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ABSTRACT

Pulses o£ 100 ps duration and a peak power of 100 MW at 1.064 ym 
were generated by a Nd^'^iYAG laser system developed for the purpose 
of studying nonlinear optical processes in materials.

The present thesis is confined to the study of third-order optical 
nonlinearities in organic materials. To this end the technique of 
degenerate four-wave mixing (DFIVM) is used.

DFVM in three infrared absorbing dyes yields reflectivities of
the order of unity from which values for the third order susceptibility
v(3) = 4 X 10~^^ esu are calculated. The predominant nonlinear me-xxxxcnanism is by thermally induced refractive index changes.

The presence of thermally induced ultrasonic acoustic waves in 
the medium is evident from a periodic structure observed on delay curves. 
From these curves ultrasonic velocities in the solvents are calculated 
which agree well with values reported elsewhere.

Orientation gratings in eight organic dyes are formed using 
cross-polarised pump and probe waves. They are found to originate from 
the highly delocalised loosely bound Tr-electrons of the conjugated 
chain of the organic molecules. In some of the dyes resonantly en
hanced third-order hyperpolarisabilities of up to 10 esu were mea
sured. A auantum-mechanical theory is derived using Feynmann diagram
techniques which predicts values for that are within order
of magnitude agreement with experimentally measured values.

( 3 ]DFWM in some aromatic organic materials yields values for 
of the order of 10 esu. The nonlinear mechanism in these materials 
is an orientational Kerr effect.
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CHAPTER 1

FUNDAMENTALS OF NONLINEAR OPTICAL PROCESSES 

1.1 INTRODUCTION

The optical properties of a material are determined by the response 

of its constituent electrons and ions to an optical electromagnetic 

field.

Linear optical interactions between electromagnetic radiation and 

matter are derived from an oscillating polarisation induced by the inci

dent field that is proportional to the first power of the total field 

amplitude.

Nonlinear interactions are distinct from linear interactions in that 

the response of the medium as manifested by the induced polarisation 

depends on second- and higher-order powers of the total field amplitude.

The origin of these distinct effects may be understood by consider

ing the electrons (or ions] in a material as bound about their equilibrium 

positions in a potential that is harmonic for small displacements and 

becomes anharmonic for large displacements of the electrons. The effect 

of a 'weak' optical field as is produced by most conventional light sources 

is thus to cause an oscillating polarisation that is harmonic so that the 

radiated secondary field is of the same frequency as the incident optical 

field. The linear properties of a material arising from this type of 

interaction are absorption (or gain in inverted media), dispersion and 

linear scattering.

If the incident optical field is intense as is the case with laser 

radiation, the electrons are displaced far from equlibrium and the in

duced polarisation oscillates anharmonically and has components depending 

on higher powers of the field. The radiated secondary field may thus
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contain frequencies that are not present in the incident field. It may 

be said that the field induces a nonlinear response in the material and 

consequently the material modifies the field in a nonlinear way. In 

a broad sense nonlinear effects may be classified as elastic or inelastic.

Inelastic effects involve a net transfer of energy between the 

material and the electromagnetic fields. Such effects include stimulated 

Raman, Brillouin and Rayleigh scattering, two-photon absorption and 

saturable absorption.

For elastic interactions energy transfer takes place between the 

fields so that frequency is conserved amongst them. Such effects in

clude sum and difference frequency mixing and optical harmonic generation 

as well as self-action effects and degenerate four-wave mixing where the 

nonlinear polarisation created by the incident field affects the spatial 

and temporal properties of the wave. Of particular interest to this 

thesis is degenerate four-wave mixing (DFWM).

DFWM describes the interaction between the nonlinear polarisation 

induced by two waves in a medium and a third wave. The three waves are 

at a common frequency but are distinguishable by their direction of pro

pagation or polarisation. DFVJM gives rise to a variety of effects use

ful for coherent optical signal processing. It is widely used in nonlinear 

laser spectroscopy studies as a means of gaining insight into the physics 

of the atomic or molecular species constituting the nonlinear medium.

One of the most notable features of DFWM is the generation via the non

linear interaction in the medium of a phase conjugate wave.

1.1.1 Optical Phase Conjugation

The reversal of the direction of propagation and inversion of the 

phasefront of an arbitrary optical electromagnetic wave is termed optical
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phase conjugation. Optical phase conjugation was first observed using
1 2-4DFWM in 1970 though it was much later that interest was generated.

