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"ABSTRACT

I . N

Linear optical measurements, allip§ametry and
V”4refle¢tivity, have yielded dif}erent dieléctric |
constant%kfor 1équid Hg. It was suggested by Crozier_'
and Murphy that dielectric constants derived f?om'

ellipsometry and reflectivity‘measurements need not

, be the samé73ihbéttﬂabmathbdéAﬁéaéa;adaiffeyent
quantities, -The resu}ts of Crozier and Murphy
were shown to be consistent with the éxiétenee of @ e
surface transition layer firat,proposed‘by Bloch
and Rice,. |
Second Harmonic Generation (SHG)'has been
demonstrated to be an useful method for investigating

surface effe¢t§,ﬁ

This thesis deals with the SHG investigation
of Hg as a function of témperature, angle of incidence,
and polarization states of the incidént and reflected
radiation in the solid and 1liquid states. The Hgk
was maintained in an ultrahigh vacuum tblqinimize
suffacé adsorption ofvgases.

Due to the extremely low conversion efficiency

~10"1° obtained by previous investigators'of SHG

from Ag, a high power passively Q switched and mode

iii



"locked Nd.glass laser was used as the light~source.

' Highggain photomultipliers/were used as seCOnd 'kah
" harmonic light detectors | The detection system ,

- was first tested by generating second harmonic radiation
from an Ag surface

At angles of incidence from_60° to'7ﬁo&

at,temperatureslbetmeenm26pc,andﬁslglgc,lthé
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 6=76° ana 78°. |

Second harmonic radiationbwas detected from
solid Hg surfaces at 6=76° and 78°. lIn agreement

with SHG tneory, at 6=76°,'IS; the s component of

the second harmonic radiation was less than Ip,'

the p component for incident beams polarized at'¢=‘0o
and 450 withirespect to the plane of incidence.

No second harmonic radiation was detected.for an
incident beam with ¢= 90°. At o= 780, I, was less
than Ip when the incident beam was polarized in‘the

plane of incidence. However, contrary to theory,

Is was greater than Ip for incident beams polarized
at ﬁSO and 90° with respect to the plane of incidence.

In comparing experiment with theory, two models

iv



of solid Hg were considered. Firstly, the surface

and bulk properties were assumed to be described

by the reflectivity dielqgfric constants ‘of solid
Hg.. ;SeCond%}jﬁéglid Hg';;s assumed to consist of
a éhin‘surface layer of,high conductiViby with the

bulk having lower conductivity. The use of these

modelﬁ,in,QQniunQbiQn@mith.the,SHG,theorngﬁhBudnickAwwMAgAwuuA

and Stern}gave values df‘IS/Ip‘which were several

orders of magnitude smaller than the experiméntally B

obsered.ratioé.r - | o
From the viewpoint of the'main,objectivé of

?his thesis, the non-observanceiOf segond harﬁonic

radiation from‘liquid Hg was disapbointing. The

simple model calculations pérformed'fof solid Hg

may offer a partial explanation. Téere was a decrease
in the total $econd harmonic inténsity for a two
Iayef-model when comparéd with a case without'a '
transition zone. Thus second harmoniérradiation
would not be experimentally det@ctablé ffom liquid

’ Hg; o

The results of this thesis,provide no clarification

of the ‘optical response of liquid and solid Hg.
The abrupt change in I,/I, between 0= 76° ana 78°
for solid Hg is unexplained and needs further |

experimental work.



T He who 1s self approving does not shine.

He who boasts has no merit. He who

exalts himself does not rise high. Judged
_<according to Tao, he is like the remnants

of food or a tumor on the body, an obJect
~ of universal disgust. Therefore one who
e . '~ hast Tao will not consort with such

- persons.

LAO AU 604 B.C.

e

It is easy to convince a wise man,
but to reason -with a fool is a = -
difficult undertaklng :

‘ - CHINESE-PROVERB

¥

Spread out your knowledge and 1t shall . _
be found shallow, o S : EE—

% , % *

The perfect man ignores self.
- The divine man ignores wealth.
The true sage ignores reputation.

-

CHUANG TZU 400 B.C.

When you see a good man, think of
emulating him. When jyou see a bad man,
examlne your own heart.

CHINESE PROVERB
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A learned man once asked a
Zen teacher to instruct him.

'The teacher began to talk, hut

the learned man per51sted in

Interrupting him, "Oh, yes, I.

know that already," and

"That is of course a part of

many philosophies." T _
At last the Zen master stopped

talking and prepared to serve the

learned man tea. He filled up his

cup-and- then kept-on pouring until - it

overflowed. "Enough," exclaimed the
learned man. "My cup 1s already
full." C

"Indeed; so I see," said the
teacher. "And if you do not
empty youwr cup first, how can
you expect to taste my tea?ﬂ

ANCIENT ZEN STORY

"The usefulness of ‘“the cup is
its emptiness.

BRUCE LEE

= vii -

0 |
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ot

Abide by the principle..
- Dissolve the principle..
. Obey the’ princtiple

Without being bound to it. |

B ' - BRUCE LEE

-

Young Man. . = .
- Selze every minute
e : Of your time.

S The days fly by;
Ere long you tot *.
Will grow old. ”

TZU YEH

There were three words which
= v the Master barred from use.
He would have no "shall's,"
and certainly

n "
no "'myst's,

no "Ils "

~ CHINESE. PROVERB
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CHAPTER 1

INTRODUCTION

In studies of the optical properties of/metals,
linear methods recognize the existence of a surface
transition zone. Techniques involving transmissionrﬁ&
of light attempt'to bypass the existence of the
zone, whereas in ellipsometry and reflectivity meas-
urements, the zone is'ignored. The bulk optical |
constants are assumed to represent the response of

solids or liqulids 1in the absence of a surface

’ -

transition zoneq)

However, evidence exlsts, particularly
in the case of Hg, that optical properties can be
influenced‘by’surface effects.

Hg, being the only pure metal to exist in thef
liquid state at room temperature; has been the sub=
Ject of many experiments. Linear optical measure-
ments, ellipsometry and reflectivity, have yielded
seemingly contradicting~result4 Dielectric con-
stants derived from reflectivity measnrements at
near normel incidence were found to be closely pre-
‘dicted by the Nearly Free Electron Drude model.
"Ellipsometry and reflectivitﬁgresults at oblique
angles of incldence on the other hand showed non-

4,5)

Drude behaviour ™ In the extraction of dlelectric



-

constants from the”expeqimental*data,'the Hg surface

., wWas assumed to be a maﬁhematical plane, where the
transition to bulk occurred over a distance»négligibly

Bsmall compared with the wévélengtp of the probing

radiation.

Crozier aﬁd Murphy“isuggested thééfdiélééﬁric
constants derived from ellipsometry and'reflectivity
need not be the same since thertwo methods measure
different quantities.’ In’the interaction of electro-
magnetic waves with a metal, the complex reflection

amplitudes are represented by, r = lrpl et ang

18

p

e , wWhich define the amplitude and phase

YSI
change of the reflected wave relative to the incident

‘wave. The subscripts‘p and s denote field cOmponents

¥

parallel and berpendicular to the plane of incidenée;

,'respectiVely. TWo quantities p the ratio of the.

reflection amplitudes |rp|/|rsl, and A the relétivégag
phase change on reflection Gp - GS are measured in
/ellipsometry at each wavelength at a fixed oblique
angle of incidence. In the reflectivity mea;uremeqt57 

of Wilson and Rice? the absolute reflected intensity o

was measured over the wideét possible wavelength range‘

at near normal incidence. The phase change § was

extracted through the use of a Kramers~-Kronig dispersion
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relation. The‘ellipsometry and reflectivity,measuré—
ments of Crozier and Murphy made over the wavelehgth
range 2500 X t5'7500 K»for the same samples at an}
angle of incidence 70° we}e‘ﬁpgnd to be consistént
with the existence of a surface transition 1a§ér fifét
proposed by Bloch and Riece* It was concluded by =
Crozier and Murphy that the contradictory results -
arise because'ellipsometry,samplés thefresbonse df

ng to E fields both parallel and perpendicular to

the surface? whereas reflectivity measurements at

near normal’incidehce 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 perpendiculé;hﬁd the éufface,
then the deduced dielectric constants neéd not ber
the same.

The BR (Bloch and Rice) model is an Epsteiln
/r.profile, iht;odqud by,Epsteiﬁ in a study of the
reflection of radfo waves frbm éﬁe ionosphere. It
'1s- a phenomenological model with which variat;ons
of the conductivity as a function of distance into

the sample can be approximated by adJusting five



.stance, the conductivity reaches a peak value be-

parameters. The actual number of parameters can
be greater depending on the Version‘of the BR .

model used. At a slight distance into the sub-

fore assuming the bulk value. Qualitative argu-

-ments have been given for. the enhanced eenduetiﬂviw e

)
"'ty based on the contracting effect of surface tensioﬁn

Bloch and Rice obtained the best agreement with data
from\linear’experiments with the'peak occurring

0. i K into the substance and with the peak condﬁctivi-

ty being twelve times that of the bulk.value The

‘eeffective width of the transition zone, full width

at half/maximum was ~ 4 A. One of the»profiles
is shown in FIG. ﬂ?’ The imaginary part €2 of the . '
dielectric constant is plotteﬂ as a function of B
the distance into the medium for a fixed frequency
in the visible.spectrum. |

Investigations of surface_plasmon,disoersion LN
in liduid;Hg suppart the existence of a peak in the
conductivity; Guidotti and Rice® propoSed“a*modi:""r"'* -
fied modei ian which a larger conductivity ekisted
parallel to the surface than normal to:the sqrface,.

in agreement with Crozier and Murphy.
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In their model, the magnitude of the peak 15 oom- -
parable to thevconductivity‘of'polycrystalline Hg' |

The decs conductivity of solid Hg 1is 3 7 to 5 0 times

that for 1iquid Hg? The results of GR (Guidottl and
‘Rice) suggest ‘that the outermost two or three atomic‘ -

layers are more ordered than they would,}e in the

bulk liquid. According to GR, a decrease 1n the : o

effective mass of the electrons due to band'structure

-

effeets ratherfthan an—increasefin~electron4d’”

may lead to the peak in the conductivity.
- There 1s another method whereby the transition
zone can be probed The SH,(seeond harmonic)

radiation generated by reflectioanrom'a metal surface

”is;theoreticallywsensitive'to currents induced in
the surface by the high amplitude EM fields provided
by pulsed,lasers. The advent of pulsed lasers,with,
peak output power densities of the order 109 W/cm?
from which E fields of the order lO6 V/cm. are
available has made possible the study of Non Linear
Optics, of which SHG: (second harmonic generation)

is a branch “which deals with terms of second order

and higher of the current density dJd. Experimentally,

the SHG efficiency |E(2w)|2/|E(w)[2 from Ag was

found to be~10"1° whegwa @ switched ruby laser with



i

a peak cutput pcwer, 106 W- was used as the light

source@’ Therefore high amplitude E fields ‘are

”necessary in the probing radiation for SHG to be

detected.

An SHG investigation of Hg at'Q'Xllo?S-tcrr;,‘

was reported earlier by CroZien, Ninnis and Rieckhofﬂ?

butinc‘definitive statement was made regarding the
) | -6

_transition region. At 1 X 107° to orr., a monolayer

‘of impurities is formed en 2 surface in - 2 seconds.

Experiments have shown that SHG is sensitive to

&

surface contamination. Brown and Matsuoka”?® found
the SHG efficlency from an Ag surface maintalned at

2 X 10_7 torr. to be 4 times greater than the SHG

efficiency from an Ag surface maintalned at

5 X 10~ -4 torr., whereas McCardelﬂ‘“ found the SHG

efficiency to be greater from contaminated surfaces

than from freshly evaporated Ag surfaces maintained

at ~ 10710 torr.

The nature of the transitlon layer in Hg, requires

further study. A technigue such as SHG which is

‘extremely sensitive to surface conditions may prove

useful in further defining the surface layer and in
determining whether for Hg, the layér is a product

of surface contamination. .



