules o f 

t h e v i b r a t i o n a l techn ique employed. 

1.2.2 Raman Spectroscopy 

In 1928 C.V. Raman (10) observed what had been p red i c ted by Smekal 

( I I ) , v i s - i n e l a s t i c l i g h t s c a t t e r i n g . 

LD 
cr 
UJ 
z 
LU 

VS' 

vs. 

es-

g s ' 

jbkL 

Stokes 

E , W , 

i W 

Rayleigh and-Stokes 

Figure 1.6 

Energy leve l diagram showing the t r a n s i t i o n s induced in the Raman 
exper iment ; gs = g rounds ta te , es = e x c i t e d s t a t e , vs = v i r t u a l s t a t e , 

Vo= e x c i t i n g f requency, v = v i b r a t i o n a l f requency . 

Absorp t ion o f a photon from the e lec t romagne t i c f i e l d e x c i t e s t he 

molecule i n t o a v i r t u a l s t a t e , cha rac te r i sed by a d i f f e r e n t p o l a r i s a t i o n . 



which re -em i t s a photon t o f a l l i n t o a d i f f e r e n t v i b r a t i o n a l level 

( f i g u r e 1 .6 ) . Al though t h i s quantum mechanical exp lana t i on in t roduces 

t he concept of v i r t u a l s t a t e s , the h a l f - l i f e of the po la r i sed species 

i s approx imate ly I0~ '4 seconds, thus i t i s safe t o approximate the e f f e c t 

as the i n e l a s t i c s c a t t e r i n g o f the i n c i d e n t photon. The " s t o k e s " l i n e s 

are those u s u a l l y cons idered s ince they are t he s t r o n g e s t . Th is a r i s e s 

from t h e Boltzmann d i s t r i b u t i o n ; a la rger number of molecules always 

e x i s t s in the lower energy, o r g rounds ta te . E l a s t i c s c a t t e r i n g i s a 

much more e f f i c i e n t process and the o v e r a l l i n t e n s i t y of the Raman 

sca t t e red r a d i a t i o n Is t y p i c a l l y I0~6 t h a t o f t he Rayle igh s c a t t e r . 

However, the energy d i f f e r e n c e between t h e e x c i t i n g f requency and t h a t of 

the s c a t t e r i s measurable, and is e q u i v a l e n t t o the energy d i f f e r e n c e 

between v i b r a t i o n a l s t a t e s of t he mo lecu le . * 

C l a s s i c a l l y , the Raman e f f e c t is based upon the p o l a r i s a b i I i t y of the 

molecule. I f a sample i s e i t h e r t o s c a t t e r o r absorb an i nc i den t beam 

i t must i n t e r a c t w i t h t he o s c i l l a t i n g e l e c t r i c f i e l d of t he e lec t romagnet i c 

r a d i a t i o n , such t h a t an induced d i p o l e is c rea ted r e s u l t i n g in a ' p o l a r i s e d ' 

molecule, w i t h a d i p o l e moment r e l a t e d t o the f i e l d s t r e n g t h , E, by 

p' = a E e .q . 1.2 

where oc - t h e p o l a r i s a b i I i t y of t he molecu le , or , which can be thought of 

as t he ease w i t h which t h e e l e c t r o n c loud may be deformed, is not c o n s t a n t . 

I t i s a l t e r e d about a mean va lue , , by v i b r a t i o n s (and r o t a t i o n s ) . I f 

t he change in t he v i b r a t i o n a l coo rd i na te i s small then « may be expanded. . . 

* = : idQ 
doA ^ . I /d^oc 

?-Qo 
Q + 2 ( + . . . e . q . 1.3 

. . . where Q = t he v i b r a t i o n a l c o o r d i n a t e and | ^ | g_Q^ = t he p o l a r i s a b i I i t y 

change which v a r i e s w i t h t ime g iven by . . . 

Q = Q o s i n 2 j r v t e . q . 1.4 

. . . where v = t he v i b r a t i o n a l f requency. I f t he app l i ed f i e l d i s due 

t o the e l e c t r i c vec to r of e lec t romagne t i c r a d i a t i o n ( f o r example a 

laser beam) which a l so v a r i e s w i t h t i m e , g iven by . . . 

E = Eo sin 2 f r w t e . q . 1.5 

* Ro ta t i ona l and e l e c t r o n i c s t a tes can g i ve r i s e t o Raman l i n e s . 



on . . . where cu = frequency of incfdent monochromatic r a d i a t f o n , s u b s t l t u t i 

f o r a and E in e . q . 1.2 gives us the induced d ipo le moment. 

f = aoEo.s in 2;%ut + c o s 2 ; r ( 6 u - v ) - c o s 2 ; r ( k ; + v ) 

e . q . i t e 

Three(xmixme^it frequencies can be observed, which can be re la ted t o the 

energy leve l d iagram in f i g u r e 1 .6 . 

^ Ray le igh 1ine 

V a n t i - s t o k e s ( s h i f t towards blue) 

^ " V stokes ( s h i f t towards red) 

I f a v i b r a t i o n produces no change in the sign of the p o l a r i s a b i l i t y 

then i t w i l l be s i l e n t in the Raman e f f e c t . The se lec t ion ru le is thus 
g i ven as 

/ 0 
idq/ q=qo ^ ^ e .q 1.7 

A p lo t of the p o l a r i s a b i l i t y versus the normal coordinate fo r 

carbon dioxide ( f i g u r e 1.7) i l l u s t r a t e s the se lec t ion r u l e , showing t h a t 

for t h i s molecule only the symmetric s t re tch ing mode is Raman a c t i v e . 

The e f f e c t of each v i b r a t i o n on the shape of the p o l a r i s a b i l i t y e l l i p s o i d s 

»hich are the p lo t of the loci [ ^ f o r the molecule, are a lso shown. ' 

I . 5 The Development o f Raman Spectroscopy 

Once discovered, the Raman e f f e c t was rap id ly developed as a means 

of inves t iga t ing molecular v i b r a t i o n s , p a r t i c u l a r l y in the years up t o the 

Second World War. A comprehensive ser ies of organic and inorganic 

substances had been we l l character ised by 1943 ( I 2 ) . 

In ea r ly experiments the source was provided by a mercury discharge 

lamp, and the scat tered l i g h t co l l ec ted by a spectrograph and detected 

photographical ly . A t y p i c a l arrangement is shown in f i g u r e 1 .8 . A wide 

range of sources were considered (13, 14) , but the mercury discharge 

remained the most popular with i t s r e l a t i v e l y unclut tered blue l ine a t 
4358A. 
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arc lamp 
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prisrn 
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Figure 1.8 

Typ ica l arrangement f o r Raman spectroscopy in i t s e a r l y days of 
development. 

However, a number o f exper imenta l l i m i t a t i o n s were apparent ; 

i ) t he source is not t r u l y monocromatic, and a number of d ischarge 

ines are e x c i t e d ( f i g u r e 1 .8 ) ; 

i i ) t he emission between the d ischarge l i nes i s s e n s i t i v e t o 

pressure, and a l though l a t e r t he Toronto Arc was developed (15) ( i t 

operated a t much lower pressures than the o r i g i n a l lamps), t h e r e was 
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always a cont inuous measurable background in the reg ion of t he spectrum 

where the Raman l i n e s were found. 

I l l ) the discharge l ines commonly occur as close spaced muI t i p lets 

wi th a f i n i t e h a l f - w i d t h - f o r example, the mercury 4358A M i n e ' Is in 

fac t a number of emissions f a l l i n g within a band of h a l f - w l d t h ~ 0 .4cm- ' . 

This l imi ts the resolut ion possible In the scattered spectrum. 

i v ) the spect rograph has r e l a t i v e l y poor s t r a y l i g h t performance. 

Limited and varyw^ dispersion In Cornu (prism) spectrographs makes 

g r a t i n g spectrographs more f avou rab le . However, even w i t h c a r e f u l 

masking, spur ious l i n e s , i n t e r n a l s c a t t e r i n g due t o the g r a t i n g and 

grat ing "ghosts" (double Images) s t i l l l i m i t the measurements. 

V) photographic techniques to record the spectral data were 

slow. Inaccuracies occurred because of the log character of the emulsion 

response, f luctuat ions In background on the densltometric t rac ing caused 

by the granular i ty of the emulsion, f luctuat ions of the standard l igh t 

source during emulsion c a l i b r a t i o n exposure, and local var ia t ions fn the 

s e n s i t i v i t y and the degree of development o f the photographic p l a t e . 

At best a precision of ±14% In Intensi ty was estimated by Reitz (16 ) , 

although la ter f i lms proved to be a l i t t l e be t te r . The real problem 

with photographic detection was tha t for weak scat terers , there was 

inevi table f a i l u r e in emulsion response (the " rec iproc i ty f a i l u r e " , 

known t o photographers) . 

Considered alongside competition by processes such as fluorescence, 

photodecomposltlon, and e l a s t i c scat ter ing for the Incident exc i ta t ion 

energy, i t was d i f f i c u l t t o achieve g rea t success. However usefu l as 

a st ructura l determinant, the advent of high speed Infrared spectroscopy 

led to a rapid f a l l In the popular i ty of the Raman experiment. 

1.5.1 Detectors 

A spectrometer co l lec ts l ight from a source, disperses i t , and 

selects a small spectral region to pass onto a detecting and measuring 

device. The amount of energy in t h i s spectral Interval is usually very 

small (Raman scattered radiat ion l s ~ i c r « , the Intensi ty of the e l a s t l c a l l y 
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sca t t e red r a d i a t i o n ) . Th is can be probiemmat ic , hence, t he general 

requirements f o r a de tec to r a r e : 

i ) High s e n s i t i v i t y - t he d e t e c t o r should produce a large 

ou tpu t s igna l f o r a small r a d i a t i o n i npu t . 

i i ) Low Noise - in the absence o f r a d i a t i o n a d e t e c t o r w i l l 

produce some s i g n a l , i . e . ' n o i s e ' . Th is l i m i t s t h e sma l les t 

genuine s igna l t h a t can be de tec ted . 

i i i ) L i n e a r i t y - t he ou tpu t of t he de tec to r should be p r o p o r t i o n a l 

t o the r a d i a t i o n i n p u t , so t h a t accura te photometr ic 

measurements can be made. The cons tan t o f p r o p o r t i o n a l i t y 

(ga in ) should be Independent of the wavelength o f the 

rad ia t ion . (M#$k dekector; w g (tngkk 

P h o t o e l e c t r i c d e t e c t i o n was envisaged f o r Raman spectroscopy as 

e a r l y as 1940 (17 ) , and w i t h t h e advent o f t he p h o t o m u I t i p i i e r tube (18, 

19) the f i r s t Raman spectrometer t o employ PM tube d e t e c t i o n was 

developed (20 ) . However, up u n t i l t he l a te I940 's the p r i n c i p a l means 

of reco rd ing r a d i a t i o n was s t i l l the photographic p l a t e . I t s c h i e f 

c h a r a c t e r i s t i c s are a low quantum e f f i c i e n c y ( i . e . a large number of 

r a d i a t i o n quanta a re needed t o make one g r a i n of the emulsion developable) 

and a very large i n fo rma t i on s torage c a p a c i t y . Thus, a photographic 

p l a t e can s imu l taneous ly record the i n fo rma t i on in a large number o f 

spec t ra l channels. This ' m u l t i p l e x i n g ' can be advantageous f o r some 

appl icat ions. Accurate photometry Is d i f f i c u l t because the response of 

the photographic p l a t e i s n o n - l i n e a r and wavelength dependant. 

The PhotomuI t i p I i e r (PM) Tube 

I f s u f f i c i e n t l y ene rge t i c photons f a l l onto t he sur face of a 

photocathode, e l e c t r o n s are e m i t t e d . The i r number is a measure of the 

i n c i d e n t l i g h t . These e l e c t r o n s are accelerated towards a second e l ec t r ode 

by a p o s i t i v e p o t e n t i a l . The sur face o f t h i s second e l e c t r o d e i s t r e a t e d 

such t h a t a h igh secondary emission r a t i o f o r e l e c t r o n impact is achieved, 

and these secondary e l e c t r o n s are then acce le ra ted by a s i m i l a r vo l t age 

t o a t h i r d e l e c t r o d e , and so on. There may be as many as e ighteen 

m u l t i p l i c a t i o n stages, o r ' dynodes ' . Two PM tubes are i l l u s t r a t e d in 
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f i g u r e 1.9, Thus, a s i n g l e pho toe lec t ron can produce a s u b s t a n t i a l 

c u r r e n t pulse a t the f i n a l e l e c t r o d e . Th is h igh quantum e f f i c i e n c y i s 

the s t r eng th o f t he PM tube d e t e c t o r . Carefu l s e l e c t i o n of t he photoe-

miss ive sur face ma te r i a l a l l ows a broad l i n e a r spec t ra l response over 

the reg ion of i n t e r e s t ( f i g u r e 1 .9 ) . 

Noise 

The sma l l es t r a d i a t i o n s igna l t h a t can be seen is determined by 

random f l u c t u a t i o n a t t h e ou tpu t o f t he complete d e t e c t i o n system 

( d e t e c t o r + a m p l i f i e r + . . . . + record ing d e v i c e ) . This ' n o i s e ' i s made 

up o f a number of c o n t r i b u t i o n s , some or a i l of which may be present in 

any s p e c i f i c system. 

i ) Photon no ise : s t a t i s t i c a l f l u c t u a t i o n s in t h e number of 

quanta rece ived by a de tec to r in a g iven t ime i n t e r v a l (can 

be reduced by i nc reas ing the i n t e n s i t y of the source o r 

by observ ing over a longer t ime i n t e r v a l ) . 

i i ) Johnson no ise : vo l t age produced by thermal f l u c t u a t i o n of 

e l e c t r o n s in a r e s i s t a n c e . 

i i i ) Current Induced ( C . I . ) no ise : t h i s i s due t o the p o l a r i s i n g 

c u r r e n t (present in near ly a l l semiconductor d e t e c t o r s ) . 

The noise power per u n i t bandwidth i s p r o p o r t i o n a l t o t he 

reciprocal of the frequency - l / f noise. (Can be reduced 

by us ing a high chopping frequency in the a m p l i f i c a t i o n 

stage (see l a t e r ) ) . 

i v ) Dark Current no ise : random events in the de tec to r can produce 

a s igna l even in t he absence o f i l l u m i n a t i o n . Th is s i g n a l , 

o r ' da rk c u r r e n t ' i s s t a t i s t i c a l noise which becomes ser ious 

a t very low l eve l s of i l l u m i n a t i o n . (Can be reduced by 

c o o l i n g the d e t e c t o r ) . 

v) E l e c t r o n i c no ise : i t i s p o s s i b l e , by c a r e f u l des ign , t o make 

noise produced by t he e l e c t r o n i c a m p l i f y i n g system small 

compared w i t h photon and d e t e c t o r no ise . 
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Signal Processing 

The e lec t r ica l s i g n a l s emerging from the d e t e c t o r are a m p l i f i e d . 

Because of t he d i f f i c u l t y in a m p l i f y i n g a steady d . c . s i g n a l , some dev ice 

Is nearly always used which Interrupts the Incident radiat ion per iod ica l ly 

(a fchopper') and so produces an a . c . s i gna l a t the d e t e c t o r o u t p u t . 

This Is ampl i f ied , r e c t i f i e d ( f i l t e r e d ) and f i n a l l y recorded In some 

convenient form - u s u a l l y on a c h a r t r eco rde r . 

Th is and l a te r methods such as photon coun t i ng (21) a re used t o 

process the signal coming from the detector . The processing techniques 

employed can Improve the s ignal - to -noise (S/N) r a t i o , although no 

s i g n i f i c a n t d i f ference In performance is achieved using any par t i cu la r 

i n d i v i d u a l a m p l i f i c a t i o n system. 

1.5.2 The Laser-Raman Concept 

In terest In Raman Spectroscopy was regenerated with the advent of 

the laser, conceived In the mid I950's (22 ) . 

Laser a c t i o n a r i s e s from a popu la t i on i nve rs ion which occurs due t o 

the e x c i t a t i o n o f molecules in some way, held in an o p t i c a l resonant 

cavi ty (a cav i ty with a mirrored surface a t each end). In the ear ly 

stages of the lasing process photons are emitted In a l l d i rec t ions , 

spontaneously, by some molecules In the medium. However, a l l of these, 

save those emi t ted a long the c a v i t y a x i s a re l o s t th rough the s ide 

wal ls . When a molecule emits spontaneously I t st imulates other molecules 

to emit . These stimulated emissions are of the same frequency? and hence 

highly quasi-monochromatic radiat ion Is produced. (Since the resonant 

modes of the c a v i t y are cons ide rab l y narrower in f requency than the 

bandwidth of t he normal spontaneous t r a n s i t i o n , i t i s those modes t h a t 

are sus ta i ned . ) The e f f e c t i v e bouncing o f photons back and f o r t h across 

the ac t ive medium along the cav i ty axis resul ts In an amazing degree of 

c o l l i m a t i o n of the laser beam. Th is is emitted through a p a r t i a l l y 

r e f l e c t i n g / p a r t i a l l y t ransmit t ing end window, and can be e f f e c t i v e l y 

thought of as a coherent plane wave (s ince a l l t he e l e c t r i c f i e l d s of t he 

photons are in phase). 

a* bkeofigimfkl A e l r e 
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The f i r s t p rac t ica l demonstration of laser act ion was the stimulated 

emission by ruby (23) In 1961. Raman spectra were successfully recorded 

in 1952 (24, 25). Development o f t h e hel ium-neon con t inuous laser 

device (26, 27) as a source was successful (28 ) , although o r ig ina l 

experiments were r e s t r i c t e d to transparent samples, which were placed 

i n s i de the laser c a v i t y . Any o t h e r samples tended t o e x t i n g u i s h the 

Iase r . 

Various studies (29, 30) supported the view t h a t laser source 

was f a r superior to t h a t of the discharge lamp. 

La te r , developments of f a r more use fu l Raman sources such as the 

argon-Ion (31) with a power output of I Watt a t each of the strongest 

emissions (5145%, 4880A), and the krypton-Ion (32 ) , with a useful red 

emission a t 6328A emit t ing approximately 0.5Watts, increased the 

potent ia l of Raman spectroscopy fu r the r . In these systems the energy Is 

depos i ted i n t o a m i x tu re o f gases by an e l e c t r i c d i scha rge . The amount 

of energy tha t can be extracted depends on a v a r i e t y of factors Including 

the composition of the mixture, the s ize of the tube, the manner In which 

the energy Is deposited and the internal k ine t ics of the atoms/molecules 

involved. Most of these lasers contain a hermetical ly sealed mixture 

of gases tha t Is Interchanged during the laser tube's l i f e t i m e ; general ly 

the amount of l i gh t emitted can be contro l led only by adjust ing the tube 

voltage or the opt ics outside the laser tube. A typ ica l continuous wave 

(CW) gas laser i s I l l u s t r a t e d in f igure I . 1 0 . 

beam 

Figure I . 1 0 

A t y p i c a l gas l a s e r . OM = o u t p u t m i r r o r , PT 
end-windows, PS = power supply, TP 

p1asma tube , BW = Brewster 



In the ion lasers t he a c t i v e species is the ion of a rare gas. 

The gas lasers have m u l t i l i n e ou tpu ts spanning the v i s i b l e and near 

u l t r a v i o l e t . Typ ica l l i nes a t which the t h ree p r i n c i p a l gas lasers can 

be operated a re shown in t a b l e I . I (33 ) . The values are expressed as 

wavelength ( A ) and wavenumber (cm" ' ) in a i r . (The d i f f e r e n c e between 

A v ( a i r ) and Av (vac) is u s u a l l y less than 

ignored in Raman spec t roscopy) . 

I cm and can be e f f e c t i v e l y 

The h a l f w i d t h o f a commercial argon ion laser i s ~ i c m ~ ' , compared 

t o the He-Ne ~0 .5cm~ ' . These va lues can be reduced, but f o r most 

r o u t i n e Raman work, t he l i n e w i d t h i s not too impor tan t , and a r e s o l u t i o n 

of I cm"' i s comple te ly accep tab le . 

Plasma l i nes generated by t he d ischarge can be problemmatic i f 

proper f i l t e r i n g techn iques are not employed- F igure I . I I shows the plasma 

l i nes emi t ted by an a rgon - i on l ase r . F i l t r a t i o n can be achived us ing 

simple pre-sample opt ica l bandpass f i l t e r s . Hbwever, dependant on the 

e f f i c iency of these systems, spurious l ines can s t i l l appear in the Raman 

spectrum.* These are easy to detect , since they are t y p i c a l l y very sharp 

when compared t o normal Raman bands. 

i i IT s 
-JL. 

19!5C3C) 2!C)()C)0 2!0!5(](] iZI ()()(] 21500 
W/WENUMBER 

Figure I . I I 

Spectrum of plasma l i n e s emi t ted by an a rgon- ion l ase r . 

1.3.3 St ray L igh t and the M u l t i p l e Monochromator 

Stray l i g h t occurs through phenomena such as e r r o r s in the g r a t i n g , 

dust on the m i r r o r s , imper fec t c o a t i n g s , b lemishes, e t c . . . . ( f i g u r e 1.12) 

*F !uorescent l i g h t i n g sp ikes can appear a t Av~2 l80cm~' f o r the 4880A 
l i n e , and Av ~ I 125cm"' f o r t h e 5I45A l ine in a r g o n - i o n . 



Laser A ^ a i r c o l o u r T y p i c a l power 
(nm) (cm"') (mW) 

Ar+C ) 457.9 21838.8 v i o l e t 300 
465.8 21468.4 130 
472.7 21155.1 250 
476.5 20986.4 b 1 ue 600 
488.0 20491.8 b 1 ue 1300 
496.5 20141.0 600 
501.7 19932.2 green 300 
514.5 19436.3 green 1700 
528.7 18914.3 y e l l o w - g r e e n 300 

+ { 2 ) 
Kr ' 476.2 20999.6 60 

482.5 20725.4 45 
520.8 19201.2 90 
530.9 18835.9 200 
568.2 17759.4 200 
647.1 15453.6 red 500 
676.4 14784.2 120 
752.5 13289.0 100 
795.3 12510.9 30 

He-Ne^'^ 632.8 15802.8 red 50 

Table I . I 

Some l a s i n g l i n e s o f t y p i c a l gas l a s e r s . 

Notes: 

(1) Spect ra Phys ics Model 164.08, 

(2) Spectra Phys ics Model 164-01, 

(3) Spectra Phys ics Model I25A. 

^True peak heigW" 

»- half widm. W 

F igu re 

S t ray l i g h t . I = s i g n a l i n t e n s i t y 
as one t r a n s l a t e s t h e lase r f r equency . 

-'o- S t ray l i g h t occurs i n t h e 
shaded region; lA 

l/i gkxt. 
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Figure 1.13 

(a) Gary 81L Raman spectrometer, and (b) opt ica l arrangement for a 
Lzerny-Turner monochromator system. 



This can be reduced by Increasing the number of re f lec t ions In the system, 

and c a r e f u l l y masking t he o p t i c s Ins ide t he monochromator. Increas ing the 

d i s p e r s i o n by us ing m u l t i p l e monochromators was suggested by Landon & 

Por to in 1965 (34) . However, they over looked the f a c t t h a t the Gary 81L 

Raman spectrometer ( a t t h a t t ime powered by a Toronto Arc mercury d ischarge 

lamp) had been commerc ia l ly a v a i l a b l e as a double monochromator f o r some 

t ime ( f i g u r e 1 .13) . In a c t u a l i t y , seventy ins t ruments were produced w i t h 

the arc source, and a fur ther twenty were modified to accommodate a 

Helium-neon laser source. I t was t h i s combination of the double 

monochromator and t he laser t h a t led t o a ressurgence o f i n t e r e s t in 

Raman spect roscopy. 