Reflection by a phase conjugating medium is distinct from reflection by

a conventional mirror in that it causes an inversion of the vector

quantity, k, of an incoming wave, whereas a conventional mirror only

inverts the k vector component perpendicular to itself (see Fig 1.1

Fie 1.1

a) (b)

*̂ out ■
l<oy,=k^x-kyy-k^z

Com.parison of (a) ordinary reflection and (b) phase-conjugate reflection.

Thus on reflection from a phase conjugating medium an incoming diverging 

wave will converge and vice versa. Under appropriate experimental con

ditions an incoming wave may, on reflection be amplified ’̂ as well as 

conjugated.

Such features suggest widespread applications of DFIVM to areas such 

as correction of phase aberrations in waves introduced by propagation 

through arbitrary linear mediaj correction of modal dispersion in optical 

waveguides^, laser targeting^, coherent optical image amplification^^, 

optical image processing and optical data processing^^. Phase conjuga

ting media have also been used successfully as mirrors in laser resona-
12tors which are extremely insensitive to detuning . Applications in the

temporal domain include correction of temporal phase disturbances in waves
13arising from propagation through nonlinear media , temporal pulse shap-

14 15ing , time reversal of pulse envelopes, optical gating and temporal

convolution^^which combines the multiplicative properties of the nonlinear



-  4 -

phase conjugating process with the Fourier transforming properties of 

lenses.

The timescales on which various operations can be executed are 

generally short, essentially being limited by the response and decay times 

of the medium. The absence of phase matching constraints from the DFWM 

technique permits fields having large spatial frequency bandwidths to be 

processed.

The widespread applications of DFIVM, in particular its possible use

in optical computers, has lead to studies of materials with the aim of

discovering large inherent optical nonlinearities combined with short
17response and decay times. As a result many powerful techniques of in

vestigating physical processes in materials have evolved from DFWM 

and optical phase conjugation.

1.2 NONLINEAR POLARISATION

The polarisation induced in a transparent or weakly absorbing 

medium by an intense electromagnetic field is of the form

where the Es are electric field vectors. They denote the total incident 

field which may be made up of a number of waves with different frequen

cies, polarisations and k-vectors.

The l)^^-order complex susceptibility tensors. They

are functions of frequency and are material properties. Each tensor

has 3*̂ ^̂  elements. The subscripts ijk£ are Cartesian coordinates x, y or 

z, corresponding to the polarisation direction of the electric fields, 

is the electric permittivity of free space.



In deriving this relation (1.1) only the dipole terms of the 

polarisation have been included,as over the wavelength range of interest 

they dominate the medium's response.

The total polarisation of the medium is often written as the sum 

of linear and nonlinear parts

p(w) = p^(o)) + p^^(w) 1.2

where p^ = e x  — 1.3o ij J

describes the linear dipole response of the medium and contains only 

those frequencies present in the incident radiation. The real part of 

X^^^ is responsible for linear dispersion and the imaginary part is res

ponsible for linear absorption (or gain in inverted media). Linear elas

tic scattering is also described by this term.

pĵ ĵ  contains the second-and higher-order polarisation terras. In 

terms of the electric field amplitudes the general form of the n^^-order 

polarisation amplitude is

P ( “ q )  =  (-0)^ ; o)j , 0)2 >

where g is the number of distinct permutations of the incident fields

and (1), . . . u are the frequencies of the incident fields that interact 1 n ^
to produce a nonlinear polarisation at a frequency The factors of 2

in the denominator arise from the following definitions of the electric 

field and polarisation amplitudes:

E = A^(r, z, t) exp-i(cij^t - k^z) + c.c] 1.5

and p = P.(r, z, t) exp-i(w.t - k^^z) + c.c] 1.6j 3 D J
The different order susceptibility terms have specific nonlinear optical 

processes associated with them.
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The second-order nonlinear susceptibility term describes effects

such as second harmonic generation, sum and difference frequency mixing,
(I)three-wave mixing and the Pockels effect, x is zero in media with 

inversion symmetry.

