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INTRODUCTION 

The subject of this research was aimed at the determination of 

optical constants, the index of refraction I'nrt and the extinction coeffi- 

cient "k", for surfaces produced and maintained under conditions of 

ultra-high vacua, This means that adsorbed, absorbed, or oxide 

films can either be totally avoided during the measurements or they 

can at least be drastically reduced, 

In all  instances, ltntl and Ilk" were calculated by making use 

of the Fresnel Equations which relate the experimentally determined 

optical reflectance ( I  

constant and therefore to rrnrr and "k" and the plasma frequency. 

to the complex dielectric reflected" incident) * 

* 
The general theoretical relationships between optical properties 
and the dielectric constant have been summarized in two published 
lecture series: in particular, see E, Burnstein, in "Dynamical 
Processes in Solid State Optics1', 1966 Tokyo Summer Lectures 
in Theoretical Physics, Par t  I, ed. R. Kubo and W. Kamimura; 
IT, A, Benjamin, Inc,, New York: 1967; p, 1; and H, Ehrenreich, 
in "Proc. E, Fermi School of Physics", 1965, Course XXXIV 
on "The Optical Properties of Solids", ed, J, Tauc; Academic 
Press,  New York: 1966; p, 106. 



The progress of research done in this area is best summarized 

by the following chronological list of Technical Reports, Thesis, and 

Publications achieved under this Grant: 

1, 

2. 

3. 

4. 

5.  

6 .  

7. 

"Optical Constants of Metals in the Vacuum UV Region", 

W, Steinmann, E. I. Fisher, and G. L. Weissler, USC- 

Tech. Report dated 15 January 1964. 

"An Apparatus for iMeasurlng the Reflection, Transmission, 

and Photoelectron Yields of Thin Metallic Films in the 

Extreme UV", Boyd MacNaughton, 1M. S. Thesis, USC 

1964; also Tech. Report dated February 15, 1964. 

"Far Ultraviolet Response of Silicon P I N  Junction Photo- 

diodes", D. B. Medved, Electro-Optical Systems, Inc., 

W. F. Crevier, A. L. Morse, USC, Bull. Am. Phys. 

Sac. 2, 644 (1964) (01); see also USC Tech. Report No. 

USC-VacUV-101, 15 June 1965. 

"Some Instrumentation Problems below 1 OO08-lt,  G. L. 
W e i s s l e r ,  I C 0  Conf., Tokyo, September 2-8, 1964; 

Japan. 

"A Rapidly Operating Vacuum Spark Source for the 

Vacuum Ultraviolet Region", (in French), G. Balloffett, 

J. Physique -$ 25 73A (1964). 

"Optical Constants and Photoelectric Yields in the Soft 

X-Ray Region", G. L. W-eissler, invited paper to  the 

"Int'l. Conf. on the Physics of X-Rays", Cornel1 

Univ.* June 22-24, 1965; Bull. Am. Phys. Sac. 10, 
1224 (1965). 

"Optical Constants of Barium and Silver in the Vacuum 

Ultraviolet", E. I. Fisher, I. Fujlta, and G. L. Weissler, 

J. Opt. SOC. Am. f 56 1560 (1966); see also Tech, 

Report No. USC-VacUV-108, dated 1 May 1966, by 

the same title. 

J. Appl. Phys. L 4 (Supplement I), 486 (1965). 
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8,  

9. 

10, 

11. 

12. 

13, 

Since 

"Photoemission from A1 Films in the Extreme Ultraviolet", 

A, L, Morse and J. E, Rudisill, Bull. Am. Phys, SOC. 

-' 10 1186 (1965) (A). 

"Light Sources and Detectors for Work in the Vacuum 

Ultraviolet Region of the Spectrum", G, L, Weissler in 

"Aerospace LMeasurement Techniques", ed. G, G. 

Manella, pages 229461, NASA SP-132, U. S. Government 

Printing Office, Washington: 1967, 

"The Efficiency of Concave Gratings in the Extreme 

Ultraviolet", A., L. Morse and G, L, Weissler, Sci. 

Light (Tokyo) 15, 22 (1966). 

"Photoemission Processes in Au and A1 in the Extreme 

UV", A, L. Morse, Bull. Am. Phys. Soc, 13, 196 

(1968). 

"Optical and Photoelectric Properties, Including Polari- 

zation Effects, of Gold and Aluminum in the Extreme 

Ultraviolet", P. L, Morse, Dissertation, Univ. of So. 

Calif, 1967; also Tech, Report No, USC-VacUV-109 

by same title, 5 January 1968, 

"The Combination of an Ultrahigh Vacuum Seya Monochro- 

mator with an Ultrahigh Vacuum Reflectometer for 

Measurement of the Optical Constants of Solids in the 

Extreme UVtt ,  Hayden H. Bower, M, S. Thesis, Univ. 

of So, Calif,, January 1969. 

our research efforts from June 1967 to 30 June 1969 have 

only been covered in the semi-annual status reports and not in the detail 

of a Technical Report, it seems appropriate to do so in this Final 

Report. The following is taken from the M. S, thesis of Hayden H. 

Bower, listed under 133 above. 

In conclusion, we would like to thank NASA for its financial 

assistance during this period and for the many encouragements given 

by the NASA monitors to  our researchers, 
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I n  recent years there  has been considerable i n t e r e s t  i n  de ter -  

the  o p t i c a l  p roper t i es  o f  var ious s o l i d s  i n  the u l t r a v i o l e t  
0 

p a r t  o f  the spectrum, and inves t i ga t i ons  i n  the reg ion between 200A 

and lOOOA have become poss ib le  w i t h  the development o f  improved u l t r a -  

h igh  vacuum equipment, l i g h t  sources and de tec tors .  The data gathered 

from these inves t i ga t i ons  prov ide  a va luable means o f  checking the  

v a l i d i t y  o f  cu r ren t  theor ies  o f  o p t i c a l  absorpt ion phenomena o f  so l i ds .  