'In this thesls, studies of SHG from Hg

maintained-at -~ lO,-lo torr. were done as a function -

of temperature, angle of incidence, and polarization S

states of the incident and reflected radiation./

Followirﬁ this chapter several theories of SHG

are dilscussed. In chapter 3, the apparatus 1s

descrived. Experiments performed in examining the

and the electronic detectlion system, as well as the

results of SHG from Ag and Hg are presented in chapter L,

The results. for Ag and Hg arevinterpreted in
e

chapter 5. The mechanism by which the larger than

predicted second harmonic signals polarized perpen-

dicular to the plane ot incidence are generated from

Ag andfsolid Hg sdrfaceséhisrnotmknoyn. Fromliquidv
Hg surfaces, second harmonicrsignalsrcould not be
distingulshed from the background’radiation.’ The
inclusion of a surface transition layer for solid

Hg in the theoretical calculatiens fai%ed to account

for the large second harmonic signal polarized

perpendicular to“the plane ‘of incidence.

y—

A
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CHAPTER 2

THEORY

| 4
2-1 INTRODUCTION

»

In section 2-2, a classical hydrodynamical

L 3

derivation of the secoﬁd harmgnic currend density

J(2w) from ﬁhiph the second harmonic E fields can

‘EE“Caiéﬁiaféﬁg;iﬁf

A long wavelength theory such as the classical
hydrddynémiqal theory, in which the EM fields are
s _ considered to be slowly vary;ng with respect to the
distance an eléctron travels in the time 1/w, 1is

__approximate when applied to second harmonic generation

from metal surfaces. The normal component of E 1is
discontinuous'acrbss the'boundary,and,chaﬁges from
the value outside the medium to the value ingilde ié

! a very short diStancé. The second h;rmonic generation
theory of Rudnick and Stern in which non-local effectsf

are included by using a wavenumber dependent dielectric

constant in the integrals’for the second harmonic E

7H4?ields is discussed in section 2-3.

Finally, in section 2-=4, theﬁéecond harmonic
radiation is shown to come off fhé‘sample surface at e

the specular zangle.
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2-2 CLASSICAL HYDRODYNAMICAL THEORY

Early theories of second harmonic generatioﬂ
were long wavelength approximations where the EM
fields were assumed to be slowly varyihg with réspect‘

to the distance an electron travels during the time

— .

l/w'nz,ls,zu)

In the classical hydrodynamical theory, the

nonlinear response of an electron gas is described

by the hydrodynamical equation of motion for an

average velocity E,ﬁf,ls)

W + (VeVV) =e/m (E + V/c X H) (2.1)
5T o |

and the equation_of continuity for a number density

n of the electrons.

dn + Ve(nv) = 0 : | (2.2)
ot : '

The fields E and H are connected with V and

n through the Maxwell equations

Ve+E = Ump and -V X

Ja
S
ol
Q@
d‘lm
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«*

where p= n(r) - né(i)f' n  is the density_of the
‘electrons in the absence of the EM fields. n(r)
répresepts the departure froﬁjequilibrium>of the
electron density. J 1is the curfent,density;

The second harmonic current density

J(2w) = e(noV

+ n cén bé~ca1cu1ated by expanding

o+ nVy)

E, H, V, and n.

E=?g(w) é-i@t + E(Zw) e—iZw? | (é,3;
H= H(w) e %% + H(2w) e-ié e | o(2.h)
v= zle‘i“’t{zze'iz“’t L (2.5)
n= no('}"_) + nle—iwt +,n2e-12wt (2.‘6)

where [E(w)|>>|E(20)|, |H(w)]>>|H(2w)],

and |ng|>>[ny|>>In, .

- The gas 1s assumed to be at rest initially.

-

V and n represent departures from equilibrium.

An expression for V. can be obtained by sub;/

1
stituting equation 2.5 into the equation of motion
and collecting terms with e~ 10t

{



_']? -

~ bower density of the simultaneously Q switched

IV _ eE w _ : . (2.7)

3% - m - eY :
»

or -

V;= ie Efw)

T ,, R (2.8)

-

22 can be expressed in terms of Kl by collecting

terms with e-ith and equating the coefficients.

setwV, + (Y MVyse Vi XH (W) o gy

2 = . \

The second order térm due to §(2w) was Qmitted

since |§(2w)|<<|(zl/c) X H(w)|. This can be seen

from the following calculation. The peak output

. : (186) o
and mode-locked Nd glass laser is '\:109_W/cm.2

which corresponds to |E(w)] =8.67 X 105 V/cm.
and {1H(w)]=2.89 X 103 gauss. The experimental
SHG efficiency has been calculated to be 10713

Therefore, |E(2w)| is found to be 2.74 X 107t v/em. g

which is smaller fhan](zl/c) X H(w)|=2.47 X 10 V/cm.

and can be ﬁeglected. Faraday's law for non magnetic

media is
VXE=-1 gg < (2.10)
¢ 9t ‘
= iw H () | : ' (2.11)




- : V =13 -

o

Eqﬁation 2.11 can be rewritteﬁ as \ B

H (w) = ¢ (VX E(w)) o (2a2)
i . ‘.

Substituting 2.12 into 2.9 and multiplying
~each side by m gives

-21mwV, + m (V39) V, = VX E(w)) - (2.13)

& X (¢
c o dw

Solving for 12 and eliminating Xl'by substituting

y2.8 gives o M ,,ﬁ,-,, L
V,= 1e? o ' | ,
-2 S=7-3((E(w)*V)E(w) + E(w) X (V X E(w)) (2.14)

2m*w
Equation 2.14 can be simplified further by °

' using‘the following vector identity.

% V(A-A) + (A-V) A + AX (V'X_é) | (2.15)
The%eforéﬁ
ity i%zm V<E<w)'1ﬂ_<w>)=‘;—%? V(EW) E(w)) (2.16)

m
From the equation of continuity, hl is solved
in terms of n, by retaining only terms to first

order

(o9

n
t

+V (nV) =0

(o %]

1wﬁi +W‘&1o(}:§r 2157 - 7 . ' 4 (2.17)
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or
lwn = v.§n0<;> Y;) . - - ‘(2.18)A e
Therefore
nj= =i V-(n_(r) V;) - o (2.1/9).

Substituting for V, by using 2.8 gives

l ] . ‘l
n=e  (Ton () E@w) . (2.20)
mw .

"By using 2.20, 2.16, and 2.8, the second

ha¥monic current density is calculated to be

T J(2w)= e(n022‘+ n,v,)

—e® (n,(r) V(E(w)-E(w)
im“w - .

O E@) (Yeny(r) E(@)))  (2.21)




¥t

-To shdw more clearly the separateﬂcontributions
of the bulk and surface terms,~an alternate form of
J(2w) is obtained by substituting équation 2.8
directiy into equation 2.9. The change in the N

velocity of the electrons to second order is

V,= - ¢? (E(w) X H(w)) - e  (E(w)- V)E(w)
2miw’c ' i2mw

(2.22)

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

current density is calculated to be .

J(2w)= e(n ¥V, + n V)

- n (r)e® (E(w)+ VE(W) - e E(w) (Von_(£)E(w))

2iw°m? imZw?

- n(r)e® (E(w) X H(w))
P

(2.23)



In 2.23, (E(w) X H(w)) is the second harmonic
current density term due to thé Lorents force and
receives contributions to within thelpenetratioﬁ}
depth ¥ 300 & for Hg at A= 1062.3 nm. Therefore
(E(w) X H(w)) 'is called the bulk term and is
independent of the polarizatioﬁ state Qf,thé
incident fields as illustrated in FIG. 2.l.

A geém oscillating at ah angle ¢ with respect td
the plane of incidence is incident on a sample,
at angle of incidence 6. The (E(w) X H(w)) term is
longitudinal and therefore cannot be the source term
of a transverse EM wave unléss a boundary is present.

The first two terms of équation 2.23 are
called surface terms since they are significant near
the surface only. The (E(w) "V)Q(w) term arises
because of the breakdown in inversion;s??Qetry at
the surface. Both (E(w)*V)E(w) and (V'nb(z)g(w))
contain the gradient of the electric field;t From
electromagnetic theory, we know that En’ the componént
of the electric field normal to the metal surface
is discqntinuous ac;eés the boundary- Eh changes - -
from its valﬁe outside the metal to a very small

value inside the metal within one or two atomic

layers of the surface®® Thus the
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terms involving (E(w)+V)E(w) and (Ven_(r)E(w)) are
large at the surface region where there is a large
gradient of E_.
The polarization state of the second harmonic
radiation as - function of the polarization state
of the incident beam can be determined by examining

»

equation 2.23 for the second harmonic current.density
J(2w). |
Consider FIGS. 2.2 in which the plane of incidence
is the Y¥=0 plane. The light is reflecg?d from plane
boundary X > 0. ‘In (a) the incident beam has both
a p and an s component. The surface terms given
by the first two terms of equation 2.23 are nonzefo
since the normal componént of E(w) is discontinuous
across the boundary. The non-zero term of (E-V)E
is ExvxEx which contributes to the second harmonic
E field normal to the surface given by equation 34
in section 2-3.
Ven (r)E can be rewritten as n_(r) (V*E)
+E -+ Vn(r). Ven (r) is negligible when comparedA
with v+E. For simplicity, the r dépendencé of no(g)’l
has been neglected. Therefore the non-zero surface

terms of E(V+E) are EXVXEX, EyvxEx’ EZVXEX. The SH E

field due to EZVXEX is given by equation AZ2la. EnyEx

is polarized perpendicular to the



()

' FIG, 2.2 Illustration of the polarization dependence of
the second harmonic radiation as predicted
by the Classical Hydrodynamical Theory.

S



plane of incidence and its correspohding,g fieid
is‘given by"equation\ﬁ?Ea for E\Vs' | |

In FIG. 2.2 (b), the incident beam is polarized
in the plane of incidence. The resulting SH E fileld

is due to E X H, EV.E., and E V.E . No radiation

which is polarized perpendicular to the'planévéfmf’
incidence 1s generated since Ey 1s zero.

s VxEx‘vanishes when the incident radiapion is
polarized perpe%dicular to the plane of incidence
as in FIG. 2.2 (c¢).T Therefore no surféce currénts
are generated. Th seéond.harmdnic radiation

generated i1s due entirely to the E X H term.
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2-3 SHG THEORY OF RUDNICK AND STERN

Allong wavelength calculation of SHG from
metals such as the Classical Hydrodynamical Theory,
‘requires that the variation in the EM fields take.

place over a distance large compared to the Fermi

wavelength ®of the metal. The long wavelength
approximation is valid where H and the tangéntial
component of E are involved, since,they are con-
vtinuous across the boundary. However, the normal
component of E suffers a discoﬁtinuity at the bound-
ary and undergoes a rapid variation.' Therefore, a
gquantum mechanical calculation of the SH fieids

is necessary.

Rudnick and Stern® have performed a quantum
mechanical calcuiation for the second order response
of an isotropic electron gas. Nonlocal effects were
included by”using a wavenumber dependent dielectric
function. The boundary was rgplaced by a cufrént‘
sheet, so that all EM fields were considered to be

interior. Surface structure effects were neglected

&

since the electfggréas Qé@iaésumedwtéiﬂérisétrggic.
The long wavelength appfoximation 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
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: normai surface currents.
Scatfering effects due to surface‘roughness 
Were included by:usingvpﬁendmeﬁological}parameters
a and b. a is tpgﬂétrength of tﬁé nonlinearity in -
E normal to the surface andrhas been calculated by

McCardell®® to be from 4.8 to 9.46 for SHG from Ag
| ~10 ‘ —

surfacéé'mgintéinéa”é£”$mi ‘torr. b 1s the

strength‘qf the parallel surface cuprents; If the

surface is flat so that mbmentum_tran§ver§e,tg,;t,;i;mwvg;;wfh;ﬁ
1s conserved, [b|=‘l. 'Howevér, if the boundary is

not flat so that the current flowing parallei to it’

1
and thus the parallel current density will be

can be scattered, |b|< 1, since V, of equation 2.8

3

decreased.

| The published equations of Rudnick and Stern -
?Br the‘amplitudes of the second harmonic E fieldé
confain Eypographical errors. My corrected eqﬁations
and their corfesponding‘numbérs?in,the papéf of

Rudnick and Stern®® are presented below.

- 2 2 L2 s038 Ama2f
Elp Naewpe(Zw)E (w) cos”¢ sin*6 cos“6 _A3W)
/mc“Et(m?kfw?*k*fwfﬂ*f%(dq)K(dw)+K’(dm)J‘

~ -



np
Eﬂ/2

_Bp_
m/2

m/2

El\s
/2

¢ 1s

6 is

and

K(w)

K'(w)

K'(20) = 20w [sin?6 - e(2w)]/ 2

G(w)

T o [4

.—23—‘

ﬁ{‘r

h 3

= 2b(c/w)?k' (w)k'(2w)cos2¢G™2(w) - (A2la)

= e(w)G *(w)cos?¢ + sin?¢ A ;(A21b)

~

= (2ew;/mc“)siné cos?6 E%(w) . - (A21c)
FRoREFT O R @ -
= - 4bG(2w)G '(w) cos¢ sing (A22a)
—. -

the polarization angle of the incident beam,

the angle of incidence as shown in FiG. 2.1,

= - iw cos 6
c
= -0 [sin?6 - e(w)]l(?;
c

c O

kS

e(w} K{w) + K*'(w) - - -
K(w) + K'(w)

~,

§



R

ELP ié the amplitude of thé eléctric field :
" normal to the surface and polarized iﬁ the plane
of inci@ence, El|p andbE”S are the SH E fields dueb~
to surface currents oscillating parallelAand per{T
‘pendicular to.%he plane of incidence, respectivelyl
The builk contributidns.are given by EBp which is »'v~~m'*“**w
also p polarized or polarized in thé plane of inci-
dence. E,"/2 is the SH E fieldﬂgenerated when the | | <
incideﬁt beam 1s s ﬁolarized or poiarized perpendidular
to the plane of incidence. |

The relative second héfmonic intensity
|E(2w)|?/|E(w)|? for the surface and bulk terms
ighplotted’as a function of'ﬁhe angle of incidence
for ¢=45° in FIG. 2.2. For ¢=0°, the curves are
similar to those for ¢=45° with respect to 6, but
are displaced upwards because of the cos“¢5facfor.
|E s(éw)|2 disappears since sin 0° is zeré. For |
an s polarized incident beam (¢=900), all térms
except IEBp(2&)|2 = |Eﬂ/2(2w)|f are zero. The ©
dependence of |E;y2(2w)|2/|g(w)|2 which 1s defined
only for ¢=90°, is shown in F¥IG. 2.2 (f)».