X is the lowest-order non-zero component of the nonlinear suscep

tibility in isotropic media and is of most interest to this work. Third- 

order effects include, third-order frequency mixing, self-action effects 

and inelastic scattering. The polarisation amplitudes describing a 

number of third-order effects are listed below:

THIRD ORDER FREQUENCY MIXING:

Third harmonic generation

P̂ (o)̂ = = IT îjkJl  ̂  ̂ 1.7a

Sum and difference frequency mixing

'  2U.J ± » 2 )  = f  , 1 » 2 )  A^l a“ i Aj “ 2 1 . 7 b

■ “ , * “ 2 * “ 3) = 7  ^  x'jJj C - ^ ;  -j, “ 3) a"i a“ 2 a"3
1.7c

SELF ACTION EFFECTS:

Self-focussing or defocussing

‘̂ ^^^iikk “l’ ‘"l’ "“1̂  ̂ l-7d

Two photon absorption

= f ^o ^"'^^iikk ^■‘"1’ “ l’ “ 1’ '“ 1̂  ̂ ^i'l"^k'l"

Degenerate four-wave mixing

3  ̂ ^,(3) -1 a“ i A*̂ !̂ 1.7f
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INELASTIC SCATTERING:

Stokes-Raman scattering

(3)   .‘"s , L
CO 2

PiK̂  = ^̂iikk f-“ s ’ “ l ’ \
Brillouin scattering

2

1.3 NONLINEAR SUSCEPTIBILITY TENSORS

As the X tensors are related to the microscopic structure of the 

medium, they should have certain forms of syrnmetry that reflect its 

structural symmetry. Accordingly, some tensor elements are zero while 

others are interrelated so that the number of independent elements may 

be greatly reduced. The third-order nonlinear susceptibility tensor 

for isotropic m.edia is r.ade up of only 21 non-zero elements. It can be 

shown that these are:

xxxx = yyyy = zzzz

xxyy = yyzz = zzxx = zzyy = yyxx = xxzz

xyxy = yzyz = zxzx = zyzy = yxyx = xzxz

xyyx = yzzy = zxxz = zyyz = yxxy = xzzx

with

xxxx = xxyy + xyxy + xyyx 1.8

( S ' )
where ijk^ represents Only four of these elements are different

and three are independent.

1.3.1 Macroscopic and Microscopic Fields

The electric fields discussed so far are the macroscopic fields and



it is these fields that are used in Maxwell’s equations. The actual 

field to which the susceptibilities respond is the microscopic field 

acting on the charges in the medium. In addition to the macroscopic 

field, the charges experience a depolarising field produced by currents 

and charges induced in the medium. For isotropic media the two fields 

are related by

E . - E + ^  Pmic i

e (co.) + 2 1=     E
3

where e (w )̂ is the dielectric constant of the medium at a frequency oĵ . 

In the calculation of nonlinear susceptibilities the depolarising 

fields can be accounted for by multiplying each field component and the 

generated polarisation by the Lorentz local field factor

3

For the third-order susceptibility we have

(3) ^
^mac 3 "'mic

For many calculations and theoretical considerations it is convenient 

to decompose the medium into 'polarisable units' in which the nonlinear 

interaction can take place. The volume of such a unit is small enough 

so that the electric field can be assumed to be uniform at any given 

time. In gaseous media this volume encloses a single atom or molecule 

of the medium. For a solid, or a liquid solution, the volume is large 

compared to atomic dimensions but small compared to a wavelength of 

the field. Hence the electric-dipole approximation is applicable. The 

total induced dipole moment y, of a polarisable unit is related to the 

local electric field just as the macroscopic polarisation is related to
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the macroscopic field in equation 1,1.

y = aE + 3EE + yEEE + ... 1.10

The constants a, B and y are the linear second-order and third-order 

hyperpolarisability tensors respectively. The total polarisation esta

blished in the medium is the summation over all polarisable units, each 

term being corrected for the local field.

1.4 DEGENERATE FOUR-WAVE MIXING

The basic geometry for DFWM is shown in Fig (1.2). Two intense 

counterpropagating pump waves Ê  ̂ and E^ at frequency to are incident on a 

nonlinear medium from opposite directions. A weaker probe wave also 

at frequency w is incident at an angle 6 to E^. The three waves are 

coupled via the induced nonlinear polarisation to generate a fourth 

wave, Eî , also at frequency w. This geometry is referred to as the

NONLINEAR

MEDIUM

z=0 z=L
Fig 1.2 Schematic illustration of DFIVM geometry
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backward i n t e r a c t i o n .  The forward and backward pump waves a r e  o f  the  

form:

E^(z', t )  = i  Aj (z') exp- i(u )t  - k^z') + c . c .  1.11a

E^Cz', t )  = Â Cz*) e x p - i (w t  - k^z') + c . c .  1.11b

The probe and backward g e n e r a t e d  waves a r e  o f  t h e  form:

E o( r ,  z,  t ]  = 2 A (z) e x p - i (w t  - k z ) + c . c .  1 . 11c
 ̂ 3 3

( r ,  z , t )  = Jr Aj^(z) exp-i(o) t  - k ^ ^ z ) + c . c .  l . l l d

Since  k  ̂ = - k 2 , k;̂  = -k^ so t h a t  phase  matching i s  au to m a t ic  t o  the  

p ro c e s s .  The backward g e n e r a t e d  wave i s  thus  o f  th e  form

E^^(z,t) = i  A^(z) exp-i(o)t  + kgZ) + c . c .

The d i r e c t i o n  z' i s  the  d i r e c t i o n  o f  p ro p a g a t io n  o f  t h e  pump waves, 2 

i s  t h e  d i r e c t i o n  a long  which th e  probe  and backward g e n e r a t e d  waves 

t r a v e l  and r  i s  t h e  t r a n s v e r s e  c o o r d i n a t e .

The pump waves a r e  assumed t o  be p la n e  waves.

For s t e a d y - s t a t e  i n t e r a c t i o n s  i n  i s o t r o p i c  media th e  t h i r d - o r d e r

18p o l a r i s a t i o n  am pl i tude  may be w r i t t e n  as

P^^(o,) = 1  e^[C(A.A*)A + iD (A .A )A * ]

where C = ) 1 . 1 2xyxy xxyy

and D = 6 y   ̂̂  ̂xyyx

Using t h i s  e x p re s s io n  th e  am p l i tude  o f  the  induced p o l a r i s a t i o n  component 

1 Ic zp r o p o r t i o n a l  t o  e 3 which d e s c r i b e s  E. i s
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^  e^[C (A^.A3*)A2 + C” (A^.A3*)A^ + DCA^.AgJAg*] 1.13

The numerous terms which do not contribute to the generation of are 

neglected. Each term in this equation may be given a physical inter

pretation.

The first two terms represent interference of the probe wave with 

the forward and backward pump waves respectively. Each interaction 

gives rise to a spatially periodic modulation of the polarisation in 

the medium. Effectively, two volume diffraction gratings are established. 

Depending on the nature of the interaction they may either be phase gra

tings, absorption gratings or a combination of the two. The generation 

of the backward wave is by scattering of one pump wave from the grating 

formed by the probe and the other pump wave. The formation and readout 

stages of the two gratings are represented schematically in Fig 1.3.

Fig 1.3 Illustration of gratings formed by interference of probe 

wave with forward (l.h.s.) and backward (r.h.s.) pump waves.

(a) Formation, (b) Readout.
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The constants C  and C" are related to the nonlinear susceptibili

ties and respectively. They are however affected by smear-xyxy xxyy i j

ing of the gratings due, for example to atomic motion or thermal diffu

sion. In cases where these effects arise, the constants C  and C" 

differ as the smearing effects depend on the grating spacing.

The third term describes a standing wave modulation of the polarisa

tion that oscillates at a frequency 2o). It scatters and into 

each other in the interaction that is automatically phase matched. The 

counterpropagating waves pump a two-photon transition and create a co

herent two-photon state of zero wave momentum. This state is independent 

of atomic position and is not disturbed by thermal motion of the atoms. 

Excitation of the two-photon coherence state by this means provides a 

useful technique of measuring Doppler-free linewidths and two-photon 

dephasing rates.

The coherent sum of the components of the nonlinear polarisation 

generated by each of the three terms in equation 1.13 contributes to 

the total nonlinear polarisation.

1.4.1 Polarisation of the Signal Wave

The relative contribution of each grating to the total nonlinear 

polarisation depends critically on the orientation of the electric field 

vectors of the interfering fields that form the grating. This dependence 

can be exploited to distinguish between the components of 

equation 1.13.

If the backward pump wave is polarised orthogonal to the forward 

pump and probe waves the scalar products of the terms involving in the 

equation are zero so that only the first term contributes to the signal.
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The signal wave is polarised parallel to the backward pump wave. Thus 
f 31Y may be evaluated if the nonlinear mechanism is known. In a xyxy

similar manner, by polarising the forward pump waves orthogonal to the 

other two waves the component may be evaluated.

