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I . I n t r o d u c t i o n 

The p r i n c i p a l aim of t h i s program f o r t h e c o n t r a c t p e r i o d November 1, 

1968 t o October 31 , 1980 has been t o s tudy t h e e l e c t r o n i c s t r u c t u r e of 

l i q u i d s over a broad energy r a n g e , 2 t o 25 eV. These s t u d i e s b a s i c a l l y 

c o n s i s t of measur ing t h e r e f l e c t a n c e , t r a s m i t t a n c e , p h o t o i o n i z a t i o n and 

pho toemiss ion of l i q u i d s in t h e vacuum u l t r a v i o l e t s p e c t r a l r e g i o n a s a 

f u n c t i o n of a n g l e of i n c i d e n c e and photon e n e r g y . Such measurements a r e 

ana lyzed t o y i e l d t h e o p t i c a l and d i e l e c t r i c f u n c t i o n s of t h e l i q u i d as 

f u n c t i o n s of photon e n e r g y . 

While c o n s i d e r a b l e d a t a has been accumula ted on t h e vacuum UV 

e l e c t r o n i c p r o p e r t i e s of s o l i d s , c o m p a r a b l e d a t a on l i q u i d s has been s c a r c e . 

T h i s group has been r e s p o n s i b l e f o r p i o n e e r i n g e f f o r t s in t h e f i e l d of 

UV l i q u i d s t u d i e s and f o r t h e development of many t e c h n i q u e s a s s o c i a t e d 

w i t h expe r imen ta l r e s e a r c h i n t h i s a r e a . T h i s a p p a r e n t l y i s one of 

t h e few groups w i t h i n s t r u m e n t a t i o n t o s t u d y o p t i c a l and d i e l e c t r i c 

p r o p e r t i e s of l i q u i d s beyond 10 eV. These f u n c t i o n s d e s c r i b e e l e c t r o n 

motion in l i q u i d s as s t i m u l a t e d by n u c l e a r r a d i a t i o n , v i s i b l e and u l t r a -

v i o l e t l i g h t , and charged p a r t i c l e s . A knowledge of t h e i n t e r a c t i o n s 

of r a d i a t i o n wi th m o l e c u l a r l i q u i d s has d i r e c t b i o l o g i c a l a p p l i c a t i o n 

i n t e rms of u n d e r s t a n d i n g r a d i a t i o n damage t o l i v i n g m a t e r i a l , t o t h e r a p y , 

t o r a d i a t i o n d o s i m e t r y , t o problems in c e l l b i o l o g y , and t o c a l c u l a t i o n 

of t h e a c t u a l d e g r e e of a d h e s i v e i n t e r a c t i o n s between b i o l o g i c a l c e l l s 

and between c e l l s and a r t i f i c a l m a t e r i a l . A p p l i c a t i o n s a r e made t o 

r a d i a t i o n c h e m i s t r y , upper a tmosphe r i c p h y s i c s , and a e r o s o l f o r m a t i o n . 
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The UV and VUV s p e c t r a of o r g a n i c molecu les i s v a l u a b l e in t h e c h a r a c -

t e r i z a t i o n of a tmospher ic e m i s s i o n s . These s p e c t r a complement a n a l y s i s 

by o t h e r t e c h n i q u e s , i n c l u d i n g s p e c t r o m e t r y , f l u o r e s c e n c e , column 

chromatography and IR-VIS s p e c t r o s c o p y . The UV-VUV i s t h e r eg ion of 

maximum a b s o r p t i o n f o r o r g a n i c m o l e c u l e s . The a b s o r p t i o n s p e c t r a of 

d i f f e r e n t compounds y i e l d d i f f e r e n t e n e r g i e s and magni tude of a b s o r p t i o n . 

As s u c h , t h e s e s p e c t r a a r e more s e n s i t i v e f o r compound i d e n t i f i c a t i o n than 

v i s i b l e or IR. 

Severa l methods have been developed f o r s t u d y i n g l i q u i d samples . 

In t h e t r an smi s s ion^ method a c e l l i s formed of t h i c k p l a n a r s l a b s 

s e p a r a t e d by as l i t t l e a s 500 A of l i q u i d . J h e method canno t be used 

beyond % 10 eV photon ene rgy , t h e l i m i t of s l a b t r a n s p a r e n c y . A second 
2 

c losed c e l l t e c h n i q u e i s t h e s e m i c y l i n d e r method. The l i q u i d sample 

i s p l aced i n c o n t a c t wi th t h e f l a t s i d e of t h e sevn icy l inde r . L igh t 

i s i n c i d e n t normal ly on t h e curved s u r f a c e , i s r e f l e c t e d s p e c u l a r l y a t 

the c y l i n d e r - l i q u i d i n t e r f a c e , and e x i t s normally th rough t h e semi-

c y l i n d r i c a l s u r f a c e a g a i n . Th i s method, us ing s e m i c y l i n d e r s of 

magnesium f l u o r i d e , ca lc ium f l u o r i d e , q u a r t z and s a p p h i r e , f e a t u r e s 

t h e p o s s i b i l i t y of employing r e f l e c t i o n a t ang les around t h e c r i t i c a l 

a n g l e , and of avo id ing o p t i c a l a b s o r p t i o n i n t h e v a p o r . As wi th t h e 

t r a n s m i s s i o n method i t i s l i m i t e d t o t h e r eg ion below % 10 eV. In 3 
t h e open -d i sh method, l i g h t r e f l e c t e d from t h e s u r f a c e of a l i q u i d 

i s measured whi l e t h e l i q u i d i s in e q u i l i b r i u m with i t s v a p o r . Abso lu t e 

r e f l e c t a n c e v a l u e s of t h e l i q u i d a r e de te rmined f rom n o r m a l i z a t i o n 

to a r e f l e c t i n g s u r f a c e of known o p t i c a l p r o p e r t i e s . Although t h e 
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the part ial absorption of the l ight by the vapor is a problem, the open-

dish method is the only one capable of being used at energies beyond 
4 

10 eV. A more recently developed open-dish method is the ionization 

method. The ionization in the vapor adjacent to the liquid is used 

to monitor the photon beam strength before and a f t e r r e f l ec t ion . The 

rat io of ion currents is related to the reflectance. 