The curves in FIG. 2.2 were geﬁerated”by sub-
stituting the dielectric constants of single crystal

solid Hg into the equations of Rudnick and Stern.
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FIG. 2.3 Theoretical intensities of the SH components from ‘

the equations of Rudnick and Stern. The relative

intensity |[E(2w)|*/|E(w)]? is plotted as a function

of angle of incidence. ¢ was taken to be 45 and

|[E(e) [= 3 X 105V/cm.. 6a)1E (2w)}?/1E(w)}? total p
o |Ew(2w) | */[E(w)|*

component (b)[EmI2w)| /| E‘(w)l2
td>TEu(2w) 2/1E(w)| 2 (e)]E.,.(zw)l /|E(w)]?
(£) [Ewg{2w) [ 2/|E(w)|?. 1In the equations of Rudnick

and Stern, a and b were taken to be 1. The

‘dielectric constants used were those for single

crystal solid Hg
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Similar curves were obtained when the dielectric

constants derived from reflectivity and ellipsometry

measurements from liquid Hg"S! were used. The magnitudes

~of the SH fields’ were of the same order as the corres-

ponding fields in FIG. 2.2. -
In both eases; the solid and liquid Hg con- -
ductlvity 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 esvfollowed
by;the bulk With a-characteristic dielectric

constant €, was considered, the surfage SH E

B
fields were found to be smaller in magnitude.
The results -are shown in FIG. 2.3. ’EB(w) and

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

'FIG 2.2: The surface‘dieleétric consﬁént was
assigned a value 4 times that of the bulk
dielectric constant. The intensity of the 4
total p component i1s smaller by an order»of
'magnitude and 1ts peak shifts ffom 6= 77° to .
©. The introduétibn of a thin transition
layer of high conductivity lowers thé'intensity‘

of the s component relative to the intensity
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FIG. 2.4 Theoretical SH intensities as a function of angle -~

of ﬁncidence for the two layer model of Hg.
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of the total p component.' In this particular case,

=4 :
ptotall'% 107" whereas the ratio

is ~ 10f3 when no transition\layer is introduced.

at 0= 787, 1Byl /|E

Although the curves in FIGS. 2.2 and 2.3 were

A

generated by using the dielectric constants for
solid Hg, the results are ihdicativéﬂg};EEAu;ab
+Hg. The fesults of FIG. 2.3 suggest that for
liéuid Hg to which a sﬁrfaée tfansition zone

has been attributed, second harmgnic radiation

is dominaﬁed by EBp pf equation A2%?: The
generation efficiency decreases wheh a transition
zone 1is inﬁroduced. The decrease in generation'
~efficiency is most apparentrfor;théré cbmponenp
of the SH radiation where at 0= 78°, |E,ql2/|E
. -4 4;

Dtotlgv
8% 10 Therefore,rit is unlikely that s
'polarizedrradiation will be detected for angles

of incidence around 78°.

It is also apparent from FIGS. 2.5 énd 2.6
that at 6=78°, the SH radiation should be p polar-
ized. 1In FIG8, 2.5 and 2.6, the intensities of
the SH fields are plotted against the,polarizatioh

angle ¢ of the incident beam. The transition zone
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was introduced in FIG. 2.6 only. At ¢=0° and 90°,

the SH radiation is entirely p polarized. The SH

radiation at $=90° 1is due entirely to EBp As
statedfearlier, the SH;radiation»shouid be p polar-
ized. 4

2-4 ANGLE OF REFLECTION OF SH RADIATION-

For the purpose of detecting SH radiation,
it 1s essential to know the,aﬁgle through which
- the SH radiation is-generated.’ o
Bloembergen and Pershan'® have shown that the
SH radiation is geheréted through the samerangle
as the fundamental ray. - o .
Consider FIG. 2.6 in which a monochromatic
plane wave of frequenéy“@i is dincident on a plane
boundary. The‘boundary is given by'Z=O and the
plane of incidence by ¥Y=0. The superscfipts i
and R denote the~incident and reflected fays,
respectively. The superscript T is used to denote
the fields which’exist witkin the metal. An SH .

current density J (2w) is exéited by the fundamental

fields. Since the SH current density 1s dependent ~ — -

on fundamental fields with phase and time factors
exp(i(gi ‘X - wyt)), the SH phase and time depen-

dence'is‘[exp(i(gg - X _'wlﬁ))] [exp(i(gf- X - wt))]



FIG.

2.

VACUUM

7

s

X

‘Diagram to illustrate the angle of

generation of the second harmonic
radiation. R denotes the reflected
waves and 1 denotes the incident beam.
J is the nonlinear source current
density.
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which is exp(i(25$ ;,K - 2 wyt)).

The existence of boundary cOnditionS at Z=0
which must be satisfied everyﬁhere on the boundary
at all times requires that the spatial and time

variations of all fields must be the same at 7=0.

Therefore
i - e —4 R L ] _-—a T -
(.l:{..l z)z=0 (E X>z=0 (.IS. X) =0
or ' .
1 1 _JR T T
|k| sin 67 = Ik | sin 07 |k| sin 6] (2.24)

For the second harmonic fields, the

equivalent equations are

R . T _ S S _ . T
lk | sin o, |k | sin 0, = |52[ sin 65 2]k | sin 6]
. (2.25)
l5§| is the magnitude of the wavevector of
the SH source current density and is equal to
T .
2ligl.
From equation 2.24, we have for sin 6?
. T i . : v
sin 6, = [k l sin 67 (2.26)

gl

Similarly, from equation 2.25 we have
. T R R -
sin 6 =1 [k | sin o,

|k | | (2.27)



‘Equating 2.26 and 2.27 gives

2 1Kk8| sin 6 = |ky| sin 6]
For nonmagnetic media, |k(w)| = |€V?Ou)| (w/c)

where € 1s the dielectric constant and ¢ is the
speed of light. In the vacuum
lk(w)| = w_ , | o (2.29)

=L
c

Substituting 2.29 into 2.28 gives

1 . 2w R_ w Cai
5 X = sin 92 = o sinwe1
or
R _ i ' '
sin 6, = sin 6] (2.30)
From the law of reflection, we know that
6] =00. Therefore, equation 2.30 implies that — :
1 R _ R :
775 7 9% . (2.31)

The second harmonlc radiation is generated

through the same angle as the fundamental ray.
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 CHAPTER 3

APPARATUS R .

3-1 INTRODUCTION

A pasively Q switched and mode locked Nd
glass laser was used as the light source. A des-
cription of thealaserﬂis presented~in—see%ien78w2¢~~ff%~ff~¥**
Pagsive Q Sﬁiéching‘and mode lockingyare discussed
in section 3-3. The optical arrangement used in e
detecting the SH signals is descriaed in section
3-4. In the final section, a description of the
ultrahigh vaduum system which was used to contain
the Hg is presented.

3-2 NEODYMIUM GLASS LASER

In the 1n1tiai”ihVéétiéé£iéﬁ§,'ﬁﬁéﬁNd"éiééémiaééff'
constructed by R. Ninnis was used.hé‘ The flashlamp was
linear, and heat damage to the Nd3+ doped glass rod was
prevented by pumpihg 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 traln. A commercial laser (Korad, Hadron Co.) -
was substituted. - An Owens=Illinois ED=2 lithium —
aluminum silicate glass rod, 29.2 cm. in length and:

1.0 cm.
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in dfameter was used. The rodgends were cut at
Brewéter angle so that the lasef output was linearly
polarized. The front exit mirror wés 65%

feflecting 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

ampiifying ﬁediﬁﬁikéiaéé féds wééméchieved with

~a hellcal flashlamp. Since the lamp electrodes

came into direct contact wi;h the cooling water, -
de-ionized water was used in order to prevent the
lamp from shorting. For prolongéd operation of'

the laser, it was necessary to maintain the cool-
~ing water reservéir in an ice bath. The optical

paéh length of the cavity was 112 em. which

correspdhded to a cavity round trip time of 7.5
nanoseconds.

The helical flashlamp provided a more uniform
opticél pumping of the Nd glass rod, than the linear
flashlamp. Single mode TEMéO 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 polQ;oid

. burn patterns. Helical flashlamps have larger wall
rears and arc lengths per linear centimeter and,

thgrefore, can deliver much higher pulse energies



to a given size. laser rod than a single linear
flashlamp. Hence, in cases\wherg high beak powef
is desired, 5elical flashlamps are used?cwherggs »
lihear flasﬁlamps find favour with high average o
power or high‘repeéitionéate1asers since -a - -
COOiing liquid is more§readiiy circulated.

The 65% refiecting exit mirror was manufactUredc
by Valpey Corp. TWO'types of 100% reflecting mirroré
(Valpey'Corp. and Optik:%itweré tried. Although
’th? Optikon mirfor waé‘ll ed és being able to with-
stand power densities of 2 Gw/cm?, its useful life-
time (~ 2 days) was found to be about the. same as
" for the Valpe¥ mirror. Therefore, realignment of
the mirrors gﬁd the optics of the SH detection ’
system, was necessary on the average; evéry~twordays.

The method used in readjusting the mirrors is deseribed
by Ninnig.('®

yo satisfactory method was found for cleaning
the mirrors and other optical components. Liquid
<leaning was found to promote*damagé”fathéf*fhéﬁ”'”’
-hinder it. Thefe are two possible sources of damage.
Firstly,Eincomplefc'drying of the 1liquid canJlead to

. \
absorption by %Qe optical surfaces. Miniature
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! eXpldsiohs'éfé’prddudéa'ﬁﬁéﬁflaser pulses'stf;ke
the absorbed liquid. in particular, the~laéer”rqd‘
ends were pltted after liquid cleaning. Seqondly,
éleaning residue may have been melted onto fhe
surfaces and ieft indentations after being dis-
lodged by subsequént laser pulses. The Obtikon
mirror was found to be extremelyvsensigive to -
cleaning by volatile liquids such as Qgthanolrand
acetone. The drying[of themliqﬁid‘was’accompanied
by the peeling of the dielectfié cOating froﬁ fhe
quartz substrate. Eventually, damagg’to the ;

optical components was minimized by reducing the

frequency of 1liquid cleaning and the amount of

liquid used. Dust was eliminated from the working ;

area by spraying .compressed air.
The image of the He-Ne alignment laser beam wasb

seéﬁ to expand and fade, and return to -normal with
: ) i.
each firing of the Nd glass laser. This effect is

E

known as thermal lensing, in which the heating and

cooling of the glass rod leads to a nonuniform temp-

erature of the rod, which leads to a temperature and

stress dependent variation of the index of refraction.

Thermal lensing also affects the output powef of lasers.

In order to take advantage of this effect, the laser
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was fired once every 15 secéﬁds when the output

power was neaf the maximum value. In addition, when
operated in the thermal lensing mode, the fine tuning
of the passively Q switched and mode locked laser

was facilitated, with an improvement in, the repro-
ducibility of the mode locked pulses.-

The maximum voltage availlabe from the power
supply was 10 kv. In the passively Q'switched and
mode locked ope%ation of the N4 glasé laser, é
typical operating voltage wés 5.3 kv., correspon-

3 joules. The

ding to an input energy of 1.4 X 10
charge was contained in a 100 microfarad capaci-

tor.



3-3 PASSIVE Q SWITCHING AND MODE LOCKING

Q switching is a mode of laser operation
employed for the generation of high pulse powe;}
The opticai Q, which is‘the ratio of the ener;;‘g
stored ihrthe cavity to the energy loss per cycle
is altered in Q switching. Energy is stored in
the amblifying medium by optical pumping while
the quality factor Q is lowered to prevent laser
emission. As a result, the populat;on inversion
reaches é level far above the threshold. When
the aoptical Q is increased, the.stored energy is
_released as a short pulSe of light.

The switch in Q may be achieved in two wayé. o
In aqtive Q switchfhg, an active modulator
(eg. eleqtrooptiC'shuttery is driven extérﬁally.
Inpthé passive method (eg. saturable dye absorber)
the' switeh in Q is achieved internally.