The formation of the two spatial interference patterns is suppressed 

if the probe wave is polarised orthogonal to both pump waves. In this 

case the signal is due to scattering of the probe wave from the temporal 

coherence grating formed by the pump waves, the susceptibility component 

governing this process being

In addition to the concentration gratings created by parallel 

polarised waves, orthogonally polarised waves can interact to create 

orientation gratings where the direction of polarisation of the optical 

field becomes periodically modulated in space. If the strength of the 

resonant excitation depends on this polarisation then the population 

of excited states will have a preferred orientation that is modulated 

periodically. This is observed most conveniently by cross-polarising 

the probe wave with respect to the pump waves. The process is des-
f s')cribed by so that the signal is polarised parallel to the probe

wave.

1.5 DERIVATION OF FIELD AMPLITUDES

The propagation of an electric field in a medium is described by 

the wave equation. By using the expression for the nonlinear polarisa

tion as a source term in the wave equation, the field amplitudes A^ and 

A(̂ can be derived. The DFWf-l geometry is as illustrated in Fig. 1.2.

The nonlinear medium is assumed to be absorbing so that the wave vectors 

in equations 1.11a to 1.1 Id are of the form
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k. = k(k.' + ia/2)1 1 1

where k. is the unit vector in the direction of propagation of E^, a is

the intensity absorption coefficient in the medium at a frequency u and

k.' = ntij/c.1

This theoretical derivation follows that of ref. 19. The total 

nonlinear polarisation is

PnlCi-, t) = i

This expression is used as a source term in the wave equation

d̂ E d2p
  (r, t) = -u ---
dt^ dt

E(r, t) - p e --- (r, t) = -p  —  [t , t) 1.15

which is solved for E^ and to yield a pair of coupled differential 

equations

dA
= iK Ag* exp(-az) 1.16a

dz

dA *
  = iK A^ expCaz) 1.16b
dz

K is the complex coupling coefficient

K = A^(0) A2 (L) exp(-^aL) 1.17
8cn

Equations 1.16a and 1.16b can be solved to give the complex field ampli

tudes Ag and Â  ̂ at any point z in the nonlinear medium. Using the boun

dary conditions A (L) = 0 and A * = A *(0) the input at z = 0, gives

2iK,A * sin[2 El(z - L) ] expC-jaz)
A (z) =  -̂------------------------------------- 1.18a

asin(iHL) + H cosC^HL)
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[asin[i H (z - L)J - H cos[iH (z - L)]J exp(iaz) 

asinC^HL) + H cosCsHL)
1.18b

where H =  [4 lK|2 _ a 2jr

From equation 1.18a one sees that the complex field amplitude 

is proportional to the complex conjugate of the complex field amplitude 

A^ and since the phase of at any point in space is precisely

the reverse of that of at the same point in space. Thus the backward 

wave, E(̂ , is referred to as the phase conjugate of E 3. This property 

of DFWM is termed optical phase conjugation.

The reflectivity, R, of the nonlinear medium is defined as the ratio 

of the phase conjugate wave (reflected) intensity to the probe wave 

(incident) intensity at z = 0 .

A > )
1.19

2 K sin 2HL
a sin yHL + Hcos iHL

1.20

Reflectivities of greater than unity can occur so that an amplified

phase conjugate of the probe wave is generated. In practice reflectivi-
20ties of up to 10“+% have been observed. In some such cases the theory

21
must be modified to account for depletion of the pump wave amplitudes.

If the denominator in equation 1.20 is zero the reflectivity is 

infinite. Under this condition oscillation occurs, the gain being 

supplied by the pump waves. Oscillation is realised in practice by 

inserting a partially reflecting mirror in the path of the probe wave.
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As ce 0 the expression for R reduces to that derived for trans-
22parent media by Yariv and Pepper. For low values of the reflectivity 

(R  ̂0.1), 0 and equation 1.20 is simplified to

I k  I 2  ,
R = y [1 - exp(-aL)]^ 1.21a

1.6 NONLINEAR MECHANISMS FOR DFIVM IN TRANSPARENT MEDIA

The nonlinearity that is exploited for DFWM in transparent materials 

is the optical Kerr effect which is characterised by an intensity depen

dent refractive index. The optical Kerr effect can arise either through 

redistribution and reorientation of the molecules in a medium, or 

through distortion of the medium's electronic charge distribution 

by an intense optical field.

