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Linear optical measurements, ellipsometry and 
3 

reflectivity, have yielded different dielectric 
', 

constant& for liquld Hg. It was suggested by Crozier 

and Murphy that dielectric constants derived from 
- 

ellipsometry and reflectivity measurements need not 
- - -  LLp -- --- La- 

- 

be the same since the methods measure different 

quantities. The results of Crozier and Murphy 
t 

were shown to be consistent with khe existence of a -- 

surface transition layer first proposed by Bloch 
f' 

and Rice. 

Second Harmonic Generation (SHG) has been 

demonstrated to be an useful method for investigating 

surface effects. 
- - -p - - -- - - - - - -- -- -- - - - 

This thesis deals with the SHG investigation 

of Hg as a function of temperature, angle of incidence, 

and polarization states of the incident and reflected ' 

radiation in the solid and liquid states. The Hg 

was maintained in an ultrahigh vacuum to minimize 

. surface adsorption of gases. " 

Due to the extremely low conversion efficiency 
- - - -- 

-10-l5 obtained by previous investigators of SHG 
- 

from Ag, a high power passively Q switched and mode 

iii 
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locked Nd glass laser was used as the light source. 
/ 

High gain photomultipliers were used as second \ 
harmonic light detectors. The detection system 

was first tested by generating second harmonic radiation 

from an Ag surface. 

At angles of incidence 0 from 60' to 74O.asd 

0 0 at temperatures-between 26 C mdT--135 -C, l tke -  -- 

radiation detected from Hg was found to be dominated 

by background radiation of broad'spectral width. , 

No radiation was detected from liquid Hg surfaces 

at 8=76' and 78'. ~ . 

Second harmonic radiation was detected from 

solid Hg surfaces at 0=76O and 78'. In agreement 
8 

with SHG theory, at 0=76O, Is, the s component gf 
- - - - - - - - - - - - - - - - - - - - - - - - - - 

the second harmonic radiatioqwas less than I 
P , 

the p component for incident beams at $= 0' 

and 45' with respect to the plane of incidence. 
/ 

No second harmonic radiation was detected for an 

incident beam with $= 90'. At 0= 78O, Is was less 

than I when the incident beam was polarized in the 
P 

plane of incidence. However, contrary to theory, 

Is was greater than I forfncidFnt b T a ~ o l a r i z e d  
P 

at 45' and 90' with respect to the plane of inciaence. 

In comparing experiment with theory, two models 
! 



I 

of solid Hg were considered. Firstly, the surface 

and bulk properties were assumed to be, described 
, 

by the reflectivity dielectric constants 'of solid - .  
11' 

Hg S e c o n d l p l i d  Hg was assumed to consist of 

a thin surface layer of high conductivity with the 

bulk having lower conductivity. The use of these 

t models in can~unction x ikh the SHG theoky of R u d n i - i c l c -  

\ and Stern gave values of Is/I which were several 
P 

orders of magnitude smaller than the experimentally 

observed ratios. 

From the viewpoint of the mafn objective of 

this thesis, the non-observance,of second harmonic 

radiation from liquid Hg was disappointing. The 

- simple model calculations performed for solid Hg 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

may offer a partial explanation. There was a decrease 

in the total second harmonic intensity for a two 

'layer model when compared with a case without a 

transition zone. Thus second harmonic radiation 

would not be experimentally detectable from liquid 

Hg. 

The results of this thesis provide no clarification 
-- 

of the 'optical respons< o f  liquid and solid H g l  

The abrupt change in Is/I between 0= 76' and 
- 

P 

P 
for solid Hg is unexplained and needs further 

experimental work. 
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"That i s  o f  c o u r s e  a p a r t  o f  

\ many p h i l o s o p h i e s  .'I 
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INTRODUCTION 
$ 

I n  s t u d i e s  o f  t h e  o p t i c a l  p r o p e r t i e s  o f - m e t a l s ,  

l i n e a r  *methods r e c o g n i z e  t h e  e x i s t e n c e  o f  a  s u r f a c e  

t r a n s i t i o n  zone.  Techniques i n v o l v i n g  t r a n s m i s s i o n  

o f  l i g h t  a t t e m p t  t o  bypass  t h e  e x i s t e n c e  o f  t h e  . 

zone, whereas i n  e l l i p s o m e t r y  and r e f l e c t i v i t y  meas- 

urements ,  t h e  zone i s  i g n o r e d .  The  bulk o p t i c a l  

c o n s t a n t s  a r e  assumed t o  r e p r e s e n t  t h e  r e s p o n s e  of 

s o l i d s  o r  l i q u i d s  i n  t h e  absence o f  a s u r f a c e  . 
t r a n s i t i o n  zone?' However, ev idence  e x i s t s ,  p a r t i c u l a r l y  

,- 

i n  t h e  c a s e  o f  H g ,  t h a t  o p t i c a l  p r o p e r t i e s  can be 

i n f l u e n c e d - b y  s u r f a c e  e f f e c t s .  

H g ,  b e i n g  t h e  only  pure  me ta l  t o  e x i s t  i n  t h e  

l i q u i d  s t a t e  a t  room t e m p e r a t u r e ,  h a s  been t h e  sub- 

j e c t  of many e x p e r i m e n t s .  L i n e a r  o p t i c a l  measure- 

ments , e l l i p s o m e t r y  and r e f l e c t i v i t y  , have y i e l d e d  

pa seemingly c o n t r a d i c t i n g  - r e s u l t  . D i e l e c t r i c  con- 

s t a n t s  d e r i v e d  from r e f l e c t i v i t y  measurements a t  
a 

n e a r  normal i n c i d e n c e  were found t o  be  c l o s e l y  p re -  

d i c t e d  by t h e  Nearly F ree  E l q c t r o n  I Drude model. 
\ 

E l l i p s o m e t r y  and r e f l e c t i v i t d  & r e s u l t s  a t  o b l i q u e  

a n g l e s  o f  i n c i d e n c e  on t h e  o t h e r  hand showed non- 

Drude behaviour?~' I n  t h e  e x t r a c t i o n  o f  d i e l e c t r i c  



i' constants from the expe~imental"data, the Hg surface 
was assumed to be a mathematical plane, where the 

transition to bulk occurred over a distance negligibly 
. 

>mall compared with the wavelengt of the probing 

radiation. 
- .  

Crozier and ~ u r ~ h ~ l ~ '  suggested that dielectric 
, 

constants derived from ellipsometry and reflectivity 

need not be the same since the two methods measure 

different quantities. In-the interaction of electro- 

magnetic waves with a metal, the complex reflection 

amplitudes are represented by, r = Ir I eisp and 
P P 

r = 1 rs 1 eiss , which define the amplitude and phase S 

change of the reflected wave relative to the incident 

t wave. The subscripts p and s denote field components 
I 

parallel and perpendicular to the plane of incidence, 

, respectively. Two quantitfes p the ratio of the. - 

reflection amplitudes 1 r 1 / I  rs 1 , and A the relative '.% 
P 

phase change on reflection 6 - 6s are measured in 
P 

ellfpsometry at each wavelength at a fixed oblique 

anygle of incidence. In the reflectivity measurements ' 

of Wilson and ~ice(;'the absolute reflected intensity 
- 

was measured over the widest possible wavelength range 

at-near normal incidence. The pha.se change 6 was 

extracted through the use of a Kramers-Kronig dispersion 



relation. The ellipsometry and reflectivity measure- 

ments of Crozier and Murphy made over the wavelength 
0 0 

range 2500 A to 7500 A for the same samples at an 

angle of incidence 70' were found to be consistent 
- 

with the existence of a surfacectransition layer first 
-- 

proposed by Bloch and Rice? It was concluded by 
- 

Crozier and Murphy that the contradictory results 

arise because ellipsometry samples the response of 

Hg to - E fields both parallel and perpendicular to 

the surface, whereas reflectivity a-easurements at 

near normal' incidence examine the response of Hg to 

E fields that are essentially parallel to the surface. - 

If the conductivity parallel to the surface is differ- 

ent from the conductivity perpendicular to the surface, 

then the deduced dielectric constants need not be 

the same. 

The BR (Bloch and Rice) model is an Epstein 
, 

profile, introduced by  stein' in a study of the 
,' 

keflection of radro waves from the ionosphere. It 

is a phenomenological model with which variations 

of the conductivity as a function of distance into 

the sample can be approximated by adjusting five 



p a r a m e t e r s .  The a c t u a l  number o f  pa ramete r s  can 

be g r e a t e r  depending on t h e  ve.rsion o f  t h e  BR 

model used .  < A t  a s l i g h t  d i s t a n c e  i n t o  t h e  sub- 
* 

s t a n c e ,  t h e  c o n d u c t i v i t y  r e a c h e s  a peak v a l k e  be- 

f o r e  assuming t h e  b u l k  v a l u e .  Q u a l i t a t i v e  argu-  

ment s have  been g i v e n  fop khe enhanced eon&&%+&- - - - - - 
* - < 

(4 ') 
t y  based  on t h e  c o n t r a c t i n g  e f f e c t  o f  s u r f a c e  t e n s i o n .  

Bloch and Rice  o b t a i n e d  t h e  b e s t  agreement w i t h  d a t a  
/ 

- - 

from' l i n e a r  exper imen t s  w i t h  t h e  peak o c c u r r i n g  
. /- 

0 . 1  A i n t o  t h e  s u b s t a n c e  and w i t h  t h e  peak  c o n d i c t i v i -  
1 

t y  b e i n g  twelve  t i m e s  t h a t  of  t h e  b u l k - v a l u e .  The 

e f f e c t i v e  wid th  o f  t h e  t r a n s i t i o n  zone, f u l l  width  
, , 

a t  h a l f  maximum w a s  - 4 A .  One of  t h e  p r o f i l e s  
s- @ .' *= 4 

used  i n  f i t t i n g  t h e  ellipsome€~y/~e@$ectivity date - 
$ -& -- i s  shown i n  FIG. 1'5) The imaginary p a r t  ~2 o f  t h e  

d i e l e c t r i c  c o n s t a n t  i s  p l o t t e a  a s  a f u n c t i o n  of 

'Y t h e  d i s t a n c e  i n t o  t h e  medium f o r  a f i x e d  f requency 

i n  t h e  v i s i b l e  spec t rum.  

I n v e s t i g a t i o n s  o f  s u r f a c e  plasmon d i s p e r s i o n  

i n  l i q u i d  Hg s u p g b r t  t h e  e x i s t e n c e  o f  a peak i n  t h e  

conductivity . h i d o t t i  and R ~ c & "  propose& a m a d ? -  - 

f i e d  model i n  whieh a  large^ conductivity e x i s t e d  

p a r a l l e l  t o  t h e  s u r f a c e  t h a n  normal toe ' the s u r f a c e ,  ' 

i n  agreement w i t h  C r o z i e r  and Murphy., 
- 



- F E r  1 A prot of thhe1maglnarypartof tlvedfe3mzttC 
constant € 2  vs Z. The dielectric constant 
can be written as E= ~1 + ~2 . Z= 0 
represents the mathematic@ boundary of the 
substance. 



I n  t h e i r  model, t h e  magnitude of the peak i s  corn- .- 

pa rab le  t o  t h e  conduc t iv i ty  of p o l y c r $ s t a l l i n e  H g .  

The d c ~ c o n d u c t i v i t y . o f  s o l i d  Hg i s  3 . 7  t o  5.0 times 

t h a t  f o r  l i q u i d  ~g? The r e s u l t s  o f  GR ( G u i d o t t f  and 
' 

- 

Rice)  suggest  t h a t  t h e  outermost  two o r  t h r e e  atomic - 

l a y e r s  a r e  more ordered  than  they  would e  i n  t h e  
- -- P --- 

bulk  l i q u i d .  According t o  GR, a decrease  i n  t h e  ,- , 

e ' f f e c t i v e  mass of t h e  e l e c t r o n s  due t o  band s t r u c t u r e  

may l ead  t o  t h e  peak i n  t h e  conduct iv i . ty .  

There i s  ano the r  method whereby t h e  t ~ a n s i t i o ~  

zone can be probed. The S H  (seeond harmonic) 

r a d i a t i o n  genera ted  by r e f l e c t i o n  from a  meta l  s u r f a c e  

- - -  - - i s  - - p t h e o r e t i c a l l y  - -- - - - - - -- s e n s i t i v e  - - - - - - - t o  - -- c u r r e n t s  - - - -- -- induced -- i n -  

t h e  s u r f a c e  by t h e  high ampli tude EM f i e l d s  provided 

by pulsed l a s e r s .  The advent  o f  pulsed l a s e r s  w i th  
. - 

peak output  power d e n s i t i e s  o f  t h e  o r d e r  10' ~ / . cm?  

from which E f i e i d s  o f  t h e  o r d e r  l o 6  V/cm. a r e  - 

a v a i l a b l e ,  has  made p o s s i b l e  t h e  s tudy  of  Non Linear  

Opt ics ,  of  which SHG (second harmonic g e n e r a t i o n )  
- 

i s  a  branch,  which d e a l s  wi th  terms of second o r d e r  
- - - - - - - - - - 

d 

and h ighe r  of  t h e  c u r r e n t  d e n s i t y  J .  Exper imenta l ly ,  - 
-- - -- - - - - - - - - - -- 

t h e  SHG e f f i c i e n c y  I E ( ~ ~ ) I ~ / I E ( ~ ) ~ ~  from A g  was 
b 

found t o  be -10-l5 wh-a Q switched ruby l a s e r  w i th  



I 

6 a peak output power 10 W was used as the light 

source? Therefore high amplitude - E fields 'are 
i 

necessary--in the probing radiation for SHG to be . 

detected. 

SHG investigation - of Bg at 2 X torr. , 
LL - - - - - 

was reported - earlier by Crozier, a m i s a n d  ~ieckhofe 

but no definitive statement was made regarding the 
,+ 

transition - -- - region. - A - - At - - - - 1 - X - - - - - torr., -a monolayer-- - - - 

of impurities is formed en a surface in - 2 seconds. 
I 

Experiments have shown that S H G  is sensitive to 
* 

surface contamination. Brown and Matsuokafl O' found - 
the SHG efficiency from an Ag surface maintained at 

L ' 
2 X torr. to be 4 times greater than the SHG 

- - - - -- - - - - - - - - - - - - - - - - -- - - - 

efficiency from an Ag surface maintained at 

5 X torr., whereas Mc~ardell(") found the SHG 

efficiency to be greater from contaminated surfaces 

than from freshly evaporated Ag surfaces maintained 

at tori.. 

The nature of the transition layer in H g ,  requires 

further study. A technique such as SHG which is ' 

- - 

ext&&ely sensitive to surface conditions may prove 
- - - - - - - - - - - - 

useful in further defining the surface layer and in 

determining whether for Hg, the layer is a product 

of surface contamination. 



* 

In this thesis, studies of SHG from Hg I ,  

maintainedaat - 10-lo torr. were done as a function 
of temperature, angle of incidence, and pola~ization - 

a 

states of the incident and reflected radiataon. 

Followin this chapter, several theories of SBG I 
are discussed. In chapter 3, the apparatus xs * 

described: Experiments performed in examining the 

and the electronic detection system, as well as the 

results of SHG from Ag and Hg are presented in chapter 4. 

The results for A g  and Hg are interpreted in 
.P * b 

chapter 5. The mechanism by which the larger than C 

predicted second harmonic signals polarized perpen- 

dicular to the plane o# incidence are generated from 
, 

Ag and solid Hg surfaces, is not known. From liquid 
* - - -- 

Hg surfaces, second harmonic signals qould not be 

distinguished from the backgroundyradiation. The -. 
inclusion of a surface transition layer for solid 

P - 
Hg in the theoretical calculations fail~d to account 

'+. 
d 

for the large second harmonic signal polarizpd 

perpendicular to-the plane of incidence. 



CHAPTER 2  

THEORY 

* r' 

2-1 INTRODUCTION 

I n  s e c t i o n  2-2, a c l a s s i c a l  hydrodynamical 
- - A -- 

, 

d e r i v a t i o n  of  t h e  second harmpnic currend d e n s i t y  

J(2w) from which t h e  second harmonic E f i e l d s  can - r - - 

A long  wavelength theory  such a s  t h e  c l a s s i c a l  
* 

hydrodynamical t heo ry ,  i n  which t h e  EM f i e l d s  aqe 

considered t o  be slowly vary ing  wi th  r e s p e c t  t o  t h e  

d i s t a n c e  an e l e c t r o n  t r a v e l s  i n  t h e  t ime l / w ,  i s  

approximate when app l i ed  t o  second harmonic gene ra t ion  - 

from metal s u r f a c e s .  The normal component o f  - E i s  

d i scont inuous  a c r o s s  t h e  boundary and changes from 

t h e  va lue  o u t s i d e  t h e  medium t o  t h e  va lue  i n s i d e  i n  
" 

g a very  s h o r t  d i s t a n c e .  The second harmonic gene ra t ion  

theory  of  Rudnick and S t e r n  i n  which non-local  e f f e c t s  

a r e  inc luded  by u s ing  a  wavenumber dependent d i e l e c t r i c  

cons t an t  i n  t h e  i n t e g r a l s  f o r  t h e  second harmonic E 
- - - - - - - - - - - - - - 

f i e l d s  i s  d i scussed  I n  s e c t i o n  2-3. 
- - - - 

F i n a l l y ,  i n  s e c t  ion 2-4, the-'second harmonic 

r a d i a t i o n  i s  shawn t o  come o f f  t h e b m p l e  s u r f a c e  a t  + 

the  spezu la r  angle.  