The transmission method yields the optical absorption d i rec t ly . 

Examination of the absorption spectrum of a liquid over an extended 

energy range yields the energies of single-electron excitat ions. The 

optical constants at each incident photon energy may be obtained from 

measurements of reflectance as a function of photon angle of incidence 

by a least-squares f i t to Fresnel's equations. From n and k, the 

real and imaginary parts , respectively, of the complex index of ref rac-

t ion, n, one can calculate the real and imaginary parts ei and e 2 , 

respectively, of the complex d ie lec t r i c function e, where e = n2, and 

the energy loss function, -In Ve . This calculated energy loss 

function can be compared with the character is t ic electron-energy-loss 

spectrum for the l iquid. Thus, optical measurements in the vacuum UV 

give information similar to that obtained by measuring the dis tr ibut ion 

of energy losses experienced by a f a s t electron in going through a 

thin layer of matter. 

Supplementing techniques for studying liquids through measurement 

of reflectance and transmission is the photoemission method. Electrons 

ejected from the liquid by UV photons are measured. In photoelectron 

studies i t is possible to explore the energy region containing plasma 

excitations to investigate the dependency of electron emission on this 

important process. From photoyield data i t is also possible to calculate 

the photon and photoelectron mean f ree paths. 
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I I . P rog re s s 

At t h e t ime of i n i t i a t i o n of t h i s c o n t r a c t , t e c h n i q u e s had been 

developed f o r measur ing t h e UV e l e c t r o n i c s t r u c t u r e of condensed m a t e r i a l s 

i n c l u d i n g m e t a l s , semiconduc tors and i n s u l a t o r s . The p o s s i b i l i t y of 

u t i l i z i n g such t e c h n i q u e s in t h e s tudy of t h e e l e c t r o n i c p r o p e r t i e s of 

l i q u i d s was f i r s t examined by t h i s group du r ing t h e pe r iod 1966-1968 

where in we were a b l e t o de te rmine t h e d i e l e c t r i c r e s p o n s e of pure w a t e r 

up t o 10 eV. 5 

Two i n t e r p r e t a t i o n s of the d a t a were p r e s e n t e d , one in which t h e 

s t r u c t u r e in t h e o p t i c a l c o n s t a n t s was compared w i th t h e known a b s o r p -

t i o n c h a r a c t e r i s t i c s of wa te r v a p o r , i . e . wate r i s c o n s i d e r e d t o be a 

condensed gas wi th t h e condensa t ion changing on ly s l i g h t l y t h e e l e c t r o n i c 

s t r u c t u r e of t h e m o l e c u l e s . In t h e o t h e r i n t e r p r e t a t i o n t h e l i q u i d 

wa te r i s l i kened t o an e l e c t r o n i c i n s u l a t o r such as aluminum o x i d e . 

I n i t i a l s t u d i e s of t h e d i e l e c t r i c p r o p e r t i e s of l i q u i d wa te r were l i m i t e d 
o 

t o wavelengths g r e a t e r t han 1050 A due t o the o n s e t of i o n i z a t i o n in t h e 

vapor a t t h i s wavelength — w i t h a consequent i n c r e a s e in t h e a t t e n u a t i o n 

of l i g h t in t h e v i c i n i t y of t h e l i q u i d sample . 

One of t h e purposes of t he p r e s e n t c o n t r a c t was t o extend t h e 

o b s e r v a t i o n s of l i q u i d w a t e r t o h ighe r energy ( s h o r t e r wave leng th ) t o 

s ee i f t h e r e were c o l l e c t i v e e f f e c t s p r e s e n t . Such an e f f e c t was 

c o n s i d e r e d t o r e p r e s e n t an a b s o r p t i o n of energy by many e l e c t r o n s 

o p e r a t i n g c o l l e c t i v e l y i n t h e condensed s t a t e ( t h e "plasmon" r e s p o n s e ) . 

To extend t h e measurements on l i q u i d w a t e r t o h i g h e r energy r e q u i r e 

t h e d e s i g n , c o n s t r u c t i o n and assembly of new r e f l e c t a n c e equipment 
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c o n s i s t i n g of a movable monochromator, sample chamber, and a s s o c i a t e d 

equipment . The new c e l l and Seya-monochromator embodies s e v e r a l improve-

ments over t h e a p p a r a t u s used in t h e i n i t i a l s t u d i e s . I t has a s h o r t e r 

pa th in t h e vapor thus r e d u c i n g a b s o r p t i o n i n t h e v a p o r . Ra ther t han 

be ing l i m i t e d t o t h r e e v a l u e s , a s wi th t h e i n i t i a l a p p a r a t u s , t h e a n g l e 

of i n c i d e n c e may be v a r i e d c o n t i n u o u s l y between 15 and 70 d e g r e e s t h u s 

e n a b l i n g more p r e c i s e v a l u e s of a b s o r p t i o n and index of r e f r a c t i o n t o 

be o b t a i n e d . ' Using t h e new r e f l e c t o m e t e r i t was p o s s i b l e t o ex tend 

t h e s t u d i e s on w a t e r t o 14.6 eV. However, no pronounced s t r u c t u r e was 

found i n t h e o p t i c a l c o n s t a n t s near 12 .5 e,V as had been s p e c u l a t e d 

based on s t u d i e s o f i o n i z a t i o n in wa te r vapor nea r t h e i o n i z a t i o n t h r e s h o l d . 