Many d i f f e r e n t monochromator designs have been used in o rde r t o 

produce non-aberrant images.* The most popular devices for Raman work 

have been the Czerny-Turner type ( f i g u r e 1 .13) , which are used in over 50^ 

of a l l o f t he commercial Instruments produced. 

In Raman spec t ra , s t r a y l i g h t poses no rea l problems beyond a s h i f t 

of ICOcm-'. However, i f work Is intended in the region of the spectrum 

c lose t o the e x c i t i n g l i n e , a double-s l i t /double monochromator o r , b e t t e r , 

a t r i p l e monochromator system Is essential (see f igure 1 .14) . 

1.4 Rapid Scanning and the M u l t i p l e x Advantage 

The problem o f o b t a i n i n g good spect ra in a sho r t t ime is b a s i c a l l y 

one of s i g n a l - t o - n o i s e r a t i o (S/N) in the pho tode tec to r . Any a t tempt t o 

increase the scanning r a t e o f t he monochromator o r t o decrease the 

exposure t ime of t he spect rograph w i l l i n e v i t a b l y be accompanied by a 

lower S/N. 

For normal scanning, s u f f i c i e n t t ime must be a l lowed a t each data 

c o l l e c t i o n p o i n t f o r the S/N a t the p o i n t of a c q u i s i t i o n t o reach an 

acceptab le l e v e l , e s p e c i a l l y f o r weak s ignals. F igure 1.15 shows the 

e f f e c t o f scan speed on band contours for a s i n g l e scan. 

There i s a l i m i t i n g va lue of the s l i t w i d t h , below which the bandpass 
is not worth reduc ing. Th is i s due t o the f a c t t h a t a s l i t image i s not 
p e r f e c t l y reproduced, and a l a rge r e x i t s l i t i s requ i red (see f i g u r e 1 .14) . 
The l i m i t depends on the amount of a b e r r a t i o n . 
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(a) 

( b ) 

(UmM 

slic w i d t h 

F igure 1.14 

(a) P l o t o f i n t e n s i t y of laser l i n e aga ins t s l i t w id th . X = Raman use fu l 
minimum s l i t w id th , Y = abso lu te minimum, (b) St ray l i g h t performance o f 
m u l t i p l e monochromators. Ix = s i n g l e , 2x = double, and 3x = t r i p l e 
monochromator. 
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Figure 1.15 

E f f e c t o f scan speed on band con tou rs . The v e r t i c a l l i nes i n d i c a t e t r u e 
band p o s i t i o n and i n t e n s i t y , and 1 | = s l i t w i d t h . A = good o p e r a t i n g 
c o n d i t i o n s , s i g n a l - t o - n o i s e r a t i o (S/N) ~ 3 0 ; B = lower sampling t ime 
coupled w i t h a f a s t scanning r a t e , S/N = 12; C = too f a s t a scan, band 
head s h i f t e d d r a m a t i c a l l y ; D = e f f e c t o f wide s l i t s . 

Important developments in t h e speed o f accumulat ion of Raman data 

have been made by Delhaye (35) . The rap id scanning dev ice c o n s i s t s of a 

r o t a t i n g h e l i c a l cam which l i n e a r l y moves the e x i s t i n g cosecant bar d r i v e * 

When engaged, t he bar moves up the cam (cover ing a l i m i t e d spec t ra l 

reg ion , e .g . 250cm" ' ) , then drops back t o i t s s t a r t i n g p o s i t i o n . The S/N 

advantage is achieved w i th r e p e t i t i v e scanning o f spect ra and accumulat ion 

on a s igna l averager (36) . However, the synch ron i sa t i on o f the spect ra 

must be p e r f e c t , scanning across the same range a t each pass and adding 

spect ra p r e c i s e l y one upon the o t h e r . 

In spect roscopy, the term ' m u l t i p l e x ' denotes a type of spectrometer 

in which one d e t e c t o r s imu l taneous ly rece ives s i g n a l s from d i f f e r e n t 

elements o f the spectrum, and encodes those s i g n a l s in such a way t h a t 

they can be t r a n s m i t t e d and recorded by a s i n g l e i n fo rma t i on channel . 

* Adjustment of t he bar i s p r o p o r t i o n a l t o the cosec of t he g r a t i n g angle 
i . e . the wavenumber. There fo re , l i n e a r in wavenumber. 
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The advantage of t h i s method is t h a t no ise i s in t roduced i n t o t he system 

on ly by a s i n g l e d e t e c t o r r a t h e r than a l l t he d e t e c t o r s t h a t would be 

needed f o r separate s imul taneous reco rd ing o f a l l t h e elements of the same 

spectrum. ( I f t h e r e a re ' n ' elements in the spectrum, the inst rument 

w i l l show an Improvement o f the o rder /TT in i t s S/N) . 

The m u l t i p l e x advantage i s r e a l i s e d f o r i n f r a r e d spectroscopy by 

the use o f t h e r a p i d l y scanning Michel son Interferometer^ as i l l u s t r a t e d 

in f i g u r e 1.16. The method i s very success fu l , and has the added 

advantage t h a t t h e r e are no energy l i m i t i n g s l i t s in the i n t e r f e r o m e t e r . 

TO SAMPLE" 
AND DETECTOR 

^ fixed mirror 

beamsplitter 
B 

FROM SOURCE 

^ 0 

-T 
I 

I — 

t. 

M 2 moving mirror 

Figure 1.16 

The Michel son I n t e r f e r o m e t e r . 

In Raman, o p t i c a l mu l t i channe l de tec to rs such as d iode a r rays o r 

v i d i c o n tubes have been employed in g r a t i n g spec t rometers^ to achieve the 

m u l t i p l e x advantage, s imu l taneous ly reco rd ing a large number of spec t ra l 

elements - t y p i c a l l y ~IOOOcm~'. However, noise in a l l but the very 

l a t e s t m u l t i p l e x de tec to rs is poor, and the s e n s i t i v i t y per channel is 
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less than t h a t of a PM tube . 

Systems developed In the last 20 years (37-39) were basica l ly 

r e l i a n t on image i n t e n s l f i e r s and low- l igh t - leve l t e l e v i s i o n (vidicon) 

cameras. Low dynamic range, image d i s t o r t i o n , poor geometric and 

s e n s i t i v i t y s t a b i l i t y l imited r e s o l u t i o n and a high p ropens i t y t o 

overloading of the array excluded the use of such instruments for general 

purpose Raman work. Consequent ly, s ingle channel/scanning/recording 

remained the most widely used method. However, lOOOx improvements in 

the s e n s i t i v i t y of multichannel detect ion systems over tha t of conventional 

techn iques have been c la imed (40) , and f u r t h e r developments In such 

systems have been reported by Deffontaine (41) u t i l i s i n g the advances in 

s o l i d - s t a t e d iode a r r a y s . 

A major d isadvantage w i t h m u l t i p l e x Raman i s t he s ize of t he a c t i v e 

region of the detector . I t may be only 0 .5" long (40) and a t best I" (41) . 

With a t y p i c a l s i n g l e monochromator d i s p e r s i o n o f ~25cm"'/mm,the 

detector w i l l only "see" 250cm-' of the spectrum ( ~ 0 . 5 c m - ' per channel) . 

This may be adequate. However, f o r Raman work c l ose t o t h e f requency of 

laser e x c i t a t i o n , mult iplex spectrometers are impossible to use since the 

s t r a y l i g h t charac te r is t ics of s i n g l e monochromators is very poor . 

Improving t he s t r a y l igh t performance by using m u l t i p l e monochromator 

systems negates the advantages of mul t ip lexing. However, single 

monochromator dispersion can be achieved with the stray l ight performance 

of a double monochromator by c a r e f u l l y ca lcu la t ing the monochromator size 

and us ing s u b t r a c t i v e d i s p e r s i o n . However, problems may a r i s e through 

aberrat ion of the spectral image, and specia l ly f igured correct ion opt ics 

are expensive, and a t best can only o f f e r part of the solut ion. 

The use of Fourier Transform spectroscopy (FTS) for the co l lec t ion 

and a n a l y s i s of Raman data has been reported (42 ) . Further, us ing a 

s l i g h t l y mod i f ied commercial FT-IR instrument with Raman exc i ta t ion being 

provided by a neodymium-YAG laser, FT Raman spect ra have been s u c c e s s f u l l y 

recorded from a number of powdered and l i q u i d samples (43) . 

In a d d i t i o n t o t h e m u l t i p l e x advantage, the FT Raman method a lso 

achieves the th roughput (Jacqu ino t ) advantage, s ince t h e r e are no energy 

l im i t ing s l i t s in the system. It Comne* . 
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These developments are a t an embryonic leve l . Even as such they 

are generating considerable excitement. 

1.5 P r a c t i c a l Raman Spectroscopy 

1.5.1 Sampling Systems 

A wide range o f sampl ing systems have been developed t o access the 

laser t o the sample w i t h i n the sample compartment, and a l l ow the sca t te red 

r a d i a t i o n t o be c o l l e c t e d in t he most e f f i c i e n t way. A number o f systems 

of i l l u m i n a t i o n o f samples are i l l u s t r a t e d in f i g u r e I . 17 . 

Some sampling arrangements require only simple c e l l s and/or 

accessor ies t o s u i t the p a r t i c u l a r needs of the i n v e s t i g a t o r . For more 

d i f f i c u l t s t ud ies such as high pressure (44) , low and high temperature 

(45, 46 ) , co loured samples (47) , su r face work (48, 49) , b i o l o g i c a l 

studies (50 ) , small samples and microscopic studies (51 -54 ) , and matr ix-

i s o l a t i o n s tud ies (55) , s p e c i a l i s t , and f r e q u e n t l y expensive, devices 

have been developed. 

1.5.2 Residual Problems 

Even with such a great deal of investment and e f f o r t , problems s t i l l 

remain which l im i t the level of e f f i c i ency a v a i l a b l e from such systems. 

They are: (a) fluorescence and background, and (b) experimental geometry. 

(a) Fluorescence and Background 

Although attempts have been made to overcome the problem, the 

techniques required are complex, expensive and tend to produce only modest 

improvements. 

The intensi ty of a f luorescent background may be 10* times greater 

than tha t of the Raman s ignal . Methods of reduction of fluorescence 

include p u r i f i c a t i o n of the sample ( to remove any l ight-absorbing 

contaminants), 'burning o u t ' , ( th is involves exposing the sample to 
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(a) 

(b) 

(c) 

(d ) 

(e) 

V 

Figure 1.17 

Raman sampling methods; (a) m u I t i r e f l e c t ion ce l l for transparent l iquids, 
r systen, applied to l iquid in a c a p i l l a r y tube and sol id samples, 

(c) 180 sampling, (d) Vessel, and P e l l e t or block viewed at 45° Reflected 
beam is aimed to jus t miss entering the s l i t s , (e) 90° system. Block 
or transparent or l iquid in tube. 
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laser l i g h t f o r long per iods of t ime . The f luo rescence ' d e c a y s ' . However, 

i t i s on l y n o t i c e a b l e g iven a high i n i t i a l f l uo rescence l e v e l . ) , use o f 

quenching agents, r e p e t i t i v e scanning, and t he use of a pulsed laser w i t h 

a box-car detector (56 ) . Most fluorescence encountered in Raman is 

sho r t i l i f e ~I0~® sees or lower. Hence, the box-car a p p l i c a t i o n requ i res 

cavi ty dumped single-mode lasers, and borders on useless. ( I t should be 

noted here t h a t f l uo rescence i s not encountered in F.T. Raman). 

(b) Exper imental Geometry 

At f i r s t s i g h t t he Raman exper iment has a major advantage over i t s 

infrared competitor In t h i s respect. In the in f rared , f i l l i n g the sampled 

ape r tu re w i t h r a d i a t i o n is adequate t o observe the a b s o r p t i o n . However, 

Inherent l imi ta t ions such as -Him samples, use of windows and recording 

data from sur faces o r o the r inhomogenei t ies prove t o be probiemmat ic . 

Mbny solutions to these problems have been adopted by i . r . spectroscopists 

i n c l u d i n g r e f l e c t i o n , emission e t c . . . . Each method has advantages and 

l i m i t a t i o n s , but a choice of method t o f i t a p a r t i c u l a r system is 

possible due to the high degree of development in t h i s f i e l d . 

In Raman f i r s t glances suggest t h a t sampling is very sa t is fac tory . 

As long as t he laser Is i n j e c t e d i n t o the sample, and t he sca t te red l i g h t 

is CO I Iec ted , any geometry i s a c c e s s i b l e . Windows p rov ide no rea l problem. 

U n f o r t u n a t e l y , one major problem p e r s i s t s - a l ignment . 

For a s t rong s c a t t e r e r i t i s t r i v i a l t o a l i g n the imaginary Image 

of the s l i t w i t h the Incoming focused laser beam. I n i t i a l l o c a t i o n is 

achieved us ing a b a c k - i I Iuminat ion system, a v a i l a b l e on most commercial 

ins t ruments , and o p t i m i s a t i o n i s achieved by a l i g n i n g the sample on a known 

peak. For weak scatterers with no solvent or other supporting assistance, 

i t i s almost impossib le t o f i n d the s l i t image. Fur ther d i f f i c u l t i e s a r i s e 

through h igh backgrounds and/or f l uo rescence . These f a c t o r s r a i s e t he 

l i m i t below which s c a t t e r e r s become in e f f e c t , poor ones. 

The e f f e c t of the a l ignment problem Is t h a t the spec t roscop Is t Is 

tempted t o become lazy and not t r y , (s)he f i n d s i t impossib le t o a l i g n 
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a very weak s c a t t e r e r and hence cannot use t ime as a method o f i nc reas ing 

s e n s i t i v i t y i . e . us ing data a c q u i s i t i o n t o e x p l o i t t he f a c t t h a t t he 

s i g n a l - t o - n o i s e r a t i o increases as t he square roo t o f the exposure t ime 

In carbon -13 nmr, f o r example, i t i s not unusual t o use 48hr scans in 

o rder t o reso lve samples such as low dens i t y po l ye thy lene . Th is i s 

impossib le t o do in t he Raman i f automat ic and r o u t i n e a l ignment cannot 

be ach ieved. 

The ques t ion must be approached o p t i c a l l y . Looking back a t one o f 

the f i r s t commercial laser Raman ins t ruments , t h e Gary GIL, t he sampling 

method used was in p r i n c i p l e undoubtedly the best (see f i g u r e 1 . 1 7 ( b ) ) . 

Scat tered l i g h t was c o l l e c t e d from t h e lens focus and thrown i n t o the 

spec t rome te r . * Simply pushing t he sample up a g a i n s t the lens produced 

an acceptab le Raman s igna l in a l l cases. 

Recent suggest ions f o r overcoming the a l ignment problem in rea l 

s c a t t e r e r s have inc luded the u t i l i s a t i o n of the unique p r o p e r t i e s o f 

f i b r e - o p t i c s . 

1.6 F i b re -Op t i c s 

In a l e c t u r e t o t h e Royal I n s t i t u t i o n in 1854, John TyndaI I f i r s t 

demonstrated t he p r i n c i p l e o f t o t a l i n t e r n a l r e f l e c t i o n , w i t h a spout o f 

water emerging from an i l l u m i n a t e d tank (57) . However, p r a c t i c a l 

a p p l i c a t i o n s of the phenomenon were not cons idered u n t i l t he e a r l y 

t w e n t i e t h cen tu r y . The subsequent developments o f f i b r e - o p t i c s , 

p r i n c i p a l l y in the U .S .A . , have led t o two broad areas o f a p p l i c a t i o n ; 

the t r a n s p o r t of v i s u a l i n fo rma t i on and the t r a n s p o r t o f l i g h t . The most 

popular commercial e x p l o i t a t i o n o f f i b r e - o p t i c s is in the te lecommunicat ions 

i n d u s t r y , and the vas t m a j o r i t y of o p t i c a l f i b r e s produced are f o r the 

t r a n s f e r o f i n fo rma t i on over large d i s tances . However, t h e i r unique 

p r o p e r t i e s are i n c r e a s i n g l y app l i ed t o d i s p l a y systems, v i s u a l mon i t o r i ng , 

con tac t photography, i m a g e - I n t e n s i f l e r c o u p l i n g , and many o the r uses. 

A number o f more novel a p p l i c a t i o n s have Included the use o f f i b r e s f o r 

* However, the Gary 81L d e t e c t i o n system produced a round image a t the 
s l i t . To f i t t h i s t o the ent rance s l i t an image si leer was used - an 
expensive and e labo ra te s o l u t i o n . 
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photochemical tumour therapy (58) and the measurement o f p a r t i a l pressures 

o f oxygen in t he blood (59 ) . 

Spectroscopic a p p l i c a t i o n s have been l i m i t e d in the amount o f 

s t r u c t u r a l i n f o rma t i on they can p rov ide . I n f ra red t r a n s m i t t i n g f i b r e 

technology (60) is not f a r enough advanced f o r use fu l a n a l y t i c a l 

e x p l o i t a t i o n , but s ince Raman spectroscopy operates a t wavelengths we l l 

i n t o t he v i s i b l e , the t r ansm iss ion c h a r a c t e r i s t i c s of commerc ia l ly a v a i l a b l e 

o p t i c a l f i b r e s are such t h a t adequate c o u p l i n g of the two techn iques i s 

f e a s i b l e . Raman exper iments i n v o l v i n g f i b r e - o p t i c s have been demonstrated 

(61-63) and work in t h i s laboratory (64) introduced the concept of remote 

sampling and has led t o t h e development o f a v i a b l e mu l t i - e l emen t probe 

(65 ) . 

1.6.1 F i b r e - O p t i c s Theory 

An o p t i c a l f i b r e can be descr ibed as a c y l i n d e r of t r anspa ren t 

d i e l e c t r i c material of r e f r a c t i v e index n , , whose wal ls are in contact 

w i t h a second d i e l e c t r i c ma te r i a l of a lower r e f r a c t i v e index n^. 

Generally i t Is assumed tha t the f i b r e Is immersed in a t h i r d d i e l e c t r i c 

material of r e f r a c t i v e index n^, although t h i s material is normally a i r 

( n o ~ I . O ) . 

A. To ta l I n t e rna l R e f l e c t i o n 

The passage of l ight through an opt ica l f i b r e is achieved by to ta l 

i n t e r n a l r e f l e c t i o n of the l i g h t a t t he c y l i n d e r w a l l s . A ray o f l i g h t i s 

i n t e r n a l l y r e f l e c t e d a t t he boundary between the two d i e l e c t r i c media 

when the ray is i n c i d e n t w i t h i n the denser medium, and the angle of 

inc idence is g rea te r than a c r i t i c a l va lue de f ined by t he ind ices of the 

med i a. 

F igure 1.18 shows a l i g h t beam from w i t h i n a denser medium, n , , 

i n c i d e n t a t the boundary w i t h a less dense medium, n^. The angle of 

r e f r a c t i o n is r e l a t e d t o t he angle of inc idence by Sne l l s law, 

n^ s i n 02 = n, s i n 0, e . q . 1.8 

Ac 0, u&uwTL l&wi g . . . 
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^ c o r e , n, 

cladding, 

F igu re 1.18 

Ref lec t ion of l i g h t a t the d i e l e c t r i c i n t e r f a c e of an op t ica l f i b r e ; 
core mater ia l of r e f r a c t i v e index, n , ; B = cladding m a t e r i a l . 

C = immersion medium, n^ ( u s u a l l y a i r - no .0). 
'2: 

Since n, > n* , s in Gg > s in 8 , , so t h a t sin = I f o r a value of 6, 

which is less than 90° . The c r i t i c a l angle f o r r e f l e c t i o n 8;c can be 

d e r i v e d by s e t t i n g s i n Q.̂  = I , which g i ves . . . 

sin Gic = n* /n i e . q . 1.9 

A ray w i l l thus be t o t a l l y I n t e r n a l l y r e f l e c t e d fo r a l l angles greater 

than 6 | c . ^ a l l i e s . 

The p r i n c i p l e o f i n t e r n a l r e f l e c t i o n has been known f o r many y e a r s , 

and i t s use in folded and inver t ing op t ica l systems is commonplace. 

R e f l e c t i v i t i e s of 0.9995 a t g lass-g lass boundaries in opt ica l f i b r e s have 

been es t ima ted ( 6 6 ) , which a r e severa l orders of magnitude h i ghe r than 

f o r example, r e f l e c t i o n a t an aluminium sur face , which e x h i b i t s a 

r e f l e c t i v i t y o f ~ 0 . 9 t o 0 . 9 6 . 

B. Ray P ropaga t ion 

There are two d i s t i n c t types of ray propagation i n o p t i c a l f i b r e s ; 

m e r i d i o n a l rays and skew rays. 

in a m e r i d i o n a l ray t h e path t h rough t h e f i b r e is c o n f i n e d t o a 

s i n g l e p lane which i s normal t o the tangent p lanes a t t he p o i n t o f i nc idence . 
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For a c i r c u l a r cy l inder conf igurat ion (a typica l opt ica l f i b r e ) the 

mer id iona l plane is any plane which con ta ins t he c y l i n d r i c a l a x i s . 

F igure 1.19 

Refraction a t the end face and r e f l e c t i o n a t the core/cladding inter face 
of a meridional ray entering an opt ica l f i b r e . 

Figure 1.19 shows a f i b r e with I t s end face normal t o the f i b r e 

axis . A ray enter ing the system from a medium with r e f r a c t i v e index no 

a t an angle 9 t o the normal is r e f r a c t e d a t an angle 0' and i nc iden t a t 

the d i a l e c t r i c boundary a t an angle 0. From Snell 

no s i n 6 = n, s i n 6, 

n, cos 0 
e . q . I .10 
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For r e f l e c t i o n to occur we must have, 

s i n 0 > H t /n , 

t h a t is cos 0 I - n,yn, e.q . 

By s u b s t i t u t i n g f o r i n e q u a l i t y I . I I in equat ion I . 1 0 we have, 

S'n G < (n,: - nz* ) * e .q . 1.12 

which g ives the angu lar c o n d i t i o n which must be s a t i s f i e d by a mer id iona l 

ray before Internal r e f l e c t i o n can occur. The angle of Incidence a t 

subsequent re f lec t ions is equal to tha t at the f i r s t r e f l e c t i o n 

(considering a s t r a i g h t , para l l e l c y l i n d e r ) . I f the output face l ies 

normal t o the c y l i n d e r a x i s , then the emergent rays w i l l l i e a t an angle 

9 t o the a x i s . The d i r e c t i o n o f the rays w i l l depend on the number o f 

r e f l e c t i o n s exper ienced by t he ray du r i ng i t s passage through the f i b r e 

(see f igure 1 .20) . I f t h i s number is even, then the ray emerges para l l e l 

to i ts o r ig ina l d i rec t ion . I f the number is odd then the ray emerges 

a t an angle of 26 to I ts or ig ina l d i rec t ion . Therefore a f i b r e thus 

described w i l l accept and propogate a cone of l igh t incident upon I t s end 

face prov ided t h a t the con ica l h a l f - a n g l e Is less than 0^ , where 8m is 

defined by the upper l i m i t of the inequal i ty in equation 1.12. 
I 

sin 6m = (n^ n z * ) * e.q. 

— 0 
x i 0 

A s 
— 0 

x i 0 

A s 

x i 0 

A s 
1 — — 

Figure 1.20 

The passage o f two p a r a l l e l l i g h t rays through an o p t i c a l f i b r e , where 
the number of re f lec t ions d i f f e r s by one. 

This is c l e a r l y a measure o f the l i g h t - g a t h e r i n g power of t he f i b r e and 

the right-hand side of t l ^ equation, by analogy with lens opt ics , is 

def ined as t he numerical aperture of t he f i b r e . 