- 2-2 CLASSICAL HYDRODYNAMICAL THEORY 

Early theories of second harmonic generation 

were long wavelength approximations where the EM 

fields were assumed to be slowly varying with respect 

to the distance an electron travels during the time 
1- 

(1 2 ,  1 3 ,  14) l / w .  
- -- - A- --Up - 

In the classical hydrodynamical theory, the 

nonlinear response of an electron gas is described 
- - - -  - -- -- - - - - - - 

by the hydrodynamical equation of motion for an 

average velocity V_, 0 4 ,  15) 

and the equation-of continuity for a numbe,r density 

n of the electrons. 

The fields - E and - H are connected with V - and 
-- 

n through the Maxwell equations 

V E = 4 . r ~ ~  and V X H - 1 a E  - - - = 4 n C J  - - 
at C 



where p= n<r) - n,(g). 
"0 

is the density of the 

electrons in the absence of the EM fields. n(r) 
iP 

represents the departure from equilibrium of the 

electron density. - J is the current ,density. 

The second harmonic current density 
- - -- - ---- - - -- -L - - -----a- 

expanding J(2w) = e(noV2 t nlV1) can be -calculated by - 

E, H, V, and n. - - - 

The gas is assumed to be at rest initially. 

V and n represent departures from equilibrium. - 
- - - -  - -- -- -r - 

An expression for can be obtained by sub- 

stituting equation 2.5 into the eqqatfon of motion 

and collecting terms with e -iwt 



V can be expressed in terms of y1 by collecting -2 
A a - - - - - - - - - -- A - - - -- -- 

terms with e -i2wt and equating the coefficients. 

The second order term due to - E(20) was omitted 

since IE(2w)l<<l(TJl/c) - X - H ( ~ ) I .  This can be seen 

from the following calculation. The peak output 

2 11 6) and mode-locked ~ d '  glass laser is %lo9 W/cm. 

- 
5 which corresponds to /B(w)l=8.67 X 10 V/cm. 

and j~(w) - 1 =2.89 X lo3 gauss. The experimental 

SHG efficiency has been calculated to be 10 -13. 

Therefore, IE(2w)l - is found to be 2.74 X 10-' ~/cm. 

which is smaller than 

and can be neglected. 
- - - - - - - - - - 

media is 

= iw H ( w )  - -  

Faradayls law for non magnetic 



Equation 2.11 can be rewritten as 

Substituting 2.12 into 2.9 and multiplying 

each side by m gives 
I 

Solving for TT2 ~ n d  eliminating El' by substituting 
2.8 gives - - - - - -- 

- 

Equation 2.14. can be simplified further'by ' 

using the. 

1 - V(A - A )  2 - z -  

Theref ore 

From 

following vector identity. 

the equation or continuity, nl is solved 

in terms of no by retaining only terms to first 

order 



S u b s t i t u t i n g  f o r  El by u s i n g  2 . 8  g i v e s  

- -- - - - -- -- - 

By u s i n g  2 .20 ,2T16, -~%d 2.8, t h e  second 

hagmonic c u r r e n t  d e n s i t y  i s  c a l c u l a t e d  t o  be 



To show more clearly the separateccontributions 

of the bulk and surface terms, an alternate form of 

J(2w) is obtained by substituting equation 2.8 - 
directly into equation 2.9. The change in the a 

velocity of the electrons to second order is 

By using 2.22, 2.20, and 2.8, the second harmonic 

current density is calculated to be 



In 2.23, (E(w) X H(w)) is the second harmonic - - 

current density term due to the Lorentz force and 

receives contributions to within the penetration 

depth 3 300 1( for Hg at A =  1062.3 nm. Therefore 

(E(w) X H(w)) is called the bulk term and is - 

independent of the polarization state of the 

incident fields as illustrated in FIG. 2.1. 
- 

A beam oscillating at an angle @.with respect to 

the plane of incidence is incident on a sample, 

at angle of incidence 8.  The (E(w) X H(w)) term is - - 

longitudinal and therefore cannot be the source term 

of a transverse EM wave unless a boundary is present. 

The first two terms of equation 2.23 are 

called surface terms since they are significant near 

the surface only. The (E(w) V)E(w) term pises - - 

because of the breakdown in inversion,Symetry at 
P :  

the surface. Both and (V0n6(r)E(w)) - 

contain the gradient of the electric field. From 

electromagnetic theory, we know that En, the component 

of the electric field normal to the metal surface 
v 

is discontinuous across the b ~ ~ & i t w i  En ekmge3 

from-its value outside the metal to a very SFS.~~ 

value inside the metal within one or two atomic 

layers of the ~urface?~' Thhs the 
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t e rms  i n v o l v i n g  (E(o)-V)E(w) - - and ( V a n o ( r ) E ( o ) )  - - a r e  
I 

l a r g e  a t  t h e  s u r f a c e  r e g i o n  where t h e r e  i s  a l a r g e  

g r a d i e n t  of En. 
1 

The p o l a r i z a t i o n  s t a t e  o f  t h e  second harmonic 

r a d i a t i o n  as a f u n c t i o n  o f  t h e  p o l a r i z a t i o n  s t a t e  

o f  t h e  i n c i d e n t  beam can b e  de termined by examining  
* 

e q u a t i o n  2.23 f o r  t h e  second harmonic c u r r e n t . - d e n s i t y  

c o n s i d e r  FIGS. -2.2 i n  which t h e  p l a n e  o f  i w i d e n c e  

i s  t h e  Y=O p l a n e .  The l i g h t  i s  r e f l e c t e d  from p l a n e  
\ 

boundary X - > 0. I n  ( a )  t h e  i n c i d e n t  beam h a s  b o t h  

a p  "and an  s component. The s u r f a c e  t e rms  g i v e n  

by t h e  f i r s t  two te rms o f  e q u a t i o n  2 . 2 3  a r e  nonzero 

s i n c e  t h e  normal component o f  - E(w) i s  d i s c o n t i n u o u s  

a c r o s s  t h e  boundary.  The non-zero t e rm o f  (E-V)E - - 

i s  ExVxEx which c o n t r i b u t e s  t o  t h e  second harmonic 

E  f i e l d  normal t o  t h e  s u r f a c e  g i v e n  b y  e q u a t i o n  34 - 

i n  s e c t i o n  2-3. 

V 0 n o ( r ) E  - - can be r e w r i t t e n  as n o ( r )  - (V-E) - 

+ - E  V n o ( r ) .  V e n o ( r )  - i s  n e g l i g i b l e  when compared 

with V . E .  - F o r  sTmpl%ci ty ,  t h e  - r dependence of n o ( r )  - - 

h a s  been neglected. T h e r e f o r e  t h e  non-zero s u r f a c e  

terms of E ( v * E )  - - a r e  ExVxEx, EyVxExy E V E  . The S H  E 
z x x  

f i e l d  due t o  E V E i s  g i v e n  by e q u a t i o n  A2la.  EyVxEx Z X X  

i s  p o l a r i z e d  p e r p e n d i c u l a r  t o  t he  



E X H  - - 
E X H  - - 

FIG. 2.2 ~llustration of the polarization dependence ok 
the second harmonic radiation as predicted 

" by the Classical Hydrodynamical Theory. 



plane  of inc idence  and i t s  corresponding - E f i e l d  

i s  given by e q u a t i o  A22a f o r  E ,, . "\ 
I n  FIG. 2 . 2  ( b ) ,  t h e  i n c i d e n t  beam i s  p o l a r i z e d  

i n  t h e  plane o f  inc idence .  The r e s u l t i n g  S H  E - f i e l d  

i s  due t o  E - X - H, ExVxEx, and EZVxEx. No r a d i a t i o n  
- 

which i s  p o l a r i z e d  perpendicu la r  t o  t h e  p l a n e ~ f - ~ -  
I 

inc idence  i s  genera ted  s i n c e  E i s  zero .  
Y - 

VxEx van ishes  when t h e  i n c i d e n t  r a d i a t i o n  i s  

p o l a r i z e d  p e r p e p i c u l a r  t o  t h e  plane of  i nc idence  

a s  i n  FIG. 2 . 2  ( c )  .TI Therefore  no s u r f a c e  c u r r e n t s  
I 

a r e  genera ted ,  Th second harmonic r a d i a t i o n  _u' 
genera ted  i s  due e n t i r e l p  t o  t h e  - E X - H term. 



2-3 SHG THEORY OF RUDNICK AND STERN 

A long wavelength calculation of SHG from 

metals such as the Classical Hydrodynamical Theory, 

requires that the variation i n  the EM fields take- 

place over a distance large compared to the Fermi 
- - - - - - - - 

wavelength b f  the metal. The long wavelength 

approximation is valid where - fl and the tangential t 

component bf - E are involve'd, since they are con- 

tinuous across the boundary. However, the normal 

component of E - suffers a discontinuity at the bound- 

ary and undergoes a rapid variation. Therefore, a 

quantum mechanical calculatisn of the SH fields 

is necessary. 
- -  - -  

Rudnick and .Sternfis) have performed a quantum 

mechanical calculation for the second order response 

of an isotropic electron gas. Nonlocal effects were 

included by using a wavenumber dependent dielectric 

function. The boundary was replaced by a current 

sheet, so that all EM fields were considered to be 

interior.' Surface structure effects were neglected 
- - - - - - - -- 

since the electron gas wd,s assumed to be isotropic. 
1 

The long wavelength approximation was found to be 

valid for the SH - E fields excited by parallel surface 

currents, and not valid for the SH - E field due to 



l-rmma3 z m r f a c t :  c - m t s .  

S c a t t e r i n g  e f f e c t s  due t o  s u r f a c e  r0ughne . s~  

were inc luded  b y - u s i n g  phenomenological parameters  
. , 

a , a n d  b .  a  i s  t h e  s t r e n g t h  of  t h e  n o n l i n e a r i t y  i n  

E - normal t o  t h e  s u r f a c e  and has  been c a l c u l a t e d  by 

~ c ~ a r d e l l ( " )  t o  be from 4.8 t o  9 .46  f o r  SHG from Ag 
4 0  -- A - - - - -- 

s u r f a c e s  maintained a t  Q, 1 0  t o r r .  b i s  t h e  

s t r e n g t h  of t h e  p a r a l l e l  su r f ace  c u r r e n t s .  If t h e  

su r f ace  i s  f l a t  s o  t h a t  momentum t r a n s v e r s e  t o  i t  - - - - - - - - - - - 

i s  conserved, l b l =  1. However, i f  t h e  boundary i s  

not  f l a t  s o  t h a t  t h e  c u r r e n t  f lowing p a r a l l e i  t o  it 
- 

can be s c a t t e r e d ,  I b l <  1, s i n c e  V o f  equa t ion  2 .8  -1 
and thus  t h e  p a r a l l e l  c u r r e n t  d e n s i t y  w i l l  be 

The publ i shed  equa t ions  o f  Rudnick and s t e r n  
r> , --- 
f o r  t h e  ampl i tudes  of t h e  second harmonic E f i e l d s  - 

con ta in  typographica l  e r r o r s .  My c o r r e c t e d  equa t ions  

and t h e i r  corresponding numbers i n  t h e  paper  of 

Rudnick and s te rnf lS)  a r e  p resen ted  below. 



- - 

3 
- - 

the 

the 

- - - 

'polarization - angle of the incident - - beam, 4 is ~-~ 

8 is 

and 

angle of incidence as shown in F X G .  2.1, 

cos 



E is the amplitude of the electric ffeld 
IP 

normal to the surface and polarized in the plane 

of incidence. E l l  and 11s are the SH E fields due, - 

to surface currents oscillating parallel and perd 

pendicular to the plane of incidence, respectively'. , 

The bu3k contributions are given by E which is - --- 

BP 
also p polarized or polarized in the plane of inci- 

dence. En12 is the SH - E field generated when the 

incident beam is s polarized or polarized perpendic'ular 

to the' plane of incidence. 

The relative second harmonic intensity 

Ig(2u) 1 2 / 1 ~ ( ~ )  [ for the surface and bulk terms 

- is'7plotted as a function of t-he angle of incidence . 

for 4=45O in FIG. 2.29. For $=oO, the curves are 

similar to those for $=45O with respect to 8, but 

are displaced upwards because of the c-os4$+'factor. 

I c (2u)I2 disappears since sin DO i's zero. For s, 
an s polarized incident beam ,($=go0), all terms 

except are zero. The 

dependence of 1 ~ ' -  ( ~ w ) : [ ~ / I E ( w ) ~  which is defined - ~ / 2  - 

The curves in FIG. 2.2 were generated by sub- 

stituting the dielectric congtants of single crystal 

solid Hg into the equations of Rudnick and Stern. 



* 
B 
H 

g lo- 
r d  
E 
Z 
H 

I - I \ L I I 1- I I I - 
40 5 0  . 60 70 Q 80 91 

A N G L E  O F  I N C I D E N C E  

FIG. 2.3 Theoretical intensities of the SH components from - 
the equations of Rudnick and Stern. The relative 
int ens ity E~Pw)-~  2ff33( w jx pTottmct- as-af urc?Tmi 
of angle of-incidence. & was taken to be 45 and 



Similar curves were obtained when the dielectric 

constants derived from reflectivity and ellipsometry 

measurements from li-quid were used. The magnitudes 

of the SH fields' were of the same -order as the corres- 

ponding fields in FZG. 2.2. 

In both cases, the solid and liquid Hg con- 

ductivity profiles were assumed to be constant. 

When a model for Hg in which there was a thin 

transition layer of high conductivity with a 
- 

characteristic dielectric constant  followed 
by the bulk with a-characteristic dielectric 

constant eg was considered, the surfa e SH E 4 - 
fields were found to be smaller in magnitude. 

The results are shown in P I G .  2 . 3 .  cB(u) and 

fg(2w) were assigned the values used to generate 

FIG 2.2. The surface dielectric constant was 

assigned a value 4 times that of the bulk 

dielectric constant. The intensity of the 

total p component is smaller by an order of 
I 

magnitude and! its peak shifts from 6 =  77' to 
- - -  

0 =  79'. The introduition of a thin transition 

layer of high conductivity lowers the intensity 

of the s component relative to the intensity 



lo" 

ANGLE OF INCIDENCE a I 

FIG. 2.4 T h e o r e t i c a l  SH i n t e n s i t i e s  as a ' f u n c t i o n  of a n g l e  . 
o f  i n c i d e n c e  f o p  t h e  two l a y e r  model of H g .  
4 ( a )  Epror 

2 - 



of the total p component. In this particular case, 

1 .  2. whereas the ratio at Q= 78'9 I E ~ ~ ~ I / I E ~ ~ ~ ~ ~ ~  
is .Q when no transition layer is introduced. 

Although the curves in FIGS. 2.2 and 2 . 3  were 
-? 

generated by using the dielectric constants for 
- - - 

solid Hg, the results are indicative of liquid 

,Hg. The re.sults of FIG. 2.3 suggest that for 

liquid Hg to which a surface transi%ion zone 

has been attributed, second harmonic radiatign 

is dominated by E of equation A24b. The 
BP 

generation efficiency decreases when a transition 

zone is introduced. The decrease in generation . 

efficiency is most apparent for the s component 

of the' SH radiation where at 0=' 78', 1 E , , ~ I  2/1 E - .. .* ~ t 0 t  I ,' 
B 

-4. i G 2 s  10 . Therefore, it is unlikely -that s 

'polarized radiation will be detected for angles 

of incidence around 78' .  

It is also apparent from FIGS. 2.5 and 2.6 

that at 0=78' ,  the SH radiation should be p polar- 
31 

ized. In FIGS. 2.5 and 2 . 6 ,  the Zntensities of 

the SH fields are plotted against the poLarization 

angle @ of the incident beam. The transition zone 
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POLARIZATION ANGLE OF INCIDENT BEAM 4 
FIG. 2 . 5  SH intensity as a function of 4 at 0=78'. 
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SH intensity a s A a  function of @ at 9 = 7 8 O .  
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model of Hg. E S = ~ E ~  
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El(w) 
E(w) 2. SH curves for the two layer 



- - - -  

* waS introduced in F I G .  2 -6  only. At )=oO and go0, 

the SH radiation is entirely p polarized. The SH 
e 

radiation at $=go0 is due entirely to E 
Q -. BP As 

stated,earlier, the SH radiation should be p polar- 

ized. 

2-4 ANGLE OF REFLECTION OF SH R A D I A T I O N -  

For the purpose of detecting SH radiation, 

it is essential to know the angle through which 

the SH radiati-on is generated. 

Bloembergen and pershan18 have shown that the 

SH radiation is generated through the same angle 

as the fundamental ray. i 

Consider FIG. 2.6 in which a monochromatic 
- - 

plane wave of frequency wl is incident on a   lane 
boundary. The boundary is given by Z=O and the 

plane of incidence by Y=O. The superscripts i 

and R denote the incident and reflected rays, 

respectively. The superscript T is tlsed to denote 

the fields which exist withrin the metal. An S H  . 

current density - J (2w) is excited by the fundamental 

fields. Since the SH current density rs dependent 

on fundamental fields with phase and time factors 

exp(i(&T - X - wlt ) ) , the SH phase and time depen- 
dence'is [exp(i(kT -1 - X -.wit))] [exp(i(kT* X - wit))] -1 - 



FIG. 2.7 -Diagram to illustrate the angle of 
generation of the second harmonic 
radiation. R denotes the reflected 
waves and i denotes the incident beam. 
J - is the nonlinear source current 
density. 