0 

This work i s  concerned w i t h  the  experimental determinat ion of 

the o p t i c a l  constants and the  energy loss func t ions  f o r  s o l i d s  by mea- 

sur ing the  re f lec tance,  R ,  a t  d i f f e r e n t  angles o f  incidence. The most 

rnmmnn annrnarh fnr thirk f i l m c  whnre t h e  th i rknecc i c  l a r n o r  than t h e  
Y- .  - ' * - ' .  ---- "-....I.-.. ..rr.""u.' .". C I I . U l .  a a ."'e, ..I."." -..- .....-.... w e e  I *  .I. 

wavelength o f  the rad ia t i on ,  i n  the des i red wavelength reg ion  invo lves 

a s o l u t i o n  o f  the Fresnel r e f l e c t i o n  equations2 f o r  the  complex r e f r a c -  

t i v e  index = n- ik ,  where n i s  the o rd ina ry  index o f  r e f r a c t i o n  define1 

bv , 

I 

C 
n = - 9  

and k i s  the e x t i n c t i o n  c o e f f i c i e n t .  The absorpt ion c o e f f i c i e n t ,  v, 

' i n  the  Lambert-Beer law, 

1 



I 
1 The Fresnel equations express the total reflectance, R, as a function 

lof  the angle of incidence, @, the polarization of the incident beam, 
1 
iP, and the real and imaginary parts of G, where R is given by the ratio 
‘of the reflected intensity over the incident intensity. 

I I 

I 

By using the 

reflectance measured for two different angles and determining the po- 
I 

l 
I 

/larization, these equations can be graphically inverted to solve for 

n and k.3 The equations have the following form: 

,where the functions g and f are defined by 
; 
I 

i 

(a-sin@tan@)2 + b2 , 
(a+s i n@tan@) + b2 

g(@,n,k) = 

i 
I and 
i 

(a-cos@)2 + b2 ! f(@,n,k) = 
I (a+cos@)2 + b2 ’ 
~ 

iwith the terms a and b given by 

L 
2a2 = I(n2-k2-sin2@)2 + 4n2k2]’ + (n2-k2sin2@), 

2b2 = [(n2-k2-sin2@)2 + 4n2k2]* - (n2-k2sin2@), 



.. . __ .. - . . I . ... . , . ... - . ., . - - . . ~. . . . . ... , ._ - .. 
I 3 
i 

I lThe subscripts p and s refer to the components of the electric vector 
I 

'polarized parallel and perpendicular to the plane o f  incidence, re- 
I 

1 

spectively. 
1 1 

Once the optical constants n and k have been determined, it is 

simple matter to evaluate the energy-loss functions for the material, 

)This is accomplished using the relation 

I 

(E)' = n-ik = h 

/and the theoretical results of Frd'hlich and Pelzer 4 which predict that 

j the function lm(l/E) will have a maximum at the energy of the loss. 

l In analogy to the above theoretical work, Kanatawas predicted the 

:function Im(l/E+l) would have a maximum at the energy of the surface 

I 

loss. These functions, in terms of the optical constants are 

I 2nk Im(l/E) = I 

I (n2 + k2l2 

2nk 
(n2 + k2 + 1)2 - 4k2 Im(l/E+l) = 

, 
Many of the previous investigations, undertaken at conditions 

of ordinary high vacuum of to low8 Torr, were hampered because 

the surfaces studied were contaminated and therefore not indicative 



o f  the  m a t e r i a l ' s  i n t r i n s i c  p roper t i es ,  There a r e  two ways t h e  inves- 

t i g a t o r  may l i m i t  the  e f f e c t s  o f  contamination. The f i r s t  i s  t o  oper- 

a t e  under u l t r a h i g h  vacuum cond i t ions  which a f f o r d s  the  experimenter a 

s u f f i c i e n t l y  long time, be fore  monolayer formation, t o  per form the  mea- 

surement on an uncontaminated surface. The o the r  invo lves sample pre-  

pa ra t i on  w i t h  procedures f o r  ma in ta in ing  sample p u r i t y  vary ing  accord- 

i ng  t o  the  r e s t r i c t i o n s  imposed by the  chemical a c t i v i t y  o f  t he  sample. 

Since var ious ma te r ia l s  w i l l  be s tud ied,  the best  means of i n -  

sur ing  a noncontaminated sur face for  a l l  ma te r ia l s  i s  t o  achieve an 

/ u l t r a h i g h  vacuum o f  t he  
I 

j l aye r  t ime between 30 m 
I 
/ s t i c k i n g  c o e f f i c i e n t  o f  

o rder  of lo-" Torr ,  thereby assur ing a mono- 

nutes and several hours depending on the  

the impinging contam'inants.' I t  i s  t he  pur-  

pose o f  t h i s  work t o  descr 

a vacuum o f  t h i s  o rder  and 

! w i l l  be used. 

l 

I 

be the techniques which were 

to  discuss experiments i n  wh 

used t o  a t t a i n  

ch t h i s  vacuum 
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I 
~ 

! 

