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"VACUUM ULTRAVIOLET RADIATION AND 

SOLID STATE PHBICS" 

Depar tmen t  of Phys i ce  
Un ive r s i ty  of Southern Calif o r n i a  

Loa Angeles, Cal i fo rn ia  90007 

During t h e  l a s t  half-year,  progress  has been made i n  

three sepa ra t e  areas: 

1) the o p t i c a l  constants ,  namely the index o f  

r e f r a c t i o n  n and t h e  e x t i n c t i o n  c o e f f i c i e n t  k, were obta ined  

for 45 sepa ra t e  barium sur faces  and 2 s i l v e r  surfaces ,  all 

t o r r ;  depos i ted  and maintained i n  a vacuum of about 5 x 10  -10 

2) the graz ing  incidence monochromator has provided 

pre l iminary  measurements of g r a t i n g  e f f i c i e n c i e s  down t o  

118 8; and 

3 )  o p t i c a l  cons tan ts  of s u r f a c e s  and t h i n  films main- 

t a ined  i n  convent ional  vacua of  t o r r  and measured a t  

graz ing  incidence down t o  100 8, 
The fol lowing will provide i n  somewhat greater de t a i l  

t h e  progress made in the  above three areas. 

1. Vacuum U l t r a d o l e t  Photon I n t e r a c t i o n s  w i t h  Surfaces 

Maintained i n  an Ultrahigh Vacuum. 

Since l a t e  November 1964 an u l t rah igh  vacuum of 

3 x t o r r  has been achieved c o n s i s t e n t l y  i n  our 

s t a i n l e s s  s teel  experimental  chamber. The first  results 

on measuring t h e  r e f l e c t i v i t y  of barium su r faces  deposi ted 
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and kept  under condi t ions of u l t r a h i g h  vacua were obta ined  

l a t e  i n  December 1964, These results and subsequent ones 

have been repor ted  a t  t h e  s o l i d  s t a t e  physics  meeting of 

t h e  American Physical  Society i n  Kansas City.' 

the reader ,  t h e  experimental arrangement is represented  

schemat ica l ly  i n  Fig. 1, where the  u l t r a h i g h  vacuum chamber 

i s  shown on the right-hand side and the monochromator on 

the l e f t .  As i s  apparent i n  t h i s  f i g u r e ,  r e f l e c t i v i t i e s  

from a sample surface can be determined a t  two angles ,  

one nea r  normal and the  o ther  near  grazing incidence.  Light  

from the  monochromator passes i n t o  the  u l t r a h i g h  vacuum 

chamber through sapphi re  windows. This fixes the  s h o r t  

wavelength l i m i t  o f  transmission t o  somewhere near  1500 8. 
The r e f l e c t a n c e  values  s o  obtained f o r  two angles  of i n c i -  

dence as a f u n c t i o n  of wavelength permit t h e  c a l c u l a t i o n  

of t h e  complex d i e l e c t r i c  constant ,  E, and subsequent ly  the  

imaginary po r t ion  (1/8), T h i s  I m ( l / e )  is propor t iona l  t o  

the  c h a r a c t e r i s t i c  energy losses which e l ec t rons  s u f f e r  when 

passing through a t h i n  film. Such experiments have been 

done by a v a r i e t y  of groupse3 

a comparison between t h e  two. Such a comparison i s  presented 

To remind 

2 

Thus, i t  is p o s s i b l e  t o  make 

'E. I, F isher ,  I. Fu j i t a ,  and G. L. Weissler, B u l l .  Am, 

R. Tousey, J. Opt. SOC. Am. 29, 235 (1939); I. Simon, 2 
, 336 (1951); K. Ishiguro,  TTSasaki ,  and S, Nomura, 

S c i e n t 1  i c  Papers of t h e  College of General Education, Univ. 
of Tokyo 10, 207 (1960); - -  ib id .  12, 19 (1962). 

Phgs. SOC. l0, 375 (19651, 

- ibid* 9 
3J. L, Robins and P. E, B e s t ,  Proc. Phya. SOC, (London) - 79, 110 (1962). 
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i n  Fig. 2, where the h g i n a r y  po r t ion  (1/8), a8 obtained 

from our r e f l e c t a n c e  measurements, i s  p l o t t e d  as the  o r d i n a t e  

and t he  wavelength a t  which these r e f l e c t a n c e  measurements 

were made as the  absc i s sa  i n  u n i t s  of e l e c t r o n  v o l t s  (eV). 