T which i s  e x p ( i ( 2 k l  - X - 2  c o l t ) ) .  

The e x i s t e n c e  o f  boundary c o n d i t i o n s  a t  Z = O  

which must b e  s a t i s f i e d  everywhere on t h e  boundary 

a t  a l l  t i m e s  r e q u i r e s  t h a t  t h e  s p a t i a l  and .time 

v a r i a t i o n s  of a l l  f i e l d s  must be t h e  same a t  Z=0. 

T h e r e f o r e  

i i R R T T k  I s i n  el = lkll s i n  el = k I s i n  el I -1 I -1 
For  t h e  second harmonic f i e l d s ,  t h e  

e q u i v a l e n t  e q u a t i o n s  a r e  
R T S S T T  k  I s i n  0; = k  I s i n  8: = Ik I s i n  e 2  = 21k11 s i n  el 1-2 1 -2 - ? 

S 1k21 i s  t h e  magnitude 

t h e  S H  s o u r c e  c u r r e n t  

(2 .251 
t 

o f  t h e  wavevector  o f  

d e n s i t y  and i s  e q u a l  t o  

T From e q u a t i o n  2 . 2 4 ,  we have f o r  s i n  8 1  

s i n  s i n  

S i m i l a r l y ,  from e q u a t i o n  2 . 2 5  we have 

T R R s i n  8 = 1 s i n  O 2  1 
T 

2,. IklI 



Equating 2.26 and 2.27 gives 

i i 1- $1 sin e: = k I sin el 
2 1-2 I -1 

For nonmagnetic media, l & ( w ) l  = lol"(w)l (dc) 

where E is the dielectric constant and c is the 

speed of light. In the vacuum 

Substituting 2.29 into 2.28 gives 
\ .  

1 - X 2 

or 

sin 

R w i sin €I2 = - sin 
C 

R i e2 = sin el (2.30) 

From the law of reflection, we know that 

=0:. Therefore, equation 2.30 implie3 that 

The second harmonic radiation is generated 

through the same angle as the fundamental ray. 



CHAPTER 3 

APPARATUS 

A pasively Q switched and mode locked Nd 

glass laser was used as the light source. A des- 

cription of the  lase^ is presented in s&jm~3--2. 
a 

Passive Q switching and mode locking are discussed 

in section 3-3. The optical arrangement used in - 

detecting the SH  signal,^ is described in section 

3-4. In the final section, a description of the 

ultrahigh vac'uum system which was used to contain 

the Hg is presented. 

3-2 NEODYMIUM GLASS LASER 
- - -  - - -  

In the initial investigations, the Nd glass laser 

constructed by R. Ninnis was used .(' The flashlamp was 

linear, and heat damage to the ~ d ~ +  doped glass rod was 

prevented by pumping cooling water from a reservoir 

through the laser head containing the glass rod. How- 

ever, the laser output is important for applications 

where a single pulse is to be selected from the mode 

locked train. A commercial laser (Korad, Hadron Co. 1 

was substituted, ftrr ~ r r s - ~ ~ f 2 ~ s - E ~ f i t R f n m r r ~ ~ ~  

aluminum silicate glass rod, 29.2 cm. in length and 



in diameter wasused. The rod *ends were cut at 

Brewster angle so that the laser output was linearly 

polarized. The front exit mirror was 6 5 %  

reflecting and the'rear mirror; was .loo$ reflect- 

ing at the laser wavelength of 1062.3 nm. Unlike 

the laser of Ninnis, optical pumping of the laser 
- - - --A -- - 

amplifying medium (glass rod) was achieved with 

a helical flashlamp. Since the lamp electrodes 

de-ionized water was used in order to prevent the 

lamp from shorting. For prolonged operation of 

the laser, it was necessary to maintain the cool- 

ing water reservoir in an ice bath. The optical 

path length of the cavity was 112 cm. which 
- - - - -  - - -- 

corresponded to a cavity round trip time of 7.5 

nanoseconds. 

The helical flashlamp provided a more uniform 

optical pumping of the Nd glass rod, than the linear 

flashlamp. Single mode T E M ~ ,  operation of the laser 

with a Gaussiam energy distribution in the output 

was readily attainable, whereas the linear flashlamp 
--- -- 

... assembly of Ninnis ,  resulted in multimode pola~oid 
-- -- - 

" ,  - b u r n  patterns. iieiical flashlamps have larger wall 
-"+ 

arears and arc lengths per linear centimeter and, 

i - dnerefore, can dsfiver much higher pulse energies 



t o  a g i v e n  s i z e  l a s e r  r o d  t h a n  a s i n g l e  l i n e a r  
% 

f l a s h l a m p .  Hence, i n  c a s e s  where h i g h  peak power 
* 

i s  d e s i r e d ,  h e l i c a l  f l a s h l a m p s  a r e  used ,  whereas 
0 -_ 

l i n e a r  f l a s h l a m p s  f i n d  f a v o u r  w i t h  h i g h  a v e r a g e  
I 

p o w e r  o r  h i g h  r e p e t i t i o n  rate lasers sirree e - -- 

c o o l i n g  l i q u i d  i s  more t r e a d i i y  c i r c u l a t e d .  

The 65% r e f l e c t i n g  e x i t  m i r r o r  was manufac tured  

by Valpey Corp. Two t y p e s  o f  100% r e f l e c t i n g  m i r r o r s  

. (Valpey Corp. and o p t i k 4 )  were t r i e d .  Although 

t h e  Optikon m i r r o r  was ed  as b e i n g  a b l e  t o  wi th-  
> 

s t a n d  power d e n s i t i e s  o f  2 ~ w / c m f ,  i t s  u s e f u l  l i f e -  

t i m e  ( - 2  days )  was found t o  be abou t  t h e  same as 
- - 

f o r  t h e  V a l p e  m i r r o r .  T h e r e f o r e ,  ~ e a l i g m e n t  o f -  

t h e  m i r r o r s  and t h e  o p t i c s  o f  t h e  SH d e t e c t i o n  

sys tem,  was n e c e s s a r y  on t h e  a v e r a g e ,  eve ry  two days .  

The method used  i n  r e a d j u s t i n g  t h e  m i r r o r s  i s  d e s c r i b e d  

by Ninn i s .  (1 91 

No s a t i s f a c t o r y  method was found f o r  c l e a n i n g  
0 

t h e  m i r r o r s  and o t h e r  o p t i c a l  components. L i q u i d  
- - 

-leaning was f orlrrrd to promuix &amage r a t h e F  than - 

--. 
h e  it. There are two  possible s o u r c e s  of damage. 

- 
F i r s t l y ,  i n c o m p l e t a r d r y i n g  of  t h e  l i q u i d  can l e a d  t o  

\ 

a b s o r p t i o n  by  1 e o p t i c a l  s u r f a c e s .  M i n i a t u r e  P 



1 
e x p l o s i o n s  produced iih&i laser  p u l s e s  s t p i k e  

1 

t h e  absorbed  l i q u i d .  I n  p a r t i c y l a r ,  t h e  l a s e r  r o d  

ends  were p i t t e d  a f t e r  l i q u i d  c l e a n i n g .  Secondly,  

c l e a n i n g  r e s i o u e  may have been mel t ed  o n t o  t h e  

s u r f a c e s  and l e f t  i n d e n t a t i o n s  a f t e r  b e i n g  d i s -  
. * 

l odged  by subsequen t  l a s e r  p y l s e s .  The Optikon 
1 

-- 

m i r r o r  was found t o  be ext remely  s e n s i t i v e  t o  

c l e a n i n g  by v o l a t i l e  l i q u i d s  such  as methanol  and 

a c e t o n e .  The d r y i n g - o f  t h e  l i q u i d  w a s  accompanied 

by t h e  p e e l i n g  o f  t h e  d i e l e c t r i c  c o a t i n g  from t h e  

q u a r t z  s u b s t r a t e .  E v e n t u a l l y ,  damage t o  t h e  

o p t i c a l  components was minimized by r e d u c i n g  t h e  

f requency o f  l i q u i d  c l e a n i n g  and t h e  amount o f  

l i q u i d  used .  Dust was e l i m i n a t e d  from t h e  working 
- - 

a r e a  by spraying .cornpressed  a i r .  

The image o f  t h e  He-Ne a l ignment  l a s e r  beam was 

s e e n  t o  expand and f a d e ,  and r e t u r n  t o  normal w i t h  
I d  

each f i r i n g  o f  t h e  N d  g l a s s  l a s e r .  T h i s  e f f e c t  i s  
- 
I 

known as t h e r m a l  l e n s i n g ,  i n  which t h e  h e a t i n g  and 

c o o l i n g  o f  t h e  g l a s s  r o d  l e a d s  t o  a nonuniform temp- 

e r a t u r e  o f  t h e  r o d ,  which l e a d s  t o  a t e m p e r a t u r e  and 
f 

- - -- - - - - 

L-. s t r e s s  dependent  v a r i a t i o n  o f  t h e  index  of r e f r a c t i o n .  

Thermal l e n s i n g  a l s o  a f f e c t s  t h e  o u t p u t  power o f  l a s e r s .  

order '  t a k e  advantage  o f  t h i s  e f f e c t ,  t h e  l a s e r  



- 

was f i r e d  once e v e r y  15 seconds  when t h e  o u t p u t  

power was n e a r  t ,he  maximum v a l u e .  I n  a d d i t i o n ,  when 

o p e r a t e d  i n  t h e  t h e r m a l  l e n s i n g  mode, t h e  f i n e  t u n i n g  

o f  t h e  p a s s i v e l y  Q swi tched  and mode l o c k e d  l a s e r  

was f a c i l i t a t e d ,  w i t h  a n  improvement i n , t h e  r ep ro -  

d u c i b i 1 d . t ~  of t h e  mode locked p u l s e s *  - 

The maximum v o l t a g e  a v a i l a b e  from t h e  power 

supp ly  was 10  kv. I n  t h e  p a s s i v e l y  Q ' swi tched and 
I 

mode locked  o p e > a t i o n  o f  t h e  Nd g l a s s  l a s e r ,  a 

t y p i c a l  o p e r a t i n g  v o l t a g e  was 5 .3  kv . ,  co r respon-  

3 d i n g  t o  a n  i n p u t  energy o f  1 . 4  X 10  j o u l e s .  The 

c h a r g e  was c o n t a i n e d  i n  a 100 m i c r o f a r a d  c a p a c i -  

t o r .  



I n - t h e  p a s s i v e  method ( e g .  s a t u r a b l e  dye a b s o r b e r )  

t h e '  s w i t c h  i n  Q i s  ach ieved  i n t e r n a l l y .  

Experiments  t o  d e c i d e  t h e  most s u i t a b l e  sa- 

t u r a b l e  a b s o r b e r  were conducted and a r e  d e s c r i b e d  

3-3 PASSIVB Q SWITCHING AND MODE LOCKING 
t 

Q swi- tch ing  i s  a- mode of l a s e r  o p e r a t i o n  

employed f o r  t h e  g e n e r a t i o n  of h i g h  p u l s e  power. 
* -4- 

2 
The o p t i c a l  Q,  which i s  t h e  r a t i o  o f  t h e  ene rgy  

s t o r e d  i n  t h e  c a v i t y  t o  t h e  energy l o s s  p e r  c y c l e  
- - - 

i s  a l t e r e d  i n  Q s w i t c h i n g .  Energy i s  s t o r e d  i n  

t h e  a m p l i f y i n g  medium by o p t i c a l  pumping w h i l e  

t h e  q u a l i t y  f a c t o r  Q i s  lowered  t o  prevent l a s e r  

emiss ion .  A s  a r e s u l t ,  t h e  p o p u l a t i o n  i n v e r s i o n  

r e a c h e s  a l e v e l  fa r  above t h e  t h r e s h o l d .  When 

t h e  o p t i c a l  Q i s  i n c r e a s e d ,  t h e , s t o r e d  energy i s  

r e l e a s e d  as a s h o r t  p u l s e  o f  l i g h t .  

The s w i t c h  i n  Q may be ach ieved  i n  two ways .  
- - 

.3 

I n  a c t i v e  Q s w i t c h i n g ,  a n  a c t i v e  modula tor  

( e g .  e l e c t r o o p t i c  s h u t t e r )  i s  d r i v e n  e x t e r n a l l y .  

A b r i e f  d e s c r i p t i o n  o f  p a s s i v e  mode l o c k i n g  

f o l l o w s .  For  d e t a i l e d  d e s c r i p t i o n s  s e e  r e f e r e n c e s  

16 and 1 9 .  



When two o r  more l o n g i t u d i n a l  modes b e g i n  8 

o s c i l l a t i n g ,  t h e  i n t e r a c t i o n  between - E f i e lds  

o f  t h e  modes and t h e  n o n l i n e a r  s a t u r a b l e  a b s o r b e r  

l e a d s  t o  a p e r i o d i c  ampl i tude  f l u c t u a t i o n  a t  t h e  

d i f f e r e n c e  f requency Av = c/2L, where c  is t h e  a A -  

speed  o f  l i g h t  and L i s  t h e  o p t i c a l  c a v i t y  l e n g t h .  
3 

S i n c e  h i g h e r  ampl i tude  E f i e l d s  a r e  t r a n s m i t t e d  
-b 

- 

more r e a d i l y  t h a n  t h e  E - f i e l d s  lower i n  ampl i tude ,  

the t  i n i t i a l l y  s i n u s o i d a l  waveform i s  d i s t o r t e d  on 

passage  th rough  t h e  a b s o r b e r .  P u l s e  na r rowing  

o c c u r s  because  t h e  wings of t h e  p u l s e  a r e  more 

s t r o n g l y  absorbed  t h a n  t h e  peak.  The i n t e r a c t i o n  

between t h e  modes and t h e  s a t u r a b l e  a b s o r b e r -  

which behaves as  & ampl i tude  modula tor ,  e x c i t e s  

a d d i t i o n a l  s i d e b a n d s  w i t h i n  t h e  l a s e r  bandwidth.  

S i n c e  t h e  s i d e b a n d s  r e p r e s e n t  o t h e r  modes o s c i l -  

l a t i n g  w i t h  a  d e f i n i t e  phase  r e l a t i o n s h i p ,  t h e  

l a s e r  o u t p u t  c o n s i s t s  o f  a s e r i e s  o f  s h a r p  s p i k e s  

s e p a r a t e d  i n  t ime  by t h e  c a v i t y  round t r i p  t i m e .  

T h e r e f o r e ,  in- -order  for a sabra- a W W r  to 

mode l o c k  t h e  l a s e r  o u t p u t ,  t h e  r ecovery  t ime  

from t h e  s a t u r a t e d  s t a t e  of  t h e  dye must be l e s s  

t h a n  t h e  c a v i t y  round t r i p  t i m e .  In a d d i t i o n ,  



9 the dye must have an absopbing transition at the 

laser frequen& and a bandwidth greater than or 

equal to the laser line'width. 

3-4 OPTICAL ARRANGEMENT 

Due to the extremely low conversion efficiency 

I ~ ( 2 d  I 2/)~(4 1 Q lo-15 of the fundamental beam into 

Sh radiation)) a high peak power Nd glass laser was 

used as the light source and high gain EM1 9526 B 

photomultipliers (Baytronix Ltd.) were used to detect 

the SH signals. 

The optical arrangement is shown in FIG. 3.1. 

The electronic detection system shown in FIG. 3.1 

will be discussed in 4--5. 

A part of the Nd glass laser beam was reflected 

by a beam splLtter for detection by the ulzrafast 

photodiode. The beam splitter was placed close 2 

to the Brewster angle to maximize transmission. 

The resulting pulse wad displayed on the Tektronix 

519 oscilloscope. The 519 scope has a risetime-of 

0.5 nanosecond and was used to monitor - - -- moae - locking - - - -- - 

in the laser wavetrain. 

In order to eliminate errors due to shot to 

shot fluctuations in laser output, a normalizing 

technique was used by passing a portion of the 
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laser beam through KDP (potassium dihydrogen phos- 

phate) powder to generate a reference second har- 

monic signal. The KDP powder was sandwiched bet- 

ween two microscope glass slides. The thickness 

of the powder was Q 1 mm. 

Neutral density filters were used to attenu- 

ate the reference second harmonic signal to a level 

appropriate for detection by a photomultiplier. The 

signal was then read on the digital panel meter 

(DPM).after being amplified by the Tektronix 555 

osci~loscope and integrated by the gated integrator. 

The direction of the' laser beam was altered 
- - - 

in the horizontal plane by total internal reflec- 

tion in the right angle prism P1. A second right 
* 

angle prism P2 wag used to direct the laser beam 

onto the horizontal surface of the Lfquid samples. 

The angle of incidence was determined to within 

+ 1" by measurements made with a He-Ne laser beam - 

which was adjusted to be collinear with the Nd glass 
- -  - - - -  

laser beam at the Hg surface. The angle was 

calculated by measuring the positions of the 

He-Ne laser beam when 



t h e  r i g h t  a n g l e  p r i s m  F2 was a b s e n t  from t h e  o p t i c a l  

arrangement  and when P2  was p r e s e n t .  