Experimental Apparatus 
I 
~ I n  o rder  t o  determine exper imenta l ly  the  o p t i c a l  constants o r  

j the  p h o t o e l e c t r i c  y i e l d  o f  a ma te r ia l  i n  the  f a r  uv, one must have a 

I 
l 

I 

, s u f f i c i e n t l y  in tense uv source, a r a d i a t i o n  d isperser ,  a t a r g e t  and a 

i 
; de tec t i on  system. 

iments a re  extremely s e n s i t i v e  t o  the  cond i t i on  of the sur face which i s  

j t o  be s tud ied,  i t  i s  essen t ia l  t o  have the t a r g e t  prepared and measured 

i n  an u l t r a h i g h  vacuum. This requirement, coupled w i t h  the l ack  o f  any 

adequate window mate r ia l  f o r  f a r  uv rad ia t i on ,  impels one t o  ma in ta in  

I 

Since r e f l e c t i o n  and p h o t o e l e c t r i c  y i e l d  measure- 

~ 

I 

: a l l  o f  the  above components under cond i t ions  o f  an u l t r a h i g h  vacuum. 

I 
I 

Radiat ion from the  source (see F ig.  1 )  w i l l  pass through the 

entrance s l i t  i n t o  an u l t r a h i g h  vacuum monochromator, be dispersed by 

a g r a t i n g  and focused on the e x i t  s l i t  o f  the  monochromator. The angle 

ibetween the  entrance and e x i t  arms o f  the  monochromator i s  70.5", t he  

:Seya angle,7 where defocusing i s  a minimum. 

, through the  e x i t  s l i t  i n t o  the  experimental chamber, impinges upon the  

ta rge t  and i s  r e f l e c t e d  t o  a detec tor .  

The beam, a f t e r  passing 
I 

The u l t r a h i g h  vacuum uv source must f u l f  i 11 two requi rements. 

It must no t  in t roduce a severe gas load i n t o  the  system, y e t  i t  must 

produce s u f f i c i e n t l y  h igh  uv i n t e n s i t y  i n  the  form o f  an emission con- 

tinuum w i t h  superimposed l i n e s .  A t  present  there  are  two such sources 

5 
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7 
I a 
' a v a i l a b l e .  The f i r s t  i s  a Q-switched lase r  wh ch,'when focused on a 

m e t a l l i c  t a rge t ,  creates a dense plasma f i r e b a l  e m i t t i n g  r a d i a t i o n  

h igh  i n  uv i n t e n s i t y .  The second i s  a mechanical ly t r i g g e r e d  vacuum 

spark between two metal e lect rodes,  Both o f  these sources prov ide  a 

h igh  i n t e n s i t y  continuum w i t h  superimposed l i n e s  i n  the  uv and i n t r o -  

duce o n l y  a very  low gas load. Even w i t h  t h i s  low gas load induced by 

e i t h e r  o f  these sources, the entrance arm o f  the  monochromator w i l l  be 

d i f f e r e n t i a l l y  pumped by a t i t a n i u m  g e t t e r  on the  source s ide  o f  the  

entrance s l i t  i n  o rder  t o  reduce the  amount o f  contaminants introduced 

i n t o  the  system. 

The r a d i a t i o n  emi t ted  by e i t h e r  o f  the above sources, a f t e r  i t  

passes through the  entrance s l i t ,  w i l l  be dispersed by a l m  rad ius o f  

curva ture  r e f l e c t i o n  g ra t i ng ,  w i t h  600 grooves per  mm l i g h t l y  ru led  on 

glass, which i s  mounted ins ide  the monochromator. 

The monochromator chamber was const ructed o f  type 304 s t a i n l e s s  

s t e e l  (see F ig.  2) and a l l  welds were he l ia rced.  This chamber was i n i -  

t i a l l y  evacuated by a mechanical pump. A U-shaped t r a p  was used be- 

tween t h e  mechanical pump and the  fore-vacuum l i n e  i n  o rder  t o  p r o t e c t  

the  system from pump o i l s .  The second pump i n  the  f o r e - l i n e ,  a 700 

l / sec  o i l  d i f f u s i o n  pump, was separated from the  primary 1400 l / sec  

d i f f u s i o n  pump by a l i q u i d  n i t rogen  co ld  f i n g e r  t rap .  Pressure i n  the  

fo re - l i ne ,  measured by an i o n i z a t i o n  gauge, type VGI-A, at tached be- 

tween the  co ld  f i n g e r  t r a p  and the 1400 l / sec  o i l  d i f f u s i o n  pump, was 

I 

1 
i 

' usua l l y  between lX10"6 and lX10'7 T o r r  under normal opera t ing  condi- I 
t ions I 

I --. __l-l_ - 
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Figure 2 ,  A Cross-Section o f  the Monochromator Vacuum System 



... . . - .. . 
! 

9 1  

The primary 1400 l / sec  o i l  d i f f u s i o n  pump was separated from 

! 

I 
; t h e  monochromator chamber by a ser ies  o f  o p t i c a l l y  dense t raps  and 

b a f f l e s .  

and the  t h i r d  a l i q u i d  n i t rogen  t r a p  and b a f f l e .  

vented d i f f u s i o n  pump o i l  from m ig ra t i ng  along the  w a l l s  i n t o  the  u l -  

t r a h i g h  vacuum chamber and returned the  o i l  t 0 . a  cool p a r t  o f  the  d i f -  

fus ion  pump. The monochromator chamber, w i thou t  t h e ‘ g r a t i n g  and w i t h  a 

t i t a n i u m  g e t t e r  pump which deposited t i t a n i u m  onto  the  l i q u i d  n i t rogen  

t rap  surface, c o n s i s t e n t l y  achieved a pressure o f  5X10”0 To r r  as mea- 

sured by a nude Bayard-Alpert gauge. 

source and the  g r a t i n g  t h i s  chamber should be capab,le o f  an opera t ing  

Dressure of the  o rde r  of lov9 Tor r ,  

The r a d i a t i o n  t h a t  i s  dispersed by the  g r a t i n g  t r a v e l s  down a 