The experimental  r e s u l t s  obtained from measuring charac te r -  

i s t i c  e l e c t r o n  energy losses3  is represented by a v e r t i c a l  

downward arrow i n  t h i s  f igure .  The coincidence between the  

peak of our  o p t i c a l  data and the results from c h a r a c t e r i s t i c  

e l e c t r o n  l o s s e s  i s  ve ry 'g ra t i fy ing .  Pur ther  work on barium 

has been concerned w i t h  va r i a t ions  of techniques.  For 

example, d i f f e r e n t  s u b s t r a t a  have been t r ied  onto which the  

f i l m  was evaporated, At the t i m e  of t h i s  w r i t i n g  i t  is 

clear tha t  the r e p r o d u c i b i l i t y  of our o p t i c a l  data is  such as 

t o  a l low ua t o  go on soon t o  o t h e r  materials. 

The planning of proposed future research i n  the area 

of u l t r ah igh  vacuum r e f l e c t i v i t i e s  must t ake  i n t o  account 

t h e  f a c t  t h a t  the USC Physics Department and t h e r e f o r e  our 

vacuum u l t r a v i o l e t  group w i l l  be moving i n t o  a new building 

by t h e  end of 1965 or  t h e  beginning of 1966. 

move, it is e s s e n t i a l  t o  adapt our plans t o  t h i s  move i n  order 

t o  avoid unnecessary dupl ica t ion  o f  assembly of apparatus.  

Because of t h i s  

For t h i s  reason it is proposed to  use  t h e  present  

ul t rahigh vacuum chamber, which i s  l i m i t e d  o p t i c a l l y  down t o  

1500 8 by sapphire  windows, i n  the 88108 mode as it has been 

used on t h e  barium sur faces  (see Fig. 1). The new su r faces  

t o  be i n v e s t i g a t e d  i n  the  next half-year  w i t h  the present  

experimental  arrangement w i l l  be s i l v e r ,  which promises 

E 
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onorgy 1088 valuo, rhown by tho  downward pointing 
arrow markod 0-  and obtainod i n  an indopendont OX- 
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i n t e r e s t i n g  results near  3100 8 hLAere o lde r  r e f l e c t i v i t y  data 

have shown a pronounced d i p ,  After s i l v e r ,  i t  i s  proposed t o  

look a t  t h e  a lkal is ,  p a r t i c u l a r l y  l i t h i u m  ( c h a r a c t e r i s t i c  

e l e c t r o n  energy l o s s  about 8 eV) , sodium (6 e V )  , potassium (4 eV) , 
and perhaps rubidium (4 eV) and cesium (3.5 eV). 
metals are much more r eac t ive  than barium and may not  remain 

uncontaminated f o r  a s u f f i c i e n t l y  long time t o  make t h e  

required o p t i c a l  r e f l ec t ance  measurements. However, our 

p resen t  experience wi th  barium o f f e r s  grounds for optimism, 

s i n c e  i t  shows recognizable  contamination only  after s e v e r a l  

days of exposure t o  a vacuum of the order of 10 

Taking i n t o  account tb higher r e a c t i v i t y  of t he  a lka l i  

metals ,  we fee l  t h a t  w i th in  a t  least  the f irst  hour a f t e r  

deposit the r e f l e c t a n c e  measurements should be r ep resen ta t ive  

of a n  uncontaminated a l k a l i  surface.  

These a lka l i  

t o r r .  -10 

It i s  a n t i c i p a t e d  t h a t  measurements i n  the  p re sen t  

chamber of s i l v e r  su r faces  and of one o r  more a lka l i  su r faces  

w i l l  keep t h i s  p a r t i c u l a r  program a c t i v e  i n  a product ive 

manner u n t i l  the appara tus  needs t o  be t r a n s f e r r e d  t o  our 

new quarters. 

Simultaneously w i t h  t h e  cont inuat ion of r e f l e c t a n c e  

measurements i n  t h e  system shown i n  Fig. 1, an e f for t  is 

p r e s e n t l y  underway i n  t e r n  of  t e s t i n g  and ga in ing  experi-  

ence w i t h  a second u l t r a h i g h  vacuum system as presented i n  

Fig. 3. 

vacuum chamber: there w i l l  be no o i l s  used anywhere i n  t h e  

pumping l i n e s ;  commercial sorp t ion  pumps a r e  used t o  reduce 

This system differs from t h e  e x i s t i n g  u l t r a h i g h  
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Fig . 3 
Mounted Light Detectora (D). A n  ion gauge (Gal and a mas8 
spectrometer (MS) monitor the environment of the sample (SA), 
maintained by an ion pump (IP) and by aublimation of titanium (Ti-Pil) 
which is deposited on aurfaces cooled by liquid nitrogen (Liq. N2). 
The fore vacuum is provided by chemical sorption pumps (SP), which 
can be valved o f f  (V). With the exception of the fore-vacuum line, 
the entire system can be baked at 4OOOC. 