The p o l a r i z a t i o n  s t a t e  o f  t h e  r a d i a t i o n  i n c i -  

d e n t  on t h e  sample was v a r i e d  w i t h  a Glan-Thompson 

p r i s m  and a q u a r t z  A/2 p l a t e  f o r  1060 nm. The t r a n s -  

m i s s i o n  p l a n e  o f  t h e  p r i s m  was s e t  i n  t h e  p l a n e  o f  - -- 

p o l a r i z a t i o n  o f  t h e  i n c i d e n t  beam t o  w i t h i n  - + 

Once t h i s  was accomplished,  t h e  p o l a r i z a t i o n  o f  t h e  

r a d i a t i o n  i n c i d e n t  on t h e  sample w i t h i n  t h e  vacuum 

sys tem was changed by v a r y i n g  on ly  t h e  o r i e n t a t i o n  

o f  t h e  h / 2  p l a t e .  The t r a n s m i s s i o n  axes  of t h e  p + a r i z e r  

and a n a l y z e r ,  and the fast and slow a x e s  o f  t h e  X/2 

p l a t e  were deduced from pho tomet r i c  measurements o f  

t h e  i n t e n s i t y  o f  a He-PJe laser-beam t r a n s m i t t e d - b y  ' 

t h e  p o l a r i z e r , '  a n a l y z e r  and wavepla te  p o s i t i o n e d  a t  

' d i f f e r e n t  s e t t i n g s .  

Lens L1 was used t o  expand t h e  c r o s s  s e c t i o n a l  

a r e a  o f  t h e  beam i n c i d e n t  on t h e  sample.  T h i s  was 
I 

n e c e s s a r y  t o  minimize plasma g e n e r a t i o n .  Lens L2 

was used t o  c o l l e c t  t h e  l i g h t  from t h e  sample and 

t o  f o c u s  i t  o n  PM Ch], the p h a k a m u l t ~ i w -  -- -- - -- - - - - 

F1 and F2 a r e  o p t i c a l  bandpass  filters- El, 

Corning f i l t e r  CS-264, was t h e  fundamental  p a s s  f i l t e r ,  

t r a n s m i t t i n g  r a d i a t i o n  i n  t h e  r ange  640 nm. t o  4500 nm. 

F2,  Corning CS-494, was t h e  SH p a s s  f i l t e r ,  t r a n s -  



mitting radiation in the range 330 nm. to 640 nm. 

Two methods were used to determine the spe&al 

distribution of the radiation from the sample within 

the ultrahigh vacuum system. In preliminary tests, 

a Jarrel-Ash monochromator was found to be unsuitable. 
- - - - - - a 

.The necessity of varying the angle of incidence made 

the alignment too difficult. As a result, Monopass 

narrow 'bandpass filters (FMQNO) with A the peak 
P' 

. > transmittance wavelength in the range 438 nm. to 591 nm. 

were used. Luminescence was not observed. The typical 

- peak transmittance of the filters was % 35% and the 

full width at half maximum (FWHM) % 15 nm. 

3-5 ULTRAHIGH VACUUM SYSTEM 
- - 

In order to investigate SHG from clean Hg surfaces, 

the Hg was distilled into an ultrahigh vacuum system 

(UHV). A schematic diagram of the UHV:is shown in 

FIG. 3 . 2 .  

A rotary vane-type mechanical pump was used as 

the forepump to reduce the pressure of the vacuum 

system to % lo-' torr., at which the high vacuum oil 
- - -  -- - - -- 

diffusion pump (NRC HS-11) was switched on. The 
- - 

diffusion pump oil used was NRC 705. 

The molecular sieve minimized backstreaming of 

the oil from the mechanical pump into the bulk of 
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t h e  system. 

U l t r a h i g h  vacuum c o n d i t i o n s  were m a i n t a i n e d  by 

f i l l i n g  c o l d  t r a p  2 ( G r a n v i l l e  P h i l l i p s )  e v e r y  6 h o u r s  

w i t h  l i q u i d  N2. The r e f i l l  f requency was i n c r e a s e d .  ? - 

t o  8 t imes  a day o r t o n c e  eve ry  3 hours  d u r i n g  bake 

o u t .  The b a k e  u& procedure w i J . 1  b e - - - d i m s e L i  - -  

s e c t i o n  4-6. Cold t r a p  1 was i n s t a l l e d  i n  o r d e r  t h a t  

p r e s s u r e  r e a d i n g s  cou ld  be t a k e n  a f t e r  t h e  d i s t i l l -  

a t i o n  o f  H g  i n t o  t h e  s t a i n l e s s  s t e e l  d i s h .  The vapour 

p r e s s u r e  o f  H g  a t  2 0 ' ~  i s  Q t o r r .  F r e s h  s u r f a c e s  

were o b t a i n e d  by d i s t i l l i n g  Hg i n t o  t h e  s t a i n l e s s  

s t e e l  d i s h  u n t i l .  t h e  s p i l l e d  o v e r  i n t o  

t h e  s p i l l  o v e r  cup. 

The H g  was c o n t a i n e d  i n  an  ampoule, s e p a r a t e d  

from t h e  r e s t  of t h e  vacuum sys tem by a glass s e a l .  

The s e a l  was broken by d r  p i n g  a  magnet ic  rod  w h i l e  
1 ,  I" 
t h e  sys tem was main ta ined  b h i g h  a vacuum c o n d i t i o n s .  

The 99,9% p u r e  Hg was p r e p a r e d  by r e f l u x i n g  f o r  s e v e r a l  

hours  i n  a vacuum sys tem main ta ined  a t  t o r r . ,  

and t h e n  d i s t i l l e d  i n t o  a n  ampoule. 

Cu rod  a t t a c h e d  t o  t h e  s t a i n l e s s  s t e e l  d i s h ,  i n  a 



dewar f i l l e d  w i t h  l i q u i d  N2. I r o n  Cons tan tan  

thermocouples  were used  t o  measure t h e  temperature 

of t h e  H g .  

The vacuum system, e x c l u d i n g  t h e  mechanica l  

pump and t h e  m o l e c u l a r  s i e v e ,  was mounted on a - 
- -+. 

t a b l e ,  which cou ld  be  a d j u s t e d  t o  t h e  p r o p e r  height 

f o r  a p a r t i c u l a r  a n g l e  of i n c i d e n c e .  

The d o t t e d  l i n e  A-B-C i n d i c a t e s  t-he level 03 

t h e  t a b l e  s u r f a c e .  I n  t h e  bake o u t  p r o c e d u r e ,  t o  

be d e s c r i b e d  i n  s e c t i o n  4-6, o n l y  t h e  p o r t i o n  o f  t h e  

sys tem above t h e  d o t t e d  l i n e  was h e a t e d .  



EXPERIMENTAL METHODS AND RESULTS 

- 1  INTRODUCTION 
% 

I n  t h i s  LA- c h a p t e r ,  t h e  L A  p r e l im ina ry  - - - --- work performed - 

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

f o r  t h e  d e t e c t i o n  o f  SHG from Hg, i s  d i s c u s s e d .  The , 

r e s u l t s  from t h e  i n v e s t i g a t i o n s  o f  SHG-from H g  

s u r f a c e s  are a l s o  p r e s e n t e d .  

Although t h e o r e t i c a l  a n a l y s e s  of p a s s i v e  mode 

l o c k i n g  have been * t h e r e  i s  n o t  ' y e t  a 
- 

p r e s c r i p t i o n  by which a r e p r o d u c i b l e  mode locked  . 

p u l s e  o f  speef f i ed  c k a r a e t e & s t  i c s  may b e  -geer&ed, 

The mode locked  ou tpu t  s u f f 6 r s  from t h e  e x c i t a t i d n  

o f  m u l t i p l e  p u l s e  t r a i n s ,  incomple te  mode l o c k i n g ,  

m u i t i p l e  p u l s i n g  due t o  t h e  incomple te  b l e a c h i n g  of 

t h e  s a t u r a b l e  dye, and v a r i a t i o n s  i n  t h e  i n t e n s i t y .  

I n  a t t e m p t s  t o  improve t h e  performance o f  t h e  mode 

locked  l a s e r ,  exper iments  were conducted w i t h  

and d i f f e r e n t  p o s i t i o n s  o f  t h e  dye c e l l  14-31 

w i t h i n  t h e  c a v i t y .  

The e l e c t r o n i c  i n s t r u m e n t a t i o q  i s  d e s c r i b e d  

i n  4-5. A s  r e p o r t e d  e a r l i e r ,  t h e  bake  o u t  procedure  



i s  d i s c u s s e d  i n  4-6. The SHG r e s u l t s  f o ~  Ag a r e  

p r e s e n t e d  i n  4-7. The r e s u l t s  f o r  l i q u i d  Hg and 

s o l i d  H g  a r e  d i s c u s s e d  i n  s e c t i o n s  4-8 and 4-9 

r e s p e c t i v e l y .  

4-2 TESTS FOR, BEST DYE 

I n  o r d e r  t o  de te rmine  t h e  dye b e s t  s u i t e d  f o r  

use  wi th .  t h k r ~ d  g l a s s  l a s e r ,  two s a t u r a b l e  dyes ,  

EK (Eastman KodaRf 9% anb EK 34015 were examined. 

The former i s  a s t a n d a r d  dye f o r  use  w i t h  Nd g l a s s  

l a s e r s .  However, i t  h a s  t h e l d i s a d v a n t a g e  o f  be ing  
/ 

L 
i 

s e n s i t i v e  t o  u l t r a v i o l e t  l i g h t .  When exposed t o  

u l t r a v i o l e t  r a d i a t i o n  ( e g .  from t h e  l a s e r  f l a s h l a m p ) ,  

t he  dye decomposes. -- - - - - - 

Recen t ly ,  a  pew dye EK 14015 was i n t r o d u c e d  by  

Drexhage and ~ e y n o l d s " ~ '  f o r  use  w i t h  Nd glass l a s e r s .  

They . . i n d i c a t e d  t h e  'dye t o  be  h i g h l y  s table  i& use  
. 

oI 0 

and i n  s t o r a g e .  When d i s s o l v e d . i n  . t h e  EK 9860 sozven t ,  
. . m .  

1 , 2  d"ichloroethane,  t h e  dye was' ?ound t t o  Q sw i t ch  
, ,  * 1 

5 

b u t  noir  mode l o c k  t h e  l a s e r  p u l s e s .  Th i s  wa;s a t t r l b -  +. 
% .  .- 

. ,  of t h e  d y e - s o l u t i o n  from t h e  s a t u r a t e d  s t a t e r  An . I  . 
5 - - - -  -- -- - -  - 

;I 
b - -- 

ou tpu t  which i s  Q swi tched  'but no t  mode lockd'd,. appea r s  - 
' 

* - .  - 
as a  s i n g l e  g i a n t  p u l s e  i n s t e a d  o f  a  s e r i e s  i 

-3 

. - 3  

1 -. C 1 

9 

- 



o f  s h a r p  s p i k e s  as i n  t h e  mode locked  c a s e .  EK 14015 

h a s  t h e  a t t r a c t i v e  f e a t u r e  t h a t  t h e  r e c o v e r y  t i m e  

from t h e  s a t u r a t e d  s t a t e  can b e  v a r i e d  f r o p  Q lo-'  

s e c .  t o  Q 1 0  -12 s e c .  w i t h  s u i t a b l e  s u b s t i t u t i o n s  and 
I 

c o n c e n t r a t i o n s  o f  t h e  s o l v e n t s .  It i s  p o s s i b l e  t o  
A - - - - - - -- - 

i n v e s t i g a t e  t h e  i n f l u e n c e  o f  t h e  r e c o v e r y  t i m e  o f  

'a s a t u r a b l e  a b s o r b e r  on t h e  mode l o c k i n g  behav iour  

o f  a s o l i d  s t a t e -  l a s e r ,  Mode locked  p u l s e s  were 

obse rved  by DR (Drexhage and Reynolds)  i n v o l v i n g  
3 

s u l f o x i d e s ,  s u l f i d e s ,  p y r i d i n e  d e r i v a t i v e s  and iodo- 

e t h a n e  as s o l v e n t s .  I n  t h e  p r e s e n t  s t u d y ,  e t h y l  

s u l f i d e ,  p y r i d i n e ,  iodoe thane  and 1 , 2  d i c h l o r o e t h a n e  

were used .  I n  agreement w i t h  DRY when EK 14015 was 
--- - -  - 

d i s s o l v e d  1 , 2  d i c h l o r o e t h a n e ,  t h e  l a s e r  o u t p u t  was 

L .  

Q swi tched  b u t  n o t  mode locked .  Mode l o c k i n g  d i d  
\ 

n o t  occur  r e l i a b l y  w i t h  e t h y l  s u l f i d e  and p y r i d i n e .  

, - T& t o x i c  n a t u r e  of e t h y l  s u l f i d e  makes i t  u n d e s i r a b l e  
,' 

I 

a s %  s o l v e n t .  I n  c o n t r a s t  t o  t h e  r e p o r t e d  work o f  

.. DR,  EK 14015 w a s  f o y d  t o  be  h i g h l y  u n s t a b l e  when 
- -  I - 

.- . . - . ,. - 
d i s s o l v e d  i n  pu&5 p y r i d i n e  as w e l l  as i n  mrx tu res  

v 

x , - -- - - 
o f  l j 2  d i c h l o r o e t h a n e  and p y r i d i n e .  The d e g r a d a t i o n  

- 
- - - - - - - - - - - - -  

_ -  . .  1 - o f  t h e  dye o c c u r r e d  o v e r  s t o r a g e  p e r i o d s  as s h o r t  
, - 

Ya ' .  
' .. 

, . -  , - -  a .' .'  . as 2 4  h o u r s ,  a l t h o u g h  t h e  dye s o l u t i o n  was k e p t  i n  
' ; 

I .  - 1 

+. l ~ ~ h t - ' t i , i h t  '- c o n t a i n e r s .  Iodoethane  as t h e  s o l v e n t  



- -  - - 

y i e l d e d  t h e  b e s t  r e s u l t s .  However, t h e  u s e f u l  l i f e -  

t i m e  of t h e  dye s o l u t i o n  was found t o  be  $50 i a s e r  

s h o t s .  
- 
I n  a n  a t t e m p t  t o  l e n g t h e n  t h e  s t o r a g e  l i f e t i m e s ,  

t h e  EK'g860 s o l u t i o n ,  and EK 14015 dl&&lved i n  iodo- 

e t h a n e  were s t o r e d  a t  4 ' ~ .  A f t e r  s i x  months, t h e  s - .  
A 

LA - - - --- 

two. d y e s  were n o t  a b l e  t o  mode l o c k  t h e  Nd g l a s s  

' 4-gaer r e l i a b l y .  WQen s t o r e d -  a t  room t e m p e r a t u r e ,  - - 
4 

t h e  l i f e t i m e  of EK 9860 w a s  Q s i x  months. Subse- 

quent  h e a t i n g  of t h e  EK 9860 s o l u t i o n  d i d  n o t  i m -  

p rove  i t s  mode l o c k i n g  p r o p e r t i e s .  It was concluded 

t h a t  t h e  d e g r a d a t i o n  o f  t h e  EK 9860 s o l u t i o n  was 

due t o  chemical  decomposi t ion  and n o t  due t o  pre-  

c i p i t a t i o n  of the dye s o l i d . - -  

E v e n t u a l l y ,  i t  w a s  dec ided  t o  u s e  EK 9860 

as t h e  s a t u r a b l e  a b s o r b e r .  

4-3 DIFFERENT DYE CELL POSITIONS 

According t o  Drexhage and Reynolds,  mode l o c k i n g  

o c c u r r e d  most r e l i a b l y  w i t h  t h e  dye c e l l  i n  t h e  o p t i c a l  

c e n t e r .  The b o s i t i o n  o f  t h e  dye c e l l  w i t h i n  t h e  

l a s e r  c a v i t y  was v a r i e d  - -- i n  - - o r d e r  - - t o  o b s e r v e  t h e  2 

performance c h a r a c t e r i s t i c s  o f  t h e  laser  as a f u n c t i o n  
- - - - -- -- --- 

of c e l l  p o s i t i o n .  