Experiments to decide the moét suitéble sa-

turable absorber were conducted aﬁd are described

in 4-2. ‘

A brief descriptidn of passive mode locking

follows; For detailed descriptions see references

16 and 19.
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When two or more longitudlnal modes begin
oscillating, the interaction between E fields‘
of the modes and the nonIinearrsaturable.absorber
leads to a periodic amplitude fluctuation at the
difference frequency Av = c/éL,,whergﬂg 15 the |
,speed.of light and’L is the optidal cavity 1length.
Since higher amplitude E flelds are transmitted
| more readily than the g'fields lower in amplitude,;
thetinitially sinusoidal waveform is distorted on
passage through the absorber. Pulse narrowing
occurs becédse the wings of the pulse are more
' strongly absorbed than the peak. The intéraction
between the modes and the'safurable absorber
which behaves as énjamplitude modulator, excites
additional sidebands within the laser bandwidth.
Since the sidebands represent otﬂer modeé oscil-
lating with a definite phase relationship, the
lasér output consists of a series of sharp spikes
separatedvin time by the cavity round trip time.
Therefore, in order for a saturab;e,absorﬁepwta,',w
mode lock the laser output, the recovery time
from the saturated state of the dye mﬁst be less

than the cavity round trip time. In addition,
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the dyé must have an absofbing transition at the
- laser frequenc& and a bandwldth greater than or
equal to the laser line width.

3-4 OPTICAL ARRANGEMENT

Due to the extremely low conversion efficiency ]
l§(2w)|2/|g(w)|2 n 10712 of the fundamental beam into
Sh,radiation;“’a high peak power Nd glass laser was
used asﬁthe light source and high gain EMI 9526 B
phbtomultipliers (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'discusséd in 4-5. -

A part of the Nd glass laser béam was reflected
by a beam splitter for detection by the ulﬁrafast
photodiode. The beam splitter was placed.close'
to the Brewster angle to maximize transmission.

The resulting pulse wéd displayed on the Tektronix
519 oscilloscope. The 519 scope has a risetime'ofd
0.5 nanosecond and was used to monitor mode locking
vin the laser wavetrainl

In order to eliminate errors due to shot to
shot fluctuations in laser output, a normali%ing

technique was used by passing a portion of the
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laser beam through KDP (potassium dihydrogen phos-
phate) powdér to generate a reference second har-
"monic signal. The KDP powder was,sandwichedlbet-
ween two microscope giaés.slides. The thickness
6f the powder was Vv 1 mm.,

Neutral density fillters were used t; attehu—
ate tﬁe reference éecpnd harmonic signal to a level
appropriate for d;éection by a photomultiplier. The
signal was then read on the digital panel meter
- (DPM). after being amplified by the Tektronix 555
oscilloscope 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 Pl.-‘A second right
angle pfism P2 was used to diféctrthe laser beam
onto the horizontai surface of the liquid samples.
The anglé 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



the right angle prism P2 was absent from thé optical
arrangement and wheh P2'was present.

The poiarizatidn state of tﬁe'radiation inci-
dent on the sample was varied with a Glan—Thompson‘
prism and a quartz A/2 plate for 1060 nm. Thé trans-
~mission plane of the prism was set in the plane of
polarization of the incident beam to within + 1°,
Once this was accomplished, the polarization of the;
radiation incident on the sampié within the vacuum

system was changed by varying only the orientation

of the A/2 plate. The transmission axes of the pQ;arizer

and analyzer, and the fast and slow axes of the A/2

plate were deduced from photometric measurements of

the intensity of a HeeNe'lasermbeammtransmitted*by”“* B

‘the polarizer, analyzer and‘wéveplate positioned at
different séttings. | |

Lens Lirwas used to expand the cross sectional
area of the beam incident onrthe sample. This was

necessary to minimize plasma generation. Lens L2

was used to collect the light from the sample and

to focus 1t on PM (b), the photomultiplier. .

Fl and F2 are optical bandpass filters. Fl, _

Corning filter CS-264, was the fundamental pass filter,

transmitting radiation in the range 640 nm. to 4500 nm,

F2, Corning CS-494, was the SH pass filter, trans-
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mitting fadiation in the rangé 330 nm. to 640 nm.
, Twovmethods were used to determine the éﬁéﬁg}al
distribution of the radiation from the sample ;ithin
~the ultrahigh vacuum:system.  In preliminary tests;
a Jarrel-Ash monochromator was found to be unsuitable.
;The necessity of varyihg therangle:of iﬁéiaendé”ﬁgaé
‘the alignment too difficult. As a result, Monopass
narrow bandpass filters (FMONC) with Ap, the peak
transmittance wavelength in the range 438 nm. to 591 nm.
were uged. 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 cleah Hg surfaces,
the Hg was distilled into an ultrahigh vacuum systém |
(UHV). A schematic diagram of the UHV:is shown in
FIG. 3.2. |
A rotary vané—type mechanical pump was used as
the forepump to reduce the pressufe of‘the-vacuum

system to ~ 1073 torr., at which the high vacuum oil.

diffusion pump (NRC HS-II) was switched on. The
diffusion pump oil used was NRC 705.
The molécular sieve minimized backstreaming of

the o0il from the mechanical pump into the bulk of
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the system.
Ultrahigh vacuum conditlions were maintained by
filling cold trap 2 (Granville Phillips) every 6 hours

with liquid N The refill frequency was increased.

2.
to 8 timés a day or once every 3 hours during bake

out. The bake out procedure will'be%diseussed—inw —

section 4h-6. Cold trap 1 was installed in order that
pressure readings could be taken after the distill-
ation of Hg into the stainless steel dish. The vapour
pressure of Hg at 20 °c 15 n 1073 torr. Fresh surfaces
were obtained by distilling Hg into the stainless
steel dish (SS 316) until the Hg spilled over into
the spill over cup.

The Hg was contained in an ampoule, separated =

from the rest of the vacuum system by a glass seal.

-The seal was broken by drﬁfping a magnetlc rod while
the system was maintained a rahigh vacuum conditions.
The 99.9% pure Hg was prepared by refluxing for several

' ‘ 6

hours in a vacuum system maintained at 10 -~ torr.,

and then distilled into an ampoule.

Hg temperatures”frUmM26QC"tbttlBTQﬁmwere**'
. obtained by varying the level of immersion of the - -

Cu rod attached to the stainless steel dish, in a
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dewar filled with liquid N2, Iron Constantan
thermocouples were used to measure %he temperatupe
of the Hg. | |

u The vacuum system, excluding the mechanical

pump and the molecular sieve, was mounted on a -

table, which could be adjusted to the proper heiéh%
for»a particular angle of incidence.

The dotted line A-B-C indicates the level of
the table surface. In the bake out procedure, to
be described in section_ﬂ-6, onl} the portion of the

system abové the dotted line was heated.
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 CHAPTER U4

EXPERIMENTAL METHODS AND RESULTS

4-1 INTRODUCTION

- In this chapter, the preliminary work performed
in bringing the apparatus to a condition snitablef

. for the detection of SHG from Hg, is discussed. The

results from the investigations of SHG from Hg
surfaces are also presented. | |
Although theoretical analyses of‘passive mede
locking have beenpresented‘f"’2u there isanot;yet a
prescription by which a reprodncible mode iocked X
pulse of specified—eharaeteristieswmaywbe;generatedfm4vﬁﬂvuﬂwwf
Thebmode locked output suffers from tne excitation
of multiple pulse trains, incomplete mode 1ocking,'
muItiple pulsing due to tne,incomplete bleacning of
the”saturable dYe, and variations in tne intensity.
In»attempts to improve the performance of the mode
‘locked laser, experiments were conducted with
diﬂferent,dyes;LA 2),,differentinellidesignsiiﬂiﬂl*iiiiiiii4444

and different positions of the dye cell (4-3)

within the cavity.
The electronic instrumentation is described'

in 4-5. As reported earlier, the bake out procedure
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is discussed in 4-6. The SHG results for Ag are
presented in 4-7. The results.for liquid Hg and
solid Hg are discussed in sections 4-8 and 4-9

respectively.

Y- 2 TESTS FOR BEST DYE

In order to determinerthe dye best suited for
use with‘thérNd glass laser, two saturablevdyes,

EX (Fastman Kodak) é%%ﬁj*and EK 14015 were ‘examined.
The former is a standard dye for use with Nd glass
lasers. However, it has the)disadvantage of being
sensitive to ultraviolet light.r When exposed to

‘ultraviolet radiation (eg. from the laser flashlamp),

,ithe”dye”deCOmposes.i,”mi”ii””,,oii,,”,;mi,;miimiii,Wm”;i,m”ﬂ

Recently, a new dye EK 14615 was introduced by
Drexhage and Reynoldsmz’for use with Nd glass lasers.
They indicated the dye to be highly stable in use
and in storage. When.dissolved in the EK 9850 solvent,
1 2 dichloroethane, the dye was ﬂound to Q switch
but not mode lock the laser pulses .This was attrib-

utéd to the relatively long recovery time N JO 9 sec

J

~

of the dye solution from the saturated states An -

— S j —

output which is Q switched but not mode lockéd appears

as a single giant pulse instead of a seriesh ¥;

-

wy T
- ,p,,,,,,
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of sharp spikes as in the mode locked case. EK 14015

has the attractive feature that the recovery time

-

from the saturated state can be varied from ~ 10—9

—lz'sec. with suitable substitutions and

+

concentrations of the solvents. It 1s possible to

séc. to'nv 10

investigate the ihfluence of the recovery time of

‘a saturable absorber on the mode locking behaviour

%

of a solid state-laser( Mode loéked pulses were
obseq&gd by DR (Drexhage and Reynolds) involving .
sulfoxides, sulfides, pyridine derivatives and iodo-
ethane as solvents. In the present study, ethyl
sulfide, pyridine, iodoethane and 1,2 dichloroethane

were used. In agreement with DR, when EK 14015 was

dissolved 1,2 dichloroéthane, the laser output was:
Q switched but not mode locked. Mode locking did
not occur reliably with ethyl sulfide and pyridine.

THe toxic nature of ethyl sulfide makes it undesirable

E

as‘a‘solvpnt. In QOntrast to the reported work of

DR, EK 14015 was found to be highly unstable when

“dissolved invpufé pyridine as well as in miktures

of 1;2 dichloroethane and pyridine. The degradation

oﬁ ﬁhe'dye becurred oVérrstdfége peridﬁsfas short

. as Zuvhours, altpqugﬁ the dye solution was kept in

l;ghtitight_lcontaipérs. Jodoethane as the solvent

L]
e

S

&
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ylelded the best results. However, the useful life—

‘ time of the dye solution was found to be n50 iaser

.shots.
In an attempt to lengthen the-storage lifetimes,

the EK 9860 solution and EX 14015 Stsswlved in iodo-

ethane were stored at 4°c. After six months, the >

two dyes were not able to mode lock the Nd glass

&;ager reliably. ~Ehen store& at room temperature,

ks

the lifetime of EK 9860 was Vv six months. Subse-

gquent heating of the EK 9860 solution did not im- -

prove its mode lockingvproperties. It was concluded

that the degradation of the EK 9860 solution was

due to chemical decomposition and not due to pre-~
cipitation of the dye solid. . — - R

Eventually, it was decided to use EK 9860

- as the saturable absorber.

4-3 DIFFERENT DYE CELL POSITIONS

According to'Drexhage and Reynolds, mode locking
occurred most reliably with the dye cell in thé optical
center. The position of the dye cell within the

laser cavity was varied in order to observe the

performance characteristics of the l§§§?,§$wéﬁ£399219n,wwﬁﬁ
of ce%l position.
The distance L/m, of the cell, from the 100% -

reflecting back mirror was varied. L is the optical
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length of the laser cavity which is ~ 112 cm, and

m 1s a positive noh-zero integér. A.value of- one

for m corfesponds to the cell being placed immediatelyf
next to the rear mirror. m equal to two corresponds

to the cell being placed at optical center, and so

‘on. Hand reproduced diagrams of the results are
shown in FIG.»M.l. When m waé one, the output
normally consisted of a series of sharp spikes
separated in time by the cavity round trip timé_T
equal to 7.5 nanoseconds, as shown in FIG. 4.1 (QQ.

With the cell at the optical center, ,the spikes wg>§
separated by the half the round trip time; In con-
trast with the results of Drexhage and Reynolds, no N
improvément in mode locking reiiability was observed
over the previoﬁs case with the cell next to the
‘rear mirror. Pulse quality suffered greatly for m
greater than two. FIG. 4.1 (c) shows the laser out-
put for m equal to three. The pulses were separated
by the cavity round trip time divided by three. As

observed by Harrach and'Kacheﬂfﬁ the pulses followed

a sequence of one large spike and two small spikes.