The former process only occurs in media where the molecules are 

free to move and rotate. With a few exceptions this is generally not 

the case in solids. The timescales are generally of the order of 10 

picoseconds. In liquids,the change in refractive index is relatively 

small because the molecules are randomly oriented to begin with. In 

liquid crystals however the induced refractive index change can be 

considerably larger as the molecules are well correlated to begin with. 

However, as is often the case with optical nonlinearities the large 

nonlinearity is combined with a slow response time.

Electronic charge distribution distortion by an intense field 

can occur in transparent and absorbing materials. The response time 

is very fast of the order of 10 - 10  ̂ seconds as the electron's

small mass enables it to follow the instantaneous field amplitude. The 

electronic contribution to the third order nonlinear susceptibility can 

be derived from a third-order perturbation calculation (outlined at a
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later stage). The induced nonlinearity is independent of atomic or

molecular motion so that the three constants in equation 1.13 are
(3) (3) (3lequal to y j X and y respectively. ̂ xyxy xxyy ^xyyx ^

1.7 NONLINEAR MECHANISMS IN ABSORBING MEDIA

Optical Kerr effect;

The mechanisms are similar to those described for transparent

media. However resonant enhancement can occur as the incident frequency

approaches a transition frequency of the medium. In many cases a major

contribution to the enhancement stems from a redistribution of the

population induced by resonant excitation. This induced population

excitation changes the absorption which in turn affects the refractive

index through the Kramers Kronig relations. Very large resonant en- 
f 31hancement of x has been observed for atomic vapour systems and 

semiconductors.

Thermally induced refractive index changes:

Interference between the two pump and probe waves through the 

first two terms in equation 1.13 can lead to the formation of phase 

gratings in absorbing materials or solutions of absorbing materials in 

relatively transparent liquids. In the latter situation energy from 

the incident fields is absorbed by the solute, thermalised and trans

ferred to the solvent. An expression for the thermally induced re

fractive index change due to absorption of energy from E^ and E3 is 

of the form^^

dn (|)nc e a x
*5n = —      A A * expi(k - k ) z' 1.22

dT 2 p Cp  ̂ ^

where ()) is the fraction of absorbed radiation converted to heat, x is the
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duration of the incident electric fields, p and Cp are the densities
f 3 ' )  .and specific heats of the solvent respectively, X and on are related 

by

6n = fx^^^ -‘̂ U  1.23
n^ e c o

and using I = j c n

, . dn 4 n^c e
X = —  ------- —  a J ^ 1.24

dT 3 p Cp

Thermally induced refractive index gratings decay by thermal diffusion.

The characteristic lifetime of such a grating is the time it takes for

heat to diffuse a distance corresponding to the grating period. This
23has been shown to be

AP Cp
T = ------

A0) 2 tt

1.25

where X is the thermal diffusivity of the medium. The lifetime varies
0)

typically from tens of ns for a small grating period to hundreds of 

ps for a large grating period. These relatively large time constants 

distinguish thermal effects in DFWr-i from nonlinearities involving 

saturable absorption.

Saturation of the linear absorption;

Only the case where the nonlinearity stems from saturation of a

single-photon absorption is considered. This has been studied in some
24detail by Abrams and Lind . The spatially periodic modulation of the 

excited state population induced by the pump and probe waves behaves as 

an absorption grating if the incident intensities are close to the 

saturation intensity. The nonlinear susceptibility for this process is
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of the form

4 a e^(3) ^  2-----  J 25
3oi I (4I/I * 1)3/2s s

where the saturation intensity is given by = tiw/ ot . t is the 

lifetime of the excited state. For incident laser pulsewidths < t , 

T is replaced by x . o is the absorption cross-section and a is theLi
absorption coefficient at the laser frequency u. The expression

(1 + 21/1 )
a = a ---------2---- 1.27

°  ( 1 + 4 I / I ^ ) 3 / 2

relates a to the line-centre absorption coefficient a^. For line- 

centre operation the reflectivity is predicted to increase as 

By increasing L, increased so that greater pump wave intensities

may be used and thus higher reflectivities obtained. As detuning of 

the laser frequency from line-centre is increased (for fixed absorption) 

increases, similarly leading to greater reflectivities. Amplifica

tion and oscillation are predicted for off-line-centre operation only.