The d i s t a n c e  L/m, o f  t h e  c e l l ,  from t h e  100% - 

r e r l e c t i n g  Sack m i r r o r  was v a r i e d .  t h e  o p t i c a l  



l e n g t h  o f  t h e  l a s e r  c a v i t y  which i s  % 112 cm, and 

m i s  a  p o s i t i v e  non-zero i n t e g e r .  A v a l u e  o f -  one 

f o r  m cor 'responds t o  t h e  c e l l  b e i n g  p l a c e d  immedia te ly  

n e x t  t o  t h e  rear m i r r o r .  m e q u a l  t o  two cor responds  

t o  t h e  c e l l  b e i n g  p l a c e d  a t  o p t i c a l  c e n t e r ,  and s o  
A - A- A - I - 

on.  Hand reproduced diagrams o f  t h e  r e s u l t s  a r e  

shown i n  FIG. 4 . 1 .  When m was one,  t h e  o u t p u t  

normal ly  c o n s i s t e d  of a s e r i e s  o f  sharp s p i k e s  

s e p a r a t e d  i n  t i m e  by t h e  c a v i t y  round t r i p  t i m e  T 
> 

e q u a l  t o  7 . 5  nanoseconds,  as shown i n  FIG. 4 .l (a\?. 
\ 

With t h e  c e l l  a t  t h e  o p t i c a l  c e n t e r ,  , t h e  s p i k e s  we& 

s e p a r a t e d  by t h e  h a l f  t h e  round t r i p  t i m e .  I n  con- \ 

t r a s t  w i t h  t h e  r e s u l t s  o f  Drexhage a n 4  Reynolds,  no \ 
- 

\ 
\ 

improvement i n  mode l o c k i n g  r e l i a b i l i t y  was obse rved  

o v e r  t h e  p r e v i o u s  c a s e  w i t h  t h e  c e l l  n e x t  t o  t h e  

r e a r  m i r r o r .  P u l s e  q u a l i t y  s u f f e r e d  g r e a t l y  f o r  

g r e a t e r  t h a n  two. FIG. 4 . 1  ( c )  shows t h e  l a s e r  ou t -  

p u t  f o r  m e q u a l  t o  t h r e e .  The p u l s e s  were s e p a r k t e d  
- 

by  t h e  c a v i t y  round t r i p  t ime d i v i d e d  by t h r e e .  A s  

obse rved  by Harrach and ~achen ' :  '' t h e  p u l s e s  fo l lowed  
- - - - - - - - --- - 

a sequence o f  one l a r g e  s p i k e  and two small s p i k e s .  
- - - - -  - 

The o u t p u t  was n o t  mode locked  f o r  l a r g e r  v a l u e s  o f  m. 

For  t h e  SHG t e s t s ,  t h e  c e l l  was p l a c e d  immediately 

n e x t  t o  t h e  10.0% r e f l e c t i n g  m i r r o r .  



fa) 

FIG. 4.1 The 
the 
f b )  

effect o f t h e  dye 
laser output. In 

cell. posltlon 
(a) ~ L L ;  

cavity round trip- time. 



4-4 DIFFERENT CELL DESIGNS 

Two dye c e l l s  w i t h  p a t h  l e n g t h s  of  1 . 6 5  mm. 

and 10  mrn. were examined i n  o r d e r  t o  de te rmine  t h e  

c e l l  from which t h e  more r e l i a b l e  mode l o c k i n g  cou ld  

b e w b t a i n e d .  A laser  i s  s a i d  t o  be r e l i a b l y  mode 
- - - . - - - - - -- - - - - -- 

l ocked  when o u t p u t s  o f  t h e  t y p e  d e p i c t e d  i n  

FIG. 4.1'  ( a )  a r e  c o n s i s t e n t l y  produced. .  

' T ~ ~ ' E K  6 0 8 8 ' f i q u i d  $ s w i t c h  c e l l  i s  eommonly 

used t o  c o n t a i n  s a t u r a b l e  a b s o r b e r s  f o r  Nd g l a s s  
* 

l a s e r s .  A n t i r e f l e c t i o n  c o a t e d  windows e l i m i n a t e  

t h e  ne.ed t q  p l a c e  t h e  c e l l  a t  t h e  Brewster  a n g l e  

w i t h  r e s p e c t  t o  t h e  l a s e r  beam t o  minimize r e f l e c t i o n  

l o s s e s .  A p a t h  l e n g t h  o f  1 .65  mrn. i s  p rov ided  by 

a  t e f l o n  s p a c e r ,  A t y p i c a l  dye c o n c e n t r a t i o n  used 

was 3.6% by volume of EK 9860 Q s w i t c h  s o l u t i o n  i n  

1 , 2  d i c h l o r o e t h a n e .  

Ren tzep i s  ( p r  a t e  communication) h a s  'ob ta ined  

r e l i a b l e  mode l o c k  g w i t h  t h e  EK 9 8 6 0  dye i n  a c e l l  

w i t h  o r d i n a r y  p y r e  g l a s s  windows s e p a r a t e d  by  a 

1 0  mm. t h i c k  t e f l o  s p a c e r ,  p l a c e d  a t  t h e  Brewster  

I n  t h e  p r e s e n t  s t u d y ,  t h e  b e t t e r  r e s u l t s  were 

o b t a i n e d  w i t h  EX 5088 c e l l .  Mode locked  p u l s e s  

s imi lar  t o  t h o s e  ~ e p ' i c t e d  i n  FIG. 4 . 1  ( a )  were 



- -- 

9 

obtained regularly. However, when a cell similar 

to that of Rentzepis was used, the laser output 

tended to assume the behaviour shown in the hand 
' 

reproduced diagrams of FIG._4.2. A partially mode 

locked pulse is shown in FIG. 4.2 (a). Parts (b) 
- - - 

and (c) show examples of multiple pulsing and the 

excitation of multiple pulse trains respectively. 

In addition, the performance of the laser was found 

to be extremely sensitive to the concentration of 

the dye. At 0.8% by volume of the EK 9860 solution 

the .laser could not be fired, 4 
whereas at 0.4%- by volume, evidence of mode locking 

was seen. There is another d&advantage to jsing 

a cell similar to that of Rentzepis. Thicker cells 
'i 

are inherently inferior due to a lens effect called 

self-trapping, which can greatly increase the light 

power density in the dye and reduce its useful 

lifetime!6 

Consequently, all the results reported in chapter 

4 were obtained with the EK,6088 liquid switch cellr 
~ - - - - -  p~ pp----- 



r, PIC. 4.2 Nd glass laser  o u t p u t  with a c e l l  
similar to that of Rentzepis. I n  - - I L1 

[a) ~liertr AS pam e I O C R ~ R ~ ,  --7 

(b) multiple pulsing, and ( c )  qx- 
- -- 



4-5 ELECTRONIC INSTRUhENTATION 

The electronic instrumentation shown in FIG. 3.1 

was obtained commercially, with the exception of t h e  

gated integrator and associated control circuits 

which were designed by L. E. ,Groberman. The integrator 

+ - - - - - ~ ~ g ~ t o - p e r m i i .  iniegniiiun 
L 

over the interval 50  nanoseconds to 1 microsecond, 

For the work in this thesis the gate interval was 
- - - - - -- - - - - - - - - 

Q 320 nanoseconds. The gate was necessary to minimize 

the high drift rate characteristics of the nanosecond 

rise time circuitry used in the integrator. The 

gating function also permitted discrimination against 

spurious transient voltages. Also, contributions 
- p - ~ - - ~ - p - - ~ ~ - ~ ~ ~ ~ -  

due to the dark current output from the photomultipliers 

were minimized. Because the time at which a mode 

locked pulse is produced is unknown to Q 1 microsecond, 

it is interesting to note the triggering sequence 

necessary to ensure that the voltage pulses from the 

photomultipliers arrive at the gated integrator when 

the gate is open. A time sequence flow chart is 

illustrated in FIG, 4.3. 





A p u l s e  from t h e  t i m e r  i n  t h e  l a s e r  c o n t r o l  

module s e t s  t o  z e r o ,  t h e + g a t e d  i n t e g r a t o r  and . 

a c t i v a t e s  r e a d  on t h e  DPM. The DPM i s - a  con- 

t i n u o u s  r e a d  v o l t m e t e r  which d i s p l a y s  t h e  
a. 

4 

a p p l i e d  v o l t a g e  u n t i l  a h o l d  s l g n a l  i s  

A p u l s e  from t h e  t i m e r  i n  t h e  l a s e r  c o n t r o l  

module i n J t i a t e s  t h e  t r i g g e r  i n  t h e  h i g h  v o l t a g e  

power s u p p l y ,  which r e s u l t s  i n  t h e  d i s c h a r g e  o f  

t h e  f l a sh lamp i n  t h e  l a s e r  head.  

The r e s u l t i n g  l a s e r  p u l s e  i s  d e t e c t e d  by  t h e  

u l t r a f a s t  pho tod iode .  

Approximately 3 nanoseconds l a t e r ,  t h e  second 

harmonic p u l s e  i s  d e t e c t e d  b y  t h e  p h o t o m u l t i p l i e r .  

The t e x t r o n i x  519 scope  i s  t r i g g e r e d  by t h e  

u l t r a f a s t  photodiode  and the ,  s imul taneo.us ly  

Q swi tched  and mode locked  l a s e r  p u l s e  i s  

d i s p l a y e d .  

The t e x t r o n i x  555 scope  i s  t r i g g e r e d  by t h e  

519 scope .  

A gaee pu3seLfrem the 5 5 5  b use& +ooop-errl3re---- - -- 

gate of kkte gated int-OF, wkfck may-%*~ --  

i n t e g r a t e  any s i g n a l  a p p l i e d  t o  i t .  The t i m e  



during which the gate remains open is specified 

by a timer in the integpator which is activated - 

by the gate pulse from the 555. 

The 

~ k e .  

The 

the 

integrator is reset by the timer. 

signal amplified -by %he 555 is inbgraLeL- 

gate 

hold 

read off 

is closed and the DPM is switched to 

mode. The integrated signal is then 
- 

the digital panel meter. At the con- 

clusion of the hold mode, step 1 recommences. 



- -- - - - -- - 

The behaviour of the electronics was investigated 

first by testing the linearity of the integrator 

and second by examining the spectral characteristics 

of the two matched EM1 9526 B photomultipliers in 

conjunction with the integrator. 

Firstly, to examine the behaviour of the in- 
- - - - -  -- - - -- - 

tegrator with respect to pulse size, a Tektronix, 

115 variable pulse generator and a F-34 function 

generator were substituted Tor the ~ e o d y m h  laser 

assembly. The F-34 function generator controlled 

the repetition rate. 

The experimental set up is depicted in FIG. 4.4. 

Pulses of variable height and width are available 

from the 115 generator.  by^-recording Lke-RPM 

(digital panel meter) readings and the corresponding 

pulse sizes displayed on the Tektronix 555 oscilloscope, 

one is able to determine if the integrator behaves 

linearly, The sizes of the pulses were read from 

the grid of the 555 scope. One square of a pulse 

within the integrator gate equals one square on the 

555 grid* - - - - -- 

A typical result is presented in FIG. 4.5. 
- - - - - - - - - - - 

Least squares fits were performed on the data. 

Each point represents 20 firings. The error bars 

are not shown in FIG, 4.5. Typically, the error for 



FIG. 4.4 The exper imenta l  arrangement for testing 
* 

the linearity o f  the electronics. 





each p o i n t  w a s  - + 1%. F i n a l  r e s u l t s  a r e  t a b u l a t e d  
@ 

i n  ' t a b l e  1. 
> 

+ A f t e r  d e t e r m i n i n g  t h a t  t h e  i n t e g r a t o r  i n t e g r a t e d  

l i n e a r l y  w i t h  r e s p e c t  t o  t h e  p u l s e  s i z e ,  t h e  photo- 

m u l t i p l i e r s  were i n s e r t e Q i n t o  t h e  set  up t o  d e t e r -  
'\ - 

mine t h e  b e s t  p h o t o m u l t i p l i e r  o p e r a t i n g  v o l t a g e s .  

A Monsanto Mvb5253 g r e e n  l i g h t  e m i t t i n g  dioBe w i t h .  - .  
a  peak e m i t t i n g  wavelength of 555 nm. was)uked as 

t h e  l i g h t  s o u r c e .  N e u t r a l  d e n s i t y  f i l t e r s  were 
9 l' --' 

used t o  va ry  t h e  i n t e n s i t y .  The e x p e r i m e n t a l  s e t  

up used was t h e  same as f o r  t h e  l i n e a r i t y  check,  

w i t h  t h e  on ly  d i f f e r e n c e  b e i n g  t h e  c o n n e c t i n g  o f  

. t h e  Tek 115 o u t p u t  t o  t h e  l i g h t  e m i t t i n g  d i o d e  

i n s t e a d  o f  t o  t h e  Tek 555  oscilloscope^. The r e s u l t s  

f o r  b o t h  PM ( a )  and PM ( b )  a r e  shown i n  FIG. 4 .6  and 

FIG. 4 . 7  which d i s p l a y  t h e  DPM r e a d i n g  v g r s u s  t h e  

r e l a t i v e  $ i n t e n s i t y .  T h e - o p e r a t i n g  v o l t a g e  a t  
* 

which t h e  o u t p u t  v a r i e d  l i n e a r l y  w i t h  r e s p e c t  t o  t h e  

i n t e n s i t y  was t h e  same f o r  b o t h  p h o t o m u l t i p l i e r s ,  

namely 1050 v o l t s .  The e r r o r  bars. are n o t  shown i n  

FIGS. 4 . 6  and 4 . 7 .  T y p i c a l l y ,  t h e  e r r o r  f o r  each  

p o i n t  was Q, - + 6%. 



INTENSITY C Wo) 

FIG. 4.6 Best operating voltage for PM (a). 
e1070- v; El 1040 v; @ 1050 v. 

9 Vertical sensitivity of Tek 555= 0.01 V/cm.  



FIG. 4.7 Best operating voltage for PM (b). 
1070 V; b 1020 V; @ 1050 V. 

Vertical sensitivity of Tek 555= 0.01 V/cm. 



Fur'ther testing of the apparatus was made to 

check the validity of the previous method by gen- b 

'T 
erating a SH signal by passing a part of the laser- 

beam through KDP powder to be detected by the phot-0-,, 

multiplier. The sizes of the individual pulses 

displayed on the Tek 555 oscilloscope were measured 

and the corresponding DPM readings were recorded. 
\ 

Measurements were made for Tek 555 scope vertical 

amplifier sensitivities of 0.005 V/cm., 0.01 V/cm., 

and 0.02 V/cm. A typical result is shown in FIG. 4.8. 

Final results are tabulated in table I, which also 

includes the data from the linearity check, when 

the Tek 115 variable pulse generator output was fed 
+T < 

directly to the Tek 555 oScHA~%qope. -- - - *- 

These tests provide& convincing etidence that 
J 

the reading of the +DPM was linearly proportional 

to the intensity of the radiation incident on the 

photomultiplier. 



N O 4  OF SQUARES OF WLSE WITHIN GATE 

FIG. 4.8 Experimental calibration of integrator 
using SH signal from KDP powder. Each 
point represents a single shot. 
slope=87.9, background=50, r2=0 .98 
vertical sensitivity of Tek 555=0.02 V/cm. 
The solid line represents the least 
squares fit line. 



V.A.S. V/cm. 

SLOPE 
\ 

V.A.S. V/cm. 

BG 

SLOPE 

SLOPE Ir 

PM ( b )  PM ( 
KDP 1 115 KDP 

/ 

Table I Results from the linearity check and 
the KDP (potassium dihydrogen phosphate) 
powder test. V.A.S. represents the vertical 
sensitivity of the Tek 555. BG is the 
background: and r2 is a measure of the 
goodness of the least squares fit, 



4-6 BAKE OUT PROCEDURE 

I n  o r d e r  t o  e l i m i n a t e  adsorbed  g a s e s  which 

r a i s e  t h e  u l t i m a t e  p r e s s u r e ,  t h e  vacuum sys tem 

was h e a t e d  i n  a n  a s b e s t o s  oven. The bake o u t  

p r o c e s s  l a s t e d  f i v e  d a y s .  The t e m p e r a t u r e  o f  

2 0 0 ' ~  was reached  1 9  h o u r s  i n t o  t h e  bake o u t .  

Nine hours  l a t e r ,  t h e  a i r  t e m p e r a t u r e  w i t h i n  t h e  

oven was 3 0 0 ' ~ .  The oven was main ta ined  a t  3 7 0 ' ~  

o r  above f o r  8 h o u r s  'and a t  i t s  h i g h e s t  t e m p e r a t u r e  

o f  3 9 5 ' ~  f o r  4 hours  on t h e  t h i r d  day of bake o u t .  

The s t a i n l e s s  s t e e l  d i s h  i n t o  which t h e  Hg was 

e v e n t u a l l y  d i s t i l l e d ,  r eached  a  maximum t e m p e r a t u r e  
t 

o f  2 5 0 ' ~ .  The p r e s s u r e  o f  t h e  vacuum sys tem b e f o r e  

t h e  H g  was d i s t i l l e d  was 2.4 X l o v 9  t o r r .  S i n c e  

t h e  e x p l e t i v e  d e l e t e d  vacuum system was de termined 

t o  be l e a k  p roof  w i t h  a he l ium gas mass s p e c t r o m e t e r  a 

' l e a k  t e s t e r  and s i n c e  p r e v i o u s  bake o u t s  had y i e l d e d  

p r e s s u r e s  o f  Q 5 X 1 0  -lo t o m .  on twb i o h i z a t i o n  gauges 

l o c a t e d  a t  d i f f e r e n t  p o s i t i o n s  t h e  t h e  

i o n i z a t i o n  gauge was though t  t o  be f a u l t y .  

The a p p a r a t u s  was f i rs t  t e s t e d  b y  examining 
- - 

t h e  r a d i a t i o n  r e f l e c t e d  from Ag and Cu s u r f a c e s .  

~clrns o f  A g  and Cu 3000 8 t h i c k  were e v a p o r a t e d  

o n t o  a  g l a s s  s l i d e .  The s l i d e  was t h e n  i . n s e r t e d  



into the vacuum system which was subsequently pumped 

down without bake out, to a pressure' of 2 X torr. 

The transfer procedure, during which the dg and Cu . /' 
samples were exposed to the atmosphere, lasted approxi- 

mately 4 hours. By inserting Monopass narraw band- 

pass filters, with peak transmittance wavelengths 

near and away from 531 nm., the second harmonic 

wavelength, the radiation reflected from Ag was 

found to be SH radiation. No background radiation 
1 

was. detected. Tests for SH radiation were not made 

,, for Cu. 