New Ultra-High Vacuum Reflectivity Chamber with Internally 

i. 
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t h e  pressure  from atmospheric va lues  down i n t o  the  micron 

range, and an ion  pump together  w i th  a t i t an ium evaporator  

t o r r  w i l l  al low a f u r t h e r  reduction down i n t o  t h e  10 

range. This system is  p resen t ly  undergoing helium l e a k  

d e t e c t o r  t e s t i n g .  

can be achieved i n  t h i s  new chamber also by the  end of 1965, 

perhaps sooner, New devices  w i l l  be t e s t e d  in t h i s  s epa ra t e  

chamber; for instance,  i t  has become abundantly clear t h a t  

t h e  region o f  the evaporating f i l amen t  needs t o  be d i f fe r -  

e n t i a l l y  pumped during t h e  time of evaporat ion of t h e  target 

film, Some r e l a t i v e l y  simple schemes t o  achieve t h i s  have 

been sketched out  and w i l l  hopefully be t r ied during t h e  

next half-year.  This  w i l l  allow t h e  dpos i t i on  of t h i n  films 

without having them absorb simultaneously those  gases  o r  

i m p u r i t i e s  which are unavoidably l iberated dur ing  evaporation. 

-10 

It i s  a n t i c i p a t e d  t h a t  an u l t r a h i g h  vacuum 

A f t e r  the present  equipment has been t r a n s f e r r e d  i n t o  

t h e  new bui lding,  it is  planned t o  reassemble e a r l y  i n  1966 

t h e  present  u l t r a h i g h  vacuum chamber w i t h  sapphi re  windows 

(see Fig. 1) and t h e  new u l t r a h i g h  vacuum chamber p r e s e n t l y  

under t e s t  (see Fig. 3) .  These two u l t r a h i g h  vacuum systems 

w i l l  then  be combined a s  showin i n  Fig. 4: there, t he  old 

u l t r a h i g h  vacuum system (Fig. 1) i s  shown on t h e  l e f t  as the 

g r a t i n g  chamber of a Se- monochromator which can be held a t  

o r  near  u l t r a h i g h  vacuum pressures,  of' t h e  o rde r  of t o r r .  

The exi t  s l i t  of t h i s  Seya monochromator allows monochromatic 

l i g h t  t o  e n t e r  i n t o  t h e  new u l t r a h i g h  vacuum chamber (Fig.  3 ) .  

T h i s  l i g h t  w i l l  pass through the  exi t  s l i t  without having t o  

a -  
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t r a v e r s e  any o p t i c a l  window material. Thus, the wavelength 

range of t h i a  combination w i l l  be from 10,000 a down t o  250 8, 
the lower l i m i t  of t h e  Seya mounting. 

present  work t o  t h e  s h o r t e r  wavelength below 1000 1 w i l l  make 

it poss ib l e  t o  i n v e s t i g a t e  the  o p t i c a l  p r o p e r t i e s  and particu- 

l a r l y  t h e  r e f l e c t a n c e  of such t h i n  f i l m s  as AI, Te,  B i ,  Pb, 

This  ex tens ion  of  our  

Ge, Si ,  and many o thers .  These p a r t i c u l a r  films a l l  have i n  

common c h a r a c t e r i s t i c  e l ec t ron  energy l o s s e s  or plasma 

frequencies  of the order  of 10 eV o r  g r e a t e r  (below 1200 8 ) .  
It is hoped t h a t  a similar canparison can be made for a w i d e  

v a r i e t y  of t h e s e  m a t e r i a l s  with the o p t i c a l l y  determined 

imaginary p a r t  of ( l /s)  and the experiments on e l e c t r o n  

c h a r a c t e r i s t i c  energy losses by other  groups. 

I n  addi t ion ,  pho toe lec t r i c  y i e l d s  from c lean  surfaces 

kept  under ul t rahigh vacuum condi t ions  w i l l  be measured i n  

t h i s  apparatus.  Our present  knowledge on p h o t o e l e c t r i c  

yields i s  l imited t o  sur faces  maintained i n  vacua not much 

better than  loo8 torr. The undersigned i s  not  aware of any 

absolu te  y ie ld  measurements of e l e c t r o n s  r e l eased  per photon 

absorbed from films produced and maintained a t  vacua of 

log1' t o r r  and i n  t h e  vacuum u l t r a v i o l e t  region. 

2. Grazing E f f i c i e n c i e s  down t o  118 8. 
During the  f i rs t  p a r t  o f  t h i s  year u n t i l  15 June 1965, 

a set of measurements was conducted on seven g r a t i n g s  i n  order  

t o  determine g r a t i n g  e f f i c i e n c i e s  between 150 8 and 923 8 and 

f o r  a number of angles of incidence ranging from near normal 

t o  t h e  Seya angle, 3s0 ,  t o  near grazing incidence.  I n  
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addi t ion ,  each of t hese  seven g r a t i n g s  has been subjec ted  t o  

e l e c t r o n  microscopic measurements w i t h  t h e  h e l p  of Profeasor  

R. Baker of t h e  USC Medical School, and micrographs are 

a v a i l a b l e  wi th  magnifications up t o  5O,OOO for 5 blazed 

grat ings"  and 2 unblaeed l i g h t l y  ruled g l a s s  gra t ings*  

(Siegbahn-type gratings) ; 

The o p t i c a l  e f f i c i e n c y  work and the  e l e c t r o n  micros- 

copy i s  f in i shed ,  and a t  the present  time, t h e  material is 

being prepared for another  Master's thes i s  and f o r  a tech-  

n i c a l  r e p o r t  which should be a v a i l a b l e  w i t h i n  two months. 