34 

The e f f e c t of f i b r e curvature can be seen to have rather a drast ic 

e f f e c t on meridional rays; however, these form a much smaller proportion of 

the f l u x passing through the f i b r e , s ince t he re i s on l y one mer id iona l 

p lane a v a i l a b l e (see f i g u r e 1 .21) . A maximum acceptance angle can be 

c a l c u l a t e d f o r a f i b r e of d iameter , d , w i t h rad ius o f c u r v a t u r e , R, such 

t h a t 

s i n 6m = 2 _ 
* # ' 

when R » ^ / I 

One of the most important propert ies of opt ical f ib res is that they are 

ab le t o r e t a i n t h e i r l i g h t c a r r y i n g a b i l i t i e s when they are curved. 

fibre diameter = d 

radius of 
curvature 

Figure 

Ef fect of f i b r e curvature on the path of mer idonal rays; R 
c u r v a t u r e , d = d iameter of f i b r e . 

= rad ius of 

A s t r a i g h t f i b r e w i t h a core r e f r a c t i v e index, n, = 1.5 and a 

c ladd ing index, n^ = 1.45 would have a numerical aperture equal t o 

/ I ,5^ - 1.45^' = 0.38 which would r e s u l t in a cone semi-angle of 9 = 22°. 

I f t he f i b r e was bent t o a maximum of R = 10mm then the numerical 

ape r tu re would be reduced t o 0 .33 , resul t ing in a h a l f angle o f ~ I 9 0 . 
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Such a severe bend would not normal ly be exper ienced, but in t h i s 

c o n d i t i o n i t would s t i l l be e q u i v a l e n t t o a p e r f e c t lens working a t 

The path of skew rays is not con f ined t o a s i n g l e p lane. A t y p i c a l 

skew ray, AB, is shown In f igure 1.22 where A and B are points of r e f l e c t i o n 

a t t he c y l i n d e r w a l l . The az imuthal a n g l e , , is de f ined as the angle 

between PA and AO where 0 is the i n t e r s e c t i o n o f the c y l i n d e r a x i s w i t h 

the plan POA normal to the ax is . Since PB is pa ra l l e l to the ax is , 8' 

is the i n t e r n a l ax ia l ang le . Thus and ( ^ / i - Q' ) de f i ne t he o r i e n t a t i o n 

of the ray AB with respect to the normal 0% a t A. Thus for the angle of 

r e f l e c t i o n , 0 , we can w r i t e 

cos 0 = cos.<OAB = sin 6 'cos f e .q . 1.15 

For any skew rays the ang les f and ©' a re mainta ined through p ropaga t ion , 

and the l ight t rave ls in a he l ica l fashion. By applying Snells law we can 

show t h a t the maximum acceptance angle is then 

Q _ sinGm , 
m - cos? e .q . 1.16 

Thus skew rays w i l l be accepted a t l a rge r i n c i d e n t angles than mer id iona l 

rays where c o s t = 1.0, and the mer id iona l numerical ape r tu re is the minimum 

and thus t he quoted f i g u r e . 

cent re 

Figure I .22 

Path of a t y p i c a l skew ray between r e f l e c t i o n s ; (a) a long the f i b r e axis, 
(b) on a plane normal t o the f i b r e a x i s . 
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1.6.2 Waveguide P r o p e r t i e s of F ibres 

An o p t i c a l waveguide i s a d i e l e c t r i c s t r u c t u r e t h a t t r a n s p o r t s 

energy a t wavelengths in the i n f r a r e d o r v i s i b l e p o r t i o n s o f the 

e lec t romagne t i c spectrum. Op t i ca l waveguides can be conven ien t l y d i v i ded 

i n t o two sub-c lasses c a l l e d mult imode waveguides (w i t h r e l a t i v e l y large 

core d iameter ) and s i n g l e mode waveguides (w i t h compara t i ve ly small c o r e s ) . 

The number o f modes o f t r ansm iss ion which can be supported in a f i b r e is 

p r o p o r t i o n a l t o t he f i b r e d iameter , d, and the c r i t i c a l angle o f r e f l e c t i o n , 

@ic. Because of d i f f r a c t i o n i t i s imposs ib le t o con f i ne the l i g h t e n t i r e l y 

w i t h i n the core o f waveguides w i t h small d iameter and Qjc- Since we are 

i n t e r e s t e d in mult imode f i b r e s in which both parameters are s u f f i c i e n t l y 

l a rge , thousands of modes are propagated, and a l l t he t r a n s m i t t e d l i g h t 

can be assumed t o be con f ined e n t i r e l y w i t h i n the f i b r e co re . Thus 

geometr ica l o p t i c s p rov ide an adequate d e s c r i p t i o n of the l i g h t c a r r y i n g 

p r o p e r t i e s o f the f i b r e s . 

1.6.3 Op t i ca l P r o p e r t i e s 

P r a c t i c a l losses are apparent in f i b r e s through several mechanisms. 

A_̂  Fresnel R e f l e c t i o n Losses 

These losses are incur red a t the input and ou tpu t faces o f t he f i b r e 

and are due t o the d i f f e r e n c e in r e f r a c t i v e index between the core and 

the immersion medium. 

The f r a c t i o n o f i n c i den t l i g h t which is r e f l e c t e d a t normal 

inc idence, i s s u f f i c i e n t l y small ( <5%) f o r a wide range o f ang les . 

B_. Absorp t ion Losses 

The core i s not p e r f e c t l y t r anspa ren t and t ransmiss ion through a 

length L of t he core g lass i s g iven by 

e. q. 1, 17 

where a = the abso rp t i on c o e f f i c i e n t . 
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The abso rp t i on c o e f f i c i e n t o f the g lass v a r i e s w i t h the wavelength 

of l i g h t used (see f i g u r e 1 .23) , and i t i s t h i s which determines the 

wavelength range over which usefu l t ransmiss ion may be ach ieved. I n f r a red 

absorp t i ons ( f rom molecu lar v i b r a t i o n s ) and u l t r a v i o l e t abso rp t i ons ( f rom 

e l e c t r o n i c t r a n s i t i o n s ) f a i n t l y impinge upon the v i s i b l e reg ion of t he 

spectrum, where losses due t o i m p u r i t i e s such as metal ions are apparent . 

e 
cn 
TJ 

o 

z 
LxJ 
f— 
5 

120 

100 

80 

60 

40 

20 

0.4 
- r 
0.5 

I 
0.6 0.9 07 0 * 0.9 14 f j 

WAVELENGTH / /m 

Figure I .23 

Graph o f abso rp t i on versus wavelength f o r a t y p i c a l mult imode o p t i c a l 
f i bre. 

C. I n t e r f ace Losses 

I f t h e r e are imper fec t ions in t he i n t e r f a c e , o r i f t he sheath ing i s 

absorb ing then the r e f l e c t i o n process w i l l tend t o f a l l away from u n i t y . 



38 

D. Transmission 

The number o f r e f l e c t i o n s s u f f e r e d by a ray i s dependant upon the 

angle of Incidence, and the length of the f i b r e . The loss per r e f l e c t i o n 

i s made up of two pa r t s - energy l o s t by s c a t t e r i n g a t an imper fec t 

in ter face , and absorption or scat ter ing of energy due to i t s f i n i t e 

penetration Into the sheath. The u l t imate loss l i m i t however, is set by 

the Rayle igh s c a t t e r i n g which a r i s e s from unavoidable f l u c t u a t i o n s In 

t he r e f r a c t i v e index of t he f i b r e ma te r i a l on a length sca le t h a t Is small 

compared t o the wavelength o f l i g h t . 

Manufacturers tend t o quote losses in o p t i c a l f i b r e s as an 

a t t e n u a t i o n va lue , a , which Is d e f i n e d , somewhat a r b i t r a r i l y , as 

P i 
a = 10 log dB/km of f i b r e length e . q . 1.19 

where Pi and Po a re input and ou tpu t power I n t e n s i t y va lues r e s p e c t i v e l y . 

The quoted a t t e n u a t i o n va lue does not g e n e r a l l y inc lude Fresnel losses. 

1.6.4 Manufacture o f Op t i ca l F ib res 

Op t i ca l f i b r e s have been produced from a range of m a t e r i a l s . Of 

these, the most widespread is tha t uasd in the f i r s t pract ica l appl icat ions 

of the phenomenon (67, 68 ) , s i l i c a . * 

U n t i l t he I 950 ' s , t r ansm iss ion c h a r a c t e r i s t i c s o f l i g h t - c a r r y i n g 

f i b r e s were poor , because the uncoated core ma te r i a l was exposed t o 

con tamina t ion by h igh - i ndex m a t e r i a l s , which r e s u l t e d in loss o f l i g h t 

from the sides of the f i b r e s . In 1954 van Heel (69) coated s i l i c a f ib res 

wi th a s o l i d sheath o f p l a s t i c w i t h a lower r e f r a c t i v e index, and 

demonstrated the high r e f l e c t i o n e f f i c i e n c y requ i red a t the g lass su r face . 

Basic f i b r e drawing techn iques were developed f o r t he p roduc t ion of g lass 

f i b r e s (70) . 

Coating glass f ib res with glass of lower index (71) led to a 

resurgence of i n t e r e s t . Since t ransmiss ion losses were reduced cons ide rab ly 

* M a t e r i a l s o t h e r than s i l i c a inc lude polymers, n o n - s i l i c a g lasses (meta 
ha I ides and cha lcogen ldes ) , and c r y s t a l s . At present research i n t o 
a l t e r n a t i v e m a t e r i a l s f o r a v a r i e t y o f a p p l i c a t i o n s is widespread. 
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f u r t h e r development concent ra ted more on the design of t he s t a r t i n g 

m a t e r i a l s , and t h e i r e f f i c i e n t , r ep roduc ib l e f a b r i c a t i o n . 

^ Produc t ion of Fused S i l i c a 

Large pieces of h igh q u a l i t y fused s i l i c a have been produced 

commerc ia l ly f o r many years by d i r e c t oxy-hydrogen f lame (or argon/oxygen 

plasma t o r c h ) soot d e p o s i t i o n w i t h s imul taneous s i n t e r i n g . 

The burners p rov ide enough heat f o r both the genera t ion o f the soot 

and I ts immediate s in ter ing to a so l id , bubble-free glass when i t impacts 

t he hot blank su r face . Temperatures on the blank sur face must be 

>I8000C in order to achieve a smooth s i l i c a surface which exh ib i ts stable 

growth. When an oxygen plasma torch is used, the resul tant fused s i l i c a 

is both hydroxy I (-0H) f r e e and of h igh o p t i c a l q u a l i t y (see f i g u r e 1 .24) . 

The g lass d e p o s i t i o n r a t e f o r a s i n g l e t o r c h is ~ 0 . 4 g min" ' (72 ) . 

B. E f f i c i e n t R e f l e c t i o n o f Light 

The r e f r a c t i v e index d i f f e r e n t i a l between the core and the c ladd ing 

mate r ia l can be achieved by one of two methods. 

i ) Dopants incorporated into the s i l i c a can e i t h e r lower or 

increase the index of r e f r a c t i o n (73) . The core ma te r i a l is 

usually doped with germania ( G e O z ) and possibly phosphorus 

pentoxide (PzO,) to enhance n, whereas the cladding may 

be pure s i l i c a , o r e l se i t i s doped w i t h boron ox ide (B2O3) 

a t sho r t wavelengths o r F l uo r i ne (F) a t long wavelengths 

t o depress R . F ib res can a l so be produced w i t h a pure 

s i l i c a core surrounded by a f luorine-doped s i l i c a cladding. 

Other coa t i ng m a t e r i a l s , w i t h lower index, can be used ( f o r 

example polymers). P las t i c clad s i l i c a (PCS) f i b r e s , 

c o n s i s t i n g of a high p u r i t y , low OH con ten t fused s i l i c a 

co re , and high p u r i t y s i l i c o n e rubber c ladd ing were f i r s t 

reported in 1975 (74) . 
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Figure I .24 

Product ion of fused s i l i c a us ing the plasma t o r c h method. 



C. spec ia l Techniques o f Product ion 

Mod i f ied Chemical Vapour Depos i t ion (MCVD) 

example; (w i t h Boron as dopant) 

A s low ly r o t a t i n g s i l i c a tube i s heated by a moving burner , and 

S i C U , Oz and BCIj gases are fed i n t o t he tube (see f i g u r e 1 .25) . As the 

burner moves repeated ly a long the tube , SiO^-BzO, depos i t s over the e n t i r e 

Inner surface of the tube by chemical reaction of the gases. This material 

becomes the cladding. Next the BCI, gas is stopped and the process is 

resumed. The newly depos i ted layer c o n s i s t i n g o f pure s i l i c a (SiO?) 

becomes the co re . The tube is then "co l lapsed" , and a g lass rod o r 

"p re fo rm" remains. The o p t i c a l f i b r e i s drawn from the preform. Fused 

s i l i c a " b l a n k s " can a l so be prepared us ing an " o u t s i d e " vapour 

d e p o s i t i o n process. 

The Double C r u c i b l e Method 

This method produces f ib res without the need for a preform. A 

c r u c i b l e w i t h two compartments, made from p la t i num. Is f i l l e d w i t h core 

and c l add ing m a t e r i a l s . These a re melted in a furnace and drawn t o 

produce a f i b r e (see f igure 1 .25) . This simple method Is inexpensive 

and mass r e p r o d u c i b l e , s ince t h e pre-processes requ i red f o r MCVD are not 

needed. The f i b r e i s produced a t once a t f a i r l y h igh drawing ra tes 

(1-3 ms-^) (75 ) . 

Dj F ib re Coat ing 

The p roduc t ion of PCS f i b r e s uses the same basic coa t i ng techniques 

as those used f o r t he p r o t e c t i o n o f g l a s s - g l a s s f i b r e s , w i t h a pressure less 

f l e x i b l e c y l i n d r i c a l d i e t o apply the s i l i c o n e rubber . Op t i ca l mon i to r i ng 

ensures tha t a constant thickness is maintained throughout the coating 

procedure. 

P r a c t i c a l a p p l i c a t i o n s of f i b r e - o p t i c s d i c t a t e t h a t the f i b r e s must 

be ab le t o w i ths tand any phys ica l abuses from t h e i r man ipu la t i on . F ibres 
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MCVD (inner deposition method). 
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Figure I .25 

Product ion of o p t i c a l f i b r e s , (a) Mod i f ied chemical vapour depos i t i on 
( i n n e r d e p o s i t i o n method shown), and (b) double c r u c i b l e method. 
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Typ ica l f i b r e coa t i ng arrangements, and a schematic o f the f a b r i c a t i o n 
process. 
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emerging from any drawing un i t w i l l inevi tably be flawed (76) . The most 

e f f e c t i v e way to protect them, hence maximising t h e i r strength and 

ul t imate e f f i c i e n c y l i m i t , is to apply a protect ive coating immediately 

a f t e r f abr ica t ion . A schematic r e p r e s e n t a t i o n o f a f i b r e drawing l i n e is 

I l l u s t r a t e d in f igure 1.26. 

In the PCS f i b r e the cladding also acts as the bu f fe r , and there is 

usua l l y on ly a s i n g l e protect ive coating, f o r example nylon, needed. Th is 

reduces the overa l l diameter of the PCS system, al lowing many f ib res to 

be e a s i l y arranged in c lose proximity. 

1.7 Aim 

This study d i r e c t s i t s a t t e n t i o n to the design and c o n s t r u c t i o n o f 

a v iable f i b r e - o p t i c system for Raman spectroscopy. 

I t was intended t h a t , w i t h more understanding of t he c a p a b i l i t i e s 

of t he f i b r e - o p t i c system, the new method may be used t o exp lo re two 

expe r imen ta l l y demanding problems involving c o n t r o v e r s i a l areas In polymer 

sc ience, namely, 

(a) the molecular structure of f lowing molten polyethylene, and 

(b) low frequency Raman spectroscopy o f bu lk c r y s t a l l i s e d 

polyethylene. 
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C H A P T E R 2 

I N S T R U M E N T A T I O N A N D 

E X P E R I M E N T A L T E C H N I Q U E S 



-

Raman 

2 . 1 . 1 Raman Ins t rumenta t ion 

Two spect rometers were used In the course o f t h i s s tudy . In both 

systems the e x c i t i n g r a d i a t i o n was prov ided by a Coherent Rad ia t ion 

Innova 90 Argon- ion l a s e r , ope ra t i ng a t 5I45A. The plasma l i nes were 

removed us ing an Anaspec Model 300-S pre-monochromator in each case. 

ANASPEC LR-56 LASER RAMAN SPECTROPHOTOMETER 

In t h i s ins t rument a sho r t f oca l length spect rograph de f ines the 

spec t r a l reg ion of i n t e r e s t . I t s e x i t ape r tu re i s imaged onto a 

second and la rge r spec t rograph, which runs in s u b t r a c t i v e d i s p e r s i o n 

w i t h i t s p a r t n e r . (The second spectrograph has a f oca l length e x a c t l y 

tw i ce t h a t of the f i r s t . ) The design o f the system i s such t h a t i t 

achieves the d i s p e r s i o n o f a s i n g l e monochromator o f sho r t f oca l 

leng th , a l l o w i n g a spec t ra l reg ion* of approx imate ly 900cm"' t o be 

viewed a t any one t ime by t he m u l t i p l e x d e t e c t o r . The image emerging 

from the second spectrograph i s p ro jec ted onto an i n t e n s i f i e d diode 

a r ray de tec to r c o n t a i n i n g 1024 elements over an area of~25mm*. The 

cooled d e t e c t o r head i s connected t o a Tracor Northern TNI710 data 

c o l l e c t i o n u n i t f o r i n f o rma t i on d i s p l a y and man ipu la t i on , and a p r i n t e r 

f o r hard copy. 

A l l o f t he ins t rumenta l f u n c t i o n s , e . g . bandpass, spec t ra l reg ion , 

e t c . a re microcomputer c o n t r o l l e d , and the TN17I0 prov ides e x c e l l e n t 

data hand l ing f a c i l i t i e s , i n c l u d i n g a d d i t i o n / s u b t r a c t i o n o f spec t ra , 

m u l t i p l i c a t i o n / d i v i s i o n , i n t e g r a t i o n / d i f f e r e n t i a t i o n , no rma l i sa t i on and 

Sav i tzky /Go lay smoothing. An o p t i c a l schematic of the system is 

presented in f i g u r e 2 .1 . 

The ins t rument has a number of advantages i n c l u d i n g rap id data 

a c q u i s i t i o n , the a b i l i t y t o use " o v e r n i g h t exposure" techn iques , and 

e x c e l l e n t data s torage and p l o t t i n g f a c i l i t i e s . However, t he inst rument 

a t Southampton was a p ro to type and as such has s u f f e r e d numerous t e e t h i n g 

^wavelength dependant 
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F igure 2 . I 

Op t i ca l schematic of Anaspec LR-36 Laser Raman Spectrograph. M = m i r r o r , 
L = lens (Lc = c o l l e c t i o n l ens ) , A = a p e r t u r e , G = g r a t i n g , S = s l i t , 
D = d e t e c t o r . Sample i s in plane x x. 
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t roubles such as a high Incidence of stray l i g h t , and some non- l fnear i ty 

in t he diode a r r a y . The d e t e c t o r had a tendency t o over load w i t h h igh 

l i g h t i n t e n s i t i e s , and c a r e f u l mon i t o r i ng was requ i red when us ing long 

t ime exposures. 

The rea l problem w i t h t he LR-36 was the r e l a t i v e l y h igh noise 

va lue . Recent l y , a de tec to r c o o l i n g system has been in t roduced in an 

attempt to reduce noise. This has been p a r t i a l l y successful, but many 

of t he problems mentioned have invo lved a g rea t loss in user t ime . 

THE CODERG T800 TRIPLE MONOCHROMATOR SPECTROMETER 

This is a scanning Instrument, employing a t r i p l e monochromator 

runn ing in a d d i t i v e d i s p e r s i o n . P h o t o m u I t i p I i e r pulses are handled 

by an Ortec-Brookdeal SCI pulse counter, and displayed via a d i g i t a l -

to-analogue converter on a chart recorder. Scanning speeds of between 

I and 200cm-' per minute are a v a i l a b l e . There is a l s o an i t e r a t i v e 

scanning module a v a i l a b l e , which has recent ly been in t roduced t o an 

IBM-PC, which now a l l ows d isc s torage and the f a c i l i t y f o r basic data 

man I p u l a t i o n . 

The s t r a y l i g h t performance o f the Coderg i s e x c e l l e n t , and 

a l l ows convent iona l spectra t o be recorded t o w i t h i n 6cm"' f rom the 

e x c i t i n g l i n e . An o p t i c a l diagram can be found in f i g u r e 2 .2 . 

The Coderg T800 proved t o be by f a r the supe r i o r inst rument of the 

two. The Anaspec LR-36 has value only in r o u t i n e work on s t rong Raman 

s c a t t e r e r s . Al though most of the development o f the f i b r e - o p t i c 

system was performed on t he Anaspec, because o f i t s i n s t a n t display 

c a p a b i l i t i e s , the exper imental work descr ibed in chapters 3 and 4 

o f t h i s t h e s i s was completed us ing the Coderg T800. 

2 . 1 . 2 Experimental Technique 

Raman work on the Anaspec i s d e t a i l e d in Sect ion 2 .2 
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r, 

Figure 2 .2 

Opt i ca l schematic o f the Coderg T800 laser Raman spect rometer . 
Lc = c o l l e c t i o n lens, P = pr ism, S = s l i t , M = m i r r o r , G = d i f f r a c t i o n 
g r a t i n g , D = p h o t o m u I t I p I i e r d e t e c t i o n . Sample is in plane x x ' . 
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The frequency range was c a l i b r a t e d us ing the e x c i t i n g l i n e f o r 

low frequency work and the f l u o r e s c e n t l i g h t i n g peaks a t Av = M22.2cm-

for the frequency range lOOOcm-' - 1500cm-'. Both methods gave the 

f requency t o b e t t e r than iQ .Scm- ' . The i n t e n s i t y of l i g h t a t the 

sample was g e n e r a l l y se t a t lOOmW, and the high temperature spect ra 

were run a t s l i t w id ths of lOcm"' , room temperature spect ra were 

recorded a t 4cm~' s l i t w id th f o r c r y s t a l I i n i t y measurements, and low 

frequency spectra (close to the exc i t ing l ine) were recorded with a 

s l i t w id th o f I c m - ' . 

When f i b r e - o p t i c sampling techniques were not employed, 

convent iona l 90o sampling arrangements were used f o r polymer samples, 

as shown in f i g u r e 1 .17(d) . 

2 .2 F i b re -Op t i c System Design f o r Raman Spectrophotometry 

Ebsed on previous experience the sample Is excited by laser 

rad ia t ion emitted from one f i b r e (the Input) and the scattered l ight 

c o l l e c t e d by a second f i b r e r e t u r n i n g i t t o the focus of the 

spectrometer c o l l e c t i o n o p t i c s (see f i g u r e 2 . 3 ) . 

spectrometer 

laser 

/ I A - "̂ enlarged view 
of sample 

Figure 2.3 

Sampling arrangement in McCreery work. 
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A modified commercial spat ia l f i l t e r co l lec ts the laser beam 

Inside the pre-sample opt ics of the spectrometer. The radiat ion used 

is always tha t f i l t e r e d by the pre-monochromator, and never the 'raw' 

laser output. A microscope object ive lens (see f igure 2 .4 ) focuses 

the laser beam down onto the end face of the f i b r e which is securely 

held in the centre of a pin chuck. The f i b r e is always gripped by 

t he c l a d d i n g , not t he bared f i b r e end, and is t r i a x l a l l y a d j u s t a b l e 

w i t h respect t o t he microscope o b j e c t i v e . 