The outputvwas not mode locked féf 1é£ééfwvélﬁésréfim.
For the SHG tests, the cell was placed immediately

next to the 100% reflecting mirror.
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FIG. 4.1 The effect of the dye cell position on

the laser output. In (a) d=L;
(b) a=L/2; and (c¢) d=L/3.

T is the
cavity round trip time.
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4-4 DIFFERENT CELL DESIGNS

Two dye cells with path lengths of 1.65 mm.
and 10 mm. were examined in order to determine the
cell from which the more reliable mode locking could

be‘obtalned. A laser 1is said to be reliably mode

locked when outputs of the type depicted in
FIG. 4.1 (a) are consistently produced. ‘

‘The‘EK 6088 liquid Q switeh cell is commonly
used to contain saturgble absorbers for Nd glass
- lasers. Antireflection'coated windows eliminate
the need tq place the cell at the Brewster angle
with respect to the lasef beam to minimize reflection
losses. A path length of i1657mm,7isipyovided by
a teflon spacer, ,A typical dye concentration used
was 3.6% by volume of EK 9860 Q switch solution in
1,2 dichloroethane.

Rentzepis (pri ate communication) has ‘obtained

reliable mode locking with the EXK 9860 dye in a cell
- wilth ordinary pyrexi glass windows separated by a

10 mm. thick teflon’spacer, placed at the Brewster

angle within the laser cavity.
In the present study, the better results were
obtained with EX 6088 cell. Mode locked pulses

similar to those depicted in FIG, 4.1 (a) were
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obtained regularly. However, when a cell similar
to that of Rentzepls was used,.the laser outpuf
tended td 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) shoﬁ eiamples of‘multipie ﬁulsihéméﬁa”tﬁéh
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
in*l,é dichloroethane, the laser could not be fired,
whereas at 0.4% by volumé, evidence of mode locking
was seen. There is another disadvantage to using
a cell similar to that of Rentzepls. Thicker cells
are lnherently inferior due téia lens effect called
self-trapping, which cén greatly increase the light
power density in the dye and reduce its useful

lifetimel®

Consequently, all the results reported in chapter

4 were obtained with the EKX, 6088 liquid switch cell,

'Y
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(a)

4

.2

()

Nd glass laser output with a cell
similar t¢ that of Rentzepis. 1In

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

A
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4-5 ELECTRONIC INSTRUMENTATION

' The electronic instrumentatioh shown 1in FiG. 3.1
was obtained commercially, with the exception of the
gated integratdr and associated control circuits -
which were designed by L. E. Groberman. The integratbr
*“waskdestgned*wf%h#a%variabie*gate“topermit*integrattcn“““”“”““
- over the interval 50 nanoseconds to 1 microsecona.

For the work in this thesis the gate interval was

v 320 nanoseconds. The gate was necessary to mihimize
the high drift rate characteristics of the nanosecond
rise time circultry used in the integrator. The
gating function also permitted discrimination against

spurious transient voltages. Also, contributions

WW?duéitoithe dark cﬁ;;ent outputgg;om the photomultipliers
were minimized. Becauée the time.at which a mode
locked pulse 1s produced 1s unknown to % l”m;crosecond,’
it is interesting to note the triggering sequence
necessary to ensure that the voltage bulses from the
photomultipliers arrive at the gatgd integrator when

the gate 1is opén. A time sequence flow chart is

illustrated in FIG. 4.3.




60
| " Nd GLASS 4 m
LASER ° 1 MULTlPI.lERJ
I . 8
3
777777 Hv'gﬁ;* | FA?T“”’?*S' frexsiw] 6 | tekss5
SUPPLY DIODE |
2 ,
3 7
| LASER | N
o . B I I o D—
T
CONTROL INTEGRATOR
1 . 1
10
DPM

.

-~ FIG. 4.3 Time sequence flow chart of the electronics.
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A pulse from the timer in the laser control
module sets to zero, the.gated‘integrator and
actlivates read on the DPM. The DPM 1s.a con-
tinuous read voltmeter which displays the

appllied voltage untll a hold signal is

A pulse from the timer in the laser control
module initiates the trigger in the high voltage
power supply, which results in the discharge of |
the flashlamp in the laser head.

The resulting laser pulse is detected by the
ultrafast photodiode.

Approximately 3 nanoseconds later, the second

harmonic pulse is detected by the photomultiplier.

The textronix 519 scope is triggered by the
ultrafast photodiode and the simultaneously
Q switched and mode locked laser pulse is
displayed. |

The textronix 555 scope is triggered by the

519 scope.

A gate pulse_from the 555 is used to open the —

gate of the gated integrator, which may then —

integrate any signal applied to it. The time
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during which the gate remalns open 1s specified

'by a timer in the integrator which 1is activated -

by the gate pulse from the 555.

The integrator 1is reset by the timer.

' The signal amplified by the 555 is integrated.

The gate 1s clOsed and the DPM is switched to
the hold mode. The integrated signal is then
read off the digital panel meter. At the con-

clusion of the hold mode, step 1 recommences.
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”fﬂeiﬁéhavighr of the electronics was investigated
first by testing the linearity of the integrator'
and second by examining the spectral characterisfics
of the two matched EMI 9526 B photomultipliers in
conjunction with the integrator.

Firstly, to examine the behaviour of the in-

ﬁegrator with respect to pulse size, a Tektronix.
115 variable pulse generator and a F-34 function
generator were substituted for the Neodymium 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 the DPM .. .

‘(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,ofrthe pulées.wére 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 performedzon the data.
Each point represents 20 firings. The error bars

are not shown in FIG. 4.5. Typically, the error for
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Thé experimental arrangement for testing
the linearity of the electronics.
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each point was + 1%. Final results are tabulated

in ‘table 1. »

. After determining that the integrator integrated
linearly with respect to the pulse Size, the photo-
mult;bliers were insertedyiﬁto the set up to deter-
minexthe best photomultiplier operatingVVOitgges.ir
A Monsanto MV75253 green light emitting diode with

a peak emitting wavelength of 555 nm. was-used as

the 1light source. Neutral density filte;s were

— o a

" used to vary the inténsity. The experimental set

up used waslthe same as for the linearity check,
with the only difference being the connecting Qf
the Tek 115.outpﬁt to the light emitting diode
instead of to the Tek 555 oécilloscopq. Th; fesuits ' 1e
for both PM (a) and PM (b) are shown in FIG. 4.6 and
FIG; 4.7 which display the DPM reading vérsué{the
relative % intensity;' The" operating voltage at

which the output varied linearly with respect to the

intensity was the same for both photomultipliers,

namely 1050 volts. The error bars are not shown in .
FIGS. 4.6 and 4.7. Typically, the error for éach

point was ~ + 6%.
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0 ' 50 ' 100

~ INTENSITY (%Y%)

FIG. 4.6 Best operating voltage for PM (a).
€ 1070-V; [ 1040 V; ® 1050 V.
¢ Vertical sensitivity of Tek 555= 0.01 V/cm.
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DPM - READING
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'O
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0 ’ “ 50 100
INTENSITY (%)
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.



Further testing of the apparatus was made to
check the validity of the previous method by gen- . : 3
erating a SH signal by passing a part of the laser - |
beam through KDP powder to be detected by the photo-.
multiplier. The sizes'of‘the individual pulses |
displayed on the Tek 555 oscilloscope were measured
and the correspondfing DPM.feadings were recorded.
Meaéurements were made for Tek 555 scope vertical
amplifier sensitivities of 0.005 V/em.,, 0.01 V/cm.,
and 0.02 V/em. A typical result is shown in FIG. 4.8,
Final:results are tabulatedlin table-I, which also |
includes the data from the linearity check, when
the Tek 115 variable pulse generator output was fed

RV

directly to the Tekt555ﬁ5§6}i&qagope.

e,
=

These tests provide& convincing e¥’idence that
the reading of the DPM was linearly proportional
to the intensi%y of the radiatioh incident on the

photomultiplier.
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400

s

DPM READING

i 1

1 2 , -3

NO, OF SQUARES OF PULSE WITHIN GATE

Experimental calibration of integrator
using SH signal from KDP powder. Each
point represents a single shot.
slope=87.9, background=50, r?=0.98
vertical sensitivity of Tek 555=0.02 V/cm.
The so0lid line represents the least
squares fit line.



PM (b) PM (a)

KDP 115 KDP 115
V.A.S. V/em. | 0.005 0.005
BG 53 19
SLOPE 89.9 |96.3 |87.6 85.6
r? f 0.98 0.98
V.A.S. V/cmi 0.01 0.01
ég 62 13
SLOPE 87.5 [89.9 |80.6 84.3
p?2 0.99 0.97
V.A.S. V/em, | 0.02 0.02
BG - 50 8
SLOPE 87.9 88.4 71.1 86.3
r? 0.98 0.87

Table I Results from the linearity check and
the KDP (potassium dihydrogen phosphate)

powder test.

V.A.S.

sensitivity of the Tek 555. BG is
background, and r? is a measure of the
goodness of the least squares fit,

&

represents the vertical

the
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4-6 BAKE OUT PROCEDURE

In order to eliminate adsorbed gases which
raise the ultimate pressure, the vacuum system
was heated in an asbestos oven. ' The bake out
process lasted five days. The temperature of
200°C was reached 19 hours into the hake out.
Nine hours later, the air temperature within the
oven was BOOOC . The oven was maintained at 370 °c
or above for 8 hours and at its highest temperature
of 395°C for 4 hours on the third day of bake out.
The stailnless steel dish into which the Hg was
eventually distilled, reached a maximum temperature
1of 2500Cr The preSSure of the vacuum system before
the Hg was distilled was 2.4 X 10”2 torr. Since
the expletive deleted vacuum system was determined
to be leak proof with a helium gas mass spectrometer
“leak tester and since previous bake outs had yielded
pressures of ~ 5 X 10-lO torr. on two ionization gauges
located at different positions in the systgm, the |
ionization gauge was thought to be faulty.

4-7 SHG FROM Ag SURFACES

The apparatus was fipst tested by examining
the radiation reflected from Ag and Cu surfaces.
Films of Ag and Cu 3000 R thick were evaporated

onto a glass slide. The slide was then inserted



into the‘vacuum syétem which was sﬁbsequently pumped
down without bake out, to a pressure‘of 2 X‘10-7"torr.
The transfer g?ocedure, during which the Kg and Cu |
samples were exposed to the atmospheré; lasted approxi-
mately 4 hours. By inserting Monopass narrow band-
pass filters, with peak transmittance waveléngths
near and away from 531'nm., the second harmonic
wavelength, the radiation reflected from Ag was
found to be SH radiation. No background radiation
was- detected. Tests for SH radiation were not made
for Cu.

The SHG effibiency was.calculated from the

-13

experimental data to be ~ 10 , in the following

manner. In order to obtain thé SH conversion efficiency,
the number of SH photons, NFM’ incident on the sample |
photomultiplier was calculated.

Npy=(N_)/[(QE) (G) ]

QE 1is the quantum efficiency of the photomultiplier

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

gain n 106 of the photomultipiier. Ne is the number

of electrons'detected and was calcuiatedﬂfrom, S

N.= Qe N

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

The typical operating voltage sensitivity of the
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tektronix 555 oscilloscope was 0.01 V/cm. -The
termination resistance R, leading to the 555 input
was 50 Q. AThe duration of the integrator gate
equalvto 320 nsec. was taken to be At. Therefore

= (0.01)(320 X 10™9) = 4.4 x 107
£50)(1.6 X 10719)(10%)(0.09) -

fﬁ\‘ﬁ~—~f¢Tﬁ§;nember of SH photons produced were

New= New = 4.4 X 103 = 1.4 X 10°
s~ New T 2 LA0C

F
F is the attenuation factor due to the filters used.