It may be worthwhile t o  summarize some of t h e s e  g r a t i n g  

e f f i c i e n c y  measurements. If  t he  g r a t i n g  e f f i c i e n c y  is def ined  

a r b i t r a r i l y  for any given monochromatic r a d i a t i o n  as the 

r a t i o  of t h e  i n t e n s i t y  of the d i f f r a c t e d  l igh t ,  11, f o r  a 

given order  (first or second order ,  i n s i d e  o r  outside) t o  

the i n t e n s i t y  of t h e  inc ident  l i g h t ,  Io, then  t h i s  p a r t i c u l a r  

f r a c t i o n  Il/lo inc reases  f r o m  0 angle  of incidence (normal) 

t o  a nea r  graz ing  angle  (60 t o  SO0) and then  dec l ines  toward 

s t i l l  greater angles  of incidence (approaching 90'). The 

observed i n t e n s i t y  maximum occurs a t  that angle  f o r  which 

t h e  f ixed  blaze angle  of t h e  g r a t i n g  would p r e d i c t  a t h s o r e t i -  

cal  maximum. 

wavelength f o r  a f i x e d  angle  of incidence,  then aga in  the 

When t h e  i n t e n s i t y  r a t i o  Zl/Io i s  p l o t t e d  a g a i n s t  

9 Courtesy of  M r .  David Richardson, Bausch and Lomb, 
Inc., Rochester, New York. 

C a l i f  ornia. 
PManufactured by G, Gomez, 538 Frankl in  Place, Monrovia, 
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maltimwn occurs a t  a wavelsngth for which t h e  theo ry  predicts 

such a maximum f o r  a f i x e d  blaze angle.  Examples of such  

measurements are shown i n  Figs. 5, 6, 7, and 8, which are 

f o r  the most part self-explanatory.  A very i n t e r e s t i n g  part 

of  t b s e  experiments is the f a c t  t h a t  a b lazed  r e p l i c a  g r a t i n g  

from Bausch and Lamb coated with e i t h e r  gold o r  platinum i s  

s u b s t a n t i a l l y  more e f f i c i e n t ,  by a f a c t o r  of 2 t o  10, than a 

l i g h t l y  ruled g l a s s  g r a t i n g  (Siegbahn-type) or an aluminum- 

coated g ra t ing ,  i f  used i n  t h e  s h o r t  wavelength region a t  

near  graz ing  angles  of incidence. 

I n  a d d i t i o n  t o  these  general  results, the e l e c t r o n  

microscopy a f f o r d s  a good comparison between the  su r faces  of 

these gratings. For instance,  t he  undis turbed glass su r face  

of the Siegbahn-type g ra t ing  is n o t  m a t e r i a l l y  smoother than 

the  grooved su r face  of a Bausch and Lamb r e p l i c a  g ra t ing ,  

blazed a t  1'. I n  addi t ion ,  the e l e c t r o n  micrographs show that 

some of the Bausch and Lotnb g ra t ings  have cons iderable  amounts 

of undis t rubed or non-ruled area between ru l ings .  

therefore ,  a c t  as a combination of Siegbahn-type and blaeed- 

type g ra t ings .  

They, 

Even before t h e  evaluat ion of t h e s e  existing experi-  

mental  data has been completed, i t  seems obvious t h a t  blazed 

gratings with go ld  coa t ings  a re  t o  be preferred over Siegbahn- 

type  g r a t i n g s  if t h e  wavelength range under i n v e s t i g a t i o n  l i e s  

between 50 a and 500 8. 
After the g r a t i n g  e f f i c i e n c i e s  have been submitted as a 

t e c h n i c a l  r e p o r t  t he  material w i l l  be presented i n  somewhat 

condensed form f o r  publ ica t ion  i n  one of the s c i e n t i f i c  journals .  
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Fig. 5 ,  
The curve8 show t h e  e x p e r h e n t a l l y  determined r a t i o  I1/Io, 
of the f i rs t  o r d e r  d i f f r a c t i o n  i n t e n s i t y  t o  inc iden t  i n t e n s i t y  
of t h e  monochromatic rad ia t ion .  The s o l i d  curves are moaau~o- 
menta on t h e  b l a t ed  a ide ,  The broken curve r ep resen t s  the 
I1/Io r a t i o  f o r  t h e  gold and platinum g ra t ing8  on t h e  unblazod 
s ide;  t h e  oorresponding curve far aluminum 1508 about half way 
between t h l n  curve and the ab8ci8sa. All t h e  g r a t i n g s  were 
r e p l i c a s  o f  1 meter radius  and 600 l i n e a  per  m i l l i x m t e r ,  b lazed 
for 580 8 a t  n o m 1  incldonce, 