C o n s i d e r a b l e e f f o r t was expended in c a r e f u l l y a l i g n i n g t h e r e f l e c t o m e t e r 

so t h a t t h e o p t i c a l p r o p e r t i e s of t h e l i q u i d were a c c u r a t e l y r e p r e s e n t e d 

by t h e measured r e f l e c t a n c e . The system had t o be s t a b i l i z e d t o minimize 

v i b r a t i o n s in t h e l i q u i d and an a u x i l i a r y c o o l i n g system i n c o r p o r a t e d 

to c o n t r o l t h e t e m p e r a t u r e and t h e r e b y m a i n t a i n t h e system i n thermo-

dynamic e q u i l i b r i u m . A d e s c r i p t i o n of t h e c o n s t r u c t i o n and a l i g n m e n t 
c 

of t h e r e f l e c t o m e t e r appeared in Review of S c i e n t i f i c I n s t r u m e n t s . 

Ref inements were made i n t h e o p e n - d i s h r e f l e c t a n c e t e c h n i q u e which 

p e r m i t t e d more a c c u r a t e measurements than t h o s e o b t a i n e d in t h e e a r l i e r 

y e a r s of t h i s c o n t r a c t . A r e f r i g e r a t o r c i r c u l a t o r was added f o r more 

a d e q u a t e c o n t r o l of t h e t e m p e r a t u r e w i t h i n t h e chamber. M o d i f i c a t i o n s 

were made in the l i g h t p i p e c o l l e c t i n g r a d i a t i o n r e f l e c t e d f rom t h e 

l i q u i d or gold r e f e r e n c e s u r f a c e so a s t o minimize d e t e c t i o n of non-

s p e c u l a r l y r e f l e c t e d l i g h t . A gold r e p l i c a g r a t i n g was employed in 
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p r e f e r e n c e t o t h e p r e v i o u s l y used p l a t i n i z e d g r a t i n g so as t o i n c r e a s e 

t h e r a t i o of t h e s - p o l a r i z e d t o p - p o l a r i z e d l i g h t and t o reduce g r a t i n g 

changes due t o o x i d a t i o n by vapors pumped i n t o t h e monochromator from 

t h e sample chamber. A m o d i f i c a t i o n was made t o t h e McPherson-Hin te regger -

type c a p i l l a r y d i s c h a r g e lamp which conve r t ed i t f rom a co ld ca thode 

d i s c h a r g e t o a ho t f i l a m e n t d i s c h a r g e . With t h e app rox ima te ly t h r e e - f o l d 

i n t e n s i t y i n c r e a s e and improved s t a b i l i t y i t was p o s s i b l e t o extend 

r e f l e c t a n c e measurements on wate r t o 25 .6 eV. 

Opt i ca l and d i e l e c t r i c d a t a were ob ta ined f rom t h e s e measurements . 

A prominent peak in the energy l o s s f u n c t i o n a t abou t 21 .2 eV was 

i n t e r p r e t e d as a c o l l e c t i v e e l e c t r o n i c o s c i l l a t i o n . This co r r e sponds 

c l o s e l y t o t h e v a l u e of 21 eV c a l c u l a t e d by P la tzman 7 f o r t h e plasma 

f r e q u e n c y in wa te r on t h e assumpt ion t h a t t he e l e c t r o n s a r e not bound 

in a toms . This l o s s was acknowledged t o r e p r e s e n t an ex t r eme ly i m p o r t a n t 

energy a b s o r p t i o n mechanism in w a t e r . The r e s u l t s on w a t e r , i n c l u d i n g 

i d e n t i f i c a t i o n of t h e f i r s t r e p o r t e d c o l l e c t i v e e f f e c t in a l i q u i d were 
g 

r e p o r t e d by H e l l e r , e t a l . 

A second r e f l e c t a n c e chamber was c o n s t r u c t e d f o r mounting t o t h e 

e x i t arm of t h e Seya monochromator. Though i n i t i a l l y des igned t o 

measure t h e o p t i c a l p r o p e r t i e s of t h e gold f i l m s used a s a r e f e r e n c e 

in the open d i sh l i q u i d s t u d i e s t h e chamber was a l s o used t o s t u d y t h e 

o p t i c a l p r o p e r t i e s of s o l i d f i l m s and of l i q u i d s in t h e r e g i o n below 

10 eV u s i n g c l o s e d c e l l t e c h n i q u e s . The p a p e r , "Automatic C o n c e n t r i c q 
S h a f t R e f l e c t o m e t e r f o r Use in t h e Vacuum UV" c o n c e r n s t h e au tomat ion 

of p r o c e s s e s on t h e d a t a a c q u i s i t i o n from t h e a n g u l a r r e f l e c t o m e t e r . 
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For one c l o s e d c e l l t e c h n i q u e , t h e s e m i c y l i n d e r method, a c e l l 

was c o n s t r u c t e d which c o n t a i n s t h e l i q u i d sample i n c o n t a c t w i t h t h e 

f l a t s i d e of a q u a r t z , ca lc ium f l u o r i d e , l i t h i u m f l u o r i d e o r s a p p h i r e 

s e m i c y l i n d e r . A c e l l was a l s o c o n s t r u c t e d t o hold t h i c k p l a n a r s l a b s 

f o r t r a n s m i s s i o n measurements . The spac ing between p l a t e s which d e t e r -
o 

mines l i q u i d sample t h i c k n e s s can be as narrow as 500 A. The t h i c k n e s s 

of c e l l spac ing i s de te rmined by i n t e r f e r e n c e measurements . * t r i p l e 

r e f l e c t i o n p o l a r i z e r was c o n s t r u c t e d f o r u se in measur ing t h e g r a t i n g 

p o l a r i z a t i o n . A vacuum e v a p o r a t o r was purchased f o r p r e p a r i n g gold 

r e f e r e n c e f i l m s and t h i n f i l m s of o r g a n i c m a t e r i a l s . I t was i n t e n d e d 

t h a t f i l m s of m a t e r i a l s t o be used as s o l u t e s would be s t u d i e d so t h a t 

p r o p e r t i e s of s o l u t e and s o l v e n t would be a v a i l a b l e f o r i n t e r p r e t a t i o n 

of s o l u t i o n d a t a . 