The f i r s t  was a water cooled b a f f l e ,  t he  second a f reon  t r a p  

These t raps  a l s o  pre-  

Despite the  a d d i t i o n  o f  t h e  

windowless u l t r a h i g h  vacuum arm through a Whittaker* i s o l a t i o n  va lve  t o  

the  e x i t  s l i t  o f  the  monochromator approximately 83 cm from the  g r a t i n g  

The Whi t taker  valve, bakeable t o  4 O O 0 C ,  i s  used t o  i s o l a t e  the  mono- 

chromator from the  re f lec tometer  chamber so t h a t  e i t h e r  system may be 

l e t  up t o  atmospheric pressure w h i l e  the o the r  may be maintained a t  

i 

u l t r a h i g h  vacuum. Each t ime i t  i s  necessary t o  open eit ,her the  r e f l e c -  

:tometer o r  the monochromator, t he  respec t ive  system w i  11 be f i 1 l ed  

w i t h  d ry  n i t rogen  o f  99.9% p u r i t y .  

taminat ion and a l l ow  access t o  the system several times i n  sucession 

w i thou t  necess i ta t i ng  a system bake-out i n  o rder  t o  achieve an 

This  procedure w i l l  decrease con- 

*Whi t t a k e r  Corporation, Nor th Hollywood, C a l i f o r n i a .  
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10 j , 
I 
I 

I 
I 

u l t r a h i g h  vacuum. i 
~ 

A f t e r  the  r a d i a t i o n  passes through the  e x i t  s l i t ,  i t  w i l l  i m -  1 

I 1 
I 1 

I 
I I 

:p inge upon the t a r g e t  and be r e f l e c t e d  t o  a de tec tor .  

/(see F ig.  3) was const ructed so t h a t  the angle between the  o p t i c  a x i s  

land the  t a r g e t  normal w i l l  be the same as the angle between the  t a r g e t  1 

normal and the de tec tor  ax is .  

I 
(304 s t a i n l e s s  s t e e l  and i s  mounted below the  o p t i c  ax is .  

Ion the  bas ic  p roper ty  o f  the  rhombus. I 

ion the  a x i s  o f  r o t a t i o n  o f  the  ta rge t .  The diagonal (AC) i s  a t tached 1 
/ t o  the  t a r g e t  so t h a t  i t  i s  always normal t o  the  t a r g e t  surface. The 1 
arm (AB) o f  the  rhombus i s  f i x e d  p a r a l l e l  t o  the  o p t i c  ax i s ,  w h i l e  the  j 

a rm (AD) i s  f r e e  t o  move and has the  de tec tor  mounted on i t .  When the  

rhombus is deformed by r o t a t i o n  o f  the  ta rge t ,  t he  angle CAB, the  

An angle doubler 
I 

I 

I 
This apparatus was constructed o f  type 

It operates 

I 

I t s  ve r tex  (A) i s  pos i t i oned  i 

1 I 

I 
I 
I ' ang le  of incidence, w i l l  always equal the  angle CAD so t h a t  t he  detec- 

t o r  w i l l  i n te rcep t  the r e f l e c t e d  beam. 
I 

Since re f lec tances ,  t he  r a t i o  o f  t he  r e f l e c t e d  t o  i n c i d e n t  

i n t e n s i t y ,  w i l l  be used t o  determine the  o p t i c a l  p roper t i es  of the  t a r -  
i 

, g e t  ma te r ia l ,  there  'must be a de tec to r  t o  measure the  i nc iden t  beam 1 
I l 

The r e f l e c t e d  and inc iden t  I and another t o  measure the r e f l e c t e d  beam. 
1 
I 

1 i n t e n s i t i e s  should be measured simultaneously s ince  near ly  a l l  vacuum 

uv sources produce r a d i a t i o n  which va r ies  i n  t ime. The t a r g e t  ho lder  

i s  const ructed w i t h  h o r i z o n t a l  s l o t s  so t h a t  p a r t  o f  t he  i nc iden t  beam ; 

may pass through the  t a r g e t  and be monitored by t h e  i nc iden t  i n t e n s i t y  , 

1 

I 

I 

I 

I 

, d e t e c t o r  which i s  r i g i d l y  a t tached t o  i t s  e l e c t r i c a l  feedthroughs on 
I I 

the o p t i c  a x i s  behind the  ta rge t .  I 
I 

) _____ 



POLAkIZATlON dEFLECTION 
ANALYZER DETECTOR 

Figure 3 .  A top view of the reflectometer chamber with angle doub- 
ler, target and polarization analyser. Rhombus (1) has 
SCCAB = QCAD, 
preserves this relation so that rhombus (2) has 4 C'A'B' 
Q C'A'D' e 

A rotation through an arbitrary angle 



I 

l f l ec tomete r  chamber. The apparatus, expla ined i n  g rea ter  d e t a i l  i n  the  

chapter on Physical Measurements, cons is ts  o f  th ree  separate s t a i n l e s s  

, s t e e l  analysers, each conta in ing  f o u r  go ld  m i r r o r s .  This apparatus w i l  

The p o l a r i z a t i o n  analyser w i l l  a l so  be mounted ins ide  the re- 

i 

I 
1 

I 

i normal ly  be loca ted  o f f  the  o p t i c  a x i s  as i nd i ca ted  i n  F ig .  3 .  