Tho g r a  ing e f f i c i ency  of Bausoh and Lomb blaced 
gratings a t  150 fi a s  a func t ion  of anglo of incidence,  
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curves ahow tho exporimentally determlnod r a t i o  I1/Io of t h e  
f i r s t  order  d i f f r a c t i o n  I n t e n s i t y  t o  incidont  i n t o n a i t y  of  
monochromatic rad ia t ion .  The s o l i d  curvea are  msaauromentm on 
t b  blazed s i d e ,  r a t i o  for 
t h e  gold  and platinum g ra t ings ,  on t h o  unblazed s P d o ~  t h e  
corresponding curve for aluminum l i e s  somewhat low- , 
t h e  g ra t lnga  were replicas of 1 mtor rad ue~ of curva tu re  and 

The gra  ing e f f i c i o n c y  of Bausch and Lomb blared 
g r a t i n g s  a t  248 i , a s  a funct ion of ang le  of inoidenco. Tho 

600 linea p e r  m i l l i n w t e r ,  blazed f o r  580 b at normal incidence,  

The broken curve glros t h e  I1/I 

All 



Fig. 7. The g r a t i n g  e f f i c i e n c y  o f  a l i g h t l y  ru led  (Siegbahn) 
g r a t i n g ,  ru l ed  on glass, aa a f u n c t i o n  of angle of incidence. 
The curve8 show the  e x p e r b e n t a l l y  determined r a t i o  I1/Io of 
f i rs t  order i n t e n r i t y  t o  l nc iden t  monochromatic r a d i a t i o n  
i n t e n s i t y .  Curve 1 is the f i rs  i n r i d e  order ,  and curve 2 the 

f i r s t  i n a i d e  order, and curve 4 the f i r s t  outs ide  o rde r  a t  248 8. 
Curve 5 is t h  f i r s t  ineide order, and wrve 6 t h e  f i r s t  ou t s ide  

f i r s t  ou t s ide  order of the 150 fi r ad i a t ion .  

o rde r  a t  555 1 . 
Curve 3 i s  t h e  

The prntlna had a r ad ius  of c u m a h r e  of 1 
&d & b o o  4G.S p- - 

%&I 
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Fig. 8. The g r a t i l g  e f f ic ienoy f a Bausch and Lomb gold 

incidence.  The curves represont t he  r a t i o  I1/Io of t h e  f i r s t  
order  i n t m r i t y  t o  the  incldont monochronmtic i n t e n r i t y .  Tho 
s o l i d  curnos am nmasurementr on t h o  blazed s ide .  Tho broken 
curve r ep reson t s  t h i s  r a t i o  on tho  unblazed s ide .  Tho g r a t i n g  
w a s  a r e p l i c a  of 1 motor radius  of  curvaturo and 600 l i n e s  por  

coated grating, b la rod  for 1210 8 , a8 a func t ion  o f  anglo of  

millijqs 1210 a t  Or normal incidence. 
The manufacturer quoted a b l aze  wavelength of 
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I 3. Opt i ca l  Constants of Surfaces and Thin Films Maintained 

i n  Conventional Vacua of loo5 t o r r  and Measured a t  Grazing 

Incidence down t o  100 8, 
Fig. 9 i n d i c a t e s  the experimental arrangement i n  which 

a Vodar graz ing  incidence monochromator i s  coupled t o  a l a rge ,  

18" diameter experimental  chamber. The Vodar instrument  a l l o w s  

t h e  e x i t  s l i t  t o  remain focused when scanning  the spectrum, 

i.e., the  en t rance  s l i t  ( toge the r  with the l i g h t  source) and 

t h e  g r a t i n g  a r e  moved by a scanning mechanism i n  such  a fash ion  

t h a t  a t  a l l  wavelengths they l i e  on a proper Rowland focusing 

c i r c l e .  Between the  e x i t  s l i t  of the monochromator and t h e  

18" diameter experimental  chamber there i s  placed an i n t e r -  

mediate chamber which allows a t o t a l l y  absorbing i o n  chamber 

( f i l l e d  w i t h  a rare g a s )  t o  be moved i n t o  the  l i g h t  beam. 