In a d d i t i o n t o w a t e r , a number of l i q u i d s have been s t u d i e d u s i n g 

t h e s e t e c h n i q u e s . R e f l e c t a n c e measurements were made on Dow Corning 704 

and 7 0 5 1 0 s i l i c o n e pump o i l s , t e t r a m e t h y l e t e t r a p h e n y l t r i s i l o x a n e and 

t r i m e t h y l p e n t a p h e n y l t r i s i l o x a n e , r e s p e c t i v e l y The o p t i c a l p r o p e r t i e s 

of vacuum pump o i l s a r e of p a r t i c u l a r i n t e r e s t s i n c e they a r e a lways 

p r e s e n t t o a c e r t a i n e x t e n t a s con t aminan t s in chambers evacua t ed by 

o i l d i f f u s i o n pumps. Pumping f l u i d s may condense in vacuum mono-

chro i i ia tors , i n s p a c e c r a f t s i m u l a t i o n chambers , on s p a c e c r a f t i n s t r u -

m e n t a t i o n , in evacua t ed ca thode r a y t u b e s , o r a tomic p a r t i c l e a c c e l e r a t o r s . 

They may be p r e s e n t as con taminan t s on f i l m s p r e p a r e d by d e p o s i t i o n f o r 

o p t i c a l d e v i c e s o r e l e c t r o n i c c i r c u i t s . The p o l a r i z a t i o n of g r a t i n g s 

used in vacuum monochromators i s dependen t on s u r f a c e c o n t a m i n a t i o n 
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as i s t h e change in r e f l e c t a n c e of o p t i c a l f i l m s . The o p t i c a l and 

d i e l e c t r i c p r o p e r t i e s of s i l i c o n e o i l s were s t u d i e d not on ly t o d e t e r -

mine the e f f e c t s of t h e s e s u r f a c e con taminan t s ou t most i m p o r t a n t t o 

see i f t h e o p t i c a l p r o p e r t i e s could be unders tood in terms of t h e 

r e sponse of t h e i n d i v i d u a l molecu la r g r o u p s , i . e . m e t h y l , pheny l , 

and the t r i s i l o x a n e backbone. 

S t u d i e s were made f rom 2 .6 to 2 2 . 4 eV on l i q u i d g l y c e r o l , 

0311^(011)3.^ The s tudy of g l y c e r o l was recommended by Dr. D. Dupourque 

of The U n i v e r s i t y of Tennessee Medical H o s p i t a l i n view of i t s 

impor tan t r o l e as an e s s e n t i a l i n g r e d i e n t of animal and v e g e t a b l e o i l s . 

I t has been shown t h a t t h e p resence of g l y c e r o l i n a number of b i o l o g i c a l 

systems g ives c o n s i d e r a b l e p r o t e c t i o n a g a i n s t t h e e f f e c t s of i o n i z i n g 

r a d i a t i o n . A knowledge of t h e e l e c t r o n i c p r o p e r t i e s of g l y c e r o l may be 

impor t an t in u n d e r s t a n d i n g t h e mechanisms r e s p o n s i b l e f o r t h e r a d i o -

p r o t e c t i v e c a p a c i t y of g l y c e r o l . 

Measurements were made on two hyd roca rbons , normal t e t r a d e c a n e , 

C l t + H 3 0 , and normal h e p t a d e c a n e , C17H21. S t r u c t u r e in t h e s e a e l e c t r o n 

systems was compared t o lower o r d e r a l k a n e s from methane t o o c t a d e c a n e 

f o r s y s t e m a t i c s h i f t and i n t e n s i t y changes in a b s o r p t i o n peaks . The 

da t a was r e p o r t e d in " C o l l e c t i v e O s c i l l a t i o n in Liquid Normal T e t r a -
12 

decane and Normal Heptadecane . 

Absorp t ion measurements were made on aqueous s o l u t i o n s of DNA i n 

t h e r e g i o n f rom 2000 t o 1220 A . The a b s o r p t i o n spectrum was b a s i c a l l y 

t h e same a s t h a t observed f o r w a t e r , i n d i c a t i n g an i n a b i l i t y t o s e p a r a t e 

t h e DNA c o n t f b u t i o n f rom t h a t of t h e s t r o n g l y a b s o r b i n g s o l v e n t . 
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A t t e n t i o n was s h i f t e d t o t r a n s m i s s i o n measurements on dry f i l m s of DNA 

on CaF2 s u b s t r a t e . R e s u l t s appeared in " O p t i c a l and D i e l e c t r i c P r o p e r -

t i e s of DNA i n t h e Extreme U l t r a v i o l e t . " 1 3 

New t e c h n i q u e s were exp lo red in o r d e r t h a t measurements cou ld be 

made on s o l u t i o n s . S t u d i e s o f s o l u t i o n s a r e t r emendous ly i m p o r t a n t t o 

any t h e o r e t i c a l t r e a t m e n t of t h e a t t r a c t i v e f o r c e s between c e l l s i n 

b i o l o g i c a l systems s i n c e s u b s t a n c e s added t o w a t e r (o r any o r g a n i c 

s o l v e n t ) change t h e index of r e f r a c t i o n of t h e s o l v e n t end c o n s e q u e n t l y 

t h e d i s p e r s i o n f o r c e s . S t u d i e s were made on bov ine serum albumin in 

.9% NaCl i r r i g a t i n g s o l u t i o n on 2 - c h l o r o e t h a n o l in c o l l a b o r a t i o n wit i i 

Dr. S . N i r , Roswell Park I n s t i t u t e of T h e o r e t i c a l B io logy , B u f f a l o , 