In the subsequent experiments the o p t i c a l f i b r e used was of 

the p l a s t i c coated s i l i c a ( p . c . s . ) type; a standard 20qu core 

telecommunications f i b r e with a 125^ s i l i cone rubber cladding and a 

p r o t e c t i v e nylon overcoating. 

The whole system Is securely mounted on r a i l s within a specia l ly 

constructed box, such tha t the conventional spectrometer optics are 

not modified in any way. The spat ia l f i l t e r can be reproducibly 

placed In the exact posit ion for In jec t ion of the laser beam Into the 

f i b r e . 

The l ight Is then transmitted to the sample where a second 

f i b r e co l lec ts some of the scattered rad ia t ion . (The arrangement of 

the f i b r e s a t the sample w i l l be considered l a t e r . ) This i s returned 

to an adjustable mount in the sample compartment of the spectrometer 

( f igure 2 . 4 ) . Conventional reverse i l luminat ion and Raman peak 

maximisation techniques were used to a l ign the f i b r e with respect to 

the spectrometer. 

The reverse I l luminat ion system is designed to aid alignment 

of the laser beam with respect to the c o l l e c t i o n o p t i c s of the 

spectrometer. The s l i t may be viewed through the co l l ec t ion lens of 

t he ins t rument when the back i l luminat ion l ight i s turned on, and a 

low- intensi ty laser beam can be a l i gned with t he imaginary p ro jec ted 

image of the s i l t using the rule of no para l lax . Once the beam is in 

the correct posi t ion, the f i b r e on the adjustable mount may be moved 

such tha t the beam glances the t i p (see f igure 2 . 5 ( a ) . This accurately 
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F igure 2 .4 

F i b r e - o p t i c i n j e c t i o n and c o l l e c t i o n system as i n s t a l l e d in LR-36 
spectrometer sample c a b i n e t . A = suppor t rods, B = o b j e c t i v e lens, 
C = o p t i c a l f i b r e , D = adjustment screws, E = p in chuck, F = sadd le , 
G = r a i l s , H = spectrometer c o l l e c t i o n lens, J = xyz a d j u s t a b l e 
sample t a b l e , K = pr ism mounting b locks in convent iona l o p t i c a l t r a i n 
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locates the end of the f i b r e in the ' y ' and ' z ' a x i s , and the ' x ' 

coord ina te can be est imated by eye. 

(a) 

(b) 

laser beam 

A 

V 

L-c 

fcKUSKxi silt imacE! 
r 

white / I 
c i r c l e ^ 

tracing paper 
ENLARQED 
E N O VIEW 

Figure 2.5 

Use of the back i l l u m i n a t i o n system t o a l i g n o p t i c a l f i b r e c o l l e c t i o n 
u n i t ; (a) laser beam method, (b) t r a c i n g paper method. Lc = 
CO I 1ect ion I ens. 

I f the back p r o j e c t i o n lamp is powerful enough, an image of the 

s l i t can be located in a dark sample cab ine t using a piece of t r a c i n g 

paper. The f i b r e may then be moved up t o the wel l focused image and 

l ined up almost exac t l y w i th the s l i t (see f i g u r e 2 . 5 ( b ) ) , using the 

small wh i te c i r c l e of l i g h t t r a n s m i t t e d by the f i b r e from the ou ts ide 

of the cab ine t . 

2 .2 .1 Preparat ion of the F ibre 

The p r o t e c t i v e coa t i ng and c ladd ing mater ia l is s t r i pped back 

f o r about 20mm, using a f i b r e s t r i p p i n g t oo l (or by using t h i n f i s h i n g 
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w i re i f t h e r e Is no p r o t e c t i v e o v e r c o a t i n g ) . A f i n e sc ra tch i s then 

scored on the f i b r e pe rpend icu la r t o i t s a x i s , a few m i l l i m e t r e s from 

the end of t he c l a d d i n g , us ing a keen g lass c u t t i n g b lade* (e .g . 

Jencons "K ing C u t " ) . The f i b r e is then wet ted and w i l l break a t the 

score us ing a small amount of pressure (see f i g u r e 2 . 6 ) . The cleaved 

f i b r e is then placed in t he f i b r e i l l u m i n a t o r and inspected by eye 

through the microscope o b j e c t i v e . The end should appear p e r f e c t and 

show no c h i p p i n g , d i s t o r t i o n o r asymmetry. (Poor end q u a l i t y can be 

avoided i f t he g lass c u t t i n g blade is we l l p ro tec ted and on ly used 

f o r c l e a v i n g f i b r e s . The score must be a s i n g l e s t roke and i f t he 

score is good, hard ly any pressure i s requ i red t o produce a c lean 

b reak ) . 

To f u r t h e r t e s t the q u a l i t y of both Input and ou tpu t faces o f 

t he laser t r a n s m i t t i n g f i b r e , the f i b r e should be I l l u m i n a t e d w i t h 

laser l i g h t in the usual way and the ou tpu t p ro jec ted on to a screen 

placed about 30cm away from the end of t he f i b r e . A f i n e l y speck led, 

round, evenly i l l u m i n a t e d patch of l i g h t should appear. A damaged 

f i b r e end w i l l r e s u I t in f a i l u r e o f t h i s t e s t . 

Asymmetry or skew In t he p ro jec ted p a t t e r n i nd i ca tes poor end 

q u a l i t y , and misal ignment o r poor end q u a l i t y a t the I l l u m i n a t o r Is 

mani fested by a r e l a t i v e l y low i n t e n s i t y p a t t e r n on the screen. A 

r i n g ou tpu t (see f i g u r e 2 .7) I nd i ca tes focus e r r o r In the I l l u m i n a t o r , 

t r a n s p o r t i n g l i g h t through t h e c l add ing ma te r i a l r a t h e r than the core . 

Th inner f i b r e s can be prepared w i t h g rea te r ease than t h i c k e r 

f i b r e s . Experiments w i t h core s i zes of 600/i showed a r e j e c t i o n r a t e 

o f approximate IV 90t us ing the above method of p r e p a r a t i o n , w i t h 200/j 

core approx imate ly 25% were r e j e c t e d , and w i t h 50/i core less than 10$ 

proved u n s a t i s f a c t o r y . P o l i s h i n g f i b r e ends in an a t tempt t o improve 

end q u a l i t y was d i f f i c u l t , time consuming and w i t h the lOOjJ f i b r e 

the performance was poorer than t h a t ob ta ined us ing the c l e a v i n g 

method. 

* N o t e : - Th is blade should be e x c l u s i v e l y used f o r the p repa ra t i on of 
o p t i c a l f i b r e s . 
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1 .Stripping. 

A 

X bare Fibre 

2.Scprinq. 

side view 

3 

V 

-4 |*-2mm 

plan view 

3.Wetting and breaking. 

3 

slight pressure 

Figure 2.6 

End p repa ra t i on o f an o p t i c a l f i b r e 
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2 . 2 . 2 I l luminat ion of the Fibre 

If the laser beam Is focused onto the f i b r e using a xlO 

object ive lens ( f = 16.9mm) a beam waist diameter (Wo) of 22/v is 

achieved a t the focus , i f an Ar+ laser beam with a diameter (d) of 

I mm 1s used (see f igure 2 . 8 ) . However, t h i s re lat ionship applies 

A = 514.5nt 

w, = 8Xf / 1\ d 
b = S x r / K d ' 

Figure 2.8 

D i f f r a c t i o n l imited spot s ize of a focused laser beam. 

only for a per fect ly col l imated, coherent, Gaussian beam. None of 

these charac ter is t ics apply in the case of the source radiat ion 

t y p i c a l l y ava i lab le from a commercial laser as f i t t e d to a Raman 

spectrometer I . e . the value of 'd ' and the subsequent waist diameter 

are larger than those expected. The focal length of the object ive 

( i . e . i t s power) should be such that the focused beam a r r i v i n g a t 

the f i b r e end has a cone angle of 28 or a l i t t l e less to e f f i c i e n t l y 

I l luminate the f i b r e end (see f igure 1 .20) . Further, the focused 

spot must be s i g n i f i c a n t l y smaller than the end face of the f i b r e . 

Since many of the parameters are unknown on a commercial 

spectrometer, several microscope object ives were considered and t h e i r 

e f f i c i ency of i l luminat ion recorded (see tab le 2 . 1 ) . Although the 

x40 (f = 4.38mm) object ive lens provides the closest aperture match 

to the opt ica l f i b r e , the depth of focus for t h i s lens is very small 

and d i f f i c u l t to locate on the f i b r e end. However, the x20 

( f = 8.13mm) object ive lens has a depth focus times greater than 

that of the x40 lens, and consequently gave marginally bet ter performance 

in t h i s study. 
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2 . 2 . 3 Throughput 

Once an evenly i l luminated c i r c l e of l ight is achieved, a power 

meter can be set up to record the laser In tensi ty a t the e x i t face of the 

f i b r e . I f al l ignment is adequate a t in ject ion and an appropriate 

object ive lens has been selected, a good qua l i ty multimode p l a s t i c -

coated s i l i c a (PCS) f i b r e 200^ in diameter should transmit 70$ or more 

of the rad ia t ion , defined as 

Ef f ic iency = Total power from end face of f i b r e 
Energy entering spat ia l f i l t e r * 

over a 3 mater length of f i b r e . in our exper ience t h i n n e r f i b r e s t r a n s m i t 

s i g n i f i c a n t l y less than the above. The vas t m a j o r i t y o f losses are 

exper ienced In c o u p l i n g . The losses in t r ansm iss ion down the f i b r e due t o 

Inhomogeneties were es t imated a t 1.5? per metre f o r a 3 metre length o f 

f i b r e us ing laser l i g h t o f wavelength 514.5nm. 

2 . 2 . 4 Col lect ion 

The optimum method for i l luminat ing the sample and co l lec t ing 

the radiat ion was Invest igated. A series of Raman experiments were 

carr ied out using the intensi ty of selected Raman lines and comparing 

them with one another in d i f f e r e n t experimental arrangements. Where 

appropriate, the e f f i c i ency of the f i b r e - o p t i c experiment was compared 

against conventional exc i ta t ion ( f igure 1.17(d) and ( e ) ) . 

In a l l cases constant laser power and spectral s l i t width were 
used. 

A. Angular Dependence 

The input f i b r e was positioned v e r t i c a l l y in a sample of n i t r o -

benzene and the co l lec t ion f i b r e was placed adjacent to the input end 

face on an angularly adjustable mount. The angle subtended between the 

input and output f ib res was varied and spectra col lected a t a number of 

posit ions. The f i b r e ends remained in contact throughout t h e i r 

rotat ion a t a point adjacent to the end face (see f igure 2 . 9 ( b ) ) . For 

each angular displacement the signal a t the spectrometer was optimised 
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using la tera l adjustment of the input f i b r e , to ensure that the f ib res 

remained in the same p lane. 

Measurements of the Raman intensi ty of the = 1346cm"' band 

(aromatic r ing breathing mode) were made a t each angle and plotted 

against the subtended ang le In f i g u r e 2 . 9 ( b ) . 

The Raman intensi ty of the peak was taken as the peak height 

(maximum) minus a background value a t around Av = 1320cm"'. There were 

no var ia t ions In the peak in tensi ty of t h i s band r e l a t i v e to the other 

bands in the spectrum, nor in the background p r o f i l e , w i t h v a r i a t i o n 

of ang le . 

The para l l e l o r ien ta t ion appears to be the most e f f i c i e n t . 

V e r t i c a l and Ax ia l Spacing Dependence 

Two f ib res were held para l le l to one another and lowered 

v e r t i c a l l y into a sample of nitrobenzene. The input f i b r e was secured 

and the co l lec t ion f i b r e was moved r e l a t i v e to i t . The displacements 

were monitored using a t r a v e l l i n g microscope. Ten values of Raman 

intensi ty were recorded for each incremental change and a graph of 

displacement versus the Raman in tensi ty of the Av = 1346cm"' band in 

nitrobenzene was plotted in f igure 2 . 9 ( a ) . 

From v e r t i c a l adjustment of the f ib res the maximum intensi ty was 

obtained when the end face of the co l l ec t ion f i b r e was placed about 2mm 

above tha t of the in jec t ion f i b r e . This can be explained In terms of 

simple geometry by considering the overlap of the two 'cones' defined 

by t he numerical ape r t u re o f the f i b r e s . 

The e x i t numerical aperture in nitrobenzene is d i f f e r e n t from 

tha t in a i r ; 

NA . , , = NAaIr 
n i t robenzene (nitrobenzene) 

= 0.26 = 0 . 7 , 8 ^ 9 . 6 ° 
1.553 

where = r e f r a c t i v e index of nitrobenzene. 
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The In tens i ty of l i gh t emitted from the Input f i b r e f a l l s o f f 

with distance, x, t r a v e l l e d into the sample. Thus, the contr ibut ion 

to t he Raman i n t e n s i t y I r f rom a p o i n t sca t te re r w i l l be reduced the 

f u r t h e r i n t o t h e sample t h a t i t l i e s (see f i g u r e 2 . 1 0 ( a ) ; I r ( X | ) > 1 r ( X 2 ) 

Figure 2 .10 

Projected cone overlap for two opt ica l f i b r e s In a l iquid sample. 
NB changes with the index of r e f r a c t i o n of the sample 

The Incremental distance of t he Input, a , f o r maximum o v e r l a p 

can be c a l c u l a t e d from a = b / tan 9 . ( 2 . 1 0 ( b ) . A va lue of 2.35mm v e r i f i e s 

the maximum in the curve in f i g u r e 2 .10 . An increase in ' b ' by 

separation of the f i b r e s a x i a l l y w i l l a l t e r the depth into the sample, 

I , a t which t he ' cones ' o v e r l a p . From f i g u r e 2 . 10 (c ) we can see t h a t 

t h i s is the case and consequently the in tens i ty of the Raman signal 

Is lowered; as 'b ' Increases, ' I ' increases and lR (L ) is reduced. 

C. 90° Col l e c t i o n 

Prel iminary observations with a 90° c o l l e c t i o n system given a 

v a r i e t y of r e l a t i v e Input and output f i b r e posi t ions, show very poor 

Raman s i g n a l s when compared w i t h t he above. 
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D. C a p i l l a r y Experiments 

Using an in te rna l l y r e f l e c t i n g tube a l l opt ica l arrangements 

ou tper fo rm the bare f i b r e s , p a r t i c u l a r l y I f the tube d iameter i s sma l l . 

Using small bore t h i c k wa l led g lass t u b i n g t h e improvement i s q u i t e 

dramatic, giv ing approximately 25$ of the signal in tensi ty of tha t 

a v a i l a b l e us ing convent iona l ( l ens ) e x c i t a t i o n , us ing only a s i n g l e 

co l lec t ion f i b r e . The experimental arrangements are shown in f igure 

2 .11 . Further, the In tensi ty of the signal increases with ' x ' In 

f i g u r e 2 . I I up t o a value o f 60mm (see f igure 2 . 1 1 ( b ) ) . 

2 . 2 . 5 R e f r a c t i v e Index of L iqu ids 

In o rde r t o vary the r e f r a c t i v e Index a range of l i q u i d s were 

selected. A l l o f the l i q u i d s except n i t robenzene were c o l o u r l e s s . In 

t h i s case a comparison of f i b r e - o p t i c experiments were made w i t h 

c o n v e n t i o n a l l y e x c i t e d spec t ra . 

The exper imenta l arrangements are as in f i g u r e l . i i e and the 

point ' s ' In f igure 2 . 9 . I t w i l l be noted from tab le 2 .2 that there 

is no cor re la t ion between Index of re f rac t ion and Raman e f f i c i e n c y . 

An in terest ing resul t was obtained when monitoring the -OH stretch 

at^^/^SAOOcm"' In water and mi lk . A s ign i f i can t improvement In the 

signal in tensi ty was observed. This must be re la ted to the t u r b i d i t y 

of the sample. 

2 . 2 . 6 Solids 

(A) Powdered Samples 

A v a r i e t y of s o l i d samples were considered in powdered o r 

g ranu la r form. The f i b r e probe was embedded several m i l l i m e t r e s i n t o 

the samples. Th is r e s u l t e d in much stronger signals being detected 

than when t h e f i b r e s were suspended j u s t above the powder su r face . 

* The abso lu te Raman i n t e n s i t y , however, exci ted, depends upon the index 
of re f rac t ion . No special allowance is made for t h i s e f f e c t . I t is 
assumed t o apply equa l l y regard less of t he method of i l l u m i n a t i o n . 
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Samp 1e R e f r a c t i v e Index io r e l a t i v e 
in tensi ty 

Av ,cm ' 

LIQUIDS: 

Water 
D ie thy l e the r 
Acetone 
Carbon t e t r a c h l o r i d e 
Glycero1 
Deca1i n 
Turpent i ne 
Xylene 
To 1uene 
Benzene 
Ni t robenzene 

1.3330 
1.3538 
1.3620 
1.4607 
1.4730 
1.4758 
1.4800 
1.4933 
1.4969 
1.5011 
1.5530 

3 .5 
1 .0+ 
1.1 + 
4 .2 
1.3+ 
2 .6 
0.6+ 
1 .4+ 
1.7 
2 .0 
2 .4 

3400 
1458 
805 
471 

1469 
1448 
1457 
1009 
1010 
1000 
1346 

Milk — 37.0 3400 

POWDERS: 

Potassium oxa la te 
Potassium carbonate 

46 
340 

1452 
1061 

Po lye thy lene : r i g i d e x 
r ig idex 

50 
006-60 

1 18 
152 

1295 
1295 

Po1yte t ra f1uroethy1ene 246 725 

BULK: 

Polye thy lene 006-60 ++ 
Polyethylene 006-60, ++ wrapped in f o i l 

26 
49 

1295 
1295 

Potassium chromate +++ 82 1562 

+ weak signals; recorded on d i f f e r e n t set t ings and rat ioed, 

++ ext ruded onto f i b r e probe. 

+++ c r y s t a l l i s e d onto end o f f i b r e probe. 

TABLE 2 .2 

R e l a t i v e Raman i n t e n s i t i e s (expressed as a ^ of t he s igna l i n t e n s i t y 
us ing convent iona l methods) ob ta ined from a number o f samples w i t h the 
f i b r e - o p t i c sampl ing system. 
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I t Is c lear tha t conventional and f i b r e - o p t i c i l luminat ion are 

of s imi la r e f f i c a c y . There i s some Indicat ion t h a t f i n e powders perform 

b e t t e r than coarse ones. 

Wh'̂ n s tudy ing powders, one input and one co l l e c t i o n f i b r e appears 

t o be a favourab le method when compared w i t h convent iona l ( l ens ) 

e x c i t a t i o n (see t a b l e 2 . 2 ) . An i n d i c a t i o n of t he q u a l i t y o f the spect ra 

obtained is given In f igures 2.12 and 2 .13. 

For many experiments i t would be advantageous to study the sample 

with f i b r e ends suspended rather than embedded. I t appears that the 

Raman s igna l f a l l s in i n t e n s i t y when the f i b r e s are removed f rom the 

powder. The f a l l being greater when the powder is coarse. 

I f the powder is Introduced into an in te rna l l y r e f l e c t i n g 

c a p i l l a r y tube then an improvement in signal intensi ty can be observed 

s imi lar to that in l iquids, and t h i s may be a useful method when only 

r e l a t i v e l y small amounts of t he sample are ava i l ab le . 

Raman spectra o fpo ly ie t ra f lu roe thy lene (PTFE) powder recorded" 

using both f i b r e - o p t i c and conventional lens exc i ta t ion are shown in 

f i g u r e 2 .14 . PTFE is notably a d i f f i c u l t sample t o record due t o very 

high background levels. 

(B) Bulk Samples 

Having s tud ied l i q u i d s in c o n t a c t w i t h the f i b r e s , and powders 

touch ing the f i b r e s i t was decided t o I n v e s t i g a t e sol ids in mutual 

con tac t with the f i b r e su r faces . 

Po lye thy lene . The f i b r e - o p t i c probe was embedded i n to f r e s h l y ext ruded 

molten po lye thy lene (BP Rig idex 005-60) which was then compressed so 

tha t t he re was c lose con tac t between the f i b r e ends and the polymer. 

The e x t r u d a t e , once allowed t o cool, was then c u t i n t o a manageable 

b lock (see f igure 2 . 1 5 ) . The f i b r e s were in t roduced i n t o the i n j e c t i o n 
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(COOK) .HzO 

(a) 

j f 
1000 1200 ' ^ 1300 1500 

RAMAN SHIFT, Av ' ,cm-1 . 

1700 

Figure 2.12 

Raman spect ra of potassium carbonate and potassium oxa la te recorded, 
(a) w i t h f i b r e - o p t i c s , and (b) c o n v e n t i o n a l l y 
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3 0 0 0 
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( a ) 

10 ( ] I 0 1:2C)() IjlOC) 1 6 0 0 

R a m a n s h i f t , c m " ' 

4 0 0 0 

c o u n t s 

3 0 0 0 

2000 

1000 

(b) 

V V v 

1000 12!0C) 1/1(]() 1()C)C) 

R a m a n s h i f t , c m " 

F igure 2.13 

Raman spect ra of po lye thy lene (R ig idex 50 powder) recorded, (a) w i t h 
f i b r e - o p t i c s , and (b) conventionally 
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fibres 

(a) 

exfcrudate 

Figure 2.15 

Sample preparation for Raman spectroscopy of bulk polyethylene, (a) 
f i b r e - o p t i c s , (b) conventional exc i ta t ion 

and col l e c t i o n mounts, and w i t h a pre-set laser power (measured a t the 

end face of the input f i b r e before i t was embedded in polymer) the peak 

a t Av - 1296cm ' was op t im ised a t the d e t e c t o r . A spectrum was recorded 

and compared in t a b l e 2 .2 with that obtained conventional ly. See 

f i g u r e 2.15 f o r sampling o r i e n t a t i o n s . 

I t would appear t h a t the s igna l ob ta ined from the bu lk polymer 

Is not as r e l a t i v e l y intense as that from the powder. Wrapping the 

specimen in aluminium f o i l however, has a desirable e f f e c t (see tab le 

2 . 2 ) . 

Potassium chromate, KgCrO*. Large c r y s t a l s of potassium chromate were 

grown slowly from a saturated solut ion over a period of one week, onto 

the end of a f i b r e - o p t i c probe. A spectrum was recorded and is shown 

in f igure 2 .16 . 
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(C) Surfaces 

A sheet of high density polyethylene (BP RIgidex 006-60) 5mm 

t h i c k w i t h a r e l a t i v e l y f l a t and homogeneous sur face was used t o assess 

the performance of t h e f i b r e - o p t i c method under va r i ous o r i e n t a t i o n a I 

parameters. A l I measurements were taken over t he same reg ion o f t h e 

sheet . 

I n i t i a l measurements showed the signal in tensi ty obtained to be 

poor. However, s i g n i f i c a n t improvements were observed when r e f l e c t i v e 

surfaces were placed around the f i b r e s . The aluminium a l l o y blocks 

covered with aluminium f o i l were c a r e f u l l y pushed up against the f i b r e s , 

and showed a 3? t imes improvement in t he recorded signal i n t e n s i t y . 

These were used in a l l subsequent experiments (see f igure 2 . 1 7 ) . 

( i ) V a r i a t i o n o f C o l l e c t i o n Angle 

The in ject ion f i b r e was placed perpendicular to the surface of 

the sheet and the co l l ec t ion f i b r e was placed adjacent to i t , and the 

subtended angle varied using an angularly adjustable mount. The intensi ty 

of the Raman signal a t = 1296cm-' was measured a t each angular 

Increment. The procedure was repeated, t h i s time with the co l lec t ion 

f i b r e perpendicular and the angle of the in jec t ion f i b r e var ied. 