The t o t a l  number of i o n  pairs p e r  second produced i n  t h i s  cham- 

b e r  by t h e  mechanism of photoionieat ion i s  e x a c t l y  equal t o  

tb t o t a l  number of photons absorbed. This a l lows  abso lu te  

photon f lux  masurementa t o  be made i n  conjunct ion  w i t h  a 

var ie ty  of experiments t o  be undertaken i n  the 1811 experimental  

chamber. Prel iminary results are shown i n  Table I, I n  the 

past p a r ,  r e f l e c t i v i t i e s  of p- and n-doped s i l i c o n  crystals 

have been measured. The results have l ed  t o  a Masterls 
t h e s i s  and a t e c h n i c a l  report. 4 

Some advances i n  vacuum u l t r a v i o l e t  instrumentat ion,  

p a r t i c u l a r l y  on l i g h t  source development and on the  me of 

4J. Earl R u d i s i l l ,  Tech. Rep, No. USC-VacW-100, dated 
7 May 1965, Contract  NsG-178-61. 
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TABLE I 
Currents f rom t o t a l  absorption Argon f low i o n i z a t i o n  

chamber f o r  var ious  inc ident  photon wavelengths. 

Col lect ing vo l t age  was 22+ V. 

ampa = 6.25; x 1 0  7 electrons/second or photons/second. 

A (8, 
248 

260 

266 

288 

3 03 

323 

374 
459 
508 

555 
625 

I (amps) 
-11 0.95; x 1 0  

0.15 

0.5 

0.35 

0.45 
0.35 

0.3 

0.25 

0.35 

1a1 

0.6 

7 02 0.5 

760 1.1 
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a pre-d isperser  down t o  100  8, have been repor ted  as an 

i n v i t e d  paper' a t  t h e  I n t e r n a t i o n a l  Commission of Optics 

Conference i n  Tokyo and Kyoto, Sept,  2 t o  8, 1964. 

Since the  completion of t h i s  work on g r a t i n g  e f f i c i e n -  

c i e s  i n  June 1965, t h e  e l ec t rode  system f o r  t h e  main purpose 

of t h i s  apparatus  was i n s t a l l e d  i n  t h e  18" diameter  experi-  

mental chamber. This e lec t rode  system c o n s i s t s  e s s e n t i a l l y  

of a t h i n  f i l m  

( i n t o  o r  ou t  of the op t i c  axis) and r o t a t e d  about i t s  v e r t i -  

cal  axis i n  order  t o  change the angle  of i nc idence  of the 

monochromatic l i g h t  from the Vodar monochromator, Fig. 10  

shows a t  i t s  c e n t e r  the  t h i n  f i l m  t a r g e t  ho lder ,  Arranged 

around t h e  t a r g e t  ho lder  as i t s  c e n t e r  i s  a s p h e r i c a l l y  shaped 

screen  and behind t h e  screen a s o l i d  copper sphere c u t  up 

i n t o  oc t an t s ,  

t o  measure the f'ollowirlg quantit ies:  

t a r g e t  holder, which can be moved up and down 

The purpose of  t h i s  e l ec t rode  conf igura t ion  i s  

1. Inc iden t  monochromatic l i g h t  f l u x  i n  un i t s  of 

photons pe r  second. 

2, Reflected i n t e n s i t y ,  by r o t a t i n g  a photomul t ip l ie r  

about  t h e  target i n  a hor i zon ta l  plane. This  photomul t ip l ie r  

moves o u t s i d e  the s p h e r i c a l  e l ec t rodes  and rece ives  r e f l e c t e d  

l i g h t  f rm  the t h i n  f i l m  sample which passes  through the 

h o r i z o n t a l  s l o t  i nd ica t ed  i n  t h e  equatorial plane of Fig,  10. 

This  mult ipl ier  can measure r e l a t i v e  l i g h t  i n t e n s i t y :  With 

the  sample out  of t h e  way, I, i s  measured; w i t h  the sample i n  

'G. L, Weissler, Japan, J. Appl. Optics,  t o  be published 
(1965) , 
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Fig. 10. Cut-away drawing showing the construction and 
geometry of the spherical collecting and retarding syatem. 
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the  o p t i c a l  path, the  t ransmit tance can be measured; f i n a l l y ,  

by rotating t h e  m u l t i p l i e r  t o  the  appropr i a t e  angle,  the  re- 

f l e c t e d  i n t e n s i t y  can be obtained, This a l lows the determina- 

t i o n  of the  number of photons absorbed i n  a t h i n  f i l m ,  

3. The s p h e r i c a l  e l ec t rodes  are connected t o  low cur- 

r e n t  feedthrough leads and allow the measurements of the  t o t a l  

number of e l e c t r o n s  emi t ted  from t h e  surface of t h i s  t h i n  f i l m  

sample o r  target. This can then be t r a n s l a t e d  i n t o  p h o t o e l e c t r i c  

y i e l d  i n  units of photoelectrons emit ted p e r  photon absorbed. 