The number of fundamental photons incident on the
sample was

NF = no. of individual pulses X energy per pulse
energy per photon

The number of individual pulses was estimated to
be the duration of the integrator gate divided by

the éavity round trip time. The energy per pulse

was calculated to be the peakrpower vl X 109

-12
]

watt
times the temporal width ~ 5 X 10 ecl® of the
pulses. An error in the peak power or the temporal
wldth of the pulses by ‘an order of magnitude would
not affect the results because of the normalization-
technique used by generating a refe;enee SH signal.
The energy of arphatén at the fundamental wave-

length 1062.3 nm. is 1.88 X 10'19 joule. Therefore



- o - 75 -

N, = (320 X 1077)(5 x 1071%)(10%) = 1.13 x 10%®

(7.5 X 1077)(1.88 x 10”19)

=12

b}

The SH>convérsion/éfficiency was

CE= N =

- 4 X 102 = 1.2 X 10713 & 10713

1.
N, 1.13 X 1018
The polarization dependence of the radiation

reflected from the Ag and Cu surfaces was investigated
at angles of indidence 700 and 600, and'thfee polar-
ization anglés of the incident beam Oo, 450,.ahd

90° with respect to- the plénevof”incidence.i The
results for Ag are presented in FIGS. 4.9,

In FIG. 4.9 (a), the R.S.H.I. (relative second
vharmonic intensity) is plotted és a function of
the analyzer angle fOrraﬁ angle of incidence 6=700;"
The_incident beam was polarized in the plane of

incidence (¢= 00). The R.S.H.I. was calculated from

555 SENS(Db) X SLOPE(b) X FIL(a)

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

\ DPM(a)

X

DPM(a) and DPM(b) are the digital ﬁanél meter readings
minus the backgrounds. The letters a and b denote

the reference- and sample SH radiation respgctively.
SENS 1s the vertical Sensitivity of the amplifier

of the 555 oscilloscope to which a Sﬁ signai wés 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
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factorfdue to the filters used.. The instrumental
contribution to error in‘R.S.H.I; is 20% énd islnbt
“included in the error barsvindicated in FIG. 4.9 (a)
and‘subsequent graphs. .Includihg the instrumental
contribution, the error fof each point was typically
+ 21%. Each pointrrepfesentsrthé average of at le sf

- 15 shots. The error bar indilcates dm’ the standard

™y

error in the mean which 1s given by B i
_ . N

Orﬁ ~v S/nYe (2 u)

where n 1s the number of measurements made and S is
the adjusted root mean square deviation given by

- 12 g
S= (n/n-1) O ms

where o 1s the root mean square deviétion. ‘For
example, for the typical result indicated in’

FIG. 4.9 (a), S= + 21%, n=15, and o = + 5%. Since
thé number of SH photons incident on the samplé
photomultiplier was calculated to be greater than
103, the fluctuations due to the performance of the
photomultipliers were small. The relative magnitude
of the rms deviatlon to the mean decreases as n- 2 @3-
For n= 4.4 X 103, n'2 is 0.02. The large values of S
indicate that in the 15 sec. interval between shots,
‘the Ag surface maintained at 2 X-.lO—7 torr. may have

changed in a non-reproducible fashion due to adsorbed



s

‘gases. Although the incident power density was high,
no visual evidence of damage to'the Ag énd Cu Surfaces
was observéd.

As discussed in chapter 2, the p component of
- the SH radiation- which corfesponds to an analyzer
setting of 0° or 180°%, is expected to be larger than
ﬁhe S ébmponent, which'corresponds to an analyzer
angle of 900, for all angles of incidence and polar-
ization angles of the ihcident beam. Thergfore the
f%pctional dependence of the curve for the SH ligh£
ekiting froﬁ‘the polarizer/analyzer configuration
was seen to be,corfect in FIGQ 4.9 (a). However,

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

L

Preventive measures/ﬁerertékéﬁ sorthat fhé ﬁén-zeforrww
reading at the anaiyzer angle of 90° was not due to gv
a light leak. Moreover, theféeterminations of the
orientations relativeito thé’sample surfacg, of the
transmigsion axes of the polarizer and analyzer, and
the fast and slow axes of the quartz A/2 plate were
sufficiently accurate not to produce the observed
effect. .

Least squares fits were perfbrméd on the data.
The sol1id lines in FIGS. 4.9 represent least sqﬁares

fit lines. Seé appendix 1.

Ip = E;,which is the p component of the detected

iy
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radiation wﬁose value was detefmined from the least
squares fit of the data. I_ « E- , which 1s the

s component of the radiatign detected. eo_is a
measure of the ellipticity of‘the radiation detected.
Typical error bars for Ip and IS were appro#imately

-~ the same as o~ * 5%, the standard error in the
mean for each point. \

In FIGS. 4.9 (b) and ﬁ.9 (c), the results at
8= 700, and ¢= 45° and 90° are presented. Contrary
to theory, IS was larger than Ip in each case. Theory‘
also predicts that for an 1ncident beam polarized ‘
perpendicular (¢= 900) or parallel (¢= Oo) to the
plane of incidence, no SH radiation IS’ oscillating
perpendicular to the plané*of*incidence”is generated.
IS was non;zero for both p and s polarized inéident
radiation.

The measurements were repeated at 6= 60° éo
testrthe reproduclbllity of the re;ults. As caﬁ be
seen in FIGS. 4.9 (), 4.9 (e), and 4.9 (£), IpAwas
greater than IS for a p polarized incident beaﬁ.
When the incident radiatiah,cgntainﬁdwan,s,chanent
/f6:§450 and 9003, IS was greater thén Ip. The
observed behaviour of the SH radiation, excluding

the magnitudes of the R.S.H.I.,
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was essentially the same at both angles tf incidence.
The results are discussed further 1in chapter 5.

The results for Cu, not presented graphically
in this thesis wére similar. For a p polarized
incident beam, Ip was greater than IS. When the
inecident beam contained an s component {¢545° and
50°), I, was greater than Ip; For both p and s
polarized incident beams, IS was non-zero. However,
tests were not made to confirm that the radiation
detected was SH radiation.

4-8 SHG INVESTIGATION OF LIQUID Hg

Investigations of SHG from liquid Hg surfaces
were performed at angles of incidence 6 in order,
600, 7&0, 760, and 78°. A fresh Hg surface was
distilled at each angle of incidence. Space
limitations did not allow studies below 60° and
above 780. Tests for SH radiation were made by in-
serting Monopass narrow bandpass fiiters with peak
transmission wavelengths in the rangé 438 nm. to
591 nm. in front of photomultiplier (b), the sample
photomultiplier.

At 6= 60°, tests for SH radiation were made
at two liquid Hg temperatures, 26°C and 11°C. The
results are pfesented in FIG. L.10. The Incident

radiation was p polarized and the analyzer was set



!
©
(o))
|

to select the p component of the radiation'reflected %é
from the sample. The relative intensity (R.I.) was
calculated in the same.manner as the R.S.H.I. (relative
second harmonic intensity) in the previous section.

No pronounced peaks in"R.I. were observed at 531 nm.,
‘the second harmonic wavelength.

~ The R.I. decreased as the size of the incident
beam projec@ed on the Hg surface was increased from

0.3 em? to 0.9 cm?,\with double concavehlensegfof

"focal lengths in the range -15 cm. to -30 em. 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.

The~resultsﬁhave not been normalized with respecﬁ':
tg the spectral response of the SH detector photo-
multiplier. With‘fﬁk\additiogal normalizing factor
included, the R.I. ing;é§Ses as the wavelength
increases. It was concluded that background radiation
was dominant for the light reflected;£pom liquid

Hg surfaces at 0= 60°. ii

At 6= 7&0, tests for SH radiation were made at
two liquid Hg temperatures of 20°C and ~21%.

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 Ap. 6= 74° + 10;
temperature= 20 C + 1 C; ®¢= OO;

"B ¢= 45°; @ ¢= 90°. -

The R.I. has not been normalized with

respect to the spectral response of
the photomultiplier.
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FIG. 4.11 (b)

Tests for SH radiation from liquid and

solid Hg. The R.I. 1s plotted against-

6= 74%+1°; temp.= -24° + 2°,

% ¢= 0°, B ¢= 145°;
temp.= -91°C + 160C, [EJ ¢= 0°;

temp.= -539C + 120C, @¢= 0",

The R.I. has not been normalized with

respect to the spectrai response of

the photomultiplier.
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SHG theories predict the SHG efficiéncy'td

- -

- decrease as the polarization angle of the‘incidentv

° t0 90°. Therefors,

) radiation is changed from ¢= 0
the tests for SH radiation at 6= 74° from liquid

:Hg suggest the generation of SH radiation as well

as” background radiation. !Polarizétion étﬁdiééfﬁé;erg

made at 6= 740 afid the results are présented in

.-

- R

FIGS. 4.12 (a) and 4.12 (b). The R.I. is plotted ¢.-

as a function of the agnalyzer angle. The R.I. was
found to be essentially constathas the, analyzer
angle was varied from 0° to 1800. Thegé?%re the
generation of background radiation dominated the
geﬁerétion:of SH radiap;qn.rr o o N
No radiation was detected from liquid Hg at
. angles of incidende g= 769 and 78O when'Monopass

narrow bandpass filters were inserted in front of

hY

PM (b), the sample photomultiplier.
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-9 - SHG INVESTIGATION.OF SOLID ng
| The light refleéted from solid Hg surfacesvwas
examined at angles of incidence .1n order 660,’740,
76°, 78°, and 71°. | S
At 6= 600, tests for SH radiation werebﬁade at
_ temperatures/of':ﬂooﬁ'j Iogélahd -I?lQC”i“lQCt’?The*‘““*‘A;?M“““
results were similar to those for ligquid Hg at
the same anglp of incidence in that the R.I. Qid not
npeék at second harmonic wavelength Of'53l nm, The
- results are shown in FIGS. 4.10 and 4,13,
The radia%ion detected from solid Hg surfaces
at 6= 74° at temperatures of -53°C and -91°C was
found to consist of b;ckground radiation of broad
: spectral width as shOwninFIG.ﬁ.ll(b).
Polarization studies made at 6= 74° aﬁdatva
temperature of —9100"1 16°¢ réﬁealed 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. s B R
The tests for'SH radiation fromvSolideg'suffaces

(at all solid Hg temperatures) revealed the existence

of a peak in the R.I. near the SH wavelength at 6=76O <>
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FIG. 4.13 Tests for SH radiation from solid Hg. The
relative intensity is plotted as a function-
of the peak transmission wavelength of the
-narrow. bandpass filtér used.

o=-60° + 1° , o= 0 temperature= -131 °c + 1 °c.,
beam size= 0.9 cm.>
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as shown in FIG. 4.14. owever, as at 6= 60° and

74°, the inclusion of the speéfral response of the

photomultiplier in norm 1izing the R.I. leads to

rise in the R.I. as the waveléngth increased.

Polarization curves for incident radiation

Po la‘r*i*zed - at ¢=Oo’ and- 44"50 ‘with res pevc tto the pTan*er T

of iﬁcidence, are presented in FIGS. 4.15 (a) and
4.15 (b). In bdéh cases; the'R.I.‘at fhe analyzer
angles of 0° and 180° werer‘greater than the R.I.
at 90O in accordance with SHG theory. Howevef;
contfary to SHG theory, the R.I. at the analyzer
angle of 90o was non-zero. No signalrwas detected
for‘iﬁcident beams polariied.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 squéres method. _
At 8= 780, SH radiation}was detected from solid

Hg surfaces (at all solid Hg temperatures). No

" radiation was detected when the péak transmission

wavelength of the Monopass narrow bandpass filter
used was away from the second,harmoniefwavelength;
The results obtained at the solid Hg temperature of

-69 C + 7 C are shown in FIGS. 4.16 (a), 4.16 (b)

Ay
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and 4.16 (c). Thé-resulté obtained were similar

to those for SHG from Ag surfaces. ‘When'a p polarized |

~beam was incident on the solid Hg surface, Ip w&é@l'

greater than IS in accordance with SHG theory. -

However~ Wﬁ’e’fl: ‘the incident radiat 'i‘on*'jcrorrt‘a tned a

.componeﬁt perpéndicular to the'plane'of incidence

(¢= 45° and 90°), I, was greater‘thaanp, contrary
to SHG theory. | o

After distillation of;a fresh Hg surface, the
glass vacuuh housing'was‘fOund to be covered with
Hg. Measurements Qere taken affer ﬁhe Hg had been:‘
evaporated off the gléss housing, by heating the

glass with a heat gun. The polarization curve for

o= 78° andg ¢= 90° with the A/2 plate in the optical

train is shown in FIG. 4.17 (a). FIG. 4.17 (b)

shows the polarization dependence of the light

'detected from solid Hg under the same experimental

conditions as in FIG. U4.17 (a) except for the

exclusion of the A/2 plate. Since the polarizer

was set to transmit s_pbléfiiéd”li@ﬁﬁ’T¢E*9UQT;’
FIGS. 4,17 (a) and 4.17 (b) should”shéw the same
behaviour. A separate test with a fundamental wave-
1eﬁgth (1060 nm.) pyroelectric detector also confirmed

that the A/é\flateﬁwas indeed a A/2 plate.
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Having obtained the expErimental cenditions‘
under which SH radiation wasadetected, the angle of
incidence.was.changed to 6= 710.‘ Assuming a simple

ro—

relationship . . _

Br1 A717 Ergileg

’“wheré“E‘is“the“eﬁérgifﬁensif%”aﬁd“A the area of the
;incident beam‘projected onto the Hg surﬂaee, it\was
determined that the incident _beam 1ntensity at o= 71 L
should be attenuated to n O 5 of the 1ntensity at
'9=»78°‘, A neutral density filter of optical dens1ty
0. 3 or an attenuation factor of 0.5 was inserted

between the ultrafast photodiode and the KDP powder -

in the optical train. No radiation was‘detected at

all temperatures with Monopass narrow bandpass and
Corning CS~494 filters in front of ‘the sample photo-

-

multiplier. )

The neutral density filter.was.removed,and -
measurements were taken. No;radiation-was deteéted
with Monopass and Corning CS-49l filters in‘front-a

, 2 ,
of the sample photomultiplier. 7

~ The radiation detected from solid Hg in absence

of "Monopass filters in the optical train, was found
to be unpolarized. The results are shown in FIG.
4.18 for p and s polarized incident radiation. If
SH radiation was generated at 0= 71°, it was of

i
E

3 I
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insufficient intensity to be distinguished from the

broad packground radiation.