( i i ) V a r i a t i o n of F ib re Heights from the Surface 

a) With both in ject ion and co l lec t ion f ib res arranged a t an angle 

of 170 to the perpendicular. The Raman intensi ty of the Av = 

1296cm"' band was recorded as the height of the f ib res above the 

sur face was a l t e r e d . 

b) With the i n j e c t i o n f i b r e perpendicular and in con tac t w i t h 

t he surface and the co l l ec t ion f i b r e a t 17° t o the perpendicular 

t he Raman i n t e n s i t y was measured as t he co l lec t ion f i b r e was 

ra i sed t o a he igh t of 10mm above the surface. See f igure 2 . 1 7 ( b ) . 

The best resul ts obta ined from t he su r face were w i t h angled 

f i b r e s , p r o v i d i n g an i n t e n s i t y 37$ of t h a t obtained c o n v e n t i o n a l l y 

(11$ w i t hou t r e f l e c t i v e blocks). A l so , t he closer t he blocks t o the 

f i b r e s , the bet ter the enhancement of the spectra. 
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Figure 2.17 

Raman Intensi ty of Av = 1296cm-' band In polyethylene, recorded a t the 
sur face of the polymer us ing the arrangement shown in i n s e t , (End view: 
A = f i b r e , B = aluminium f o i l , C = aluminium a l l o y b locks , D = 
po lye thy lene sheet of t h i ckness 5mm, E = b lock sur face) w i t h , 
(a) v a r i a t i o n of angle between input and ou tpu t f i b r e s , and (b) v a r i a t i o n 
of he igh t above t h e sur face of t he f i b r e s . 
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2.27 Probe Design 

Since i t was found t h a t removal of the f i b r e s from the sur faces 

of both powders and l i q u i d s was d e l e t e r i o u s in terms o f the i n t e n s i t y of 

t h e Raman s igna l c o l l e c t e d , and by p l a c i n g windows between the f i b r e s 

and the sample r e s u l t e d in f u r t h e r losses, a new probe was c o n s t r u c t e d . 

This incorpora ted a f l u i d f i l l e d c a v i t y c o n t a i n i n g a c o l o u r l e s s v iscous 

l i q u i d w i t h t he same r e f r a c t i v e index as t he s i l i c a core of the f i b r e * 

(see f i g u r e 2 . 8 ) . The index matching f l u i d removes the need t o produce 

a p e r f e c t end f ace , and i t couples the f i b r e t o the quar tz window 

w i t h o u t f l o w . 

array oF Fibres 

quartz 
opOcal 

sealant Muid resevoir 
inlet For 
Nuid 

Index matched probe. 

F igure 2.18 

In t he probe, two p a r a l l e l f i b r e s were pushed c l ose t o the 

quar tz window, m in im is ing the d i s t ance between the f i b r e s and t h e sample. 

The index matching f l u i d was fo rced i n t o the c a v i t y us ing a s y r i n g e . The 

Raman i n t e n s i t y ob ta ined using t h e index matching system showed a t imes 

* %= 1.4538 
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Improvement compared with the or ig ina l dry para I l e i - f i b r e probe using 

the Av = 1346cm-' band in nitrobenzene for comparison. There was no 

evidence in the scat ter ing spectrum of the Raman charac ter is t ics of the 

window mate r ia l , or tha t of the Index matching f l u i d . 
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C H A P T E R 3 

R A M A N S P E C T R O S C O P Y O F 

F L O W I N G M O L T E N P O L Y E T H Y L E N E 



- 8 0 

3.1 I n t r o d u c t i o n 

The design and fabr ica t ion of polymer products r e l i e s heavi ly on 

the propert ies of the materia I f lowing under s t r i c t l y contro l led 

condit ions. Consequently much In terest ex is ts regarding the precise 

nature of the flowing polymer melt . Explanations of macroscopic flow 

phenomena such as d ie -swe l l , sharksk in and me I t - f r a c t u r e have been 

tendered by rheologlsts. In many cases these propert ies have been 

re lated to molecular behaviour through the concepts of entanglemenh 

and o r i e n t a t i o n , even though no d i r e c t evidence Is a v a i l a b l e for these 

a t the molecular leve l . 

The polymer propert ies group a t Southampton has been engaged In 

a d i r e c t in s i t u approach. Study ing molten polyethylene t e r e p h t h a l a t e 

(PET) f l o w i n g down simple c i r c u l a r glass tubes using Raman spectroscopy 

they concluded that no well developed order was apparent ( 1 ) . However, 

some form of pseudo-crystal l ine molecular species Involving the 

ro ta t ion of the carbonyl group r e l a t i v e to the benzene r ing was 

proposed to explain frequency s h i f t s in the v ibrat iona l spectra of the 

polymer under shear. 

An extension of the work was i n i t i a t e d i2) involving a re-desIgn 

of the sampling system In an attempt to improve the s e n s i t i v i t y of the 

experiment. Rectangular sloT-shaped metal /glass channels were used. 

Improving the opt ica l e f f i c i e n c y markedly. A var ie ty of polymers were 

studied including polyethylene, polypropylene and nylon-6 as well as 

PET. No shear Induced e f fec ts were found, hence I t was concluded tha t 

no order was induced by shear. 

Problems were encountered with signal In tens i ty , whi ls t both 

studies observed the polymers well downstream of the die I n l e t region. 

This could be very Important because or ien ta t ion induced a t the d ie -

entrance could be removed from the flowing poIymer downstream, by 

re laxat ion , and thus I t s observation would become d i f f i c u l t , or 

Impossible. 

Recent advances In f I b r e - o p t I c technology In t h i s labaratory has 

permitted us to design a new sampling technique which overcomes the 



problems o f a l ignment and v i b r a t i o n t h a t lead t o poor s igna l 

i n t e n s i t i e s and high background in conven t iona l Raman sampl ing. In 

t h i s study a f i b r e - o p t i c probe has been successfully Incorporated Into 

the Inside of a pressure flow system s p e c i f i c a l l y designed t o d i r e c t l y 

observe f l o w i n g molten po lye thy lene in t he d i e e n t r y r eg i on . 

5 .2 Extrusion and Polymer Flow 

The screw extruder I s , with few exceptions, the basic tool of a l l 

polymer processes. I t consists simply of a long Archlmedlan screw 

o p e r a t i n g in a heated b a r r e l , fed by a hopper c o n t a i n i n g t he raw 

material (Fig 3 . 1 ) . This device melts the polymer by contact with the 

ba r re l and, combined w i t h the a c t i o n of t he screw, homogenises and 

compresses the mater ia l . Polymer, uniform in composition, temperature 

and deformation history Is thus transported past the t i p of the screw. 

The design of the screw, temperature gradients along the bar re l , the 

form and supply of the raw polymer and the construction of the nose of 

the extruder are a l l very sophist icated. Modern machines are capable 

of providing a steady stream of molten polymer a t high constant 

reproducible pressure and temperature with a considerable degree of 

homogeneity. 

Downstream of the extruder the type of flow induced is a function 

of the v iscosi ty of the polymer, the p r o f i l e of the tube down which I t 

is forced, and the applied pressure; the extruder provides the 

necessary force to maintain constant output regardless of the tempera-

t u r e ( v i s c o s i t y ) of the polymer, and h o p e f u l l y the bore of the tube. 

In a cy l indr ica l tube, the melt tends to adhere to the boundary 

wall and flow rapidly along the central channel (see f igure 3 . 2 ( a ) ) . 

When such a f l ow occurs t he layers near to t h e walls are sheared. 

Shear is then the dominant fac to r . Hbwever, In convergence from the 

bar re l of an extruder to a d ie the flow may be considered as having 

two components; shear and ex tens ion (see f igure 3 . 2 ( b ) ) . I f t he angle 

of taper is very s l i g h t then t h e r e w i l l be very l i t t l e s t re tch , but 

the shearing component is high, i . e . , the sharper the angle of taper , 

then the g rea te r the elongatlonal flow component. 
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a) 

b) 
(0 

Figure 3 .2 

V e l o c i t y p r o f i l e s of polymer mel t f l ow a) 
b) In a convergent channel ( i ) shear f low, 

in a c y l i n d r i c a l channel ; 
( i i ) e longa t ions I f low 
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The appearance of the extrudate can be explained by the behaviour 

of the polymer melt In the die entry region, where a change occurs in 

the p r o f i l e of the tube down which the melt is forced. This resul ts 

in a d i s tu rbance o f the laminar f low. At h igher p ressures , t h i s 

disturbance can severe ly a l t e r the behaviour of t he polymer, genera t ing 

e f f e c t s such as lack of adhesion of t he polymer melt to the die w a l l s 

(p lug f l ow) as we l l as knobb l iness , c o i l i n g , mel t f rac ture and o the r 

de fec ts in the extrudate. These e f f ec ts can sometimes be removed by 

us ing long d ie channels , a l l o w i n g the polymer melt enough t ime t o 

r e l a x and r e - e s t a b l i s h laminar f l o w . However, the onset of t u rbu lence 

in the f l o w i n g melt i s d i r e c t l y r e l a t e d t o the v i s c o s i t y ( v ) o f the 

m a t e r i a l . I t s f low v e l o c i t y (u) and the diameter o f the d i e ( d ) . I f 

the Reynolds number (Re) for the system, calculated from. 

Re = V u 
d 

is g rea te r than an optimum value, then laminar f l ow w i l l not be 

e s t a b l i s h e d , and the r e s u l t i n g t u r b u l e n t f low w i l l be mani fested In 

the e x t r u d a t e . 

3 .3 Exper imental 

3 . 3 . I The Ext ruder 

The extruder used was a Baugn 1:%" machine f i t t e d with a general 

purpose screw having a length : diameter r a t i o of 20:1. The screw was 

hydraul ica l ly driven and i t s speed monitored by an e lect ronic tachometer. 

The var ia t ion in screw speed throughout a par t i cu la r run was neg l ig ib le . 

A s p e c i f i c a l l y designed d ie was attached to the extruder by an extension 

piece c o n t a i n i n g a' mel t thermocouple, two melt-mixer u n i t s , a breaker 

p l a t e and a melt pressure transducer. Me I t temperature was control led 

by the use of two-term temperature cont ro l le rs along the bar re l , as far 

as the ex tens ion p iece ( f i g u r e 3 . 3 ) , 

Temperature was mainta ined in t he d ie us ing a car t r idge heater 

c o n t r o l l e d by a CAL-7000 v a r i a b l e temperature c o n t r o l l e r . Mel t 

temperatures over the whole apparatus were moni tored us ing a system of 

chromel-alumel thermocouples which were switched into a d i g i t a l 

v o I t m e t e r . 
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Figure 3.3 

Arrangement a t Extruder t i p . A. Screw t i p , B. Band heater, C. Mixers, 
D. Extension piece, E. Die, F. Thermocouple, G. Pressure transducer 

3 . 3 . 2 System Design 

Two impor tant c o n s i d e r a t i o n s were embodied in the design of t he 

apparatus. F i r s t l y , tha t the die had to possess the capab i l i t y of 

generating high shear rates with r e l a t i v e ease, and secondly, that a 

f i b r e opt ic probe could be successfully Incorporated without d i f f i c u l t y . 

3 . 3 . 3 The Die 

The d i e is i l l u s t r a t e d in f i g u r e 3 .4 w i t h i t s r e l a t e d accessor ies 

in f i q u r e 3 . 5 . The f u l l y assembled apparatus i s represented in f i g u r e 

3 . 6 , showing t he Internal d e t a i l by s e c t i o n . The system Is comprised 

o f t h r e e major components; the b lock , the nozzle and the sampling 

u n i t . The block i s cons t ruc ted from aluminium a l l o y and has an in te rna 

bore diameter of 12mm. Th is ac t s as a r e s e r v o i r . The ou tpu t nozzle, 

a lso o f a luminium a l l o y , is in te rchangeab le w i t h other nozz le designs 
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FOUR HOLES CLEARANCE 
[ON A 4 5 M M Pitch - E a u ' D ' ^ r A v r ] 

T W O HOLES 0 12 M M 

^ T W O HOLES D R I L L E D I S M M 
0 T O 2 0 M M , TAPPED 4 4 
W H I T W O R T H TO l6fv(M DEPTH 

^ ONE H O L E ( D I O M M , DEPTH 53 M M 

E l T W 0 H 0 L E 5 0 2 U U , DEPTH 

F. MILLED HOLE , 3MMDEEP,(^31 

Figure 3 .4 

Three p r o j e c t i o n s of the aluminium a l l o y b lock d ie used in the 
exper iment 
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EXTRUDER 

Figure 5 .6 

Die system, assembled (shown in sec t i on ) 
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to the whim of the experfmentor. The sampling uni t and the nozzle 

- r e t i g h t l y clamped Into the ends of the block by Whitworth bolts 

I th lOmm holds d r i l l e d through t h e i r centres. 

are 

w 

3 . 5 . 4 The F ib res 

The sampling un i t comprises of a length of th in s ta in less steel 

hyperdermic tubing ( In terna l diameter = I.0mm, external diameter = 

1.6mm) s i l v e r soldered Into a sta in less steel disc. The tubing was 

centred in the using a lathe, so tha t when I t was f i rmly 

clamped Into the die i t ran concentr ica l ly down the barrel of the d ie . 

Ins ide the t u b i n g , two opt ica l f i b r e s were sealed. 

The f ib res were c a r e f u l l y pushed down Into the tubing (which 

was a very t i g h t f i t ) un t i l they emerged from the sample end. They 

were then pulled c l e a r . The f ib res were prepared using the method 

described In chapter two such tha t t h e i r f reshly cleaved end faces 

were p a r a l l e l , with Imm of bare s i l i c a core exposed. Si l icone rubber 

was smeared onto the f ib res Icm behind the prepared ends to a distance 

of 6cm along the length. The f ib res were then drawn back Into the 

tube, leaving only the Imm bare core exposed. Extreme care was taken 

not to allow any sealant to spoil the prepared ends. The uni t was 

allowed to stand for 24 hours to ensure a strong seal , and then 

tested by tugging the long ends of the f ib res whi lst holding the 

un i t f ixed. The sampling geometry In the die is shown in f igure 3 .7 . 

Two three metre lengths of 200^ PCS f i b r e were used. The 

in ject ion system consisted of an opt ical bench layout based upon the 

experience deta i led In chapter two ( f igure 3 . 8 ( a ) ) . Fine adjustments 

of the beam enter ing the f i b r e were crude; however the throughput 

was acceptable; approximately 60% of the l igh t ava i l ab le a t in jec t ion 

was transmitted to the sample. 

At the spectrometer, the co l l ec t ion f i b r e was held securely In 

a pin-chuck a t the approximate imaginary image of the f i r s t s l i t ^ 

( f igure 3 . 8 ( b ) ) . Unfortunately the Intensi ty of the back-projected 

Image of the s l i t In the Coderg T800 Is very weak and cannot be 



90 

_A_ 

F igu re 3 .7 

F i b r e sampl ing geometry - x = 2mm, 8 = 60° , s c a l e 5:1 (mm) 

loca ted e a s i l y . However, l i n i n g up t h e l ase r beam w i t h t h e s l i t 

us ing t h e c o n v e n t i o n a l n o - p a r a l l a x ad jus tment and then moving t h e 

f i b r e u n t i l t h e l ase r beam j u s t c l i p s t h e end face i s a s u f f i c i e n t l y 

adequate f i r s t a p p r o x i m a t i o n , g i ven t h a t t h e c o l l e c t i o n mount i s 

p o s i t i o n e d such t h a t t h e f i b r e a x i s in t h e v i c e and t he lens a x i s 

a re t h e same (see chap te r t w o ) . 

A known Raman peak was used t o o p t i m i s e t h e s i gna l a t t h e 

spec t romete r (by t r i a x i a l ad jus tmen t o f t h e sample p l a t e t o which t h e 

c o l l e c t i o n u n i t was clamped) be fo re t h e sampl ing u n i t was i n s t a l l e d 

in t h e d i e . The laser power was a d j u s t e d t o g i v e app rox ima te l y 150 mW 

of l ase r r a d i a t i o n a t t h e end face of t he i l l u m i n a t i o n f i b r e 

(measured us ing a Spect ra Phys ics Model 210 Power M e t e r ) . 

5 . 4 Method 

3 . 4 . 1 System T e s t i n g 

The polymer used was R ig idex 006-60. T h i s i s an e x t r u s i o n grade 
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8) 

laser-

optical axis 
to sample 

b) 

from 
sample to 

spectrometer 

" 9 9 " 

Figure 3 .8 

(a) Op t i ca l bench i n j e c t i o n system and (b) arrangement a t spectrometer 
A.nncroscope object ive lens, B. pin-chuck, C. f i b r e , D. t r i angu la r 
opt ica l bench, E. spectrometer sample tab le (xyz ad jus tab le ) , 
F. spectrometer co l l ec t ion lens 
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h i g h - d e n s i t y po l ye thy lene and was supp l ied by B r i t i s h Petro leum. Th is 

par t i cu la r grade Is of high molecular weight, Mw = 130,000, Mn = 19,500, 

and has a mel t f l ow Index (3) of 0 . 6 . Th is was in t roduced i n t o t he 

pre-heated e x t r u d e r , and a f t e r s t a b i l i s a t i o n o f the ou tpu t a t low 

screw speed ( i . e . exc l us i on o f a l l entrapped a i r bubbles and f o r e i g n 

p a r t i c l e s ) the ou tpu t was g r a d u a l l y increased and the f i b r e u n i t was 

c a r e f u l l y moni to red. 

At a screw speed o f I5rpm and a pressure of I900psi ( a t I70°C) 

t he f i b r e s were fo rced from t h e i r ho lde r . 

The u n i t was r e b u i l t . Th is t ime the f i b r e s were sealed us ing a 

pressure and temperature r e s i s t a n t p o t t i n g compound intended f o r h iqh 

vacuum a p p l i c a t i o n s ( 'Chromix ' by F o r t a f i x L t d . ) . This was app l i ed 

us ing a s l i g h t m o d i f i c a t i o n of the method used f o r t he s i l i c o n e rubber, 

and a l lowed a s e t t i n g t ime of 48 hours. The above t e s t was repeated 

and i t was found t h a t t h i s new arrangement cou ld w i ths tand maximum 

screw speed (iOOrpm) a t t he same tempera ture . The pressure was 

measured as approx imate ly 3600psi . 

3 . 4 . 2 Recording Raman Spectra 

The Coderg T800 was used in p re ference t o the Anaspec LR-36 

because of i t s h igher r e s o l u t i o n and e x c e l l e n t s t r a y l i g h t c h a r a c t e r -

I s t l c s . The bandpass, lOcm*', and scan t ime, lOcm"' per minute were 

kept cons tan t f o r a l l spec t ra . Signal t o no ise r a t i o s were good, 

and thus a d i r e c t comparison o f spect ra a t va r i ous shear ra tes was 

possible. The f i b r e - o p t i c system, pre-al lgned before i n s t a l l a t i o n , 

was capable o f d e t e c t i n g Raman s i g n a l s immediate ly , however as a 

f i n a l check the band a t Av = 1305cm"' was used t o o p t i m i s e t he 

system. The inst rument was then scanned across the range 1000 -

1550cm-'. 

3.5 Resul ts 

Samples of molten po l ye thy lene were c o l l e c t e d over 10 second 

i n t e r v a l s f o r screw speeds o f 2 .5 , 5, 10, 20, 40, 50, 60, 70 and 75rpm 

and d ie head temperatures o f 150 and 170%. The po I ymer samples 
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were a l lowed t o cool t o room tempera tu re , and weighed. The r e s u l t s 

a re g iven in t a b l e 3.1 f o r the average weight from f i v e samples a t 

each screw speed f o r both tempera tu res . 

SCREW 
SPEED 

( -0 .5rpm) 

TEMPERATURE AT DIE HEAD ^0 SCREW 
SPEED 

( -0 .5rpm) l50(:2)Oc I70(±2)OC 

2.5 0.55 0 .50 

5 .0 1.20 1.20 

10 2.00 2.20 

20 4 .80 4.95 

40 9.65 9.70 

50 10.30 10.30 

60 12.85 12.85 

70 14.40 14.45 

75 16.10 

TABLE 3.1 

Weight of cooled high-density polyethylene col lected during a lOs 
e x t r u s i o n (±0.05g) 

The shear rate a t the nozzle entrance was assumed to be the same 

as tha t In a tube of 0.2cm diameter, and was calculated using the 

f o l l o w i n g express ion , 

y = 4Q (4) 
nr-

where y = apparent shear r a t e 

Q = ou tpu t 

r = rad ius of nozzle 

( s - ' ) , 

(cm's^') , 

(cm). 

The values for calculated shear ra te and observed pressure of polymer 

e n t e r i n g the d i e a re shown in t a b l e 3 . 2 , f o r d i f f e r e n t temperatures 

and f low r a t e s . The r e s u l t s show t h a t the temperature o f the d i e does 

not s i g n i f i c a n t l y a l t e r the shear r a t e . Increas ing t he f low r a t e (by 

t u r n i n g up the screw speed) causes a p r o p o r t i o n a l Increase in shear 

r a t e , assuming t h a t t h e r e is no leakage past the screw, and an increase 

in the pressure o f t he polymer. F igure 3 .9 shows t h a t by inc reas ing 



94 

the temperature of the d ie , the pressure on the polymer Is reduced 

for a given ra te of f low. I t Is presumed tha t t h i s Is due to a f a l l 

in the v i s c o s i t y o f t he polymer a t the e leva ted temperatures ( 5 ) . 

3 . 5 . 1 Die Swell 

The d i e swel l and the appearance o f t he ex t ruda te were recorded. 

Measurement of the diameter of the molten polymer a t a distance of 

3cm from the e x i t hole gave resul ts shown In tab le 3 . 3 . A graph was 

p l o t t e d of s w e l l i n g r a t i o aga ins t shear r a t e . I t was found t h a t a t 

I70OC there appeared to be no cor re la t ion between the shear ra te and 

t he s w e l l i n g r a t i o . However a t I50°C i t was found tha t t he s w e l l i n g 

r a t i o decreased with Increasing shear ra te ( f igure 3 . 1 0 ) . This 

suggested the onset of melt f racture ( 5 ) . However the appearance 

of the extrudate did not confirm t h i s . Sharkskin was observed a t 

I50OC for higher shear rates. No sharkskin was observed a t ivCPC. 

This was to be expected, since I t is considerably delayed by Increase 

in temperature ( 6 ) . 

3 . 5 . 2 Raman 

Figures 3.11 and 3.12 show a series of spectra recorded a t ITOPC. 

Figure 3.11 Is recorded with the molten polymer stat ionary In the 

system, w i th the extruder r unn ing . Figure 3.12 shows spectra recorded 

a t shear rates of 155s- ' , 6 3 5 s - ' , 1310s-' and 1845s-' respect ively 

a t I7CPC. 

Figures 3 .13 and 3.14 show spect ra of s t a t i c (shear ra te = 0) 

and flowing (shear rate = 7 5 s - ' ) molten polyethylene a t I500C. 

Three broad bands were found in the spectra recorded. The band 

a t around !440cm"' i s due t o C-H bending v i b r a t i o n s ( 7 ) , and those 

due t o methylene t w i s t i n g a t 1303cm"' (8) and C-C s t r e t c h in the 

1080cm"' reg ion (7) a re c l e a r l y p resen t . 