' p o l a r i z a t i o n  measurements, the  th ree  ana'lysers may i n d i v i d u a l l y  be 

During 

moved t o  a p o s i t i o n  d i r e c t l y  behind the  t a r g e t  subs t ra te  on the  o p t i c  

a x b ,  

The t a r g e t  i n  t h e  re f lec tometer  chamber w i l l  be prepared by an 

evaporation o f  the sample ma te r ia l  i ns ide  the experimental chamber ontc 

the  t a r g e t  holder.. (n o rder  t o  decrease poss ib le  contamination, the  

sample materi'al wT11 be prepared according t o  the  r e s t r i c t i o n s  imposed 

' K y  t he  sample materia1'"s chemical a c t i v i t y .  I f  the  sample ma te r ia l  i s  

extremely ac t i ve ,  f o r  example sodium, then i t  would be d i s t i l l e d  i n  a 

'vacuum system and w h i l e  s t i l l  under vacuum i t  would be sealed i n  a 
I 

g lass  capsule. The capsule would then be placed i n  one o f  t h e  evapora- 

I 

t i o n  elements and be introduced i n t o  the  system f o r  t he  experiment. 

'Less  a c t i v e  sample m a t e r i a l s  could be shaped and placed i n t o  the  eva- 

po ra to r  i n  an i n e r t  atmosphere and then in t roduced i n t o  the  experimen- 

I t a l  system w i thou t  f e a r  o f  ex tens ive  contamination. 

Once the  sample ma te r ia l  and evaporator have been p laced i n t o  

the  system and a vacuum is achieved, the ma te r ia l  should be out-gassed 
I 

u n t i l  there  f s  almost no e f f e c t  on the  pressure when the  amperage i s  1 

' increased t o  the  th resho ld  of evaporation. With a sample ma te r ia l  ! 
I 

! 
such as sodium, i! would, o f  course, be necessary t o  open the  g lass 1 
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:capsule before the out-gassing could be accomplished. 
I 
I After the material has been out-gassed, the target holder would 

,then be rotated into position so that the normal to the target makes an 
i 

!angle of 90" with the incident optic axis in the plane o f  incidence and 

ifaces the evaporator, The material would then be deposited onto the 

holder. In  order to keep the pressure of the system as low as possible 

;the titanium sublimator should be used throughout the evaporation 

! period 
I 1 The present evaporator has six 200A ceramically insulated, elec 

ltrical feedthroughs, With six feedthroughs the evaporator will acco- 

lmodate two samples sealed in glass capsules, the other two feedthroughs 
~ 

I 
'would be used to open the glass capsules, or three samples in ordinary 

evaporation boats. The evaporation boats are made of tantalum sheet 

with a 0,005 inch wall thickness while the filament coils, which would 

'hold the glass capsules, are made of 3X0.030 inch multistrand tungsten 

wires, Alternatively, an electron beam evaporator may be used. 

The evaporation unit will be encased in a copper shield in 

order to protect the reflectometer chamber from material evaporated 

into random directions. The sample material will be deposited on a 

glass substrate which will have been cleaned by acetone, xylene, etha- 

nol and distilled water prior to being placed on the target holder. 

The ultrahigh vacuum reflectometer tower, which contains the 

target, detectors, angle doubler and evaporation unit, was constructed 

of type 304 stainless steel using heliarc welding techniques. This 
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I * chamber (see F ig.  4) was evacuated f i r s t  by U l tek  so rp t i on  pumps a t  

' l i q u i d  n i t rogen  temperature i n  o rder  t o  e l i m i n a t e  the  p o s s i b i l i t y  o f  

' i n t r o d u c i n g  contaminating o i l  vapors i n t o  the  system. A f t e r  pressures 

I 
, 

I 

I 

o f  t h e  order  of  1 micron were reached the  400 l / sec  i o n  pump was 

s ta r ted .  
I 

The f o r e - l i n e  was then closed o f f  from the  chamber by a 
I 

' Va r ian  

1 ho ld ing  1 X 1 0 - l 1  Torr .  

1 
I 

i s o l a t i o n  valve, bakeable t o  350°C, capable o f  

The U l t e k  ion  pump 9,10 uses an e l e c t r i c a l  discharge i n  the  

presence o f  a s t rong magnetic f i e l d  t o  s p u t t e r  t i t a n i u m  from cathode 

p la tes ,  Ac t i ve  gases a re  removed from the  system by i o n i z a t i o n ,  d i s -  ~ 

I 

s o c i a t i o n  and subsequent chemisorption on o r  i n  the sput tered t i t a n i u m  1 

f i l m .  

I n  the  cathode b u r i a l  process the i n e r t  atoms are  ion ized and then ac- 

ce le ra ted  t o  the  cathode by t h e  e l e c t r i c a l  f i e l d .  On impact, they 

penet ra te  several atomic layers  o f  t he  cathode and are  occluded. 

1 1 , l  I n e r t  gases a r e  pumped by a mechanism c a l l e d  cathode b u r i a l .  

tn  a d d i t i o n  t o  the  i on  pump, the  re f lec tometer  had a l i q u i d  n i -  

l t rogen t r a p  and b a f f l e  d i r e c t l y  above the  f o r e - l i n e  i s o l a t i o n  va lve  and 

was equipped w i t h  a t i t a n i u m  g e t t e r  pump. 

measured by a nude BayardrAlpert gauge and the  cu r ren t  o f  the  i on  

Pump * 

l 

Pressure i n  t h i s  system was 

, % l t e k  D iv i s ion ,  Perkin-Elmer, Palo A l to ,  C a l i f o r n i a  

Varian Associates, Palo A l t o ,  C a l i f o r n i a  I 
w: 

- - -- I_ I__---_ ____I _- 
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I Ref ectometer Evacuation 