"CHAPTER 5

INTERPRETATION OF RESULTS

5-1 SUMMARY OF RESULTS
In the preceding chapters, the results of SHG .. .
(second harmonic generation) by reflection from Ag

and Hg suffaces have been presented.
- The interpretation of the results for Ag ére
fprésented in the following section. Second harmonic
‘radiation was detected,from Ag at .both angles of
incidence, 6= 70° and 60°, investigated. For
ihcident radiation polarized in the plane of inci- ‘
dence (¢= Oo), Ip, the pcomponent-of -the-SH-radiation———— -
detected was found to be greater than IS, the s .
component. However, when the incident beam contained
an s component (¢= HSO ahd'900), Ip was less than IS.
The system of main interest, Hg, was investigated
in liquid and solid phases at temperatures‘betWeen
26°C and -131°c. |
The radiation detected_frcmwliquidfﬂgwaurﬁages,W,gifﬂw__gf

at angles of incildence Qoo,i 6 < YHQ

,» was found to
be domlnated by background radlation of broad spectral
width. No radiation was detected at 6= 76O'and 789,

when Monopass narrow bandpass and Corning CS-494
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SH éésswfiité;é/ﬁéféiiﬁg;ffed in f?ont of fhé samplé'
photbmu{;iplief. Liqild Hg results are discussed
in section 5-3. |

At angles of incidence 6= 60° and 7”0, fests,

A

for second harmonic radiation revealed the radiation

generated at solid'Hg surfaces to be dominated by

backngund radiation as at liQuia Hg surfaces.

‘The tests for SH radiation;from éoling surfaces

at 6= 760 revealed»a peak in the relative intensity
near,53i nm., the sécond’harmonic‘wavelength. The
relative intensities at Ap= 438 nm. and 591 nm. were
non—zero,rindicéting that backgrbund radiation as

weil as SH radiation was being generated. The

‘broad band radiation detected in the absence of a . ..

f/Monopéssfnarrow bandpass filter with Ap near 531 nm.
in the optical train, was found Po be polarizatioﬁw
dependent.r |

No backgrbund radiatidn was détected from solid‘
Hg at 6= 78°. The SH radiation detected followed
the pattern\éf behaviour exhibited;by the SH radiation

detected from Ag surfaces. For a p polarized inci-

dent beam, Ip was greater than Is’ whereas for inci-
dent radiation with polarization angles ¢= USo'and

0
90", Ip was less than IS.

In order to check experimental procedure, the
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angle of incidence was altered to 6= 71° and the
ihcident beam power density adjustéd'to bé'the samé
as at é= 780. Tﬁe radiation detected from solid
Hg surfgces at<8= 71O was broaéyin speqtral width
and showed-no polarization depepdence;

'Thé résults‘for solid Hg arevdiscussed in
section 5-4. | - R

Suggestions for/further experiments are discussed

in section 5-5.

.

5-2 DISCUSSION OF Ag RESULTS

Sécond-harmonic»radiation s detected from
Ag surfaces at 6= 70° and 60°. The Ag surface Qas
prepared by evaporating Ag onto avgiass platé whiCh
‘was transferred to a high vacuum chamber. The
Cvacuum chamber'wés pﬁmped down to a préssure of
2 x 1077 torr. During the transfef procedure from
the evaporator to the Qacuum chamber, the Ag surface
ﬁas exposed to the atmosphere.

The s éomponeht of the second harmonic radiation

was found to be non-zero for both p (¢= 0%) and -

. ’ ? i
s (¢= 900) polarized incident beams contrary to SHG

theory. 1In a study of SHG from Ag surfaces,
McCardell!?! 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 weére made

. diréctly in thgréhamber in which measurements were

taken. According to McCardell, the non-zero vélues

of'IS for p polarized incident radiation were due

tola weak non-thermally pfoducéd baqgground rédiation.

which wés quite broad in:ité spectrum-and4unpeiari%ed#¥éf rrrrrrrrrrr
The backgrdﬁnd.radiatioﬁ was taken by McCardell

to'be the difference between the reading when the

peak transmission wavelength of a NiSOll SH pass filter

was at 546 n ‘and when it was rotated so that the

peak in the thansmission was at 530 nm. In the

present study, the peak transmission waveiengths

of the Monopaés narrow bandpass filters used were

,438 nm.,; 522 nm., and 591 nm.”'Sigﬁél;WWéfé"detéCtéd'””77 """
with the 522 nm. peak tf%nsmitting filter (FWHM=15 nm.)
only. Since readings at &§ﬁ? 546 nm. were not taken,
it was possible that simila%‘background radiation
existed. On the other hand, if it .is assuﬁed ﬁhat

the radiation'detected in the present study was

SH radiation only, therobservation that the fadiation
detected,neverfreaehgdfzero~fo¥—anysana}yzep%se%%iﬁéw~~fmu*4v
‘indicates that the SH radiation generated by p and

S polarized,inciden@fﬁeams was elliptically polarized.

In this case, the equations of Rudnick and Syern are

; / ‘
inappropriate bégau%e they predict the SH radiation

/

7
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- to bé linearly polarized for p\andvs polafized
incident radiatidn. (See sectioﬂ'2—3)
The equations of Rudnick and Stern .also prediq?
that for incident radiation with ¢=0° or 90°, Ig
is zero, injdisagreement‘yitﬂ'thé resulté~of this
thesis. | |
In the present study;_for incidenf Beams with
¢= MSQ andvgoo’ Is was found-to be grgaterrthan Ip.
Indeed, the ratio IS/Ip was several orders of’
magnitude greater than the théoretically predicted
value. A comparisohvof the experiméntal results
with'theory, of the ratio IS/Ip~is given in’table ITI.
The équations of,ﬁﬁdhick and Stern were used to
calculate the th’ed’rét’i’c’a’l’valu'e's".’”'e"l"’é'nd’ e, of
the dieiectric constant for Ag, €= €4 + i€2 , used
were el(w)= -46.6; 62(w); —17.6, sl(Zm)= -11.0, and
82(2w)= —3.65.26 Theoretically, I, and hence the
ratio IS/Ip is equél to zero fdr»p and s polarized
incident beams. IS/Ip was enhanced when the inci- |
dent radiation contained an s component as evidenced
by the results of tablte IL. - - —
The experimental ratio Iﬂ/g/Io which provides

a comparison of the bulk contributions relative to

that of the surface contributions, to the SH
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o= 70° 4¢ [14/1,] expt. | [fg/lb] theory s
0° "0.524 + 0.037 o fﬁ}'
45° 1.42 + 0.10 - 5.68 X 1077
1 90° 1.98 + 0.14 R
6= 60° 0% 0.929 + 0.066 | 0 o R
45° 1,02 + 0.07 . 2.00 x1072
‘9o° 1.08 + 0.76° o0

Table II CompariSén of experiment‘with theory of
the ratio IS/Ip for Ag.



radiation, was found to be two orders of magnitude

greater than the theoretical ratio. A comparison

...\_'_\‘\ . [}
of the data is given in ta}le IIT. I,”/2 is the p

component of the SH radiat on generated when

{
incident radiation 1s polarlzed perpendlcular to the

. plane of incidence. TAceording,toVRS,.whenﬁan, ) ,An}e,we

incident beam is s polarized, the SH‘radiation

generated is due entirely to bulk currents. I0

is the intensity of the\i eomponent’efvthe SH radiation

 generated by an incident ‘beam polarized in the plane

of incidence. When the incident radiation»is_polarized

in the plane of incidence, the SH radiation generated

receives contributions’fromEllp, Elp’ and EBp'
Therefore, the ratio Iﬂ/2/Iﬂ'IS,useful’for”comparing”"
the relative eontributions of the bulk currents and
the surface currents'to the SH intensity}

Since theory predicts Ié to be equal to zero
for p polarized incident beams;"IS for a p polar}zed
incident beam was taken as the background in tagle

III. The corrected ratios of I"/g/Iovare negative
o~

since at both angles of‘incidence,, IS for ¢= Q7 D

is greater than Ip fop ¢= 900. The background sub-
traction procedure is therefore inappropriate, in
that the s component of the SH radiation generated

by a p polarized incident beam cannot be interpreted



8= T0

theory

present expt.

minus ,
background

6= 60°

Ehebry

present éxpt.

minus
jbackground

McCardell

Table III A comparison of experiment with theoqy of
the ratio I '
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Iﬂ/2/Id
0.00122

10.373 + 0.026

-0.293 + 0.020

0.00534

0.787

-2.00

0.043
0.046

e -

ﬂ/2/Io'

+ 0.056

+ 0.14

+ 0.003

+ 0.010

pressure

2 x 1077 tore.

2 x 107" torr.

R
at lO_lo torr.

-2 X 10_7 torr.

The background wés

taken to be the s component of the SH

radiation for an incident beam with ¢= 0
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E

as background radiation. |
|

|

Iﬁ/Z/Io for the present experiment is ~v'one

order of magnitude greater than the values obtained
by other experimentalists. The measurements of
McCardelll! and Brown!® were made for Ag surfaces

that’were subject to 1ess contamination than the Ag

surfaees'used in the present experiment. Therefore,

the increase in In/Z/Io may be due to adsorbed gases.

As explained earlier, the s component of the

- SH radiation generated by'p pblarized incident

radiation_cannot_be interpreted'as background
radiation. Henee the equations of Rudnick and Stern

are not appropriate for the present experiment.

To ,ill,ustraize‘,th,i,s,,po,i,nt,,,,furfther,,;,,I,b andecosucb e

- are listed in table IV. - The Ip's have been normalized

with respect to Ip at ¢= 0°. The experimental

- 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°, 74°, 76°, and 78°.

At 6= 60° and 740, the radiation. detected frop liquid

Hg surfaces was found to be dominated by broag band

background radiation. No radiation was detected
when Monopass narrow bandpass and Corning CS—494

SH pass filters were inserted in front of the sample



6= 70°
¢ I - I cosu¢
P P
0° 1.00 + 0.07 1.00 + 0.07
45° 0.429 + 0.030 0.250 + 0.008
90° 0.373 + 0.026 ~0.000
o= 60° '"
b ) I - I cosq¢
0° 1.00 + 0.07 1.00 + 0.07
45° © 0.947 + 0.067 0.250 + 0.017
&
90° 0.787 + 0.056 0.000

i
Table IV  Examination of the cos ¢ dependence of

- the radiation detected from Ag.
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- photomultiplier.

The background radiation was found to be’
esséntially independent of the angle of incidence
for 6= 60° and 74°. A comparison of the R.I.
at the angles of incideﬁce is shown in table V.

The R.I. for p polarized incident beams and an

analyzép setting'df Oorafefiiéiéd in column 3.
Since I(2w) « Iz(w) or . I(2w) « (beam s:Lze)—2 for
an assumed constant input energy, the product of
.the R.I. and the squére of the beam size was listed
in column é.

At 6= 60° and a temperature of 26OC, the R.I.
decreased as the incidenf beamvsizé was increased.

However, the product P of the R.I. and the square

of the incidént beamﬁsize increésea as fhe‘incidenfi
power density ﬁas decfeased. If the radiation
detected was SH radiation only, P should have remailned
constant. Hence, the results of table V confirm that
the radiation generated at the sample surface at

8= 60° was dominated by background radiation.

P also increased as the temperature of the Hg

was lowered. Siﬁégiége £ég£;“for SH radiation

revealed the radiation détgéked to be dominated by
background radiation, it must be concluded that for

6= 60° and YMO, the generation of background radlation
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increased gﬁ the temperéture Qf the‘Hg was 1owéred;'
The same claiﬁ”cannot be méde'for o= 76o,>atvwhich'
signals'wére detected from solid Hg and not frém
liquid Hg. o ~ | .

1

On the basis of the.experimehtal evidencé, no

~definitive statement éBncéfﬁiﬁé”fhé“ﬁé&ﬁéﬁiéh”ﬁ&ﬁ‘
which the background radiation is generafed, c@h .
be made.

5-4 DISCUSSION. OF SOLID Hg RESULTS

Solid Hg was investigated at.five ahgles of
incidence,”600,/140, 76°, 780,_and 71°. _The fesults
for solid Hg a#.6= 60° and,7uo.were similar to those \1/5/
for liquid Hg at the same angles of,incidence in | |
that the radiation detected was found to be dominated
py bacﬁgroundrradiation.' SH radiation was defected
from salid Hg surfaces at 6= 76° and 78°. When the
incident power density at 6= 7lO was adjusted to -
be the same és thewpower densitypat‘e= 78O in orde£

to check experimental procedure, the radiation

detected was found to-be broad in spectral width

‘and unpolarized.
At 0= 76°, the tests for SH radiation revealed o
a peakrin the R.I. at Xp=-522 nm. . for incident beams
with’¢= 0° and 459, No signal was deﬁected for an
s;poﬁarized incident beam. This is consisﬁent'with

ros

]
I
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the theory of Rudnick and Stern since they predict

the generation efficiency of an s polarized beam

at 6= 76O to be m;g orders of magnitude'less'than

~ the generation.efficiency of a p polarized incident

beam.