The SHG efficiency was calculated from the 

experimental data to be Q lp-13, in the following 
- 

manner. In order to obtain the SH conversion efficiency, 

the number of SH photons, N$M, incident on the sample 

photomultiplier was calculated. 

QE is the quantum efficiency of the photomultiplier 

Q 9% at the second harmonic wavelength. G is the 

6 gain Q 10 of the photomultiplier. Ne is the number 
fi 

of electrons detected and xas calcul&& frmn 

where Q= li dt= ( V / R )  At and e is the electron charge. 

The typical operating voltage sensitivity of the 



t e k t r o n i x  555 o s c i l l o s c o p e  was 0 .01  V/cm. The 

t e r m i n a t i o n  r e s i s t a n c e  R ,  l e a d i n g  t o  t h e  555 i n p u t  . 

was 50 Q. The d u r a t i o n  of t h e  i n t e g r a t o r  g a t e  

e q u a l  t o  320 n s e c .  was t a k e n  t o  b e  A t .  T h e r e f o r e  

mber o f  S H  photons  produced were 

F i s  t h e  a t t e n u a t i o n  f a c t o r  due t o  t h e  f i l t e r s  used.  

The number of fundamenta l  photons i n c i d e n t  on t h e  

sample was 

NF = no. of i n d i v i d u a l  p u l s e s  X energy p e r  p u l s e  
energy p e r  photon 

The number o f  i n d i v i d u a l  p u l s e s  was e s t i m a t e d  t o  

be  t h e  d u r a t i o n  o f  t h e  i n t e g r a t o r  gate d i v i d e d  b y  

t h e  c a v i t y  round t r i p  t i m e .  The energy p e r  p u l s e  

was c a l c u l a t e d  t o  b e  t h e  peak power Q 1 X 10' watt 

t i m e s  t h e  t empora l  width  Q, 5 X 1 0  -12 set? of t h e  

p u l s e s .  An e r r o r  i n  t h e  peak power o r  t h e  t empora l  

wid th  o f  t h e  p u l s e s  b y - a n  o r d e r  o f  magnitude would 

9 

t e c h n i q u e  used  by generating a refwe~ce SH s lgnaL.  

The energy o f  a  p h a t &  a t  t h e  fundamental  wave- 

l e n g t h  1062.3  nm. i s  1 . 8 8  X 1 0  -'' j o u l e .  T h e r e f o r e  



The SH conversion~~efficiency was 

The polarization dependence of the radiation 

reflected from the Ag and Cu surfaces was invessigated 

at angles of incidence 70' and 60• ‹ ,  and three polar- 

ization angles of the incident beam o', 45', and 

90' with respect to. the plane of incidence. The 

results for Ag are presented in FIGS. 4.9. 

In FIG. 4.9 (a), the R.S.H.I. (relative second 

harmonic intensity) is plotted as a function of 

the analyzer angle for an angle of incidence 8=70•‹. 

The incident beam was polarized in the plane of 

incidence ( $ =  0'). The R.S.H.I. was calculated from 

R.S.H.I. = DPM(b) 555 SENS(b) SLOPE(b) FIL(a) 
555 SENS(a) SLOPE(a) .FIL(b) 

DPM(a) and DPM(b) are the digital panel meter readings 

minus the backgrounds, The letters a and b denote 

the reference. and sample SH radiation respectively. 
- - - - 

SENS is the vertical kensitivity of the amplifier 

of the 555 oscilloscope to which a SH signal was fed. 

SLOPE represents the slope of the SH detection system 

for a particular 555 vertical sensitivity determined 

earlier in section 4-4, and FIL is the attenuation 



factor due to the filters used. The instrumental 

contribution to error in R.S.H.I. is 20% and is not 

included in the error bars indicated in FIG. 4.9 (a) 

and subsequent graphs. Including the instrumental 

contribution, the error for each point was typica ly a + 21%. Each point represents the average of at le st - 

15 shots. The error bar indicates om, the standard 

error in the mean which is given by 

where n is the numbes of measurements made and S is 

the adjusted root mean square deviation given by 

S= (d11-1)~~ 0 '  rms 

where arms is the root mean square deviation. For 

example, for the typical result indicated in' 

FIG. 4.9 (a), S= + 21%; n=15, and om= 5 5%. Since - 

the number of SH photons incident on the sample 

photomultiplier was calculated to be greater than 

lo', the fluctuations due to the performance of the 

photomultipliers were small. The relative magnitude 

' 1 1 2 - f ~ ~ )  of the rms deviation to Ghe meari6~c~e-ases--as- n- . 
For n= 4.4 X l ~ ~ ,  nlfi is 0 . 0 2 .  M e  large vahes of-S 

indicate that in the 15 sec. interval between shots, 

the Ag surface maintained at 2 x - ~ o - ~  torr. may have 

changed in a non-reproducible fashion due to adsorbed 



gases. Although the incident power density was high, 

no visual evidence of damage to the Ag and Cu surfaces 

was observed. 

As discussed in chapter 2, the p component of 

the SH radiation-which corresponds to an analyzer 

setting of 0' or 18o0, is expected to be 1aYgeFthan 

%e s component, which corresppnds to an analyzer 

angle of go0, for all angles of incidence and polar- 

ization angles of the incident beam. Therefore the 

functional dependence of the curve for the SH light 

exiting from the polarizer/analyzer configuration 

was seen to be correct in FIG. 4.9 (a). Howeve,r, 

contrary to theory, the s component was non-zero. - -- 
,- 

Preventive measures ~were taken so that the non-zero 

reading at the analyzer angle df 90' was not due to 

a light leak. Moreover, the determinations of the 

orientations relative to th6' sample surface, of the 

\ transmission axes of the polarizer and analyzer, and 

the fast and slow axes of the quartz X/2 plate were 

sufficiently accurate not to produce the observed 

effect. 

Least squares fits were performed on the data. 

-. 
~ n e  s a l i d  lines in FIGS. 4.9 represent least squares 

fit lines. See appendix 1. - 
,' 

I a Z -  which is the p component of the detected 
F P' 
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r a d i a t i o n  whose v a l u e  was de termined from t h e  least  

s q u a r e s  f i t  o f  t h e  data. Is 4 E: , which i s  t h e  

s component o f  t h e  r a d i a t i o n  d e t e c t e d .  8, i s  a 

measure o f  t h e  e l l i p t i c i t y  of  t h e  r a d i a t i o n  d e t e c t e d .  

T y p i c a l  e r r o r  b a r s  f o r  I and Is were approx imate ly  
P 

- t h e  same as o m $  2 5$, t h e  s t a n d a r d  e r r o r  i n  t h e  - - u  

mean f o r  each  p o i n t .  

I n  FIGS. 4 .9  ( b )  and 4.9 ( c ) ,  t h e  r e s u l t s  a t  

0 8= 70 , and $= 45' and 90' a r e  p r e s e n t e d .  Cont rary  

t o  t h e o r y ,  Is was l a r g e r  t h a n  I i n  each  c a s e .  Theory 
P 

a l s o  p r e d i c t s  t h a t  f o r  a n  i n c i d e n t  beam p o l a r i z e d  

p e r p e n d i c u l a r  ( $ =  90') o r  p a r a l l e l  ( $ =  0') t o  t h e  

p lane  o f  i n c i d e n c e ,  no S H  r a d i a t i o n  Is, o s c i l l a t i n g  

p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  i n c i d e n c e  i s  g e n e r a t e d .  

Is was non-zero f o r  b o t h  p  and s p o l a r i z e d  i n c i d e n t  

r a d i a t i o n .  
0 The measurements were r e p e a t e d  a t  €I= 60 t o  

t e s t  t h e  r e p r o d u c i b i l i t y  o f  t h e  r e s u l t s .  A s  can be 

s e e n  i n  FIGS. 4.9 ( d ) ,  4.9 ( e l ,  and 4.9 ( f ) ,  I was 
I' 

g r e a t e r  t h a n  Is f o r  a p  p o l a r i z e d  i n c i d e n t  beam. 

When the i n c i d e n t  r a d i a t i o n  cnntaLned a n  s carnpanent- 

F 4 5 0  and g o 0 ) ,  Is was g r e a t e r  t h a n  I . The 
ir 

P \- 
1 

observed behav iour  o f  t h e  SH r a d i a t i o n ,  e x c l u d i n g  

t h e  magnitudes o f  t h e  R.S.-H.I., 
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was essentially the same at both angles b f incidence. 
The results are discussed further in chapter 5. 

The results for Cu, not presented graphically 

in this thesis were similar. For a p polarized 

incident beam, I was greater than Is. When the 
P 

incident bean contained an s component f+=4i0 and 

go0), Is was greater than I . For both P and s 
P 

polarized incident beams, Is was noh-zero. However, 

tests were not made to confirm that the radiation 

detected was SH radiation. 

- +" 4-8 SHG INVESTIGATION OF LIQUID He 
Investigations of SHG from liquid Hg surfaces 

wece performed at angles of incidence 0 in order, 

60•‹, 7 b 0 ,  7 6 * ,  and 78' .  A fresh Hg surface was 

distilled at each angle of incidence. Space 

limita%ions did not allow studies below 60' and 

above 78'. Tests for SH radiation were made by in- 

serting Monopass narrow bandpass filters with peak 
5 

transmission wavelengths in the range 438 nm. to 

591 nm. in front of photomultiplier (b), the sample 

photomultiplier. 

At 8= 60',  tests for SH radiation were made 

at two liquid Hg temperatures, 26'~ and lloc. The 

results are presented in FIG. 4.10. The Incident 

radiation was p polarized and the analyzer was set 



- - - - - -- - - -- -- - - -- 

to select the p component of the radiation reflected 

from the sample. The relative intensity (R.I.) was 
k 

calculated in the same manner as the R.S.H.I. (relative 

second harmonic intensity) in the previous section. 

No pronounced peaks indR.I. were observed at 531 nm., 

-the second harmonic wavelength. 

The R.I. decreased as the size of the incident 

beam projected on the Hg surface was increased from 

0.3 cm? to 0.9 cm?, with double concave lenses,of 

focal lengths in the range -15 cm. to -30 cm. Since 

the threefold increase in the beam size did not en- 

hance the R.I. at the SH wavelength, no further 

reduction in the incident power density was made. 
I 

The" results have not been normalized with respect ' 

to the spectral response of the SH detector photo- 
I S  

---T 
' multiplier. With thgadditior-@ normalizing factor 

\J-' 
included, the R.I. incrsses as the wavelength 

increases. It was concluded that background radiation 

was dominant for the light reflected from liquid 
3 
r 

Hg surfaces at 8= 60'. J 

At 8- 74', tests fop SH radiatiertwe-re -ma& at 

two liquid Hg temperatures of 2 0 ' ~  and - 2 4 ' ~ .  

The R.I. did not peak at the second harmonic wavelength 

as shown in FIGS. 4.11 (a) and 4.11 (b). 
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FIG. 4.11 (a) Tests for SH radiation from liquid Hg. 

The relative intensity is plotted 

against A . 0= 74' + lo; 
P - 

temperature= 20 C - + 1 C ; e @ =  0'; 

The R.I. has not been normalized with 
respect to the spectral response of 

- the. photomultiplier. 



FIG. 

4 2 0  500 6 0 0  
Ap ( nn-1 

4 . 1 1  ( b )  Tests for S H  radiation from liquid and 

solid Hg. The R.I. is plotted against. 

$. e= 74•‹+-10; - temp.. -24' - + ~ O C ,  
0 * O= 0 , .+= 45O; 

temp.= -910C - + 16W, $= 0'; 
0 

temp. = - 5 9 C  * - L 2 U ,  a$= O , - 

The R.I. has not been normalized with 
- 

respect to the spectral response of 

the photomultiplier. 



SHG theories predict the SHG efficiency to 
= 

decrease as the polarization angle bf the incident 

: radiation is changed from += D O  to 90'.  Thereforq, 

the tests for SH radiation at ?= 74' from liquid 

Hg suggest the generation of SH radiation as well 
C 

- a - - -  

as-background radiation. . Polarization studies were 

- B made at 8: 74' a5d the results are pr6sented in 
r &  

FIGS, 4-12 (a) and 4.12 (b). The R . 1 ,  is plotted L * -  

as a function of the analyzer angle. The R.I. was 

f found to be essentially constant as the analyzer 
8 _- - h- - 

-- 
angle was varied from 0' to 180'. Thes9ore the 

generation of backgrovd radiation dominated the 

generation of SH radiation. 

No radiation was detected from liquid Hg at 

angles of incidence 8= 76'. and 78' when* Monopass .. 
narrow bandpass filters were inserted in front of 

\ 

PM (b), the sample photomultiplier. 



d 90 180 
ANALYZER ANGLE [dsgr-) 

4.12 (aj - ?uZmZzatronCTependence o f  the light re- 
flected from liquid Hg. 

- - - - -  -- -- - 

8= 7Q0 - + 1 5  temperature= 2 0 ' ~  + 1•‹c; - - 
@ $= o O ;  0 += 4 5 O ;  a $I= g o 0 .  a 

FIG.  



0 90 Is0 
ANALYZER ANGLE (degw) 

FTS. 4 . 1 2  ( b )  P o l a r i z a t i o n  dependence of t h e  l i g h t  

r e f l e c t e d  f rom l i q u i d  and s o l i d  H g .  

The r e l a t i v e  i n t e n g d t y  i s  p l o t t e d  
9 

a g a i n s t  t h e  a n a l y z e r  a n g l e .  
0 

6= 74' - + 1'; t e m p e r a t u r e =  -24  C - + ~ O C ,  

Q $=ao; Q #=45i0; 
0 tw+era tu re=  +lo€ - + 1 6 ' ~ ~  $= 90 . 



4-9 SHG INVESTIGATION OF SOLID Hg 

The light reflected from solid Hg surfaces was 

76', 78', and 71'. 

At 0= 60•‹, tests for SH radiation were made at 

temperatures of -woe - + ~ 0 %  and -131'~ - + I -~C.  T h e -  

examined at angles of incidence .in order 60•‹, 7 Q 0 ,  

- 

results were similar to those for liquid Hg at 

the same angle of incidence in that the R.I. did not 

. peak at second harmonic wavelength o f  531 nm. The 

results are shown in FIGS. 4.10 and 4.13. .. 
The radiation detected from solid Hg surfaces 

at 0= 74' at temperatures of -53'~ and -91'~ was 

found to consist of background radiation of broad 

spectral width as shown in FIG. 4.11 (b) . 
~olirization studies made at 6- 74' and at a 

temperature of -9l0c.+ - 16'~ revealed the radiation 

detected from solid Hg to be unpolarized. The results 

are shown in FIG. 4.12 (b). Therefore the radiation 

detected from solid Hg was dominated by background 

radiation as suggested by the results for tests for 

SH radiation. - - -  

The tests for S H  mdiation from solid Eg surfaces 

(at all solid Hg temperatures) revealed the existence 

of a peak in the R . I .  near the S H  wavelength at 0=76* <z 



FIG. 4.13 Tests for SH radiation from solid Hg. The 
relative intensity is plotted as a function 
of the peak transhission wavelength of the 
narrow bandpass f A U =  -used, - - - 



FIG. 4.14 Tests for SH radiation from solid Hg. The 
relative intensity is plotted against the 
peak transmission wavelength of the 
Monopass fflter used. 



-- -- n T - - 
L - 

. - -  

as shown in FIG. 4.14. owever, as at 8= 60' and 

74', the inclusion of he spectral response of the t 
photomultiplier in normblizing the R. I. leads to 

rise in the R.I. as the th increased. 

Polarization curves for incident radiation 

polarized at +=0•‹ and 45' with-respect to- the pTme ,- A 

of incidence, are presented in F I G S .  4.15 (a) and 

4.15 (b). In both cases, the R . I .  at the analyzer 
- - 

angles of 0' and 180' sere greater than the R . I .  

at 90' in accordance with SHG theory. However, 

\ contrary to SHG theory, the R . I .  at the analyzer 
0 angle of 9 0  was non-zero. No signal was detected 

for incident beams polarized perpendicular to the 
- - 

palne of incidence for any analyzer angle. 

Although there was a background of broad 

spectral width, the polarization curves were fitted 

with the least squares method. 

At €I= 78', SH radiation was detected from solid 

Hg surfaces (at all solid Hg temperatures). No 

radiation was detected when'the peak transrn2ssion 

wavelength of the Monopass nmrm-bamdpass fitter 

used was away from the  second karmonie wa;velengt-k. 

The results obtained at the solid Hg temperature of 

-69 C + 7 C are shown in FIGS. 4.16 (a), 4.16 ( b )  - 
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and 4.16 ( c ) .  The r e s u l t s  o b t a i n e d  were s imilar  

t o  t h o s e  f o r  SHG from Ag s u r f a c e s .  When a  p  p o l a ~ i z e d  

beam w a s  i n c i d e n t  on t h e  s o l i d  H g  s u r f a c e ,  I was&': 
P 

g r e a t e r  t h a n  Is i n  accordance  w i t h  SHG t h e o r y .  

a 

component p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  i n c i d e n c e  

($=  45' and g o 0 ) ,  Is was g r e a t e r  t h a n  I c o n t r a r y  
- p '. 

t o  SHG t h e o r y .  