4. By plac ing  var ious counter  p o t e n t f a l s  on the  

spherically shaped screen  (which is l oca t ed  between the t h i n  

film sample and the s o l i d  spherical copper electrodes), it 

is poss ib l e  t o  determine e l e c t r o n  energy d i s t r i b u t i o n s  . 
5. By measuring both t h e  pho toe lec t r i c  cu r ren t  as w e l l  

as t h e  d i s t r i b u t i o n  of energies of photoelectrons t o  s e l e c t e d  

o c t a n t s  of t he  s o l i d  copper sphere,  one can determine whether 

more o r  less  e l e c t r o n s  are emitted i n  the forward d i r e c t i o n  

than i n  t h e  backward d i r e c t i o n  (where forward means i n  the 

d i r e c t i o n  of t he  l i g h t  beam and backward a g a i n s t  t h e  d i r e c t i o n  

of the  l i g h t  beam). 

whether t h e  e l e c t r o n  energy d i s t r i b u t i o n s  are d i f f e r e n t  f o r  

those  photoelectrons which are emitted n e a r l y  t a n g e n t i a l  t o  

the t h i n  f i lm ( thereby  t rave l ing  through a g r e a t e r  t h i ckness  

of' material w i th  correspondingly increased p r o b a b i l i t y  of 

e l ec t ron -e l ec t ron  s c a t t e r i n g )  i n  c o n t r a s t  t o  those o t h e r  

photoe lec t rons  which are emitted more n e a r l y  i n  a normal direc-  

t i o n .  Some pre l iminary  results of t h i s  work have been obtained. 

In  addi t ion,  it is poss ib l e  t o  d e t e m l n e  
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While the primary purpose of these  early data i s  t o  t e s t  the 

operat ion of a l l  measuring instruments, t h e  information i s  

never the less  i n d i c a t i v e  o f  the g r e a t  promise he ld  ou t  by more 

accura te  measurements t o  be attempted i n  the n e a r  future. 

Figure 11 shows a r e l a t i v e  p h o t o e l e c t r i c  y i e l d  as a 

func t ion  of t h e  angle  of incidence f o r  a Au su r face .  

curves are normalized t o  the same ord ina te  a t  the p o s i t i o n  of 

A l l  these  

t h e i r  maximum. It i s  i n t e r e s t i n g  t o  see t h a t  t h e  maximum 

y i e l d  i n  a l l  cases occurs a t  r a t h e r  l a r g e  ang le s  of incidence.  

Figures  12 and 13 show the r e t a rd ing  p o t e n t i a l  versus  

e l e c t r o n  c u r r e n t  measurements which by d i f f e r e n t i a t i o n  have 

been t r a n s l a t e d  i n t o  e l e c t r o n  energy d i s t r i b u t i o n s  i n  Figs.  14 
and 15. While the i n t e r p r e t a t i o n  a t  t h i s  p a r t i c u l a r  t i m e  is 

premature, i t  is most c e r t a i n l y  highly i n t e r e s t i n g  t h a t  two 

d i s t i n c t  groups of ene rg ie s  a r e  represented i n  t h i s  distribu- 

t i o n ,  namely a large number of very law energy e l ec t rons  and a 

m a l l  but d i s t i n c t l y  nieasurable number of high energy e l e c t r o n s .  

Hgure 1 6  shows the  r e l a t i o n s h i p  of t h e  oc t an t s  w i t h  

respect t o  the target and the inc iden t  photon beam and helps  

t o  ‘clarify the curves presented i n  Fig. 17, which r e p r e s e n t s  

t h e  photoelectron c u r r e n t s  co l l ec t ed  by the v a r i o u s  oc tan ts .  

The s i g n i f i c a n c e  of these data  i s  that a larger y i e ld  is re- 

corded f o r  the o c t a n t  which c o l l e c t s  e l e c t r o n s  emit ted more i n  

t h e  t a n g e n t i a l  d i r e c t i o n  f rom the  surface. T h i s  i n d i c a t e s  t h e  

importance of p o l a r i z a t i o n  of the l i g h t .  One might expect 

that e l e c t r o n s  i n  t h e  metal, a f te r  having absorbed the  energy 

of t h e  i n c i d e n t  photon, w i l l  be s c a t t e r e d  a number of t i m e s  
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Fig, 11, Photooloatric yiold, Y, of a 10 nil  gold  rhoot am 
a function of tho angle of inoidonoo for  rariour incidont 
wavelengths. Curves are normalicod t o  tho raluo a t  maximum 
yield. Included for comparison l a  the *old of an oraporatod 
aluminum film, 
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Au- ~ H E E  T 
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Pig. 12. Photoelectrlu curront, I, of a 10 mll gold rhoot 
an a funct ion of retarding potent ia l  f o r  normal lnoidonoo 
and f o r  tho angle of Inoldmoo giving ak photoolootrie 
y i o l d  with no retardation (1.0 Fig.  l'lr 
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Fig. 13. Photoe lec t r ic  cur ren t ,  I, of a 1 0  m i l  gold sheot 
a s  a func t ion  of re ta rd ing  p o t e n t i a l  f o r  n o m 1  incidenoe 
and for the  angle  of incidence giving a peak y ie ld  wi th  
no r e t a r d a t i o n  ( see  Fig, 1 7 ) .  
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Fig. 14. 
gold 6ho.t ror normal iaoidonoo and for t h o  awl. of inoidonoo 
g iv ing  p ak photoe o o t r h  yiold. Thr, inoidont warolongthr 

Ehorgy diBtribution ai photoolootronr from a 10 d l  

 were^^^ f and 923 k 
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Fig. 15. 
gold Ehoet f o r  n o n u 1  lneideneo and for tho anglo of incidmoo 
givin a peak photooloetrio y io ld ,  Tho inoidont wavelongth 
was $8 S. 