A comparison of the experimental data with the

cos ¢ dependence of the SH intensity predicted by

SHG theory is given in table VI Normalized Ip's

are listed. The batkground radiation_waS'aSSigned

the value of I at ¢= 450 for the followinglreasons.
For pure SH signals, RS predict I to be zero for
jncident radiation with ¢= O . However, is for;a

P polarized incident beamvwas;found to be n Ip'for

an incident beam polarized 45° with respect to the
plane of incidence. Thevbackground'Was calculated‘
from theifollowing relationship for the datalat

”- 450 S o

I.(expt.) - background I, (theory)
Ip(expt.) ~ background Ip(theory)

The background was calculated to be the'same as the

‘experimental_lsmatw¢=_Aigi _The fit of the experimental

data for solid Hg at 6= 76° although poor, was .
comparable'to that for the SH radiation detected
from Ag at 6= 70° and 60°. Therefore it 1is reasonable

to conclude that SH radiation dominated the radiation -
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- given in table VIII. As in previous cases, the

mg;éfiégééd from solid Hg at 0= 76°.

Unlike the data for Ag and for Hg at 6= 780,

IS was‘found‘tQ\EE/&ess‘than Ip for the radiation

-

‘detected from solid Hg at 0= 76° for incident

radiation polarized at 45° with respect ‘to the

plane of incidence. A compafison of‘the experihental
data with theory of the ratio I/I  for the radiation
detected from solid Hg is given 1in table VII. The |
theoretical ratios were calculated by 1lnserting the
dielectric constants for slingle crystal solid Hg
obtained by Choyke, Vosko, and O'Keefe'”? into the
equations of Rudnick and Sterh. Experiment does
not agree with theory. t

From solid Hg surfaces at 0= 78°, signals
were detected at Ap= 522 nm., ﬁhereas no signals
were detected at Ap= 438 nm. and 591 nm. Unlike
data at other angles of incidence, Ip increased as
¢ was changed from OO to MSO to 900. A comparison .
of experimentgl data with theory of the COS”¢

dependence of the intensity of the SH radiation is

Ipfs have been normalized with respect to Ip for

o

¢= 0 The background radiation was assigned the

valué of IS at o= OO, since according to theory IS
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IS 7 ) ’ - ’ Fy

'is zero. As for the SH data from Ag surfaces,

it is apparent that theory does not apply to SHG
from solid Hg surfaces. .

The polarization dependence of the SH radiation
from solid Hg at 6- 78° was similar to that of the

SH radiation from Agt For p polarized incident

'radiation, IS was non-zero and smaller than Ip.

For 1ncident beams with polarization angle'¢=,115o

and 900, IS was greater than Iprcontrary to theory.

N - f
The experimental ratio IS/Ip,is E%?pared with
theory in table IX for the SH radiation detected '
at o= 780. "The theoretical ratios were calculated

by 1nserting the dielectric constants for single

crystal solidﬂHg obtained from normalvincidenceﬁrﬁ_lp;”

reflectivity measurements. into the‘equations of
Rudnick and Stern.‘ The results are comparable to
that of Ag in that IS/Ip increased as ‘¢ was changed
from 0° to HSO to 90°

In the equations of denlck and Stern, it

is assumed that for p and S polarized incident

radiation, Is 1s zero. Experimentally I was non-zero

for p and s polarized radiation incident on Ag and

- Hg surfaces There 1s no satisfactory method by

which the non-zero I may be subtracted which yields

consistent results. Problems wilth negative»Ip's
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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‘

- Lg

. ki
experimental ratios do no@fagree with the theorétical

ratios.
The contribution of the bulk currents relative
to that of the surface currents, toAthe SH intensity
was I%/2/IO= 1.20 # 0.07 as compared with the
theoretical value of 1.22 X 107", I/, is the p
coﬁﬁbnent of the SH radlation generated by s polar—<
i1zed incident radiatioq. IO is the p’éomponent ofv

the SH radiation generated by p polarized incident

é.\

radiation. The comments made in the previous section

with regard to the non-zero I_ and I_ being greater
than Ib for incident radiation polarized_MSQ and
§OO with respect to the plane of incidence, also
apply hére.

The relative magnitudes of Ip for Ag and Hg
are compared with theory in table X. The ratio

Ip(Ag)/Ip(Hg) is compared with theoretical ratios

calculated from the equations of Rudnick and Stern.

The dlelectric constants used were expressed as
e(w)= si(w) + ie,(w) and e(2w)=eq (2w) + 1e,(2w).

The values of slland €5 for Ag reported earlier in
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, Sécfion 5-2 were .used. For Hg, e, (w)= —Ml.d,

| sz(m)%e-17.o, e, (2w)= -17.0, and e, (20)= ~14.0.
The experimehtal ratios decreased as ¢ was‘changed'
fromloo to 450 té 90? in opposite behaviour to the

.

theoretical ratios. T@}sﬁwasﬂ@qé:tgwﬁhe increase

in Ip(Hg)'as ¢ was changed from 0° to 45° to 90°.

The project described in this thesis was |
undertaken in an‘éffort to resolve the difference
in‘the?dielectric constants Qf liquid Hg obtained i
by ellipsometry and reflectivity measurements, and
q;éé in order to invéstigate the nature of the

proposed transition layer. However, the radiation

detected from liquid Hg surfaces was found to be . ... . .

dominated by uﬁpolarized background radiation.

Thefefore no commentsycaane made regarding the
different dielectric constants obtained in the

linear optical experiments. .

o Evidence bf SH generatioﬁ és well as background
generation was éeen at o= 760 from solid Hg surfaces.

The bulk contribution (¢= 90°) to the SH intensity

was too weak to be detected. At 6= 78°, in contrast

to SHG from alkali metals,!* where the surface

contributipn to the SH intensity was one to two

orders of magnitude greater than the bulk
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contribution, the bulk contribution to the SH
radiation generated at solid Hg surfaces was found
to be the same order as the surface contribution. <

-

At both angles of incidence 6= 76° and 78°,

the theory of_Budnickﬁand“Sternﬁpredietedeialuesmv
of IS/Ip which werejseveral orders of magnitude
smaller than the experimental'resﬁlys. In
addition, theie componentrof tﬁe éHrradietion did
not follow the cosu¢ dependence predicted by SHG
theery. 7

In the analysis of the SH data for solid Hg,
a conductivity profile of the type'introduced in
chapter 1 was ndt”used;"”It”waSWShownﬁiq’ehaptef”24m"W””’””'d’”
that the ratio IW/Z/Io is ‘greater for the two iayer
model of Hg than for the model in which there is |
no surface transition'layer. In view of the poor
agreement between experiment and theory of the
ratio Iﬂ/Z/IO ,» the use of separate'dielectric
constantsvfer the surface,_es, and for the bulk, €g>s
seemed warranted. - -However 1t can also be seen from —
FIGS. 2.2 and*éf3 thatdtheﬁratiowof,thetsmaomponent,, vﬁ R
of ﬁhe SH radiation to the p compdnent, IS/Ip
decreases when ertransition zone 1is introduced,‘

worsening the agreement between experiment and theory.
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i

In conclusion, the SHG theory of Rudnick and
$tern was found to be inappropriate when applied
to the experiment described in thils thesis.

"5-4 SUGGESTIONS FOR FURTHER EXPERIMENTS

TheWSHG;inMestigatiQnﬂQﬁ,Hgdsurfagesﬁrepgrted
'in this thesis should be regarded as a preliminary
ihvestigation. Th; results suggest that further
‘meqﬁurements of SHG from Hg at and around 6= 78°
are in order.

Surface conditions were f&und to a}fect
the SHG efficiency from Hg surfaces. For example,
Crozier, Ninnis and Rieckhoff detected SH radiation
from liquid and sollid Hg surfaces maintainega at

2 X 10'6

torr. at 6= 720 and 74°. In the present
experiment, SH radiétion was distinguished from
background radiation generated at solid Hg surfaces
maintained at 62 78° only. It is conceivable that

differences in the results of ellipsometry, reflectivity,

and surface plasmon excitation measurements made at

~ 19—6~%erfﬁWandumuigi;gwteppf4m£#4ﬁaﬁ$4;—$hese——~——Wr——————

measurements should be repeated for clean Hg surfaces,.

namely for Hg maintained at ultrahigh vacuum pressurés

v 10_10 torr.
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APPENDIX 1

LEAST SQUARES FIT

ﬁ;e p gnd s components of the radiation detected

were extracted by fitting the polarization data to
a finite fourier series which has been shown by
Buckingham?®’ to be equivalent.to a least squares . _
technique. |
An expression for the intensity of the light

exiting from the poiarizeq/analyzer configuration

% % *
- 2 s 2
I(a) »Re(EpEpcos o + ESESS}H o + E EScosasina

p
*
o WW‘Fpr'ELSTTUSUSIITKI* W(ZAL].)"”'”WW T

was equated to a finite fourier expansion of the

form

= ' l -
- I(a) ao/2 + ajcosa' + b, sina’ (A2)

where a=analyzer angle and a'§‘2q."

However, an intermediate form of I(a) was

'rééuirea.r

I(a)= A% cos?(a - 8,) + B? sin?(a -.eo) (A3)

The cross terms in eq. Al were incorporated.into



=138 =

"éq. A3 by including an offset angle BO.

‘Using the trigonometric,identity,
sin?B= 1 - cos?8

A

equation:A3 becomes

- I(a)=(A%? - B2) cos?(a - ) + B: | o (Ab)
- But cos2?8= 1 + cos 2B o :
- ) S T S ) o
\ i -
- '3 .
Therefore
X .
I(a)= A% + B2 ., A% - B2 cos 2(a - 8_) (A5)
-2 - o

,Since:”cos(adr,ﬁjé cosaWeosBWiWSinuﬁsinﬁjmgﬁm7wm,W;j," ,

B

T(a)= A% + B2 + A%- B2 cos 2a cos 26
5 5 ° _
+ A2_ B2 sinv2a,sin'260 T (a6)

2
fCompaEing eq. A6 with eq. A2 gives 5

a,= A% - B? cos 26, (AT); b= A% - B? gsin zeo (A8)

2 , T2

o'= 2¢ ;ﬁﬂﬂgﬁg);;,ao= A2 + B2 (A10)

By putting eq. Al in the same form as eq A2,

- T2 - T2 .
expressions for Ip Ep, IS ES?,andAeo can be

~
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s derived in terms of the experimental parameters

a

o2 2 and b, whoeose exact expressions are given.

1° 1
later in this section. Since

2 sin B cos B= sin 28, sin? B= 1 - cos? B, and

cos? B= cos 2B + 1

_ R ‘ - e e

equation A becomes

" I(a)= E2 - E? cos 2a , EZ + E2
. p S + p S
2 2
| Re (E_E. * in 2
+ g ( oFs +‘EpES) S g o
(A11)
Equating eq. All to eq. A6 gives
2 2 _ 2 2y )
Ep + ES = (A - B ) cos 26 . (Al2)
and
2 2_ a2 2
Ep + ES A + B | (A13)

Substituting eq. Al3 into eq. Al2 and solving

for E; gives

EZ= A% + B? _ A’ - B? cos 260 =
— — T T

nﬁm
°
[\
|

L~
=3
B e
o=
S

Similarly sclving for E; gives



1 (a15)

To solve for 60, eq. A8 1s divided by eq. AT.

bi sin 26_ -
—_—= .....___.__2 A
,,,a,',l‘,,,k C,OS ,2 eug, e e e (Alg,
or
6,= 1 tan ' b_ - (a17)
2 a

The constants éo, aq and b1 were extracted

~ from the experimental data in the following manner.
Franklin?® nas shown that for a function I(a)

of period p, the interval O0,p can be divided into

- 2r + 1 equal intervals with end points

0= x X

O, xl, 2, o e 0 9

approximated by a Fourier series of the form

’ o .
X5, = P Iﬁa) can be

i

- r £ r |
I(a)= ag I a, cos kwx + I b, sin kwx (A18)
k k

with w= 2w
p

~In equation A2, the Fourier series expansion

is carried out to k=1 ohly. The constants a,s al,

and D, are. given by o : -



: 2r=1
a=1 Z - I
°© 7 g=0 ¢
B 2r-1
/f""al‘ 1z I cos wx
. q=0 Vq
., 2r=1
b.= 1 Z I sin wx
ot rogeo 4 %

(A19)

(A21)
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