N.Y. The d i e l e c t r i c p r o p e r t i e s of albumin a r e of v a l u e t o Dr. Nir in 

t h e c a l c u l a t i o n of d i s p e r s i o n f o r c e s between c e l l s in v i v o . Tha 

completed work appeared in p r i n t : " D i s p e r s i o n Equat ion and P o l a r i z a -

b i l i t y of Bovine Serum Albumin from Measurements of R e f r a c t i v e I n d i c e s . " 1 4 

S i m i l a r s t u d i e s on s o l u t i o n s of o r g a n i c m a t e r i a l have been r e p o r t e d 

in "Op t i ca l C o n s t a n t s and D i s p e r s i o n Equa t ions of L e c i t h i n , C h o l e s t e r o l , 

Fucose and Ch lo ro fo rm; Measurements in V a c u u m - U l t r a v i o l e t t o V i s i b l e 
15 

Wavelength R e g i o n s . " 

O p t i c a l and d i e l e c t r i c f u n c t i o n s of l i q u i d H20 and D20 were o b t a i n e d 

in t h e 2 - 9 . 3 eV s p e c t r a l r e g i o n . The p r i n c i p a l d i f f e r e n c e observed was 

t h e c o n t r a c t i o n of t h e D20 s p e c t r a due t o t h e mass e f f e c t of t h e h e a v i e r 

i s o t o p e . This work appeared in p u b l i c a t i o n : " I s o t o p i c E f f e c t s 

on t h e E l e c t r o n i c P r o p e r t i e s of H20 and D20 i n t h e Vacuum UV." 1 6 
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During t h e l a s t decade members of t h i s group have measured t h e 

o p t i c a l and d i e l e c t r i c p r o p e r t i e s of over a dozen l i q u i d s - , a l l have 

shown a s t r o n g energy a b s o r p t i o n a t % 21 eV, a t t r i b u t e d t c e x c i t a t i o n 

of a c o l l e c t i v e e l e c t r o n i c e x c i t a t i o n . The exper imen ta l s p e c t r a f o r 

s eve ra l of t h e s e m o l e c u l a r l i q u i d s in t h e energy r e g i o n f r o n 0 t o 26 eV 

a r e analyzed f o r t h e deg ree of c o l l e c t i v e behav io r e x h i b i t e d in a Rober t 

Platzman memorial p a p e r . ^ 

A ma jo r t h r u s t of t h e l a s t s e v e r a l y e a r s has been t h e m o d i f i c a t i o n 

of t h e e x i s t i n g open-d i sh r e f l e c t a n c e chamber. Beyond 10 eV, t h e 

c u t o f f f o r windows in t h e vacuum u l t r a v i o l e t , r e f l e c t a n c e measurements 

on l i q u i d s must be made a t t h e f r e e s u r f a c e of t h e l i q u i d i n e q u i l i b -

rium wi th i t s v a p o r . The d i f f i c u l t i e s of making r e f l e c t a n c e measure-

ments t o high accuracy ( l e s s than 1% u n c e r t a i n t y ) a r e e x a c e r b a t e d f o r 

l i q u i d s u r f a c e s because of t h e p resence of t h e vapor in t h e o p t i c a l 

p a t h . In an e f f o r t t o improve t h e accuracy of t h e r e f l e c t a n c e measure-

ments and hence t h e de r ived d i e l e c t r i c f u n c t i o n s , a t e c h n i q u e was 

dev i sed whereby t h e i o n i z a t i o n of t h e vapor along t h e o p t i c a l pa th 

both b e f o r e and a f t e r r e f l e c t i o n a t t h e l iquid , i s measured wi th a 

double ion chamber. The i n s t a n t a n e o u s r a t i o of t h e s e ion c u r r e n t s i s 

t h e r e q u i r e d r e f l e c t i o n . The ion chamber r e f l e c t o m e t e r i s d e s c r i b e d 
18 in t h e a r t i c l e "Measurement of R e f l e c t a n c e by Gas I o n i z a t i o n . " 

A new i n s t r u m e n t was developed t o measure t h e r a t i o of c u r r e n t s 
-13 

in t h e 10 ampere range or l a r g e r . The e l e c t r o m e t e r - r a t i o m e t e r , 

used t o s i m u l t a n e o u s l y measure the c u r r e n t s in t h e i n c i d e n t and r e f l e c t e d 

ion chamber i s d e s c r i b e d in "A Simple E l e c t r o m e t e r - R a t i o m e t e r of High 
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1 9 S e n s i t i v i t y and P r e c i s i o n . " S t u d i e s u s ing t h i s t e c h n i q u e have been 
20 21 completed on g l y c e r o l , formamide and hexamethy lphosphor i c 

22 

t r i a m i d e wi th an o r d e r - o f - m a g n i t u d e improvement in a c c u r a c y ove r 

d a t a t a k e n p r e v i o u s l y . 

Our a p p a r a t u s f o r measur ing r e f l e c t a n c e o f l i q u i d s in t h e vacuum 

UV was m o d i f i e d t o p e r m i t a b s o l u t e pho toemiss ion measurements . C o n s i d e r a b l e 

t ime has been devoted t o overcoming f o r m i d a b l e problems a s s o c i a t e d 

wi th t h e pho toemis s ion e x p e r i m e n t . A new sample cup was r e q u i r e d t o 

s u p p o r t a l a r g e r volume of l i q u i d above t h e cup e d g e , and t o a l low t h e 

ground s u p p o r t t o be h idden f rom exposure t o s p i l l e d l i q u i d so no 

s h o r t can o c c u r . Problems a s s o c i a t e d w i t h e l e c t r i c a l and vacuum l e a k a g e 

of BMC f e e d t h r o u g h s and wi th swea t ing of f e e d t h r o u g h s r e s u l t i n g i n 

s h o r t i n g of t h e e l e c t r o m e t e r s had t o be s o l v e d . Q u e s t i o n s c o n c e r n i n g 

a p p r o p r i a t e sample cup p o t e n t i a l had t o be r e s o l v e d . The t h e o r y o f 

o p e r a t i o n of t h e d o u b l e i o n i z a t i o n chamber when used f o r p h o t o e m i s s i o n 

measurements has been i n c o r p o r a t e d i n a paper s u b m i t t e d t o The P h y s i c a l 23 