, I n  order  t o  a t t a i n  an u l t r a h i g h  vacuum i t  i s  necessary t o  l i m i t  

the t o t a l  leak r a t e  and prevent contamination o f  the system. Both the  

,monochromator and the re f lec tometer  were leak tes ted  w i t h  a mass spec- 

j t rometer  type hel ium leak de tec tor  manufactured by Consolidated Elec- 

trodynamics Corporation.* 

standard hel ium leak and found t o  have a s e n s i t i v i t y  o f  7 X l O - ”  stan- 

dard cc/sec/d iv is ion.  I n  the case o f  the  re f lec tometer ,  the  leak 

,de tec to r  was connected t o  the  f o r e - l i n e  by tygon tub ing  w i t h  an O-ring 

seal .  I n  an e f f o r t  to  prevent contamination by pump o i l s  from the leak 

de tec tor ,  t he ’ re f l ec tomete r  chamber and the  leak de tec tor  were separate 

by a l i q u i d  n i t r o g e n  t rap ,  a molecular s ieve  and an i s o l a t i o n  va lve  

which was no t  opened u n t i l  t he  ac tua l  leak t e s t i n g  was begun. The re-  

f lec tometer  was fore-pumped by the s o r p t i o n  pumps and the leak de tec tor  

by i t s  own mechanical pump. Once fore-pumped, the  o i l  d i f f u s i o n  pump 

i n  the leak de tec to r  was turned on and a l lowed t o  heat up. 

I 

I 
I t  was ca l i b ra ted ,  p r i o r  t o  i t s  use, by a 

I 

I 

I 

1 
1 
I 

The t r a p  

between the  leak  de tec to r  and the experimental system was then f i l l e d  

w i t h  l i q u i d  n i t rogen  a f t e r  which the  i s o l a t i o n  va lve  between t h e  de- 

t e c t o r  and the  re f lec tometer  was opened. 
l 

j :  
Consol ida ted  Electrodynamics Corporation, Pasadena, Cat i f o r n i a .  



17 

The area t o  be leak tes ted  was then covered w i t h  a p l a s t  

land the  na tu ra l  he l ium background was measured. Helium was then 

duced i n t o  the  bag and the de tec tor  monitored f o r  as long as two 

be in t roduced i n t o  the  system 

s ide  the  bag. For a system w 

have a t o t a l  leak r a t e  on the  

-10 ,achieve a vacuum i n  t h e  10 

repa 
I 

p l a c  

c bag 

i n t r o -  

hours 

I t  was found necessary t o  

p lace a fan  near the  bag so t h a t  t he  hel ium which d i d  escape would no t  

' i n  o rder  t o  o b t a i n  an accurate measurement. 

through a ' leak i n  another l o c a t i o n  ou t -  

t h  a 400 l / sec  pump i t  i s  necessary t o  

order  o f  10 Tor r - l / sec  i n  o rder  t o  

Tor r  range. The system was tes ted  and 

-8 

red  u n t i l  the  t o t a l  leak r a t e  was i n  t h i s  Tor r - l / sec  range. 

Wherever poss ib le ,  leaks t h a t  were found were repa i red  by re-  

ng the  appropr ia te  components; however, i f  the  leak was due t o  a 

f a u l t y  weld i t  was sometimes necessary t o  use a sealent  such as Vacuum 

Leak Sealer made by the  Vacuum Product D i v i s i o n  o f  General E l e c t r i c .  
" 

inch d ia -  This sealent ,  app l ied  by a syr inge,  was used a t  the  l a rge  18 

meter double p inch  seal o f  t he  re f lec tometer  and appeared t o  

t i  ve l  y . 

I 

-8 Once the leak r a t e  was reduced t o  the  low 10 Tor r -  

' t h e  system was baked-out over several per iods o f  t ime t o t a l 1  

x imate ly  100 hours between temperatures o f  150°C and 200°C. 

temperature bake-out was employed i n  order  t o  prevent sealed 

seal e f f e c j  
I 

/sec range, 

ng appro- j 

1 
The low 1 

I 

leaks from 

re-opening and a l so  t o  conform t o  the  r e a l i s t i c  l i m i t  imposed by the  

temperature s e n s i t i v e  emi te r  surfaces o f  t he  e l e c t r o n  m u l t i p l i e r s  used 

"General E l e c t r i c ,  Schenectady, New York. 
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f o r  measuring r a d i a t i o n  i n t e n s i t i e s .  

range served t o  d r i v e  sur face contam 

the  system so they from the  w a l l s  o f  

bake-outs the i on  

sure t o  exceed 1 X  

A bake-out i n  t h i s  temperature 

nants, espec ia l l y  water vapor, 

could be pumped 0 d 3  During 

pump was c o n t i n u a l l y  used, never a l l ow ing  the  pres- 

0-5 Tor r ,  so t h a t  the  i s o l a t i o n  va lve between the  

experimental chamber and the f o r e - l i n e  could be kept  closed and thereby 

prevent another poss ib le  means of contaminating the  system. 

I A f t e r  each bake-out o f  the chamber, the  ion  pump was baked ou t  

separate ly  a t  150°C u n t i l  the  pressure dropped i n t o  the l o w 8  To r r  

range. A f t e r  several bake-out cyc les,  the  system was al lowed t o  r e t u r n  

t o  i t s  base pressure between 3X10m8 Tor r  and 6x10’9 Torr .  The l i q u i d  

‘ n i t r o g e n  t r a p  was f i l l e d  and the nude Bayard-Alpert gauge out-gassed. 