A f t e r  d i s t i l l a t i o n  o f - a  f r e s h  H g  s u r f a c e ,  t h e  

g l a s s  vacuum hous ing  was found t o  be covered  w i t h  

H g .  Measurements were t a k e n  a f t e r  t h e  H g  had been 

evapora ted  o f f  t h e  g l a s s  hous ing ,  by h e a t i n g  t h e  
- 

g l a s s  w i t h  a h e a t  gun. 

8= 78' and @= 90' w i t h  

t r a i n  i s  shown i n  FIG. 

shows t h e  p o l a r i z a t i o n  

d e t e c t e d  from s o l i d  Hg 

The p o l a r i z a t i o n  curve  f o e  
- 

t h e  X/2 p l a t e  i n  t h e  o p t i c a l  

4 . 1 7  ( a ) .  FIG. 4.17 ( b )  

dependence of  t h e  l i g h t  

under  t h e  same e x p e r i m e n t a l  

c o n d i t i o n s  as i n  FIG. 4 . 1 7  ( a )  excep t  f o r  t h e  

e x c l u s i o n  o f  t h e  X/2 p l a t e .  S ince  t h e  p o l a r i z e r  
- 

was s e t  t o  t r a n s m i t  s FoIar i ied-IT@it  f F-TO?, 

FIGS. 4 . 1 7  ( a )  and 4.17 ( b )  s h o u l a  show the same - 

behaviour .  A s e p a r a t e  t e s t  wi th  a fundamental  wave- 

l e n g t h  (1060 nm.) p y r o e l e c t r i c  d e t e c t o r  a l s o  confirmed 

t h a t  t h e  X/2\plate was indeed a X/2 p l a t e .  
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Having ob ta ined  t h e  exper imenta l  cond i t i ons  

under which -SH ra_diat ion w a s * d e t e c t e d ,  t h e  ang le  of 
I 

inc idence  was changed t o  €I= 71'. ~ s s u m i h ~  a simple- - P 

r e l a t i o n s h i p  - 

, 

&ere -E- i s  thi-m~~~~de~s" alia A-~€Fiie aT<F5 f t h e e  

- incident  beam2project*ed onto t h e  Hg s u r f a c e ,  i t  was + 

0 determined t h a t  t h e  i n c i d e n t  beam i n t e n s i t y  a t  8= 71pp 
- - -  - - a- 

should be a t t e n u a t e d  t o  % 0.5 of t h e  i n t e n s i t y  a t  

8= 78'. A n e u t r a l  d e n s i t y  f i l t e r  of o p t i c a l  dens i ty  
r 

- 0 . 3  o r  an a t t e n u a t i o n  f a c t o r  of  0 .5  was i n s e r t e d  

between t h e  u l t r a f a s t  photodiode and t h e  KDP powder . 

i n  t h e  o p t i c a l  t r a i n .  No r a d i a t i o n  was de t ec t ed  a t  
- - - -  - - -- - - - - - - - -- - - 

a l l  temperatures  w i th  Monopass narrow bandpass and 
A 
J 

Corning CS-494 f i l t e r s  i n  f r o n t  o f  t h e  sample photo- 

m u l t i p l i e r .  

The n e u t r a l  d e n s i t y  f i l t e r  . w a s  removed and . ., 

d 
l 

measurements were t aken .  No r a d i a t i o n  was d e t e  t e d  

wi th  Monopass and Corning CS-494 f i l t e r s  i n  f r o n t  - 
.S I - 

of t h e  sample p h o t o m u l t i p ~ i e r .  

The r a d i a t i o n  5eteCtedTram s o l i d  H g  i n  absence 

o f  Monopass fTl ters  Tn-  t-ke opticaltXTn,~aFfaKd--~-- 
- 

t o  be unpolar ized.  The r e s u l t s  a r e  shown i n  FIG. 

4.18 f o r  p and s polaiiized i n c i d e n t  r a d i a t i o n .  If 

SH r a d i a t i o n  was g e n e r a t e d  a t  8= 71•‹, i t  was of 
5 
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insufficient Antensity 

, broad bac  kground radiation. 

distinguished from the 



CHAPTER 5 

INTERPRETATION OF RESULTS 

5-1 SUMMARY OF RESULTS 

In the preceding ch-astens, the results of SHG _ -  -A - -- 

(second harmonic generation1 by reflection from Ag 
t 

and Hg surfaces have been presented. 

- < ,  The interpretation of the results for Ag are 

presented in the following section. Second harmonic 

radiation was detected from Ag at.both angles of 

incidence, f3= 70' and 60•‹, investigated. For 

incident radiation polarized in the plane of inci- 

0 dence (@= 0 ), I p, the p component of the SB radfation- - 

detected was found to be greater than Is, the s 

component. However, when the incident beam contained 

an s component ($=  45' and go0), I was less than Is. 
P 

The system of main interest, Hg, was investigated 

in liquid and solid phases at temperatures between 

26'~ and -131'~. 

The radiation detecked from l k p - h d  Hg surfaces- - - - -- 

at angles of incidence 60' - < 0 - < 74", was found to 

be dominated by background radiation of broad spectral 

width. No radiation was detected at 8= 76' and 78O, 

when Monopass narrow bandpass and Corning CS-494 



SH p a s s  f i l t e r s  were i n s e r t e d  i n  f r o n t  of t h e  sample 
\ # 

,= p h o t o m u l t i p l i e r .  ~ i ~ d i d  H g  r e s u l t s  a r e  d i s c u s s e d  
t 

" i n  s e c t i o n  5-3. 

* A t  a n g l e s  o f  i n c i d e n c e  8= 60' and 7b0, t e s t s ,  
i, 

f o r  second harmonic r a d i a t i o n  r e v e a l e d  t h e  r a d i a t i o n  

g e n e r a t e d  a t  s o l i d  H g  s u r f a c e s  t o  be  dominated by 
a --- 2 L  - - 

background r a d i a t i o n  a s  a t  l i q u i d  H g  s u r f a c e s .  

The t e s t s  f o r  SH r a d i a t i o n ~ f r o m  s o l i d  H g  s u r f a c e s  5 

a t  0- 76' r e v e a l e d  a peak i n  t h e  r e l a t i v e  i n t e n s i t y  

n e a r  531 nm., t h e  second harmonic- wavelength.  The 

r e l a t i v e  i n t e n s i t i e s  a t  h = 438 nm. and 591 nm. were 
P  

non-zero, i n d i c a t i n g  t h a t  background r a d i a t i o n  as 

w e l l  a s  SH r a d i a t i o n  was b e i n g  g e n e r a t e d .  The 

broad band. . r a d i a t i o n  detecte-d i n  t h e  a b s e n c e  of a 
- I- 

, Monopass narrow bandpass  f i l t e r  w i t h  h n e a r  531 nm. 
P  

i n  t h e  o p t i c a l  t r a i n ,  was found t o  be p o l a r i z a t i o n  . 
i 

dependent .  

No background r a d i a t i o n  was d e t e c t e d  f$om s o l i d  

H g  a t  0= 78'. The SH r a d i a t i o n  d e t e c t e d  fo l lowed 

t h e  p a t t e r n  oP behav iour  e x h i b i t e d  by t h e  SH r a d i a t i o n  , 

d e t e c t e d  from A g  s u r f a c e s .  For a p  p o l a r i z e d  i n c i -  
- - - - - - 

d e n t  beam, I was g r e a t e r  t h a n  Is, whereas f o r  i n c i -  
P 

den t  r a d i a t i o n  w i t h  p o l a r i z a t i o n  a n g l e s  $= 45' and 

g o 0 ,  I was l e s s  t h a n  Is. 
P 

I n  o r d e r  t o  check exper imen ta l  p rocedure ,  t h e  



- - - - - -- -- - 

angle of incldence was altered to e= 71' and the 

incident beam power density adjusted to be the same 

as at 0 =  78'. The radiation detected from solid 
4 

Hg surfaces at 8= 71' was broad in spectral width 

and showed no polarization dependence. 

The results for solid Hg are discussed in 
- 

section 5-4. 

Suggestions forfiurther experiments are discussed 
U 

in section 5-5. 

5-2 DISCUSSION bl? Ag RESULTS 3 
Second harmonic radiation yds detected from 

Ag surfaces at 0= 70' and 60'. The Ag surface was 

prepared by evaporating Ag onto a glass plate which 

was transferred to a high vacuum chamber. The 
- 

vacuum chamber was pumped down to a pressure of 

2 X 

the 

was 

was 

lom7 tom. During the transfer procedure from 

evaporator to the vacuum ciiamber, the Ag surface 

exposed to the atmosphere. 

The s component of the second harmonic radiation 

found to be non-zero for both p ($=  0') and 
s 

s ($=  9oU)  polarized incident beams contrary 'to SHG 
- - - - - - -- - - - - 

theory. In a-study of SHG from Ag surfaces, 
- -- 

~c~ardell" also observed non-zero Is for p polarized 

incident radiation, but did not report data for 

incident beams with $ other than 0'. In the experi- 



ments of McCardell, depositions of Ag were made 

directly in the chamber in which measurements were 

taken. According to McCardell, the non-zero values 

of I for p polarized incident radiation were due 
S 

/ 

to a weak non-thermally produced background radiation .. -a 

which was quite broad in its spectrum and -unpola~-&B&. - -  - - 

The background radiation w m  taken by McCardell 

to be the difference between the reading when the 

peak transmission wavelength of a NiS04 SH pass filter 

was at 546 n d a n d  when it was rotated so that the 

b m i s s i o n  was a; 530 nm. I* the , peak in the t 

present study, the peak transmission wavelengths 

of the fionopass narrow bandpass filters used were 
- - 

438 nm., 522 nm., and 591 nm. Signals wer&-detected 

with the 522 nm. peak tr 

/ only. Since readings at Q 546 nm. were not taken, 

it was possible that sim background radiation 

existed. On the other hand, if it,is assumed that . 

the radiation'detected in the present study was 

.b 
SH radiation only, the observation that the radiation 

indicates that the SH radiation generabed by p a& 

s polarized incideny%eams was elliptically polarized. 

In this case, the equations of Rudnick and %ern are 

inappropriate they predict the SH radiation 

i 



to be linearly polarized for p and s polarized 

incident radiation. (See section 2-3) 

The equations of Rudnick and Stern also predict 6 
\ 

that for incident radiation with $= 0' or go0, Is 

is zero, in disagreement with the results of this 
.* 

- 

thesis. - -  

- A - - Ld 

In the'present study, for incident beams with 

+= 45' and go0, Is was found to be greater than I . 
P 

Indeed, the ratio Is/I was several orders of 
P 

magnitude greater than the theoretically predicted 

value. A cornparison .of the experimental results 

with theory, of the ratio Is/I is given in table 11. 
', P 

The equations of Rudnick and Stern were used to 

calculate the theoretical-values. and c2 of 

the dielectric constant for Ag, E.= E + i~ , used 1 2 

were el(w)= -46.6, E~(w)= -17.6, ~ ~ ( 2 w ) =  -11.0, and 

~*(2w)= -3.65.26 Theoretically, Is and hence the 

ratio Is/I is equal to zero for p and s polarized 
P 

incident beams. Is/I was enhanced when the inci- 
P 

dent radiation contained an s component as evidenced 

by the results of t&%e XE. - - - -  - --- - - - -  

The experimental ratio I,,,$Io which provides 

a comparison of the bulk contributions relative to 

that of the surface contributions,, to the SH 



[I --/I 1 t h e o r y  
3 p 

0 

T a b l e  I1 Comparison o f  experimen,t  w i t h  t h e o r y  o f  
t h e  r a t i o  Is/I f o r  A g .  

P. 



n r a d i a t i o n ,  was found t o  be  two o r d e r s  of  magnitude i 
---* +. g r e a t e r  t h a n  t h e  t h e o r e t i c a l  r a t i o .  A comparison 

-'t 
4 

of t h e  d a t a  i s  g i v e n  l e  111: Ivl2 i s  t h e  p  

component o f  t h e  SH r a d i a t q o n  g e n e r a t e d  when 
f 

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

, p l a n e  o f  i n c i d e n c e .  According t o  RS, when a n  - 

i n c i d e n t  beam i s  s p o l a r i z e d ,  t h e  SH r a d i a t i o n  

\ g e n e r a t e d  i s  due e n t i r e l y  t o  b u l k  c u r r e n t s .  I. % .  

i s  t h e  i n t e n s i t y  of  t h  p component o f  t h e  SH r a d i a t i o n  \ g e n e r a t e d  by a n  i n c i d e n t  beam p o l a r i z e d  i n  t h e  p l a n e  

a of  i n c i d e n c e .  When th% i n c i d e n t  r a d i a t i o n  i s  p o l a r i z e d  

i n  t h e  p l a n e  o f  i n c i d e n c e ,  t h e  S H  r a d i a t i o n  g e n e r a t e d  

r e c e i v e s  c o n t r i b u t i o n s  from E E I I P '  A P '  
and E 

BP ' 

T h e r e f o r e ,  t h e  r a t i o  I /I; i s  u s e f u l  f o r  comparing 
7F/2 

t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  t h e  b u l k  c u r r e n t s  and 

t h e  s u r f a c e  c u r r e n t s  t o  t h e  SH i n t e n s i t y .  

S ince  t h e o r y  p r e d i c t s  Is t o  be e q u a l  t o  z e r o  

f o r  p p o l a r i z e d  i n c i d e n t  beams, .Is f o r  a p po la r2zed  
I 

i n c i d e n t  beam was t a k e n  a s  t h e  background i n  t a b l e  

111. Th.e c o r r e c t e d  r a t i o s  of  I /Io a r e  n e g a t i v e  
7F/2 f 

s i n c e  at b d t h  a n g l e s  o f  i n c i d e n c e ,  Is far @= Q* 

i s  g r e a t e r  t h a n  I f o g ,  @= 90 ' .  The background cub- 
P  

t r a c t i o n  procedure  i s  t h e r e f o r e  i n a p p r o p r i a t e ,  i n  

t h a t  t h e  s component o f  t h e  SH r a d i a t i o n  g e n e r a t e d  

by a p p o l a r i z e d  i n c i d e n t  beam cannot  be i n t e r p r e t e d  



fJ= 

t h e o r y  

p r e s e n t  e x p t .  

minus 
background 

8= 60' 

t h e o r y  

p r e s e n t  g x p t .  

minus 
background 

McCardell 

Brown 
e= 54O 

p r e s s u r e  

0.00534 

0.787 - + 0.056 2 x yom7 t o r y .  

-2.00 - + 0.14 

0.043 2 0.003 a t  10 -lo t o r r .  

0.046 - + 0.010 - 2 x t o r r .  

Table  111 A comparison o f  experiment  w i t h  t h e o r y  o f  

t h e  r a t i o  I,,2/Io. The background was 

t a k e n  t o  be t h e  $ component of  t h e  S H  

r a d i a t i o n  f o r  an  i n c i d e n t  beam w i t h  #= 0'. 



I 

as background radiation. I 
I 
I 

I d 2  /Io for the present experiment is % one 
I 

order of magnitude greater than the values 4btained 

by other experimentalists. The measurement4 of 

~c~ardell' l and Brown1 O were made for Ag surfaces 
9 

that' were subject to less contamination than the Ag 
- - - - - A - - 

surfaces used in the present experiment. Therefore, ' 

the increase in I /Io may be due to adsorbed gases. 
.rr/2 

As explained earlim, the s component of the , 

-SH radiation generated by p polarized incident 
* 

radiation cannot be interpreted' as background 

radiation. Henee the equations of Rudnick and Stern 

are not appropriate for the present experiment. 

4 To ill~strate~this point further,I and I Cps r$ 
P P 

are listed in table IV. . The I 's have been normalized 
P 

with respect to I at r$= 0'. The experimental 
P 

values do not agree with the theoretical values. 

5-3 DISCUSSION OF LIQUID Hg RESULTS 

SHG from liquid Hg surfaces was investigated 

at four angles of incidence, 60•‹, 7b0, 76O, aQd 78'. 

At 9= 60' and 7b0, the radiation detected frob liquid 
-- - ----- 

I -- -- 

Hg surfaces was found to be dominated by broal band 
- - 

background radiation. No radiation was detectbd 

when Monopass narrow bandpass and Corning CS-494, 

SH pass filters were inserted in front of the sample 



4 I cos  $I 
P 

4 I cos  $I 
P .  

I I  
Table I V  Examinat ion o f  t h e  c o s . 4  dependence of 

t h e  r a d i a t j o n  d e t e c t e d  from Ag. * 
- - - 



- 

photomultiplf er. 
a 

The background radiation was found to be' 

essentially independent of the angle of incidence 

for e= 60' and 74'. A comparison of the R.I. 

at the angles of incidence is shown in table V. 

The R.I. for p polarized incident beams and an 
A - - A 

analyzer setting of o 0  are listkd in column 3. 
2 Since I(2w) a I (w) or .I(2w) a (beam size)-2 for 

an assumed constant input energy, the product of 

the R.I. and the square of the beam size was listed 

in column 5. 

At 8= 60' and a temperature of 26O~, the R.I. 

decreased as the incident beam size was increased. 

However, the product P of the R.I. and the square 
- - - - - 

of the incident beam size increased as the incident 

power density was decreased. If the radiation 

detected was SH radiation only, P should have remained 

constant. Hence, the results of table V confirm that 

the radiation generated at the sample surface at 

0 =  60' was dominated by background radiation. 