Review on p h o t o e m i s s i o n f rom l i q u i d formamide . Photon f l u x e s a r e 

de te rmined by f i l l i n g t h e dual ion chambers w i th a f i l l i n g gas such a s 

argon o r benzene and c o n n e c t i n g an e l e c t r o m e t e r t o t h e p r o p e r l y b i a s e d 

sample cup t o r e a d e l e c t r o n c u r r e n t s l e a v i n g t h e c u p . A f t e r ion d r i f t 

i n t o t h e cup o f t h e f i l l i n g ga s i s t a k e n i n t o a c c o u n t , t h e number o f 

p h o t o - e l e c t r o n s p e r i n c i d e n t photon and pe r absorbed photon a r e 

o b t a i n e d . P h o t o e m i s s i o n measurements have been made f rom l i q u i d 

23 24 

formamide and hexame thy lphosphor i c t r i a m i d e . A model f o r p h o t o -

emiss ion has beon p roposed whereby t h e photon and p h o t o e l e c t r o n mean 

f r e e p a t h s i n l i q u i d s can be de t e rmined f r o m t h e y i e l d d a t a . ^ 
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As a common e f f o r t t o work on l i q u i d i n s u l a t o r s s t u d i e s have 

been made on s o l i d i n s u l a t o r s . Techniques were developed f o r t h e p r e p a r -

13 

a t i o n of d ry f i l m s of o r g a n i c m a t e r i a l i n c l u d i n g DNA, c h l o r o p h y l l 

and l e c i t h i n . The a b s o r p t i o n spectrum of s o l u t i o n s of t h e s e m a t e r i a l s 

were i n many c a s e s not a p p r e c i a b l y d i f f e r e n t f rom t h a t observed f o r t h e 

s o l v e n t , i n d i c a t i n g an i n a b i l i t y t o s e p a r a t e t h e s o l u t e c o n t r i b u t i o n 

from t h a t of t h e s t r o n g l y abso rb ing s o l v e n t . For t h i s r e a s o n , a t t e n t i o n 

was s h i f t e d t o t r a n s m i s s i o n measurements on dry f i l m s of t h e o r g a n i c 

s o l u t e on an a p p r o p r i a t e s u b s t r a t e t o supplement s o l u t i o n d a t a . 

These t e c h n i q u e s were a p p l i e d t o t h e s t u d y of p o l y c r y s t a l l i n e 25 

a n t h r a c e n e i n t h e 3 . 2 - 9 . 3 eV s p e c t r a l r e g i o n . This i n f o r m a t i o n i s 

r e l e v a n t , f o r example, t o s t u d i e s on p a r t i c u l a t e m a t t e r c o n t a i n i n g 

a n t h r a c e n e from b y - p r o d u c t s of coa l - combus t ion o r c o n v e r s i o n . A l s o , 

when used as phosphor s , f i l m s of a n t h r a c e n e p repa red by vacuum d e p o s i t i o n 

a r e p o l y c r y s t a l l i n e in s t r u c t u r e . 26 S t u d i e s were completed on two po lymers , p o l y e t h y l e n e and Kapton 
27 

Type H poly imide f i l m (manufac tured by E . I . duPont de Nemours and C o . ) . 

R e s u l t s on t h e o p t i c a l p r o p e r t i e s of p o l y e t h y l e n e f i l m s , monomeric u n i t 

-fCH2*CH2-}; were de te rmined by t r a n s m i s s i o n and r e f l e c t a n c e measurements 

between 0 .7 and 82 eV. The r e s u l t s f o r t h e e x t i n c t i o n c o e f f i c i e n t 

were s u b s e q u e n t l y combined w i t h c a l c u l a t e d v a l u e s in t h e s o f t and hard 

x - r a y r e g i o n s and both i n t e r n a l c o n s i s t e n c y and t h e i r c o n s i s t e n c y 

wi th d a t a o b t a i n e d p r e v i o u s l y f o r p o l y s t y r e n e , v e r i f i e d th rough sum 

r u l e c a l c u l a t i o n . Based on t h e s e o p t i c a l d a t a , c a l c u l a t i o n s were 

made of t h e mean e x c i t a t i o n energy f o r p o l y e t h y l e n e , and of t h e 
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i n v e r s e mean f r e e p a t h s and energy l o s s e s per u n i t pa th l e n g t h f o r 

low-energy e l e c t r o n s . 

Kapton f i l m s , w i t h monomeric u n i t -(C22H10N2O5}- a r e u s e d e x t e n s i v e l y 

in s i t u a t i o n s demanding r a d i a t i o n r e s i s t a n c e . The o p t i c a l p a r a m e t e r s 

of t h e s e po ly imide f i l m s were de te rmined f rom a Kramers-Kronig a n a l y s i s 
o o 

of measured r e f l e c t a n c e v a l u e s f rom 25,000 A t o 163 A. These d a t a were 

used t o c a l c u l a t e t h e d i e l e c t r i c f u n c t i o n s , mean e x c i t a t i o n energy of 

Kapton, e l e c t r o n mean f r e e p a t h s and s t o p p i n g power of Kapton f o r 

e l e c t r o n s . A d e s c r i p t i o n of t h e Kapton d a t a i s appended in t h e ex tended 
27 > v a b s t r a c t from t h e Bas i c Op t i ca l P r o p e r t i e s of M a t e r i a l s C o n f e r e n c e . 