As f a r as could be seen t he re were no changes in band posi t ion, 

band p r o f i l e or r e l a t i v e band i n t e n s i t i e s when thm polymer was 
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TEMPERATURE 

±20C 

SCREW 
SPEED 

-0 .5rpm 

FLOW RATE 

^CuOlcm^s-' 

APPARENT 
WALL SHEAR 
RATE 
l l O s - ' 

PRESSURE 

-10 psi 

2.5 0.06 75 1300 

5 .0 0.12 155 1500 

10 0.20 255 1900 

150 20 0.48 610 2300 

40 0.97 1235 2550 

50 1.03 1310 2600 

60 1.29 1640 

70 1.44 1835 2750 

2 .5 0.05 65 500 

5 .0 0.12 155 1300 

10 0.22 280 1650 

20 0 .50 635 2000 

170 40 0.97 1235 2400 

50 1.03 1310 2500 

60 1.29 1640 

70 1.45 1845 2800 

75 1 .61 2050 2900 

TABLE 3 .2 

Calcu la ted va lues of apparent shear a t the nozzle ent rance and 
pressure of molten po lye thy lene as f l ow ra te increases, f o r two 
temperatures 
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2500 

PRESSURE, 

Lb in~2 

2000 

1500 

1000 

500 

0 
0 0-5 1-0 1-5 

FLOW RATE, 
Figure 3 .9 

Graph t o show the e f f e c t o f i nc reas ing f l ow r a t e and d ie head 
temperature on the pressure of the molten polymer entering the die 
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TEMPERATURE APPARENT SHEAR DIAMETER OF POLYMER SHARKSKIN? 
RATE f ( d i e s w e l 1 ) mm 

OC +IOS-' die diameter = 2mm Y/N 

610 15.0 No 

1235 10.9 Yes 
150 

1310 
150 

1310 10.2 Yes 

1845 10.0 Yes 

65 12.0 No 

155 12.0 No 

280 13.0 No 

170 635 10.5 No 

1235 9 .0 No 

1310 13.0 No 

1845 10.5 No 

TABUE3.3 

Measured extrudate diameter a t d i f f e r e n t shear rates for both 
temperatures 
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sub jec ted t o a range o f shear ra tes a t 150 and I70°C' Only two 

spect ra a re repor ted f o r the exper iments a t 1SO^C because a t a 

shear r a t e o f 155s"' ( ISOOpsi) t he s igna l was suddenly l o s t . A f t e r 

exhaus t i ve a t tempts t o recover the s igna l had f a i l e d t he apparatus 

was d ismant led and i t was d iscovered t h a t the c o l l e c t i o n f i b r e had 

snapped a t t he end, and no sca t t e red l i g h t was being t r a n s f e r r e d t o 

the ins t rument . 

5 .6 Discuss ion o f Resu l ts 

The use o f o p t i c a l f i b r e s has a l lowed the f i r s t in s i t u molecular 

level s tudy of the behaviour of molten po lye thy lene a t the ent rance 

t o a capi Mary d i e . 

Since the f i b r e - o p t i c probe i s s i t u a t e d w i t h i n the f l ow stream 

the requirement f o r windows i s comple te ly removed, and the high 

r e f l e c t i v i t y of the i n t e r n a l sur faces o f t h e d i e improves the 

c o l l e c t i o n e f f i c i e n c y . Th is r e s u l t s in e x c e l l e n t q u a l i t y spect ra 

from on ly a s i n g l e c o l l e c t i o n f i b r e . Th i s has the added advantage 

o f m in im is ing t he probe d iameter . 

The length o f t he f i b r e - o p t i c cab le can be cons ide rab le . Thus 

t he ex t rude r can be f a r removed from the spect rometer . Th is prevents 

the p o s s i b i l i t y of damage t o the spectrometer o p t i c s by fumes, and 

removes t he i n e v i t a b l y h igh l eve l s of background in the spect ra 

caused by v i b r a t i o n of the apparatus o r i g i n a t i n g in t he process ing 

mach i nery . 

Un l i ke prev ious Raman s tud ies of f l o w i n g polymer mel ts (1 ,2 ) 

the design of the equipment op t im ises the e f f i c i e n t c o l l e c t i o n of 

Raman data , r a t h e r than being a m o d i f i c a t i o n of e x i s t i n g o r conven-

t i o n a l designs t o i nco rpo ra te a sampling system. As a consequence, 

a l ignment i s t r i v i a l , repeatab le and cons tan t , a l l o w i n g accura te 

s e l e c t i o n of the reg ion o f the d i e t o be s t u d i e d . 

From the r e s u l t s i t has been c l e a r l y shown tha t , a l though the 

po lye thy lene has been sub jec ted to v i o l e n t shear , no s i g n i f i c a n t 

molecular level changes a re r e s o l v a b l e . 
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These obse rva t i ons are in f u l l agreement w i t h X-ray d i f f r a c t i o n 

s tud ies (9) and i n f r a r e d data (10) de r i ved by o the r members o f t he 

polymer p r o p e r t i e s group. However, the lack o f shear-dependant 

spectral changes disagrees with accepted molecular level explanations 

of rheologtcal phenomena. 

The mechanism o f d i e - s w e l l , f o r example, is exp la ined as t he 

r e l a x a t i o n o f shear o r i e n t e d chains once they emerge from the d i e , 

causing l a t e r a l expansion and l o n g i t u d i n a l c o n t r a c t i o n o f t he 

e x t r u d a t e . The shear induced o r i e n t a t i o n proposed a t the d i e e n t r y 

reg ion (11,12) is not de tec tab le by Raman spect roscopy, even though 

very cons ide rab le d i e - s w e l l was apparent a t both temperatures . 

Work on d i l u t e polymer s o l u t i o n s us ing o p t i c a l b i r e f r i n g e n c e 

methods have shown un i fo rm and a l i gned f r i n g e p a t t e r n s . I t has been 

suggested tha t these Indicate o r i en ta t ion of the polymer chains. 

This work has been extended t o polymer melts and successfu l 

observations of stress-Induced birefr ingence patterns have been made 

and i n t e r p r e t e d t o i n d i c a t e molecular o r i e n t a t i o n . A weal th o f data 

i s a v a i l a b l e r e l a t i n g the p a t t e r n s to f a c t o r s such as shear r a t e 

and d ie p r o f i l e (13 ,14 ) . The f r i n g e pa t t e rns can on l y be a f u n c t i o n 

o f the o r i e n t a t i o n , and t h e i r e x t r a p o l a t i o n t o molecu lar leve l 

behaviour is not as s imple as one might p r e f e r . 

Processes such as flow induced c r y s t a l l i s a t i o n (15) and frozen-

In o r ien ta t ion In sol ids produced by cooling flowing melts (16) have 

been reasoned in terms o f a l ignment of the polymer chains by the 

f l ow f i e l d . These exp lana t ions of o r i en ta t ion in ex t ruda tes and 

quenched mel ts in terms o f shear induced s t r u c t u r e must, however, be 

d ismissed. The o r i e n t e d c r y s t a l l i n e reg ions observed must be s o l e l y 

a consequence of the c r y s t a l l i s a t i o n process. However, i t i s not 

unreasonable t o suggest t h a t t he e f f e c t s of shear w i l l p ro found ly 

i n f l uence a small number o f nuc le i (17 ) . 

I t i s obv ious t h a t the f l ow pa t t e rns invo lved in t h i s system 

are complex (see f i g u r e 3 . 1 5 ) . The f a c t o r s a f f e c t i n g the f l ow p r o f i l e 

o f the molten polymer in the e x t r u s i o n apparatus descr ibed were: 
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(a) 

(b) 

Figure 3.15 

r ep resen ta t i on o f f l ow behaviour a t the d ie entrance 

(b) As above, modified for the f i b r e - o p t i c system used In t h i s study. 
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i ) the a l t e r a t i o n o f the f l ow d i r e c t i o n by 90°; 

i i ) the p o s i t i o n i n g of the f i b r e probe, in the cen t re o f the 

f low f i e l d ; 

i i i ) t he p r o x i m i t y o f the f i b r e ends t o t h e d i e en t ra nee. 

Hbwever, the extrudate only showed s l i g h t defects In surface 

tex tu re . Since the length of the die Is small, t h i s suggests that 

e i t h e r : 

a) e f f e c t s generated by t h e above f a c t o r s are r e l a t i v e l y 

small a t the shear r a t es and temperatures i nvo l ved , o r 

b) the v iscosi ty of the polymer Is s i g n i f i c a n t l y low tha t 

re laxat ion can occur before the extrudate emerges from the 

d i e . 

5 .7 Conclusions 

1. The Raman spect ra of f l o w i n g molten po lye thy lene have been 

successfully recorded from the entrance to a c a p i l l a r y die for 

the f i r s t t ime . Using an o p t i c a l f i b r e system s p e c i a l l y 

designed f o r t h i s purpose, laser r a d i a t i o n was t r a n s m i t t e d t o 

the d i e , and sca t t e red r a d i a t i o n c o l l e c t e d and t r a n s f e r r e d t o 

a Raman spect rometer . 

2. The use o f o p t i c a l f i b r e s in h o s t i l e c o n d i t i o n s of h igh tempera-

t u r e and pressure has been successfully demonstrated. The 

apparatus was shown t o have some l i m i t a t i o n s . However, f u r t h e r 

improvement of the probe's res i l i ence and f l e x i b i l i t y w i l l al low 

a large number of p o s s i b i l i t i e s to be explored with regard to 

understanding the nature of th is system. 

3. This study has led t o the conc lus ion t h a t over the range of 

shear ra tes and temperatures considered t he re is no r e s o l v a b l e 

molecular leve l s t r u c t u r e in the molten po l ye thy l ene . 
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I n t r o d u c t l o n 

Mel t c r y s t a l l i s e d po l ye thy lene con ta ins reg ions of we l l ordered 

c r y s t a l l i n e ma te r i a l c a l l e d lamel lae , t oge the r w i t h a s u b s t a n t i a l 

amount o f amorphous m a t e r i a l . The nature of t he r e l a t i o n s h i p between 

these two components i s the sub jec t o f much debate. However, I t 1 s ' 

w ide l y accepted t h a t t h e r e i s a r egu la r a l t e r n a t i o n between c r y s t a l l i n e 

and amorphous ma te r i a l ( I ) , see f i g u r e 4 . 1 . 

F igure 4 . I 

Lamel lar s t r u c t u r e o f a polymer. C = c r y s t a l l i n e , A = amorphous 
reg ion 

4 . 1 . 1 Lamel lar S t r u c t u r e 

Several methods have been used t o study the lame l la r s t r u c t u r e 

o f polymers. Small angle X-ray s c a t t e r i n g (SAXS), e l e c t r o n microscopy, 

chemical methods o f o x i d a t i o n w i t h G.L.C. analyses are wel l 

es tab l i shed techn iques , and t h e i r c o n t r i b u t i o n s t o t he unders tanding 
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of polymer morphology are widespread. However, t h e i r r e l i a b i l i t y 

depends upon t ed i ous and p rec ise sample p r e p a r a t i o n . Subsequently 

much exc i tement was generated w i t h the obse rva t i on o f a low 

frequency v i b r a t i o n in t he Raman spectrum of po l ye thy lene ( 2 , 3 ) , 

which cou ld be r e l a t e d t o l ame l l a r t h i c k n e s s . The Raman method was 

r e l a t i v e l y s imp le , and o f f e r e d the p o s s i b i l i t i e s o f r o u t i n e c h a r a c t e r -

i s a t i o n o f polymer s t r u c t u r e and morphology. However, the d e r i v a t i o n 

o f the exact r e l a t i o n s h i p between the Raman data and the th i ckness 

of the lamel lae i s h i g h l y c o n t r o v e r s i a l . 

4 . 1 . 2 The Long i tud ina l Acous t i c Mode (LAM) 

Low frequency Raman a c t i v e v i b r a t i o n s o f t h i s type were f i r s t 

observed In a s e r i e s o f sho r t cha in s o l i d n - p a r a f f l n s ( 4 ) . These 

were assigned t o the v i b r a t i o n of t he carbon atoms In the d i r e c t i o n 

o f t he chain a x i s (see f i g u r e 4 . 2 ) , and us ing s imple acous t i ca l t h e o r y . 

F igure 4 .2 

Progress ion o f accord lan l o n g i t u d i n a l acous t i c mode (LAM-i) a long 
the cha in a x i s . 
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based on the v i b r a t i o n o f a r i g i d rod, the length o f t he cha in , L, 

was r e l a t e d t o t he f requency o f t he v i b r a t i o n , v by t he express ion (4) 

V ( c m " ' ) = M 
2c L 

E 

r e . q . 4 . 

where c - v e l o c i t y o f l i g h t , E = modulus, p= dens i t y and M = an 

in teger cor responding t o t h e number o f nodes in atomic displacement 

(see f i g u r e 4 . 3 ) . A p l o t o f the f requency of v i b r a t i o n versus the 

m =1 
(accordian) 

m = 2 

p—o—o m - 3 

m =4 

LINEAR CHAIN UNITS 

Figure 4.5 

V e r t i c a l p l o t of the l o n g i t u d i n a l d isplacements o f a l i n e a r cha in , 
showing nodes 

inverse of the number o f carbon backbone atoms f o r these a lkanes g i ve 

a l i n e a r r e s u l t ( 5 ) . Consequently t h e above express ion has been used 

t o c a l c u l a t e the va lue f o r the length o f t he v i b r a t i n g s e c t i o n o f a 

polymer cha in w i t h i n a l ame l l a . 
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The s imp les t I n t e r p r e t a t i o n of the spect roscop ica1 Iy der ived 

lamellar thickness Is that In which the a l l - t r a n s chain Is terminated 

by a gauche un i t a t the surface of the lamella, a t each end. The 

cor re la t ion between the Raman derived chain length and the X-ray 

long spacing (see f igure 4 .4 ) was such that the Raman measurement 

Figure 4 .4 

Measurement o f l ame l l a r t h i c k n e s s , Lx, small ang le X-ray s c a t t e r i n g 
long period; 1%, Raman stem length, and e f f e c t of chain t i l t 

could be assumed representat ive of the c r y s t a l l i n e core alone, whereas 

the X-ray data rnaasun^ the overa l l layer thickness ( i . e . core + 

Intercore zone). Hence, the Raman derived chain length is usually 

smaller than the X-ray spacing, but instances have been reported where, 

as a resu l t of chain t i l t i n g ( f igure 4 . 4 ) , t h e Raman length is found 

t o be the g rea te r ( 3 , 6 ) . 

There is c o n f l i c t i n g evidence as to the in terpre ta t ion that the 

LAM is completely representat ive of the c r y s t a l l i n e core. 

01 f e t a I ( 3 ) undertook a deta i led study in which they found that 

on annealing polyethylene no s i g n i f i c a n t changes in the LAM frequency 
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were observed, whereas Koenig C7) has shown annea l ing t o increase 

the apparent l ame l l a r t h i c k n e s s . 

Removal o f the amorphous ma te r i a l by e t ch ing (8 ,9 ,10 ) have shown 

ident ical values of the LAM before and a f t e r treatment, in both 

quenched and annealed samples. 

Mandelkern ( I I ) has a lso supported the r i g i d rod model, s ince 

p a r t i c i p a t i o n in the v i b r a t i o n by amorphous ma te r i a l would r e s u l t in 

a c r y s t a l I i n i t y dependence, which is not observed. 

However, i t has been suggested that the folds at the surface of 

the lamellae influence the frequency of the v ibra t ion by coupling 

with the v ib ra t ion of the a l l - t r a n s sequence (12) . I t appears that 

the frequency of the LAM is most sensi t ive to the structure of the 

f i r s t few groups beyond the a l l - t r a n s sequence, but is very insensi t ive 

t o those beyond s i x CH^ u n i t s (13 ) . 

P e r t u r b a t i o n s due t o ma te r i a l ex te rna l t o the c r y s t a l l i n e core 

have been t h e o r e t i c a l l y cons idered by a number of au thors (14-18) 

and several models have been proposed. However, a p p l i c a t i o n t o 

polymer systems have proved d i f f i c u l t . 

4 . 1 . 3 Swe l l i ng o f Polymers 

A number of studies (19-22) have involved the addit ion of a 

non-solvating l iquid to polymer samples, in order to determine the 

e f f e c t of inter1ame1 Ia r fo rces on the LAM f requency. 

Ugadawa and K e l l e r (19) found an increase in the SAXS long 

spacing on the addi t ion of swell ing agents to single crysta l mats of 

po l ye thy lene . These were f -und to return to t h e i r o r i g i n a l p e r i o d i c i t y 

on removal of the swell ing agents. Raman measurements (20) revealed 

t h a t the LAM f requency underwent r e v e r s i b l e s h i f t s upon s w e l l i n g . 

Th is and o t h e r s tud ies (21,22) suggested t h a t the lower ing o f the 

LAM f requency was a r e s u l t of t he coupling of amorphous mate r ia l w i t h 



t h e v i b r a t i o n o f t he c r y s t a l l i n e c o r e , r a t h e r than any change in 

the lamel lar th ickness. One study (22) does, however, leave 

i n t e r p r e t a t i o n open. 

I t i s apparen t t h a t t he c u r r e n t unde rs tand ing i s u n s a t i s f a c t o r y , 

and t h a t more ev idence i s r e q u i r e d . 

The s w e l l i n g o f bu l k c r y s t a l l i s e d p o l y e t h y l e n e has not p r e v i o u s l y 

been s t u d i e d u s i n g Raman spec t roscopy . With t h e newly developed 

f i b r e - o p t i c sampl ing t e c h n i q u e , t he e f f e c t o f t h e s w e l l i n g agent on 

t h e LAM f requency i s t o be approached, w i t h a view t o unders tand ing 

more f u l l y the nature of the LAM, and I t s value as a spectroscopic 

de te rm inan t o f t h e c r y s t a l l i n e core t h i c k n e s s . 

4 .2 Exper imenta l 

4 . 2 . 1 Sample P r e p a r a t i o n 

The polymer chosen was Rigldex 006-60 high density l inear 

p o l y e t h y l e n e , a v a i l a b l e as p e l l e t s . 

Three d i f f e r e n t sample t ypes were c o n s i d e r e d : 

(a) Extruded a t 190°C (as in Chapter 3 ) . Length o f 10cm was 

c u t f rom d i e d u r i n g e x t r u s i o n and a l l owed t o cool t o room 

tempe ra tu re . 

(b) P e l l e t s heated t o I900C in hot press, 50psl . Allowed t o 

coo l s l o w l y ( ~5®C/minute) in p ress . Th ickness 0.5mm. 

(c) P e l l e t s heated t o I90oc in hot p ress , 50ps i . Removed 

from press and r a p i d l y coo led by quenching in i c e - w a t e r . 

Samples f o r Raman spec t roscopy were prepared as in f i g u r e 2.15 

(Chapter 2) for the f i b r e - o p t i c method. For convent ional ly recorded 

spec t ra smal l samples 0 .5 x 10 x 10mm were prepared f o r ' b ' and ' c ' , 

and c h i p s o f s i m i l a r d imensions were taken f rom t h e centre o f t he 

e x t r u d a t e f o r ' a ' (a 90° c o l l e c t i o n o r i e n t a t i o n was used) . 



15 

4 . 2 . 2 Raman Spectroscopy 

Raman data was recorded us ing the Coderg T800, us ing ~IOOmW 

of Ar+ laser r a d i a t i o n a t 5145A. Low frequency spect ra were recorded 

us ing a spec t ra l bandpass o f I cm" ' , and i n t e r n a l mode spect ra were 

recorded w i t h a spec t ra l bandpass of 6cm"'. 

Raman Crys ta l I I n l t y Measurements 

A l l c r y s t a l I i n i t y measurements were made accord ing t o the method 

of S t rob I and Hagedorn (23) us ing t he r e l a t i o n s h i p 

_ 1(1416) X 100 ^ A n 4 ? 
1(1296+1303) X 0 .46 ^ "9" 

where c is the percentage c r y s t a l I i n i t y , 0.46 is t he no rma l i sa t i on 

f a c t o r and 1(1416), 1(1296) and 1(1303) are the i n t e g r a l i n t e n s i t i e s 

of the or thorhombic methylene bending v i b r a t i o n , the c r y s t a l l i n e methylene 

t w i s t i n g v i b r a t i o n and the amorphous methylene t w i s t i n g v i b r a t i o n 

respect ively . The areas under the peaks were measured using a Du Pont 

310 curve r e s o l v e r . 

Sources o f e r r o r In t he Raman measurements a r i s e from deconvo lu t l on . 

The Av = 1416cm"' band i s d i f f i c u l t t o separate from i t s ne ighbours, 

but f o r t u n a t e l y the area under the low frequency ha l f of the band has 

a n e g l i g i b l e c o n t r i b u t i o n from the o t h e r bands. Thus by curve 

f i t t i n g t o match t h i s h a l f o f the band c o n s i s t e n t r e s u l t s w i t h e r r o r s 

in c r y s t a l I I n i t y of ±3$ are p o s s i b l e . 

4 . 2 . 3 D i f f e r e n t i a l Scanning C a l o r i m e t r y . (DSC) 

DSC prov ides i n f o rma t i on on the thermal p r o p e r t i e s of m a t e r i a l s . 

B a s i c a l l y , the Instrument heats a sample and a re fe rence (usua l l y 

j u s t a sample c o n t a i n e r ) a t a programmed r a t e . When a t r a n s i t i o n takes 

p lace in the sample an exothermic or endothermic r e a c t i o n takes p lace . 

The d i f f e r e n c e between the power supp l ied t o the sample and the 

re fe rence ho lders t o keep them a t the programmed temperature Is ou tpu t 

as a peak or a t rough on a c h a r t r eco rde r . The o p e r a t i o n of the 

ins t rument Is shown diagrammatically in f i g u r e 4 . 5 . 
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ST. 

R.T RT 

S.H. 

A.A.T. 

Figure 4.5 

Block diagram of DSC-2 scanning calor imeter . ST = sample temperature, 
RT = reference temperature, SH = sample holder, RH = reference holder, 
PA = power (average), DP = d i f f e r e n t i a l power, AAT = ampl i f i e r 
(average temperature), W = power, P = programmer, I = d i f f e r e n t i a l 
temperature c o n t r o l loop, 3 = recorder ( temperature mark ing, 4 = 
temperature averaging network, 5 = recorder ( d i f f e r e n t i a l power) 

HEAT 
FLOW 
RATE 

0 

endothermc 

exothermic 

TEMPERATURE 

Figure 4 .6 

Conventions f o r rep resen t i ng thermal a n a l y s i s data . I , thermal equi 
2, s t a r t i n g t r a n s i e n t ; 3, g lass t r a n s i t i o n ; 4, c r y s t a l l i s a t i o n ; 
5, f u s i o n ; 6 ending t r a n s i e n t . 

i b r ium; 
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The Instrument used was the Perk ln-E lmer DSC 2. The samples 

were encapsulated In aluminium sample pans. These, and empty pans, 

were placed in p l a t i n u m / i r i d i u m a l l o y ' cups ' conta ined in a massive 

aluminium block. When a me l t i ng t r a n s i t i o n occurs In the sample 

m a t e r i a l , a" endothermic r e a c t i o n takes p lace . F igure 4 .6 shows the 

convent ions used in thermal a n a l y s i s . The area under t he peak 

i n d i c a t e s the t o t a l energy t r a n s f e r t o o r from the sample compared 

w i t h t he re fe rence specimen. 

The m e l t i n g tempera ture , Tm, f o r a pure c r y s t a l l i n e mate r ia l 

producing a pure amorphous mel t i s g iven by the express ion 

Tm = e .q . 4 .3 
A Sc ^ 

where AHf and ASc are t he en tha lpy and ent ropy of f u s i o n r e s p e c t i v e l y . 