P also increased as the temperature of the Hg 
- -- - ~- - - ~ ~- - 

was lowered. Since the tests for SH radiation 

% - - - - - - - - 

revealed the radiation detec ed t o e  dominated by 

background radiation, it must be concluded that for 

8= 60' and 743 ,  the generation of background radiation 



U U U  
U  0 
0 CU&O"o 



increased the temperature of the Hg was lowered. 

The same claim cannot be made for 8= 76O, at which 

signals were detected from solid Hg and not from 

liquid Hg. 
1 

On the basis of the experimental evidence, no' 
A- - L A- -- - A 

definitive statement concerning the mechanism by 

which the background radiation is generated, can 

be made. 

5-4 DISCUSSION-OF SOLID Hg RESULTS - 

Solid Hg was investigated at five angles of 

incidence, 60' 7Q0, 76O, 78O, and 71'. The results '- - 
for solid Hg at 0= 60' and 74' were similar to those 

- 
for liquid Hg at the same angles of incidence in 

O A  
-- 

. 
- - - - 

that the radiation detected was found to be dominated 

by background radiation. SH radiation was detected 

from solid Hg surfaces at 8= 76' and 78'. When t.he 

incident power density at 8= 71' was adjusted to 
d l  

be the same as the'power density -at 8= 78' in order 
+ 

to check experimental procedure, the radiation 

detected was found to be broad in spectral width 

At €I= 760, thetests SH radiation revealed 

a peak,in the R.I. at X = 522 nm. for incident beams 
P 

0 with @= 0 and 45O, No signal was detected fdr an 
1 
i 

s potlarized incident beam. This is consistent with 
1 -  



- -- - -- - - - -- - 

the theory of Rudnick and Stern since they predict - 

the generation efficiency of an s polarized beam 

at 8= 76' to be s , 4  orders of magnitude less than 
* .  

the generation efficiency of a p polarized incident . 

beam. 

A comparison of the experimental data with the 
- - - - - - - --- - -- 

4 cos $ dependence of the SH intensity predicted by 

SHG theory is given in table VI. Normalized I 's 
P 

are listed. ,The baCkground radiation was assigned 

the value of Is at $= 45' for the following reasons. 

For pure SH signals, RS predict Is to -be zero for 

incident radiation with $= 0'. However, Is for a 

p polarized Lncident beam was found to be Q I for 
a "  P. 

an incident beam *olarized 4.5' -with-respect to the- 

plane of incidence. The background was calculated 

from the following relationship for the data at 

Is(expt.) - background Is(theory) - - 
I (expt.) - background I (theory) 
P P 

The background was calculated to be the same as the 

experimental Ss at $= 1 5 O  - T h e  fitaftheoxper-imental--- 

0 data fgr solid Hg at 0= 76 althau~-h pooz,- was- 

comparable to that for the SH radiation detected 

from Ag at €I= 70' and 60'. Therefore it is reasonable 

to conclude that SH radiation dominated the radiation 
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-- - -- -- -- - 

r e f l e c t e d  from s o l i d  Hg a t  0= 76'. 

Unl ike  t h e  d a t a  f o r  A g  and f o r  H g  a t  0= 78O, 

Is was -found v e s s  t h a n  I f o r  t h e  r a d i a t i o n  , 
P -7 d e t e c t e d  &om s o l i d  Hg a t  8= 76' f o r  i n c i d e n t  

r a d i a t i o n  p o l a r i z e d  a t  45' w i t h  r e s p e c t  . t o  t h e  

p l a n e  of i n c i d e n c e .  A comparison of t h e  e x p e r i m e n t a l  
A - - -- -a --PALL -----LA-- - - -- 

d a t a  w i t h  t h e o r y  o f  t h e  r a t i o  Is/I f o r  t h e  r a d i a t i o n  
P 

d e t e c t e d  from s o l i d  Hg i s  g i v e n  i n  t a b l e  V I I .  The 

t h e o r e t i c a l  r a t i o s  were c a l c u l a t e d  by i n s e r t i n g  t h e  

d i e l e c t r i c  c o n s t a n t s  f o r  s i n g l e  c r y s t a l  s o l i d  H g  

o b t a i n e d  by Choyke, Vosko, and 0 ' ~ e e f e l '  i n t o  t h e  * 

e q u a t i o n s  o f  Rudnick and S t e r n .  Experiment does 

n o t  a g r e e  w i t h  t h e o r y .  

From s o l i d  ~g s u r f a c e s  a t  0 =  78O, s i g n a l s  

were d e t e c t e d  a t  h = 522 nm.,  whereas no s i g n a l s  
P  

were d e t e c t e d  a t  X = 438 nm. and 591 nm. Unlike 
P 6 

d a t a  a t  o t h e r  a n g l e s  o f  i n c i d e n c e ,  I i n c r e a s e d  a s  
P  

+ was changed from o0 t o  45' t o  90'. A comparison 

4 o f  exper iment31 data w i t h  t h e o r y  o f  t h e  cos  4 

dependence o f  t h e  i n t e n s i t y  of  t h e  SH r a d i a t i o n  i s  

g iven  i n  t a b l e  V I I I .  A s  i n  p r e v i o u s  c a s e s ,  t h e  C 

- P- - ---P - P- PP -- - -- -- - - - - - --- - 

I 's have been normal ized  w i t h  r e s p e c t  t o  I f o r  
P .  P- - - -  

$= 0'. The background r a d i a t i o n  was a s s i g n e d  t h e  

v a l u e  of  Is a t  $= oO, s i n c e  a c c o r d i n g  t o  t h e o r y  Is 
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i s  z e r o .  A s  f o r  t h e  SH data from Ag s u r f a c e s ,  . - 

i t  i s  a p p a r e n t  t h a t  t h e o r y  does n o t  a p p l y  t o  SHG 

from s o l i d  H g  s u r f a c e s .  

The p o l a r i z a t i o n  dependence o f  t h e  SH r a d i a t i o n  

from s o l i d  H g  a t  8= 78' was similar t o  t h a t  o f  t h e  

SH r a d i a t i o n  f r ~ m  A g .  F o r  p  p o l a r i z e d  i n c i d e n t  
- - 

r a d i a t i o n ,  Is was non-zero and s m a l l e r  t h a n  I . 
P  

For  i n c i d e n t  beams w i t h  p o l a r i z a t i o n  a n g l e  $= 45' 

and go0,  Is w a s  greater t h a n  I c o n t r a r y  t o  t h e o r y .  
P  

t 

The e x p e r i m e n t a l  r a t i o  Is/I - i s  +ared  w i t h  
P  

t h e o r y  i n  t a b l e  IX f o r  t h e  SH r a d i a t i o n  d e t e c t e d  

a t  0 =  78'. - T h e  t h e o r e t i c a l  r a t i o s  were c a l c u l a t e d  

by i n s e r t i n g  t h e  d i e l e c t r i c  c o n s t a n t s  f o r , s i n g l e  

c r y s t a l  s o l i d  H g  o b t a i n e d  from normal i n c i d e n c e  
- - - 

r e f l e c t i v i t y  measurements. i n t o  t h e  e q u a t i o n s  o f  
1 

~ u d n i c k  and S t e r n .  The r e s u l t s  a r e  comparable t o  

t h a t  o f  A g  i n  t h a t  Is/I i n c r e a s e d  a s ' $  w,as changed 
P  

from o0 t o  45' t o  90'. 

I n  t h e  e q u a t i o n s  o f  V d n i c k  and S t e r n ,  i t  
1' 

i s  assumed t h a t  f o r  p  and s p o l a r i z e d  i n c i d e n t  

r a d i a t i o n ,  Is i s  ze ro .  Exper imen ta l ly  Is was non-zero 
- - - - - --L-- - 

f o r  p  and s p o l a r i z e d  r a d i a t i o n  i n c i d e n t  on A g  and 
- - -- 

H g  s u r f a c e s .  There i s  no s a t i s f a c t o r y  method by 

which t h e  non-zero Is may be s u b t r a c t e d  which y i e l d s  

c o n s i s t e n t  r e s u l t s .  Problems w i t h  n e g a t i v e  I I s  
P  
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- 

arise if the s components of the SH radiation 

generated by p and s polarized radiation are desig- 

nated as background radiation. Therefore the 
1 > 

experimental ratios do not,.agree with the theor&tical 

ratios. 
- - - - A  - 

The contribution of the bulk currents relative 

to that 0.f the surface currents, to the SH intensity 

was I /Eo= 1.20 + 0.07 as compared with the 
.rr/2 - 

theoretical value of 1.22 X 10'~. InI2 is the p 

'% compbnent of the SH radiation generated by s polar- 

ized incident radiation. I. is the p component of 

the SH radiation generated by p polarized incident 

radiation. The comments made in the previous section- 
- - - -  - 

with regard to the non-zero Is and Is being ,greater 

than I for incident radiation polarized 45' and 
P 

90' with respect to the plane of incidence, also 

apply here, 

The relative magnitudes of I for Ag and Hg . 
P 

are compared with theory in-table X. -The ratio 

ID(Ag)/ID(Hg) is compared with theoretical ratios 

calculated from the equations of ~udnick and Stern. 
------ -- - 

The dielectric constants used were expressed as 

E(w)= + and E(~W)=E~(~U) + ic2(2w). 
The values of  and c2 for Ag reported earlier in 





- 130 - ! a 
- -- - , 

section 5-2 were used. For Hg, E~(w)= -41.0, 

c 2 ( u ) =  -17.0, c1(2u)= -17.0, and e2(2w)= -14.0. , 
6. 

The experimental ratios decreased as $ was changed 
from 0' to 45' to 90' in opposite behaviour to the 

6 

theoretical -ratios. This - - was due to the - - increase, A - - - 

in I (Hg) as $ was changed from 0' to 45' to 90'. 
P 
The project described in this thesis was 

undertaken in an effort to resolve the difference 

En' the*dielectric constants of liquid Hg obtained 

by ellipsometry and reflectivity measurements, and 

also in order to investigate the .nature of the 

proposed transition layer. However, the radiation 

detected from liquid Hg surfaces was -found to be - 
+f- - 

dominated by unpolarized background radiation. 
< 

t 

Therefore no comnents can be made regarding the 

different dielectric constants obtained in the 

linear optical experiments. 

Evidence of SH generation as well as background 

generation was seen at 8= 76' from solid Hg surfaces. 

The bulk contribution (4= 9 0 ~ ~ t o t h e ~ ~ i @ @ & J ! ?  -. 
was too weak to be detected. ~t 8- 78O, in - contrast - - - 

to SHG from alkali metals,14 where the surface 

contribution to the SH intensity was one to two 

orders of magnitude greater than the bulk 



c o n t r i b u t i o n ,  t h e  b u l k  c o n t r i b u t i o n  t o  t h e  SH 

r a d i a t i o n  g e n e r a t e d  a t  s o l i d  H g  s u r f a c e s  was found 

t o  b e  t h e  same o r d e r  as t h e  s u r f a c e  c o n t r i b u t i o n .  
.'< - 

A t  b o t h  a n g l e s  o< i n c i d e n c e  8= 76' and 78O,, 

o f  Is/I which were s e v e r a l  o r d e r s  o f  magnitude 
P  

s m a l l e r  t h a n  t h e  e x p e r i m e n t a l  resiiP$s. I n  
-- 

a d d i t i o n ,  t h e - ~  component o f  t h e  SH r a d i a t i o n  d i d  

4 n o t  fo l low t h e  cos  4 dependence p r e d i c t e d  by  SHG 

t h e o r y .  

I n  t h e  a n a l y s i s  o f  t h e  SH data f o r  s o l i d  Hg, 

a c o n d u c t i v i t y  p r o f i l e  o f  t h e  t y p e  i n t r o d u c e d  i n  
'% c h a p t e r  1 was n o t  used .  It was shown-in c h a p t e r  2 - 

t h a t  t h e  r a t i o  I /Io i s g r e a t e r  f o r  t h e  two l a y e r  7'r/2 

model o f  Hg t h a n  f o r  t h e  model i n  which t h e r e  i s  

no s u r f a c e  t r a n s i t i o n  l a y e r .  I n  view o f  t h e  poor  

agreement between exper iment  and t h e o r y  o f  t h e  

r a t i o  InI2/Io , t h e  u s e  o f  s e p a r a t e  d i e l e c t r i c  

c o n s t a n t s  f o r  t h e  s u r f a c e , -  E and f o r  t h e  b u l k ,  E*, s J  

FIGS. 2 - 2  and  2 -3 that the r a t i o  of the s component - 
8 

o f  t h e  SH r a d i a t i o n  t o  t h e  p component, Is/Ip 

d e c r e a s e s  when a t r a n s i t i o n  zone i s  i n t r o d u c e d ,  

worsening t h e  agreement between experiment  and t h e o r y .  



In conclusion, the SHG theory of Rudnick and " 

Stern was found to be inappropriate when applied 

to the experiment described in this th'esis. ' 

'5-4 SUGGESTIONS FOR FURTHER EXPERIPENTS 

The-SHGiz~estigatian of Hg slrrfacesrepa%eL_- 

'in this thesis should be regarded as a preliminary 

investigation. The results suggest that further 

'measurements of SHG from Hg at and around O= 78' 
v 

are in order. 

Surface conditions were found to affect 

the SHG efficiency f r o m ~ g  surfaces. For example, 

Crozier,  inni is and Rieckhoff detected SH radiation 

from liquid and -solid Hg surfaces mzintainea a€ 

2 X torr. at O= 72' and 74'. In the present 

experiment, SH radiation was distinguished from 

background radiation generazed at solid Hg surfaces 

maintained at Or 78' only. It is conceivable that 

differences in the results of ellipsometry, reflectivity, 

and surface plasmon excitation measurements made at 

namely for Hg maintained at ultrahigh vacuum pressures 

% torr. 



APPENDIX 1- 

LEAST SQUARES FIT 

k e  p and s components of the radiation detected 
A - - L- - - - - -- -- - 

were extracted by fitting the polarization data to 

a finite fourier series which has been shown by 

Buckingham2 ' to be equivalent t~ a least squares -- - --- -- 

technique. 

An expression for the intensity of the light 

exiting from the polarizer/analyzer configuration 

* * * 
I(a)= Re(E E cos2a + E E sin2a + E E cosasina 

P P s s :  P s 

was equated to a finite fourier expansion of the 

form 

where a=analyzer angle and a ' :  2a.  

However, an intermediate form of I(a) was 
- - - - -  

required. 

The cross terns i n  eq. A1 were incorporated-into 



eq .  A 3  by i n c l u d i n g  a n  offset a n g l e  O o .  

Using t h e  t r i g o n o m e t r i c  i d e n t i t y ,  

e q u a t i o n  A 3  becomes 

But c o s 2 ~ =  

i 
1 

There fo re  
-7 

1 + cos 2 8  
- 2 - * 

/ 
L 

- S i n c e  - c o s ( a  - $I= c a s a  cos$ + sina sir& - 

f 

k2- B~ cos 2a cos 
2 

A ~ -  B~ s i n  2a s i n  
2 

w i t h  eq .  A2 g i v e s  -Comparing eq .  * 

cos  2 e o  ( A 7 ) ;  bl= A' - B~ s i n  200 
2 

By p u t t i n g  eq .  

e x p r e s s i o n s  f o r  I = 
P 

\ 

A 1  i n  t h e  same form a s  

E;, Is= E:,, and e o  c a n  



X 

" derived in terms of the experimental parameters 

I ao' a13 and bl whose exact expressions are given 

later in this section. Since 

2 sin f3 cos f3= sin,2B, sin2. f3= 1 - cos2 B3 and 
4 

equation 4 becomes 

I(a)= E2 - E: cos 2a + E~ + E* 
S 

2 2 * * 
+ Re (EpEs + E E ) sin 2a 

P S  2 

Equating eq. All to eq. A6 gives 

and 

Substituting eq. A13 into eq. A12 and solving 

for E: gives 

Similarly sdlving for E2 gives 
P 



To s o l v e  f o r  €lo, eq.  A 8  i s  d i v i d e d  by e q .  A 7 .  

s i n  28, 

The c o n s t a n t s  ao, al ,  and bl were e x t r a c t e d  ' 

from t h e  e x p e r i m e n t a l  d a t a  i n  t h e  f o l l o w i n g  manner. 

~ r a n k l i n ' ~ *  h a s  shown t h a t  f o r  a f u n c t i o n  I(a) 

o f  p e r i o d  p ,  t h e  i n t e r v a l  0,p can be  d i v i d e d  i n t o  
- - - 

2 r  + 1 e q u a l  i n t e r v a l s  w i t h  end p o i n t s  
8 

O =  xo, x  I )  x  2 9  - *  = p .  I(a) can be  '213 

approximated by a F o u r i e r  s e r i e s  o f  t h e  form 

I(a)= a. r r 
Y 

- X ak cos  kwx + Z bk s i n  kwx 
2 + k = 1  k = l  

w i t h  w= 21-r - 
P  

I n  e q u a t i o n  A 2 ,  t h e  F o u r i e r  s e r i e s  expans ion  
- - - - - -- - - - - - - - - - 

IS c a r r i e d  o u t  t o  k = l  o n l y .  The c o n s t a n t s  ao, al, 

and bl a r e  g iven  by 
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