A f t e r  several minutes, the  t i t a n i u m  sub 

pe r iod  o f  45 seconds a t  a cu r ren t  o f  45 

i n  con junc t ion  w i t h  the  t i t a n i u m  g e t t e r  

the system by t rapp ing  molecules on the  

reac t i ng  w i t h  these contaminants. Th is  

imator was ac t i va ted  f o r  a 

A. The l i q u i d  n i t rogen  t r a p  

increased the pumping speed o f  

c o l d  sur face and chemical ly  

procedure resu l ted  i n  a repro- 

ducable pressure i n  the  low lo-” T o r r  range as measured by the  nude 

Bayard-Alpert gauge, A system pressure i n  t h i s  range assures one o f  a 

monolayer t ime comparable w i t h  the t ime requ i red  f o r  an experiment ap- 

prox imate ly  30 minutes- long.  Pressures i n  t h i s  range were achieved 

w i thout  the sample o r  detectors  and w i t h  the re f lec tometer  chamber i so-  

la ted  trom the monochromator on the r e t  lectometer s ide  by the  Whi t t a k e r  

va lve r e f e r r e d  t o  e a r l i e r  and shown i n  F ig .  1 .  

Numerous pumping cyc les were performed w i t h  e s s e n t i a l l y  t he  
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same results: 

Torr and 5X10-10 Torr while the ion pump indicated a current between 

6ua and 10pa which, according to Ultek, corresponds to a pressure range 

between l.0X10’9 Torr and 1,lXlO-9 Torr. 

the nude Bayard-Alpert gauge ranging between lXIO-lo 

, 
> 

I 

The ion current was plotted on a log-log graph against the 

nude Bayard-Alpert gauge pressure (Figs. 5 and 6). The correspondence, 

as exhibited on the Ultek calibration curve for the 400 l/sec ion pump, 

should be linear down to lo-”  Torr. One can notice the relationship 

between the ion current and the nude Bayard-Alpert gauge above 2x10’9 

Torr is linear and almost in exact correspondence with the predicted 

curve. The 

ion current approaches a lower limit of six or seven micro amps. 

There are several phenomena which may cause this discrepancy. 

The range below 2XlO-9 Torr shows a different behavior. 

The first is the possible contamination of the ion pump. 

surfaces of the pump were cleaned with acetone and ethanol. 

surfaces which were inaccessible, and therefore not cleaned, admit 

The accessible 

However, 
I 

I , 
1 

numerous possibilities for virtual leaks. The second is the so-called 
14 I argon memory or argon instability, in which the impact of inert gas 

ions on the cathode causes a re-emission of previously pumped ions which 

I 

I 

show up as an increase in the ion current. The last 

process of sputtering, small amounts of titanium were 

surfaces of some of the ceramic insulators in the ion 

creating conducting paths which would show up as an i 

1 

s that in the 

deposited on the 

pump, thereby 

crease in the 

minimum, or base, current achievable. The last phenomena would indi- 

cate a pressure in the ion pump higher than in the system and set a I 
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constant lower l i m i t  t o  the measurable ion current.  L 

I n  both the reflectometer and the monochromator chambers, I 
I wherever possible,  oxygen f r ee  h i g h  conductivity, O F H C ,  gaskets were 

used i n  conjunction w i t h  a single o r  double pinch sea l .  l 5  

materials and  types of seals  were used whenever i t  was necessary t o  

conform w i t h  those used i n  commercially produced apparatus. The ion I 

i 
pump required Curvac'k sea l s ,  the nude Bayard-Alpert gauge used  a gold , 
O-r ing  a n d  the 1400 l /sec o i l  diffusion pump employed an aluminum gas-  

' 

Other 

I 

I 

ket . ! 

E 

2Curvac Seal manufactured by Ultek Division of Perkin-Elmer, Palo Alto, 
California.  



Physical Measurements 

Once a satisfactory vacuum has been achieved, the target ma- 

terial may be deposited.on to the target substrate, and after evapora- 

tion, the system will quickly return to its base pressure. Reflectance 

measurements may then be taken after the polarization has been deter- 

mined. The procedure will involve a measurement over the desired spec- 

tral region for various incident angles between normal and grazing. 

The reflected and incibent intensities will be simultaneously measured 

by two electron multipliers. The purpose of multiple measurements is 
i 

to supply other check points at each wavelength. When using nomograms" 

'to reduce data, large errors can be introduced from some portions of 

the nomograms (an error of +1% in both reflectance values can produce 

an accuracy of on ly  about +5% in the values of n,k). This error is 

caused by having the lines of constant n and the lines of constant k, 

for two particular angles of incidence, be so close to one another that 

16 

a slight variation in the reflectances will cause a large error in the 

optical constants. 

Since a small error in the reflectance, defined as the reflected 

intensity divided by the incident intensity, can cause a large error in 

.L 

"Curves of constant n and constant k plotted in the R(01), R(02) plane, 

- __I__ __ _ _  ___I--_ - 23 I___ . - -___I____ - 
where 01 and 02 are different angles of incidence. 
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the optical constants, and since either the vacuum spark or laser gen- 

erated fi reball produce large intensity variations between consecutive 

light pulses, the incident and reflected intensities must be measured 

for each pulse, which may be accomplished by beam splitting.I7 

experimenters have used a sodium salicylate coated mesh between the 

Some 

exit slit and the target in conjunction with a second photomultiplier 

looking at the mesh. However, in order to increase the flexibility of 

this apparatus the target will be constructed with four horizontal 

slits (see Fig. 7). These slits will enable sampling of the beam at 

different heights by the incident intensity electron multiplier located 

behind the target and on the optic axis. 

In order to determine the reflectance, the reflected intensity 

from the target and the intensity incident upon it must be known. The 

ratio of the measured incident intensity, that which passes through I 

the target, to the actha1 incident intensity, that which impinges upon 

the target surface, will depend only upon the geometry of the target. 

Once this ratio has been determined, one may measure the intensity of 

the beam which passes through the target and then divide by the constant 

ratio to determine the incident intensity which is to be used in calcu- 

lating the reflectance. 

This ratio will be determined by first measuring l o ,  the in- 

tensity from a stable source with the target moved up and out of the 

optical path, I o f ,  the fraction of the incident intensity which passes 

through the target when it is in its normal position on the optic axis. 