Polymer systems, however, are never 100% c r y s t a l l i n e and consequent ly 

the me l t i ng temperature is g iven by a more compl icated r e l a t i o n s h i p (24) 

R 
T Tm AHf 

1 1 
xWa x -L+ l e.q . 4 .4 

\ 
where Wa = weight f r a c t i o n of the amorphous ma te r i a l a t temperature T, 

R = gas cons tan t , x = degree of po l ymer i sa t i on ( r e l a t e d t o t he molecular 

we ight ) and L i s a parameter r e l a t e d t o the s i ze of the c r y s t a l l i t e s . 

This r e l a t i o n s h i p i nd i ca tes t h a t T w i l l increase as x , and hence 

molecular we igh t , becomes l a r g e r . S i m i l a r l y as L increases, so does 

the m e l t i n g temperature due t o t he increased sur face energy of the 

la rge r c r y s t a l l i t e s . In any rea l po lymer ic system, these parameters 

w i l l have a d I s t r i but ion o f vaIues and poIymers w i l l have a me l t i ng 

range r a t h e r than a wel l de f ined me l t i ng p o i n t . 

I t i s poss ib l e t o measure m e l t i n g p o i n t s and heats o f f us i on 

d i r e c t l y by us ing a d i f f e r e n t i a l scanning c a l o r i m e t e r . The heat o f 

f u s i o n data can be conver ted i n t o c r y s t a l I i n i t y , c , us ing equat ion 4.5 

AHfs X 1003 e .q . 4 .5 
AHfc 

where the s u b s c r i p t s s and c r e f e r t o the sample and 100% c r y s t a l l i n e 

ma te r i a l r e s p e c t i v e l y . 
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The en tha lpy of f u s i o n f o r each sample was determined by 

measurement of areas beneath dsc t r a c e s and c a l i b r a t i n g w i t h an indium 

s tandard . AHfg was g iven by 

AHfs = AHfi e . q . 4.6 

where s u b s c r i p t i r e f e r s t o indium, s r e f e r s t o sample, W = we igh t , 

A = area under cu rve , R = inst rument range and s = the p l o t t e r cha r t 

speed. 

A heat ing r a t e o f ICPC per minute was used, and exper imenta l 

e r r o r s in de te rm ina t i on of c r y s t a l I i n i t y were est imated a t ±4$ 

between samples from the same specimen. 

4 . 2 . 4 Dens i ty Column Measurements 

Densi ty measurements were made on a s tandard dens i t y g r a d i e n t 

column w i t h an ethano1/water m i x t u r e . The degree of c r y s t a l I i n i t y 

was c a l c u l a t e d from the f o l l o w i n g r e l a t i o n s h i p , 

= X 100 

where ps = dens i t y of sample 

Pc - dens i t y o f 100% c r y s t a l l i n e po l ye thy lene = I.OI3gcm~' (25) 

Pa = dens i t y o f 100% amorphous po l ye thy lene = 0.855gcm"' (26) 

4 . 2 . 5 Swel I ing 

The samples were swol len in xy lene a t 60°C f o r up t o one week. 

The Raman spect ra were recorded us ing o p t i c a l f i b r e s on the same samples 

a f t e r repeated removal from and replacement in the xy lene . In a l l 

o t he r measurements, excess xy lene was removed us ing a t i s s u e . 

In one of the samples in which f i b r e - o p t i c s were used, the xy lene 

was removed using a vacuum oven a t 40^0. 



4.5 Resu l ts 

4 . 3 . 1 Raman Method 

Convent ional and o p t i c a l f i b r e Raman spect ra were recorded from 

a bu lk sample of po l ye thy l ene . Comparisons showed no d iscrepancy in 

r e l a t i v e band p o s i t i o n and i n t e n s i t y . 

Low frequency L.A. mode spect ra are shown in f i g u r e 4 . 7 . For 

spect ra such as these, the ins t rument i s scanned over a f requency 

range very c lose t o t h a t o f the e x c i t i n g r a d i a t i o n . The i n t e n s i t y of 

the e x c i t i n g l i n e is t imes t he i n t e n s i t y of a s t rong Raman 

s i g n a l , and consequent ly t he L.A. mode i s superimposed on a s teep l y 

s l o p i n g background. 

I t was no t i ced t h a t t he o p t i c a l f i b r e method a I lows t h e 

spec t roscop i s t t o scan c l o s e r t o the e x i t i n g l i n e - t o w i t h i n 5cm"' -

and achieves a more accep tab le band d e f i n i t i o n w i t h the same 

ins t rumenta l s e t t i n g s . 

4 . 3 . 2 Raman Long i tud ina l Acous t i c Modes: E f f e c t s o f Swe l l i ng 

Raman spect ra recorded using the f i b r e - o p t i c method showed 

s i g n i f i c a n t changes in the L.A. mode when t h e sample was exposed t o 

xy lene a t 60°C. These changes were r e v e r s i b l e ; on evacuat ion of the 

xy lene the L.A. mode re tu rned t o i t s o r i g i n a l p o s i t i o n (see f i g u r e 4 .8 ) 

The L.A. mode frequency appears t o decrease and the d i s t r i b u t i o n 

of the band broadens w i t h length o f t ime in xy lene . 

An a n a l y s i s of the L.A. mode was made, and a convers ion i n to 

lame l la r t h i ckness based on the r i g i d rod model i s inc luded in t a b l e 

4 . 1 . 

The convent iona l spect ra ob ta ined from quenched, slow cooled 

and ext ruded ch ip samples d id not show these e f f e c t s upon s w e l l i n g in 

xy Iene. 
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Av , cm 

Figure 4.7 

LA modes in po l ye thy lene recorded us ing (a) f i b r e - o p t i c s , and (b) 
convent iona l Raman techn iques . 
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Changes in low frequency Raman spectra of polyethylene on swell ing 
wi th xy lene . 
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4 . 5 . 5 Raman In te rna l Modes 

The r e l a t i v e i n t e n s i t y of the L.A. mode and the methylene t w i s t i n g 

v i b r a t i o n s a t Av = 1296 and 1505cm"' ( i n t e r n a l s tandard) was c a l c u l a t e d 

f o r one of the samples. The i n t e n s i t y of the LAM appeared t o decrease 

r e l a t i v e t o the i n t e r n a l s tandard w i t h the a d d i t i o n of xy lene . 

The Raman der i ved c r y s t a l I i n i t y was shown t o increase w i t h t ime 

in xy lene , and the e f f e c t was r e v e r s i b l e , shown by a decrease in the 

c r y s t a I I i n i t y on removaI of xyIene ( t a b I e 4 . 1 ) . 

Time Raman AV, LAM L Av ^ I(LAM) 
c r y s t a I I i n i t y 

(A) 
1(1296) 

(h) (^) (cm-') (A) 

0 88 9.5 555 6 1 .3 

24 91 7 455 8 1 . 1 

55 97 6 555 - 0 .9 

0 82 1 1 290 5.5 — 

16 - 9 555 6.5 -

* 50 96 8 400 — — 

78 87 9 555 6 -

126 - 10 520 5.5 -

168 78 10.5 505 5 — 

Placed in vacuum oven a t 40oC a f t e r measurement 

TABLE 4. 

Raman c r y s t a I I i n i t y and L.A. mode r e s u l t s f o r s w e l l i n g of po l ye thy lene 
in xy lene 

4 . 5 . 4 DSC/Density Crys ta I 1 i n i t y 

These were measured f o r samples ' a ' , ' b ' and ' c ' . A t r end of 

increase in c r y s t a l I i n i t y w i t h i nc reas ing xy lene con ten t was observed* 

( t a b l e 4 . 2 ) . 

+ The xy lene was not removed from the samples before dsc and dens i t y 
measurements were taken. Th is may have an e f f e c t on the r e s u l t s . 
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Sample Time 
(h) 

C r y s t a 1 1 i n l t y 
% 

Av,LAM 
(cm~') 

dsc dens i t y 

a 0 66 66 1 1 

25 67 69 — 

48.5 74 75 -

96 — 79 -

173 74 78 -

b 0 67 66 17 

25 66 66 — 

48.5 68 67 -

96 69 68 -

173 68 70 -

c 0 73 78 8 .5 

25 71 77 -

48.5 76 78 — 

96 78 90 -

173 78 85 -

TABLE 4 .2 

DSC, density crysta l I i n i t i e s and Av(lVW) for quenched, slow cooled 
and extruded samples of polyethylene swollen In xylene 

4.4 Discuss ion 

The de te rm ina t i on of the l ame l l a r t h i ckness in polymers us ing 

the low frequency Raman-active LAM v i b r a t i o n s has been the sub jec t o f 

much con t rove rsy . 

The newly developed f i b r e - o p t i c sampling techn ique was used t o 

i n v e s t i g a t e t h i s very impor tant issue fu r ther , and i t i s c l e a r from 

the prel iminary resul ts tha t the experimental technique is favourable. 
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Comparisons between f i b r e - o p t i c and convent iona l data show t h a t 

t he spect ra ob ta ined are i d e n t i c a l , as are the r e s u l t s of Raman 

c r y s t a l I i n i t y measurements w i t h i n expected margins of e r r o r . 

The f i b r e - o p t i c method can observe the same reg ion of the sample 

each t i m e , thus i nc reas ing t he r e p e a t a b i l i t y of exper iments and reducing 

o v e r a l l e r r o r s . 

The f i b r e - o p t i c method a l l ows one t o scan c l o s e r t o the e x c i t i n g 

l i n e . Th is may suggest t h a t the Raman sca t t e red r a d i a t i o n is 

t r a n s m i t t e d by the f i b r e s more e f f i c i e n t l y than sca t t e red r a d i a t i o n 

a t the e x c i t i n g f requency. Th is i s u n l i k e l y . The Raman spec t ro -

photometer, however, is s e n s i t i v e t o the p o l a r i z a t i o n o f the r a d i a t i o n 

which i t c o l l e c t s . Since mult imode o p t i c a l f i b r e s produce c i r c u l a r l y 

p o l a r i s e d l i g h t ( p o l a r i s e d in a l l d i r e c t i o n s , i . e . scrambled), the 

improvement in the L.A. mode spect ra may s imply be due t o the a l t e r a t i o n 

in the p o l a r i z a t i o n c h a r a c t e r i s t i c s o f the system. 

Cons iderab le changes in the LAM's ob ta ined from a sample of 

ext ruded po lye thy lene were observed when the sample was placed in 

xy lene over a per iod o f one week. The f requency of the LAM bandhead 

decreased w i t h length of t ime in the xy lene , and the d i s t r i b u t i o n of 

LAM f requenc ies broadened. Th is e f f e c t was r e v e r s i b l e , and has been 

p rev i ous l y observed in s i n g l e c r y s t a l mats and s i m i l a r polymer 

systems (19-22) . 

The d i f f e r e n c e in the r e l a t i v e p o s i t i o n s o f t he LAM in the 

untreated sample ( f igure 4 . 9 a ) , and tha t a f t e r the sample had been 

t reated and f u l l y evacuated ( f igure 4 . 9 f ) suggests that some 

annea l ing has occur red . This i s s u r p r i s i n g a t such a low tempera ture . 

However, s i m i l a r r e s u l t s have been p r e v i o u s l y repor ted (27) . 

A decrease in the f requency of the LAM ind i ca tes an increase in 

the lame l la r t h i ckness g iven t h a t the r i g i d rod model a p p l i e s . This 

increase in l ame l la r s i ze is supported by the c r y s t a l I i n i t y da ta . The 

Raman c r y s t a l I i n i t y was a l so shown t o decrease on removal o f the xy lene . 
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However, p e n e t r a t i o n of xy lene i n t o the c r y s t a l l i n e reg ions i s 

n e g l i g i b l e (13) , and no s w e l l i n g o f the core i s expected. The changes 

in t he LAM observed i n d i c a t e massive s t r u c t u r a l chantes in t h e polymer. 

A r e v e r s i b l e rearrangement which r e s u l t s in an increase in the l ame l l a r 

t h i ckness of 200A seems u n l i k e l y , e s p e c i a l l y g iven t h e c r y s t a l l i s a t i o n 

c o n d i t i o n s , and po l ye thy lene w i t h a l ame l l a r t h i ckness o f 535A i s 

unusual . No changes in t he phys ica l dimensions o f any o f t he samples 

were observed. 

Al though the t rends in the low frequency spec t roscop ic data are 

c o n s i s t e n t , the magnitude o f the changes they suggest i s unusual . The 

reason f o r t h i s e f f e c t i s unknown a t p resen t , but may a r i s e f rom: 

(a) a breakdown in the acous t i c theory which de f ines the 

r e l a t i o n s h i p between the LAM and the l ame l l a r t h i c k n e s s , 

f o r t h i s p a r t i c u l a r system of bu lk po l ye thy l ene ; o r 

(b) an o p t i c a l e f f e c t a t low f requency due t o t he presence 

of xy lene w i t h i n the polymer sample. 

I t i s c l e a r t h a t o p t i c a l f i b r e s , when used in the Raman 

spectroscopy o f polymer samples, can produce i n t e r e s t i n g da ta , and 

a l l ow another approach t o t h i s very impor tant f i e l d o f polymer sc ience. 

A more d e t a i l e d s tudy , and f u r t h e r development o f t h i s techn ique 

in the i n v e s t i g a t i o n of t he LAM is needed before more c l e a r s t r u c t u r a l 

evidence can be p rov ided . 

4 .5 Conclusions 

1. The Raman spectrum of po lye thy lene was recorded using 

f i b r e - o p t i c s . When compared t o the convent iona l method, 

the i n fo rma t i on obta ined was i d e n t i c a l . The f i b r e - o p t i c 

da ta , however, had the advantage o f g rea te r r e p e a t a b i 1 i t y . 

2. The LAM in po lye thy lene was recorded us ing f i b r e - o p t i c s 

f o r t he f i r s t t ime . The method appears t o exclude a 

p r o p o r t i o n of t he Rayle igh sca t te red r a d i a t i o n a l l o w i n g 
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the user to scan closer to t h e e x c l t i n g l ine . Only a single 

i n j e c t i o n and a s i n g l e c o l l e c t i o n f i b r e was used. 

3. The f i b r e - o p t i c system was used to study the e f f ec ts of 

swell ing of polyethylene with xylene. I t was found t h a t : 

(a) The LAM moved to lower frequency and broadened on 

a d d i t i o n o f xy lene . 

(b) The Raman crystal I i n i t y increased on addit ion of xylene. 

(c) On removal of the xylene both the LAM frequency and 

the Raman crystal I i n i t y returned to t h e i r o r ig ina l 

vaIues. 

(d) The magnitude of the e f f e c t is unusual. This suggests 

e i t h e r : 

( i ) the acoustic theory cannot be s a t i s f a c t o r i l y 

a p p l i e d t o t h i s system; or 

( i i ) a low frequency opt ica l e f f e c t due to the xylene. 

4. F ibre-opt ic methods have the potent ia l of revolut ionis ing 

the way In which the Raman spectra of polymers are obtained, 

and may be p a r t i c u l a r l y valuable where low frequency work 

i s i nvo lved . 
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2- Cone I us ion 

The Southampton group i s we l l known f o r i t s p ioneer ing a c t i v i t i e s 

in the e x p l o i t a t i o n of Raman spect roscopy, and i t s a p p l i c a t i o n t o novel 

areas of chemis t ry and phys ics . Thus, a p p l i c a t i o n s of the method t o 

combustion systems, c a t a l y s t s , in s i t u a n a l y s i s of e lec t rochemica l processes, 

and polymer s t r u c t u r a l problems were a l l p ioneered a t Southampton. 

One major problem s t i l l r e s t r i c t i n g the e x p l o i t a t i o n o f Raman 

spectroscopy as a more e f f e c t i v e techn ique is t h a t of sample a l ignment 

w i t h i n the spect rometer . In i n f r a r e d spect roscopy, and u . v . / v i s i b l e 

spect rophotomet ry , the sample is s imply placed in a beam of r a d i a t i o n , 

sa tu ra ted w i t h l i g h t , and the a b s o r p t i o n / t r a n s m i s s i o n c h a r a c t e r i s t i c s 

are measured. Obta in ing a Raman s igna l i s in p r i n c i p l e more v e r s a t i l e , 

and ye t in p r a c t i c e more d i f f i c u l t . The d i f f i c u l t y a r i s e s w i t h samples 

t h a t generate weak Raman s i g n a l s - these are u s u a l l y t he most i n t e r e s t i n g 

s ince a l l o f the 'easy ' samples have a l ready been s tud ied ! In these cases 

i t i s f r e q u e n t l y impossib le t o op t im i se the sample a l ignment s ince t he 

Raman s igna l i s i n v a r i a b l y swamped by noise and background emiss ions. As 

a consequence, a p o t e n t i a l l y va luab le exper iment can be abor ted s imply 

because adequate a l ignment cannot be achieved. Th is i s p a r t i c u l a r l y 

f r u s t r a t i n g when us ing modern ins t ruments , which are capable of maximising 

s e n s i t i v i t y by accumulat ing spect ra over long t ime pe r i ods . 

In an a t tempt t o overcome the a l ignment d i f f i c u l t i e s , two s o l u t i o n s 

have been proposed; the use of p re -a l i gned microscopes, and t h e use of 

f i b r e - o p t i c s . 

Microscop ic sampling techniques have been developed very r a p i d l y 

o f l a t e , and s u c c e s s f u l l y app l i ed elsewhere. In f a c t , a l l manufacturers 

of Raman spectrometers now o f f e r microscope i l l u m i n a t i o n / v i e w i n g f a c i l i t i e s . 

The a p p l i c a n t was asked t o i n v e s t i g a t e f i b r e - o p t i c s f o l l o w i n g some 

p r e l i m i n a r y s tud ies made by a v i s i t o r t o the department. Pro fessor Richard 

McCreery of the U n i v e r s i t y of Ohio. 

F i b r e - o p t i c s have been s u c c e s s f u l l y developed as a Raman sampling 

system. I t i s now c l e a r t h a t : -
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1. F i b r e - o p t i c i l l u m i n a t i o n of the sample i s e f f i c i e n t , and 

operab le over r e l a t i v e l y long d i s tances . Losses in i n j e c t i o n 

and a long the f i b r e i t s e l f a re acceptab ly sma l l . 

2. F i b r e - o p t i c c o l l e c t i o n of Raman s c a t t e r i s h i g h l y e f f i c i e n t 

f o r some samples, and less so f o r o t h e r s . No Raman 

c h a r a c t e r i s t i c s o f the o p t i c a l f i b r e s were produced in t he 

spec t ra l data recorded. At tempts were made t o i l l u c i d a t e t he 

exact form of the coup l i ng between t h e Raman s c a t t e r and t he 

c o l l e c t i o n f i b r e , but w i t h l i t t l e success. 

3. Losses in o p t i c a l f i b r e s are low. Hence i t i s c l e a r t h a t , in 

favourab le cases, i l l u m i n a t i o n , c o l l e c t i o n , and consequent ly 

Raman measurements, are f e a s i b l e f a r remote from the 

spect rometer . 

4. No p o l a r i s e d data is a v a i l a b l e . This i s due t o the f a c t t h a t 

mult imode o p t i c a l f i b r e s produce c i r c u l a r l y p o l a r i s e d l i g h t 

i r r e s p e c t i v e o f the p o l a r i s a t i o n of the input laser beam, o r 

t h a t of the sca t te red r a d i a t i o n . 

5. In a t l eas t one case, i t appears t h a t the spect ra obta ined 

are remarkably f r e e from s t r a y l i g h t . At tempts were made t o 

e x p l a i n t h i s o b s e r v a t i o n , s ince i t i s very unexpected, but 

w i t h l i t t l e success. I t s e x p l o i t a t i o n was demonstrated. 

6. No a l ignment a t the sample is necessary once the f i b r e - o p t i c 

system has been i n s t a l l e d in the spect rometer . In c e r t a i n 

a p p l i c a t i o n s ( f o r example, s u r f a c e s ) , the o r i e n t a t i o n of the 

f i b r e s w i t h respect t o t he sample can improve the Raman data . 

Hence, the outcome of t h i s study has been h i gh l y s a t i s f a c t o r y . The 

use of f i b r e - o p t i c s as an a l t e r n a t i v e sampling techn ique seems capable o f 

e x p l o i t a t i o n , and t h i s p r e d i c t i o n has been demonstrated s ince the 

complet ion o f t he research repor ted here. A f i b r e - o p t i c probe system i s now 

a v a i l a b l e commerc ia l l y , a development w i t h which t he cand idate i s i nvo lved . 

Fu r the r , s c i e n t i s t s a t B . P . ' s research cen t re * are now e x p l o i t i n g the 

method in t h e i r work. 

* Raman Labo ra to r i es , B.P. Research Cent re , Sunbury-on-Thames 
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Future Developments 

(a) In t h i s work a system based upon two lengths of o p t i c a l f i b r e -

one t o s t i m u l a t e the sample, the o the r t o c o l l e c t t he sca t te red 

l i g h t - has been developed. The obvious next s tep i s t o use a 

number o f f i b r e s t o c o l l e c t the sca t te red l i g h t , and thus increase 

the amount o f s ca t t e red r a d i a t i o n e n t e r i n g the spect rometer . This 

work has a l ready been i n i t i a t e d , and workers a t B.P. have developed 

a mu l t i - e l emen t probe. I t i s c l e a r , from t h e i r r e s u l t s , t h a t the 

expected gains are r e a l i s e d . 

(b) The use of mic ro lenses , t o focus the ou tpu t o f t he l a s e r - l i g h t -

c a r r y i n g f i b r e may prove advantageous in c e r t a i n speci f ic sampling 

arrangements. SELFOC*microIenses are c u r r e n t l y under c o n s i d e r a t i o n . 

(c) With t he i nc reas ing u t i l i s a t i o n of microcomputer technology in 

spect roscopy, the f u t u r e development of a standard f i b r e - o p t i c 

system f o r remote sampling needs ser ious c o n s i d e r a t i o n . With the 

high c a p i t a l investment , s e r v i c i n g and running cos ts i n e v i t a b l y 

assoc ia ted w i t h Raman spect rometers , a more e f f i c i e n t use of 

inst rument t ime would prove i nva luab le t o many e x i s t i n g and p o t e n t i a l 

users. The development o f a c e n t r a l spectrometer (or se r i es o f ) 

w i t h a f i b r e - o p t i c and microcomputer network l inked t o a number of 

i s o l a t e d exper imenta l l oca t i ons has obvious appeal . However, a 

p r o j e c t on t h i s sca le w i l l r e q u i r e the f i n a n c i a l and developmental 

resources of a large commercial o r g a n i s a t i o n . 

(d) S p e c i f i c a p p l i c a t i o n s of Raman spectroscopy tend t o invo lve the 

use of a d d i t i o n a l apparatus in o rder t o access the sample t o the 

spect rometer . Many Raman 'ee l I s ' have been developed over t he years 

t o cope w i t h these t a s k s . Since f i b r e - o p t i c s a l l ows a much 

g rea te r f l e x i b i l i t y in exper imenta l geometry, a whole new genera t ion 

of sampling c e l l s can be developed. F i b r e - o p t i c s should reduce 

the need t o modi fy exper imenta l environments t o s u i t the spec t ro -

s c o p i s t , and problems p rev i ous l y neglected because of sample 

a l ignment d i f f i c u l t i e s can be recons idered. 

^Nippon Sheet & Glass Company 
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(e) The recen t developments in F o u r i e r Transform Raman spec t roscopy 

( F . T . R , ) make t he use of f i b r e - o p t i c sampl ing even more e x c i t i n g . 

The entrance pupil of the F .T . system, the Jacqulnot stop, is a 

c i r c u l a r aper ture . This can be i d e a l l y matched t o a f i b r e 

c o l l e c t i o n system. Further , near - in f ra red e x c i t a t i o n is t y p i c a l l y 

used - the 1 .65^ Nd-YAG laser is popular. The red -sh i f t ed Raman 

sca t te r should be very e f f e c t i v e l y c a r r i e d by modern telecommuni-

c a t i o n - g r a d e o p t i c a l f i b r e s . 