Appended t o t h i s r e p o r t i s a l i s t i n g of p u b l i c a t i o n s and pape r s ^ f " ^ 

1980 wi th t h e r e l e v a n t r e p r i n t s and p r e p r i n t s 

I I I . P r o j e c t e d S t u d i e s 

During t h e n e x t t h r e e y e a r s a d d i t i o n a l work i s proposed f o r 

i n i t i a t i o n o r c o m p l e t i o n . 

(1} T r a n s m i s s i o n G r a t i n g S o f t X-ray Monochromator: The ma jo r 

t h r u s t of t h e n e x t few y e a r s w i l l be t o d e s i g n , c o n s t r u c t and make 

o p e r a t i o n a l a t r a n s m i s s i o n g r a t i n g s o f t x - r a y monochromator and an 

a s s o c i a t e d exposu re chamber. At p r e s e n t , our expe r imen t s a r e 

conduc ted u s i n g a r e f l e c t i o n g r a t i n g in a monochromator of t h e 

of work per formed du r ing -he c o n t r a c t pe r iod 
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Seya-Namioka geometry . Beyond 25 eV t h e g r a t i n g e f f i c i e n c y i s too low 

f o r measurements . Th i s i s a consequence of t h e low r e f l e c t a n c e of 

s o l i d s above 25 eV. Our photoemiss ion d a t a on formamide and hexamethyl-

phosphor ic t r i a m i d e i n d i c a t e s t r o n g plasmon e f f e c t s below 25 eV. The 
28 

aluminum da ta of Sampson and Ca i rn i i n d i c a t e m u l t i p l e plasmon e f f e c t s 

above 25 eV. Presumably , m u l t i p l e plasmon e f f e c t s a r e p r e s e n t in t h e 

l i q u i d i n s u l a t o r s . T h e t r a n s m i s s i o n g r a t i n g s o f t x - r a y monochromator 

system w i l l be used t o e x t e n d . p h o t o e m i s s i o n measurements beyond 25 eV 

t o i n v e s t i g a t e c o l l e c t i v e e f f e c t s . 

A d e s c r i p t i o n of a new f a r UV t r a n s m i s s i o n g r a t i n g monochromator 
29 » 30 has been r e p o r t e d by Flodst rom and Bachrach and by K a l l n e , e t a l . 

Caldwell and Arakawa r e p o r t e d a t t h e VI VUV Conference on a new method 

of making t r a n s m i s s i o n g r a t i n g s f o r t h e h igh energy r e g i o n ( t o 50 eV). 

These a r e made i n p h o t o r e s i s t exposed i n t h e beam of a scann ing e l e c t r o n 

mic roscope . An e l e c t r o n microscope a t ORNL, a c c e s s i b l e t o our g r o u p , 

i s c u r r e n t l y being f i t t e d wi th a d i g i t a l scan g e n e r a t o r and PDP/1123 

computer t o custom m a n u f a c t u r e any s u r f a c e , h o l e ( s ) , s l i t o r g r a t i n g 

t o s p e c i f i c a t i o n s . Transmiss ion g r a t i n g s f o r u se in t h e proposed 

monochromator w i l l be made us ing t h e f a c i l i t i e s a t ORNL. I t i s a n t i -

c i p a t e d t h a t pho toemiss ion measurements w i l l be ex tended on t hose 

l i q u i d s f o r which d a t a e x i s t s below 25 eV. 

(2) Organic S o l v e n t s : Severa l low vapor p r e s s u r e o r g a n i c s o l v e n t s 

a r e proposed f o r s tudy i n c l u d i n g t r i e t h y l p h o s p h a t e N ,N-d ime thy lace tamide , 

and N-methy1formamide. The l a t t e r , N-methylformamide, HOCNH(CHb) , i s 
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a g e n e r i c a l l y r e l a t e d l i q u i d t o t h e p r e v i o u s l y s t u d i e d formamide. Th i s 

l i q u i d i s d i s t i n g u i s h e d by having an ex t r eme ly h igh s t a t i c d i e l e c t r i c 

c o n s t a n t , 182.4 , s u r p a s s i n g even t h a t of fo rmamide , 1 1 0 . 0 . 

The low vapor p r e s s u r e of t h e s e l i q u i d s makes them amenable t o 

open d i s h t e c h n i q u e s and a t t r i b u t e d t o t h e i r s e l e c t i o n f o r s t u d y . 

L iqu ids having high vapor p r e s s u r e a r e d i f f i c u l t t o m a i n t a i n under 

near-vacuum c o n d i t i o n s . The r e d u c t i o n in i n t e n s i t y wi th i n c r e a s i n g vapor 

p r e s s u r e makes measurements p r o h i b i t i v e f o r h igh vapor p r e s s u r e l i q u i d s . 

Other f a c t o r s i m p o r t a n t in d e t e r m i n i n g whether o r no t a l i q u i d i s 

a c c e s s i b l e t o open d i s h s t u d i e s i n c l u d e s t h e e l e c t r i c a l c o n d u c t i v i t y , 

s u r f a c e t e n s i o n , v i s c o s i t y , t o x i c i t y , and c o r r o s i v e n e s s of t h e l i q u i d . 

Closed c e l l and p h o t o i o n i z a t i o n measurements w i l l be made on 

t h e s e l i q u i d s i n t h e energy r e g i o n f rom 0 t o 25 eV. From o p t i c a l 

p r o p e r t i e s , t h e e l e c t r o n mean f r e e pa th and s t o p p i n g power w i l l be 

c a l c u l a t e d f o r e l e c t r o n s of energy 101 t o lO 4 eV. I t w i l l be p o s s i b l e 

f o r some l i q u i d s t o combine a b s o r p t i o n spectrum de te rmined f rom t r a n s -

m i s s i o n a n d / o r r e f l e c t a n c e measurements w i th e s t i m a t e d v a l u e s of k a t 

s h o r t e r wave leng ths t o form a spec t rum e x t e n d i n g ove r t h e o s c i l l a t o r 

s t r e n g h t of t h e v a l e n c e e l e c t r o n s . As a c o n s i s t e n c y check on t h e d a t a , 

one can pe r fo rm a "k-sum r u l e " on t h e s e d a t a t o y i e l d t h e t o t a l number 

of v a l e n c e e l e c t r o n s per m o l e c u l e . 