The actual incident intensity, lo", which impinges upon the target will 
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Figure 7. Target with Slots for Determining Incident Intensity 
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then be 

I 0 i 1  = l o  - Io '  

so that the required constant ratio is 

I 

During an experiment Io'  and I R ,  the reflected intensity, will be mea- 1 

sured. The reflectance, R, will then be calculated as: 
I 

The next phase of the experiment will be to determine the PO- , 
larization of the radiation incident upon the target. The polarization, 

is defined as 

where s and p refer to the intensity components normal and parallel to 

the plane of incidence-, respectively. This, along with the reflectance 

data at each wave length, is needed to solve the Fresnel equations for 

the optical constants. 

for determi n i ng 18,19,20 There are several reflection techniques 

polarization in the far uv, all involving a different number of mea- 

surements or a different number of reflections. In our case, deter- 

mining the polarization will involve three separate measurements each 

with four reflections, a modification of a method developed by 

A.L. Morse2' at this laboratory and subsequently used at Desy in 
- - - __ - -_ - - - - - - 
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Hambu rg . 21 It is believed that the source will be sufficiently intense 

analyser consists 

on each of the 

to make such measurements possible. The polarization 

of four gold mirrors such that the angle of incidence 

mirrors will be about 60" (see Fig. 8). 

This method will involve first a measurement 

mirrors of the analyser and grating having a common p 

1 ,  with the four 

ane of incidence. I 

The second measurement, 12, will have the planes of incidence of the 1 

four mirrors of the analyser perpendicular to the plane of incidence of1 
I 

the grating. The thirb measurement, 13, will have the plane of inci- 

dence of the grating parallel to the planes of incidence of the first 

two mirrors of the analyser and perpendicular to the planes of inci- 

'dence of the second two mirrors of the analyser. 

With light of intensity I o  and unknown polarization coming from 

the grating and incident on the analyser, the measured intensities are 

gi:ven by the relationships 

1 1  = lSrs4 + 

12 = rSrp4 .t 

I3  = IsrS 2 2  rp 

where I s  and I p  are the perpendicular and parallel components o f  the 

intensity of the beam after it passes through the exit slit and rs and 

rp are the perpendicular and parallel reflectances of each of the gold 
r r  . .  . .  . .. mirrors oT the analyser respectively. It has been assumed that rs and 

rp are"the same for each of the mirrors of the analyser. 



Ll DETECTOR 

Figure 8. The four gold mirrors of the polarization analyser 
are shown in a position to measure I, , yielding 
transmitted light with the E-vector mostly per- 
pendicular to the plane o f  the paper. 
of incidence 0 is 60" on each o f  the mirrors. This 
system can be rotated by 90" about the opt ic  axis 
in order to transmit mostly plane polarized light 
with the E-vector parallel to the plane of  the 
paper . 

The angle 
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Defining the quantities 

and 

C = Isrs 4 , 

then the measured intensities take the form 

i 1  = c ( i  +  AB^), 

I 2  = CCB2 -I- A) ,  

t3 = CCB + A B ) .  

The ratio A is found to be 

where 

The polarrzation is then calculated from the expression 

P = -  A - I .  
A + l  

[n solving these equations.we have assumed that for a given 

wavelength the quantity C is, the same for all measurements. Since it 

does involve the incident intensity, special attention must be given 
- - - --- I ___. - _  I -_ - 



to ?ight source fluctuations. For each measurement at a given wave- 

length the incident radiation can be normalized, thereby making C a 

constant for that wavelength. This can be accomplished by intercepting 

the beam with a slotted target holder (at a fixed orientation) such that 

part of the beam is reflected to an electron multiplier and the re- 

maining fraction is transmitted to the analyser. This reflected beam 

intensity provides a means of monitoring the fluctuations of the light 

source, By dividing the reflected beam's signal into that of  the trans- 
1 1 

I?L,tted beam the normalization is achieved. 

Theye is cons,iderable evidence'5 that the polarization is de- 

pendent upon the surface conditions of the grating. This dependence 

can either he attributed to a chemical change in the surface, such as 

oxrdation, causing a change i n  the optical constants of the grating 

or to physical adsorption of contaminants. 

be used In the propos,ed experiment, the chemical effect should become 1 

Since a glass grating will 

negligible leaving adsorption of contaminants as the primary cause. 

chromator and the prior history of c 

reason, the monochromator will be ma 

Torr when the polarization of the ex 

The degree of  contamination may depend upon the pressure in the mono- 

eaning of the grating. For this 

ntained at a vacuum of about 

t beam is measured. 



Summary and Conclusion 

In preparation for experiments which will determine the optical 

constants and energy-loss functions of various solids, an ultrahigh 

vacuum chamber was constructed and tested. The requirements for this 

system were to achieve a vacuum on the order of 10-l’ Torr and to el i - 
minate as many sources of surface contamination as possible. 

Such sources of contamination are best eliminated by choosing 

the proper materials for construction and making the appropriate selec- 

ti.on of pumps. This system was constructed of stainless steel type 304 

with all heliarc welding and all of the gaskets were made of OFHC cop- 

per. The sorption type fore-pumps used no oil and therefore eliminated 

one of the serious sources of contamination present in conventional 

vacuum systems. Following along similar lines, a liquid nitrogen cold 

trap in conjunction with a titanium sublimator and an ion pump were 

chosen because their pumping action did not introduce contaminants. 

A reproducible vacuum of the desired order was achieved after 

bake-out followed by periodic use of the titanium sublimator in con- 

junction with the cold trap. The pressure o f  the system was monitored 

by a nude Bayard-Alpert gauge and continually indicated a reading in 

the 10”O Torr range. 
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