&erg7 dirtr ibut ion of photooloctronr from a 10  nil 
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Fig .  16 .  
was used t o  tako th data shown in  F ig .  17. 

!So i n  F ig .  17. 

Geo-trj of tho sphorlcal  ao l lect ing  syr tor  a a  i t  
Tho amp10 

o a l t l o n  rhown corresponds t o  an anglo of incidones of 



-3 0- 

. 

Fig, 17, Photoelectric current of a 10 m i l  gold rheet ar 
a function of the angle o f  incidence. The top curve 
represents the current co l lected  by the bottom hemisphere 
with the screen and top hemlaphere grounded. 
curves show the current co l l ec ted  by each of the four 
bottom octanta aa label led,  correaponding t o  the electrode 
geometry i l l u s t r a t e d  i n  Fig. 1 6 .  

The lower 
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before l e a v i n g  t h e  s u r f a c e  t o  become f r e e .  The p resen t  pre- 

l iminary  r e s u l t s  i n d i c a t e  t h a t  perhaps ve ry  l i t t l e  such 

s c a t t e r i n g  occurs, and that t h e r e f o r e  v e c t o r i a l  o r  p o l a r i z a t i o n  

e f f e c t s  are h igh ly  s i g n i f i c a n t ,  Thus, our work on t h i n  f i l m s  

is l i k e l y  t o  yield important new information wi th  r e spec t  t o  

t h e  mean-free pa th  of low energy e l e c t r o n s  wi th in  t h e  m e t a l  

i t s e l f .  I n  addi t ion ,  t he  two humps i n  t h e  photoelectron energy 

d i s t r i b u t i o n  curves may i n d i c a t e  the  i n t e r a c t i o n  of a photon 

of fixed energy w i t h  two e l ec t rons  i n  , d i f f e r e n t  energy s t a t e s .  

It i s  c l e a r  from t h e  cu r ren t  results that  much va luab le  work 

can be done with the e x i s t i n g  apparatus.  

It i s  planned t o  spendthe per iod between t h e  t i m a  of 

this w r i t i n g  and the t i m e  of. our move i n t o  new q u a r t e r s  on 

t h e  type of measurements mentioned above, s p e c i f i c a l l y  on t r a n s -  

m i t t i n g  t h i n  aluminum f i l m s .  Some of t h i s  work has been done 

ear l ier  i n  t h i s  l a b o r a t o r y  and repor ted  r e c e n t l y  i n  the  l i t e r a -  

turee6 I n  addi t ion ,  t h e  undersigned has a l s o  repor ted  on t h e  

status of t h i s  r e sea rch  and t h e  work  planned f o r  t h e  immediate 

future i n  an i n v i t e d  paper a t  the r ecen t  " I n t e r n a t i o n a l  Confer- 

ence on t h e  Physics of X-Ray Spectra ,"  he ld  a t  Cornel l  
Universi ty ,  June 22 t o  24, 1965. 7 

A number of t h i n  films which have been found i n  t h i s  

l a b o r a t o r y  and o t b  rs t o  show considerable  t ransmission i n  

the  vacuum u l t r a v i o l e t  range w i l l  be used i n i t i a l l y  i n  t h i s  

60. P, Rustgi  and G. L. Weissler,  J. Opt. SOC. Am. 55, 
456 (1965). 
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work. 

t o  our new quarters af ter  January 1966, it i s  planned t o  

couple t o  t h e  18" experimental chamber, shown i n  Fig. 9, a 

Seya monochromator. The preparat ions f o r  t h e  Sera have been 

When t h e  apparatus  as shown i n  Fig. 9 i s  being moved 

made and Fig. 9 i n d i c a t e s  the p lace  of a t tachment  of t he  Seya. 

This  combination of a Seya and Vodar monochromator t o  the 

same experimental  chamber w o u l d  thus  al low a s tudy  o f  a l l  t h e  

o p t i c a l  and pho toe lec t r i c  proper t ies  mentioned above ov0r a 

very wide wavelength range, t h e o r e t i c a l l y  f rom 10,000 8 down 

to  100 8. The period f r o m  January t o  June 1966 w i l l  be used 

t o  reassemble t h e  appara tus  wi th  tb combination of the  Vodar  

and Seya both  being at tached t o  the 18" diameter experiment 

chamber. 
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