I t i s a n t i c i p a t e d t h a t pho toemis s ion measurements w i l l be made 

i n t h e 16 t o 50 eV r e g i o n . Photon and p h o t o e l e c t r o n mean f r e e p a t h s 

in l i q u i d s w i l l be de t e rmined f rom y i e l d d a t a . The y i e l d c u r v e s w i l l 

a l s o be a n a l y z e d f o r m u l t i p l e plasmon e f f e c t s . 
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(3) P o l y c y c l i c Organic Molecules : S t u d i e s have been i n i t i a t e d 

on t h e p o l y c y c l i c a roma t i c hydrocarbons benzene , t o l u e n e (methybenzene) , 

xy lene (d iemthylbenzene) and t r i n i e thy lbenzene . Concur ren t wi th t h e s e 

l i q u i d s t u d i e s measurements w i l l be i n i t i a t e d on t h e s imple r i n g 

s t r u c t u r e s phenanthrene (an isomer of t h e p r e v i o u s l y s t u d i e d a n t h r a c e n e 

m o l e c u l e ) , pyrene (benzo [ d , e , f ] p h e n a n t h r e n e ) , p i c e n e and ch rysene . 

These have been i d e n t i f i e d as impor t an t p o l y c y c l i c a r o m a t i c hydrocarbons 

in coal conve r s ion p r o c e s s e s and as p o l l u t a n t s of i n d u s t r i a l g a s i f i e r s . 

S t u d i e s on t h e s e l i q u i d s w i l l be l i m i t e d t o c l o s e d c e l l t e c h n i q u e s . 

The high vapor p r e s s u r e s of t h e l i q u i d s make them i n a c c e s s i b l e t o open 

d i s h s t u d i e s . 

(4) Liquid Semiconductors : As a common e f f o r t t o t h e e x i s t i n g 

work on l i q u i d i n s u l a t o r s a t t e n t i o n w i l l be g iven t o t h e s t u d y of 

l i q u i d semiconductors and t o the i d e n t i f i c a t i o n of t h e s e m a t e r i a l s t h a t 

would lend themse lves t o open d i s h measurements . 

I t i s hoped t h a t a p p l i c a t i o n of t h e s e b a s i c p h y s i c a l t e c h n i q u e s t o 

t h e s tudy of pure l i q u i d s and s o l u t i o n s w i l l b r i n g abou t a thorough and 

complete u n d e r s t a n d i n g of e l e c t r o n i c energy l e v e l s in l i q u i d s which a r e 

e x c i t e d by t h e passage of i o n i z i n g r a d i a t i o n . 



IV. Personne l 

During t h e c o n t r a c t p e r i o d t h r e e s t u d e n t s completed r e s e a r c h f o r 

t h e Ph.D. d i s s e r t a t i o n . George D. Kerr and James M. H e l l e r , J r . were 

s t u d e n t s of L.R. P a i n t e r . Martha Anderson was a s t u d e n t of Dr. S. Ni r 

of t h e Roswell Park I n s t i t u t e of T h e o r e t i c a l B io logy , B u f f a l o , N.Y. 

The expe r imen ta l a s p e c t s of her t h e s i s were done under L.R. P a i n t e r a t 

The U n i v e r s i t y of Tennes see . A f o u r t h s t u d e n t , J a s p a l A t t r e y i s c u r -

r e n t l y working on r e s e a r c h f o r her Ph.D. d i s s e r t a t i o n . James M. H e l l e r , 

J r . completed a 2 y e a r p o s t - d o c t o r a l t e n u r e upon comple t ion of h i s 

Ph.D. d e g r e e . A number of o t h e r s t u d e n t s have been invo lved w i t h t h e 

program on a s h o r t - t e r m b a s i s , e . g . a s summer p a r t i c i p a n t s . 

Th i s p r o j e c t , begun i n 1968, was an outgrowth of o p t i c a l s t u d i e s 

c a r r i e d ou t i n t h e B i o l o g i c a l and R a d i a t i o n Phys ic s S e c t i o n in t h e 

Hea l th and S a f e t y Research D i v i s i o n a t Oak Ridge Na t iona l L a b o r a t o r y . 

The program has c o n t i n u e d t o have a c c e s s t o t h e e x t e n s i v e u l t r a v i o l e t 

f a c i l i t i e s and t o t h e f i v e s e n i o r exper imen ta l p h y s i c i s t s who have 

been working in t h e vacuum u l t r a v i o l e t a r e a f o r 15 o r more y e a r s . The 

ORNL group i s backed up by seven t h e o r i s t s of whom t h r e e a r e in mole-

c u l a r p h y s i c s and f o u r a r e concerned p r i n c i p a l l y w i t h s o l i d s t a t e 

a c t i v i t i e s . The r e s e a r c h proposed h e r e f a l l s n a t u r a l l y between t h e 

m o l e c u l a r and s o l i d s t a t e f i e l d s and w i l l look t o r e s e a r c h pe r sonne l 

a t ORNL f o r bo th expe r imen ta l and t h e o r e t i c a l s u p p o r t . 

The P h y s i c s Department i s we l l equipped w i t h r e g a r d t o machine 

shops and e l e c t r o n i c shops . Competent t e c h n i c a l a s s i s t a n c e , a v a i l a b l e 

t o t h e p r o j e c t , i s f u r n i s h e d by t h e Department i n c o n n e c t i o n w i t h t h e s e 

f a c i l i t i e s . 
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