Appl icat ion of F ibre -Opt ic Technology t o the Raman Spectroscopy of Polvmers 

To demonstrate the value of the techniques developed in t h e i r work 

(chapter 2 ) , a b r i e f excursion into the realms of polymer science was 

undertaken, and two p r o j e c t s were perused. 

I t was shown t h a t : -

(a) Nb o r i e n t a t i o n e f f e c t s are observable in the Raman sner t rum of a 
f l o w i n g p o l y e t h y l e n e melTI — 

An o p t i c a l f i b r e probe was placed in the centre of an extruder d i e , 

p a r a l l e l with the flow d i r e c t i o n , and adjacent t o the entrance of a 

c y l i n d r i c a l d ie Imm in diameter. The probe withstood condit ions of high 

temperature and pressure, to successful ly record Raman spectra of high 

qua I i t y . 

The a l i gnment o f polymer cha ins a long the d i r e c t i o n of f l o w in 

highly sheared melts has been used to expla in such phenomena as stress 

induced b i re f r ingence p a t t e r n s , d ie -swel l and f r o z e n - ! n o r i e n t a t i o n . The 

coaxial flow experiment undertaken in t h i s study can be sens i t i ve to 

molecular alignment during flow only in terms of changes in the rotameric 

s t ruc ture of the polymer chains. The CHa-CH, gauche/trans r a t i o is 

defined s o l e l y by t e m p e r a t u r e ; al ignment w i l l be expected t o a f f e c t t h e 

d i s t r i b u t i o n of rotamers, favouring those of form ( t rans)n and (gauche)n 

ra ther than the ( t rans-gauche) . As a r e s u l t the in terna l mode s t ruc ture 

ought to be shear ra te dependant. This in s i t u study of molten 

polyethylene under condit ions of high shear has shown t h a t the rotameric 

s t r u c t u r a l s e n s i t i v i t y t o shear i s s l i g h t . 
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Although the r h e o l o g i c a I / o p t i c a 1 e f f e c t s produced in the process ing 

of polymers may be a f u n c t i o n o f molecu lar a l ignment and/or o r i e n t a t i o n 

induced wh i l e the polymer i s in t he molten phase, t h e i r e x t r a p o l a t i o n t o 

the molecu lar level behaviour of the polymer cha ins i s f a r more compl icated 

than t h e i r t i d i n e s s suggests. 

In t he polymer processing i n d u s t r y , complete c o n t r o l of the degree 

and d i r e c t i o n of o r i e n t a t i o n is much sought a f t e r . A f u l l understanding 

o f t he mechanisms of o r i e n t a t i o n would r e v o l u t i o n i s e the design and 

f a b r i c a t i o n o f s y n t h e t i c polymer p roduc ts . I t has ye t t o be successfu l Iy 

shown t h a t the behaviour of the molecules mel t decides the f i n a l p r o p e r t i e s 

o f the polymer p roduc t . The secre t must l i e in the exact c r y s t a l l i s a t i o n 

c o n d i t i o n s of the polymer, and the key t o t h i s must be the e f f e c t of shear 

on t he nuc le i present a t the onset o f c r y s t a l l i s a t i o n . 

(b) The l o n g i t u d i n a l acous t i c mode (LAM) in s o l i d l i n e a r po lye thy lene 
was shown t o move t o lower f requency, and broaden on s w e l l i n g the 
polymer in xy lene . 

F i b r e - o p t i c s were used t o record the Raman data . The e f f e c t was 

r e v e r s i b l e , and i t s magnitude and occur rence, combined w i t h c r y s t a l I i n i t y 

data , suggests e i t h e r ; -

i ) a d e f i c i e n c y in the acous t i c theory w i t h t h i s system, o r 

i i ) an o p t i c a l e f f e c t o r i g i n a t i n g from the xy lene . 

I t i s q u i t e c l e a r t h a t c l ose t o the laser e x c i t i n g l i n e t he 

background does change on the a d d i t i o n o f xy lene . However, i f we were t o 

assume t h a t the xy lene had no de t r imen ta l spec t roscop ic e f f e c t s (as the 

i n t e r n a l mode spect ra might sugges t ) , the behaviour o f the LAM would tend 

t o imply t h a t the acous t i c theory should not be r e l i g i o u s l y app l i ed t o 

rea l polymer systems. 

Complete abandonment of the Raman approach t o the de te rm ina t ion of 

the l ame l l a r t h i ckness o f polymers would be a p i t y , s ince the method 

a l l ows a g rea t deal o f v e r s a t i l i t y when compared w i t h i t s c o u n t e r p a r t s . 
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Recording Raman bands close in to the laser wavelength, and t h e i r 

subsequent deconvo iu t ion from a s teep l y s l op ing background, can be d i f f i c u l t , 

However, o p t i c a l f i b r e s do appear t o remove a p r o p o r t i o n of t he s t r a y 

l i g h t , making t h i s t ask a l i t t l e e a s i e r . C l e a r l y t he observa t ions cannot 

e a s i l y be ignored. However, f u r t h e r work is necessary in o rder t h a t t he 

exact r e l a t i o n s h i p between the xy lene and the spec t roscop ic data might be 

determined, before t he a p p l i c a t i o n of the acous t i c theory can c o n f i d e n t l y 

be cha l lenged , and t h i s i s now in hand a t Southampton. 

Much o f t he work in t h i s t h e s i s i s intended f o r p u b l i c a t i o n . The 

appendix con ta ins a paper prepared f o r t he Journal o f Raman Spectroscopy 

( i n p ress ) . A paper i n c l u d i n g the work on f l o w i n g mel ts i s a l so in 

p r e p a r a t i o n , and inc ludes data from i n f r a r e d and x - r a y d i f f r a c t i o n s tud ies 

by co l leagues in the Southampton polymer research group. 

Since i t i s in the t r a d i t i o n of the Southampton group t o conso l i da te 

i t s e x i s t i n g l i nes o f research, t he reader is r e f e r r e d t o the work o f 

f u t u r e members o f t he group f o r f u r t h e r developments. Much of the work 

s^Sg^sted above as " t o f o l l o w " is a l ready under way, w i t h every prospect 

of an e x c i t i n g outcome. 

G. E l l i s 
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Abstract 

This paper describes a detailed study of the parameters governing 

the design of an optical fibre system for use in Raman 

spectroscopy. The results have led to the design and construction 

of a flexible fibre optic remote sampling system which is easily 

adaptable for use on most commercial instruments. A variety of 

samples were used to evaluate the performance of the system and 

have been classified in terms of the efficiency of the new 

technique relative to more conventional methods of excitation and 

collection. 



Introduction 

This paper describes an investigation into some of the design 

parameters governing the production of an efficient and versatile 

fibre optic coupled sampling system. It compares this -method of 

sampling with more conventional systems and outlines a number of 

implications important to the future development of fibre optic 

Raman techniques. 

Previous experiments (1,2,3) have demonstrated the use of fibre 

optics in Raman spectroscopy and work in this laboratory (4) has 

introduced the concept of remote sampling leading to the 

development of a viable multi-element probe (5). 



Szstem_Descrl2tion 

A fully enclosed system has been developed and its general 

applicability tested on both a multichannel (Applied Photophysics 

model LR-36) and a scanning (Coderg model T800 triple 

monochromator) laser Raman spectrophotometer . 

Based on previous experience, separate fibres were used to 

illuminate the sample and to collect the scattered light for 

return to the spectrometer collection optics. 

A modified commercial spatial filter was placed inside the 

pre-sample optical compartment of the spectrometer to collect the 

laser beam (Argon ion, 514.5 nm line) and focus it down on to the 

end face of an optical fibre. The latter was securely held in the 

centre of a pin chuck and was always gripped by its cladding -

never the bared fibre end. The laser radiation used was always 

filtered by the pre-monochramator fitted to the LR-36, rather than 

the "raw" laser output. 

In the experiments described below a standard telecommunication 

plastic coated silica (PCS) type optical fibre was used. The 

fibre consisted of a 200 micron silica core surrounded by a 125 

micron sheath of silicon rubber with a nylon protective layer on 

the outside. 

The system was designed such that the existing conventional 

spectrometer pre-slit optics did not need to be modified. The 



spatial filter assembly was mounted such that it could easily be 

slid out of the way of the laser beam for conventional scattering 

experiments. and reliably replaced to inject the laser beam into 

the optical fibre. 

The laser light is transmitted to the sample, where a second fibre 

collect some of the scattered radiation. This is returned to 

other end of the fibre which is clamped in an adjustable mount in 

the sample compartment of the spectrometer. Conventional reverse 

illumination and Raman peak maximisation techniques were used to 

align the fibre with respect to the spectrometer collection 

optics. 



PreEaration_gf_the_Fibres 

The protective coating and cladding materials were stripped back 

to about 20 mm from the end of the fibre. A fine scratch was 

scored on the fibre, perpendicular to its axis and a few mm from 

the end of the cladding, using a keen glass cutting blade (e.g. 

Jencons "King Cut"). When wetted, the fibre broke easily at the 

score mark when using a small amount^ pressure. The cleaved end of 

the fibre was mounted in the spatial filter and inspected using 

the microscope objective. The cleaved end should appear 'perfect" 

i.e. show no signs of chipping, distortion or assymetry. 

As a further test of the quality of the fibres, they were 

illuminated by the laser in the usual way and the output laser 

beam projected on to a screen some .300 mm from the end of the 

fibre. A finely speckled, round, evenly illuminated patch of 

light should appear if the fibre end is perfect. In 'order to 

observe this pattern, care must be taken to ensure that the laser 

focus is centred precisely on the fibre end and that the 

illumination direction is coaxial with the fibre. 

Finally, the fibre is reversed and the quality of the other end 

checked in the same way. If either end of the fibre is damaged, 

the fibre will fail to produce the required pattern. 



Illuminatlgn_of_the_Fibre 

The light gathering power of an optical fibre is denoted by its 

numerical aperture (NA). This parameter is solely governed by the 

refractive indices of the system , and , see Figure 1) 

and is completely independent of the fibre length or diameter. 

Given that is usually air (1.0) the fibre will accept (or 

propogate) a cone of light whose half angle , is given by 

Where ft, = core refractive index, cladding refractive index 

and > 7^^ . 

defines the numerical aperture 

Using a xl0 objective (f = 16.9 mm) to focus a perfect 1 mm laser 

beam we would expect a diffraction limited spot Uo of ca^ 22 

microns. In reality, we would expect a larger spot size than 

this, but even so it would still be considerably less than the 200 

micron diameter core of the fibre. The next problem is to make 

sure that the convergence angle of the focused laser beam is 

within the collection angle of the fibre. In our case the NA of 

the fibre was 0.26 giving a collection half-angle of ca.15 

degrees. 



From the above analysis we would expect a xb0 objective to be 

best, however, the effectiveness of several objectives are listed 

in table I and it is clear the the x20 objective provides the best 

compromise. The x20 objective was used for the rest of this 

study. 

Having properly aligned the fibre assembly, as outlined 

previously, with the correct value of objective, a good quality 

multimode PCS fibre, 3 m in length and 200 microns in diameter, 

should transmit > 70% of the incident power as defined below 

Total Power From End Face of Fibre 

Total Power entering Spatial Filter 



Illumlnatlgn_and_CqllectiqnjGegmetrz_f 

The following section describes the investigation into the optimum 

method of sample illumination and Raman light collection. Unless 

otherwise indicated, the laser power and spectrometer operating 

conditions were kept constant, and the intensity of selected Raman 

lines were used to monitor the performance of different 

experimental arrangements. Where appropriate, the efficiency of 

the fibre optic system was compared against conventional 

excitation/collection methods. 

(i) Angular Dependence 

In this series of measurements, the fibre carrying the laser beam 

was clamped vertically in a sample of nitrobenzene. The 

collection fibre was placed at various angles ^ to the 

illumination fibre whilst keeping the two fibre ends in contact 

and in the same vertical plane. For each angular position, the 

Raman spectrum of nitrobenzene was recorded after optimisation of 

the 1546 cm-1 band by small lateral movements ofthe illumination 

fibre. 

Measurements of the intensity of the I546 cm-1 band at 4 included 

angles, 0 an<i 70 degrees,are shown in Figure 2(b), Clear J y the 

parallel combination is the most efficient. 



(ii) Vertical and Axial spacing Dependence 

The experimental setup used here is also illustrated in Figure 2. 

Again, the illumination fibre was clamped vertically in a sample 
foSifeiô  of krkg 

of nitrobenzene and the collection fibre varied. This time the two 
% 

fibres were maintained parallel and the effect of varying the 

inter-fibre separation (with the fibres at the same height), and 

the effect of relative vertical displacement (at constant fibre 

separation) were monitored and plotted in Figure 2 ( a ) . It appears 

that a slight vertical stagger of ca. 2 mm, with the two fibres 

as close together as possible is the most favoured configuration. 



Use of Capillary Tubes 

It was felt that shrouding the fibre ends in a capillary tube 

would enhance the collection efficiency by confining the, laser 

illumination to a small volume. Three types of capillary were 

studied, thick and thin walled glass tube and stainless steel 

tube, all with diameters in the range 1 - 7 mm. 

The experimental arrangement and results are presented in Figure 

3(a). The illumination and collection fibres were clamped 

vertically, maintained close together and parallel, approximately 

300 mm from the bottom of the sample vessel. As expected, 

increasing the diameter of all the tubes resulted in a reduction 

in the intensity of the 1345 cm-1 band of nitrobenzene. The thick 

walled glass tube was found to be the most efficient and the 

stainless tube the least. It is worth noting that all the 

arrangements, including 7 mm stainless tube, gave some enhancement 

over the case of the bare fibre ends, with the narrow thick walled 

glass tube giving some 25% of the signal available using 

conventional (lens) excitation and a single collection fibre. 

Also monitored, was the effect of the distance between the end of 

the fibers and the end of the capillary. The results, for a 2 mm 

diameter thick glass walled tube, are shown in Figure 3(b). The 

intensity of the 1346 cm-1 band of nitrobenzene steadily increases 

with the length of the capillary projection up to a value of ca. 

60 mm when it becomes relatively constant. 

10 



Effeet of Refractive _.Index 

From the definition of the NA of a fibre, it is quite clear that 

the acceptance half angle 5^ depends on the refractive index of 

the liquid in which the fibre ends are immersed. 

In this experiment, a range of samples were used to obtain values 

of refractive index between 1.3330 and 1.5520 (the refractive 

index of synthetic fused silica is 1.4616 at 514.5 nm) . 

In this case a comparison between the fibre optic experiments and 

conventional excited spectra were made. The experimental 

arrangement were as in Figure 1, for the conventional method, and 

point 'S' in Figure 2. The results are listed in Table II, where 

it can be seen that there is no apparent correlation between the 

index of refraction of the sample and Raman efficiency. 

It is also clear that conventional and fibre optic illumination 

are of comparable efficiency i.e. within a factor of 2 or so, for 

most of the samples examined. 

The absolute Raman intensity, however excited, depends on the 

index of refraction. No special allowance was made for this 

effect and it was assumed (without justification) that it applied 

equally to both methods of excitation. 



The interesting value for milk almost certainly results from the 

colloidal nature of the sample. 

12 



lllumination_and_Cqllection_G^^ 

A variety of powdered and granular samples were examined. It was 

discovered that stronger Raman signals were obtained with the 

probe buried several mm into the sample than when the fibre ends 

were suspended just above the sample surface. 

The results, also listed in Table II, show that the fibre optic 

probe appears to be a favourable method when compared with more 

conventional lens excitation, together with some indication that 

the system performs better with fine powders than coarse or 

granular ones. 

In many cases it may be necessary to study samples with the fibre 

ends suspended above the sample surface rather than embeded in it. 

However, it was observed that the Raman signal falls as the probe 

is removed from the sample, the effect being greater when the 

powder is coarse. 

As with the liquid experiments, an improvement in signal intensity 

was observed if the powder was introduced into an internally 

reflecting capillary tube. This may be a useful method of 

recording Raman spectra when only small amounts of sample are 

available. 

Another result worthy of note is the spectrum of 

polytetrafluroethylene (PTFE). Some commercial samples of this 

material can be very difficult to study (particularly for 

13 -



multichannel machines) due to high levels ©f background. As 

can be seen from the results, shown in Figure 4, the fibre optic 

probe used here appears to minimise this problem, giving a clean 

spectrum without the use of any special data processing 

techniques. 

14 



Illumination and Collection Geometry for Surfaces 

A sheet of high density polyethylene (BP Rigidex 006-50) 5 mm 

thick with a relatively flat and homogeneous surface was used to 

assess the performance of the fibre method under various 

orientational parameters. All measurements were taken over the 

same region of the sheet. 

Initial measurements showed the signal intensity obtained to be 

poor. However, significant improvements were observed when 

reflective surfaces were placed around the fibres. Two aluminium 

alloy blocks covered with aluminium foil were carefully pushed up 

against the fibres, resulting in a 3.5 times improvement in the 

recorded signal intensity. These were used in all subsequent 

experiments (see Figure 5). 

i) Variation of collection angle 

The injection fibre was placed perpendicular to the surface of the 

sheet and the collection fibre was placed adjacent and the 

subtended angle varied using an angularly adjustable mount. The 

intensity of the Raman signal at 1296 cm-1 was measured at each 

angular increment. The procedure was repeated, this time with t.he 

collection fibre perpendicular and the angle of the injection 

fibre varied, see Figure 5(a). 

15 



ii) Variation with fibre height from the surface 

With both injection and collection fibres arranged at an angle of 

17 degrees to the perpendicular the Raman intensity of the 1296 

cm-1 band was recorded as the height of the fibre above the 

surface was altered. 

Then, with the injection fibre perpendicular and in contact with 

the surface, and the collection fibre at 17 degrees to the 

perpendicular, the Raman intensity was measured as the collection 

fibre was raised to a height of 10 mm above the surface, see 

Figure b(b). 

The best results were obtained from the surface were with the 

angled fibres, providing an intensity of ca. 37% of that obtained 

conventionally ( ca. 11% without the internally reflecting 

blocks). Also the closer the blocks were to the fibres the greater 

the enhancement of the spectra. 

16 



Conclusions 

It is clear that optical fibres provide a versatile method of 

linking experiments to Raman spectrometers. The method is 

particularly attractive where the experiment has to be distant 

from the spectrometer and/or hostile enviroments are involved. We 

have in fact demonstrated this in recording the spectra of flowing 

molten polyethylene in an extruder die (6). 

Even when using only one collection fibre (and many can be used 

effectively) in some cases the method is superior to conventional 

lens excitation. If six collection fibres are use the method is 

competitive for a wide range of samples and for routine analytical 

work avoids the alignment problem. 

Fluorescence and background impose severe difficulties in laser 

Raman spectroscopy both in sample alignment (if the Hainan signal 

is swamped by a large background it may be difficult to locate a 

known line in order to optimise the peak intensity) and in the 

quality of the spectra produced. Optical fibres appear to remove 

much of the stray light which leads to high levels of background. 

The sample alignment is trivial and the spectra produced are of 

high quality. 

There is some advantage in using an index matching fluid at the 

end of the fibres in this type of work. Further, use of 

internally reflecting cylinders around the fibre ends appears to 

be highly advantageous and leads to an obvious design developments 

17 



in the production of probes. 

Although not specifically discussed in the body of this paper, 

fibres destroy the polarization of the laser and this means that 

polarised spectra are not available, but it does remove the need, 

in quantitative work. for polarization scramblers in the 

collection optical train. 

] 8 
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k = 514.5nm 

d = 1.0 mm beam diameter 

f = focal length of lens 

w. = 8 A f / l t d 

b. = SAfy-Rd" 

(Q A = sampfe 

B = sample bottle 

C = laser focusing lens 

D = scattered radiation 

E = collection optics 

Figura 1 t (a) Transport of light within a single optical fibre; 

(b) diffraction limited spot size of a focused laser beam; 

(c) conventional lens excitation for Raman spectroscopy of liquid 

samples 
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RAMAN 
WTENSFY, 

counts x lO* 

-2 0 2 4 6 

DISTANCE a' OR 'b' MOVED, mm. 2 0 ANGLE, e * 

2 Variation in Raman intensity of the = 1546cm 
band of nitrobenzene versus, (a) vertical and axial spacing of 
fibres; c = variation of 'a' (b - 0.6mm), + = variation of 'b' 
( - - 0) I (b) ring,!? of fibres; with respect to one another. 



xlOf 
(a) 

o thick-wailed glass tube 

• thin-

A stainless steel tube 

capillary tube • 

(b) 

fibres 

-nitrobenzene 

—sample vessel 

measurements in figure 3(a) made at 

this value of x . 
experimental arrangement used for data 

in figure 3(b) 

2 3 4 5 

ETERNAL DIAMETER , d , mm . DISTANCE , X . m m . 

3 : Raman intensity of the = 1546cm ' band of 

nitrobenzene, recorded inside capillary tubing with parallel 

input and output fibres ( b = 0.6mm ). 

(a) variation of internal diameter, d, of capillaries ( x = 30mm ), 

(b) variation of sample r i ^ p t h , x, inside a capillary of internal 

diameter, d = 1.7'nm. 

2 3 



Table II 

Refractive 
Index 

Liguids 
Water 1.3330 
Diethylether 1.3538 
Acetone 1.3620 
Carbon 
tetrachloride 1 
Glycerol 1 
Decalin 1 
Turpentine 1 
Xylene 1.4993 
Toluene 1 
Benzene 1 
Nitrobenzene 1.5530 

Milk 

4607 
4730 
4758 
4800 

4969 
5011 

Relative 
Intensity 

3.5 
1.0* 
1.1* 

4.2 
1.3* 
2 . 6 
0.6* 
1.4* 
1.7 
2.0 
2.4 

37.0** 

line/cm-1 

Powders 
Potassium Oxalate 
Potassium Carbonate 
Polyethylene 
- Rigidex 50 
- Rigidex 006-60 
Polytetrafluoroethylene 

Bulk 
Polyethylene Rigidex 006-60 
- Extruded onto the probe 
- Wrapped in foil 
Potassium Chromate 
- crystals grown on fibres 

46 
340 

118 
152 
246 

26** 
49** 

82** 

3400 
1458 
804 

471 
1469 
1448 
1457 
1009 
1 0 1 0 
1000 
1346 

3400 

1452 
1 0 6 1 

1296 
1296 
725 

1296 
1296 

1562 

* Weak signals; recorded on different settings and ratioed 
** Versus 45 degree measurement arrangement 

2,4-



RBITRARY 
Nits OF 
ITENSITY® 

(a) 

500 " W 1060 1250 1500 

(b) 

RAMAN SHIFT 
IN 

WAVENUKBERS. 
A v , cm% 

Figure 4 ; Ran an spectra of P.T.F.S, powder; ia.) fibre optic 

method, (b) conventional method, recocAel -fcke k^f\;ed 

L&-36 . L&jtr =• loomW . 



counts X 10'*' (a) r 

3-

o input vertical 

• output vertical 

(b) • 

mwing both fibres 
moving collection 

fibre only 

0 2 0 4 0 60 8 0 100 

ANGLE. 8". 
2 4 6 8 10 

DISTANCE ABOVE SURFACE , c , mm. 

Figure 5 : Raman intensity of the a7 = 1296cm"' band of 

poljethylene, recorded at the surface of the polymer (see 

inset) with (a ) variation of angle between input and output 

fibres, cind (b) variation of fibre height a b o v e the surface. 

A = fibre, B = aluminium foil, C = aluir.inium alloy blocks, 

D = polyethylene sheet, thickness ?mrn, E = black surface. 
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