1.8 EXPERIMENTAL CONSIDERATIONS

In the absence of absorption and any resonance effects the relation

ship between successive orders of the nonlinear polarisation in the 

dipole approximation is given by^^

^(n-1) E
 ̂-v-T =   1-28

where E is the atomic field binding an electron to an atom and is
3. L

of the order of 3 x 10® V/cm. The observation of non-resonant higher- 

order nonlinear effects consequently requires very high electric field 

intensities.
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The present thesis examines the suitability of a variety of 

infrared absorbing dyes for optical phase conjugation. The response 

and decay times and the third-order susceptibilities of various non- 

linearities will be probed. In particular it is hoped to gain an 

understanding of ultrafast processes such as the optical Kerr effect in 

these materials. This necessitates using high powered ultrashort 

laser pulses.

To facilitate such requirements a high-powered Nd^^: YAG laser 

system was constructed, details of which are presented in the following 

chapter.
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CHAPTER 2 

THE PICOSECOND LASER SYSTEM

2.1 INTRODUCTION

A schematic diagram o£ the laser system used throughout the course 

of this work is shown in fig 2.1. It generates intense picosecond 

pulses in the near infrared, visible and ultraviolet spectral regions.

A high repetition rate (100 MHz) pulse train at 1.064 jjim is pro

duced by a cw modelocked Nd^^;YAG laser from which pulses are selected 

at a low repetition rate (1 to 10 Hz) and amplified to energies in 

excess of 10 mJ per pulse. These pulses may then be frequency doubled, 

tripled or quadrupled according to experimental requirements.

2.2 GENERATION OF PICOSECOND LIGHT PULSES BY MODELOCKING

Probably one of the most important uses of picosecond pulses is as

a research tool in the study of fundamental processes in materials. The

technique of Q-switching^which shortly followed the operation of the 
2first laser enabled pulses in the 10 to 50 ns regime to be produced.

By using opto-electronic and switching arrangements shorter pulses (500

ps to 5 ns) can be obtained. The most common method of generating pico-
3second and subpicosecond pulses is a technique known as modelocking .

In general, the gain linewidth of a laser, Aoi, may consist of many 

oscillating longitudinal modes, each separated in frequency by the in

verse cavity transit time u) = ttc/L, where L is the cavity length. The 

number, N, of modes which oscillates is limited by the bandwidth Ao) over 

which the laser gain exceeds the loss of the resonator. A typical laser 

output spectrum is illustrated in Fig 2.2a.



CW MODELOCKED Nd^^-.YAG LASER
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Fig 2.1 Schematic illustration of laser system
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Fig 2.2 (a) Spectral content of a laser operating on a single

transverse mode and a number of longitudinal modes.

(b) Temporal output of the laser with all the modes locked in phase.
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In the absence of modelocking the modes are completely uncorrelated 

so their phases are random and their spectral amplitudes are time in

dependent .

The action of modelocking is to correlate the amplitudes and 

phases in the frequency domain which, in the temporal domain corresponds 

to concentrating the energy into a single burst within the laser cavity. 

When the modes are completely correlated, the energy is confined to a 

single bandwidth or transform limited pulse of duration

T = 2itK/Au) 2.1

K is a constant of the order of unity. For Gaussian pulses a value of 

K = 2£n2/n = 0.441 applies. For other pulse shapes slightly different

values of K apply. The temporal output of a modelocked laser is shown 

in Fig 2.2b.

The total optical electric field resulting from multimode operation 

at some arbitrary point in the cavity may be written

N
E(t) = I E exp i[C<̂  + nu))t + (fi ) ] 2.2

n=o ^ ^

where is an arbitrary reference frequency and (fî is the phase of the 
t  hin mode. After one round trip of the cavity, T = 2tt/u3, the total field 

is

N 2
E(t+T) = y E exp i[(o3 +nu) (t+— ■)' + d) ]'"n o u i ■' nn=o

N
= I i[(u +̂na))t + exp i(2Tr(—  + n))
n=o

= E(t)

E ( t )  is periodic in T only if the phases are forced to maintain 

their relative values. This may be achieved by modelocking as will be-
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come apparent from what follows.

If the phases of the N oscillating modes are made equal to zero 

and their amplitudes are made equal to unity then

N+1
2

E(t) = 'l exp i(oj + no))t 
N-1 °
2

sinNwt/2
= exp i(jj t -------- 2.3

sin wt/2

The laser output power is thus

P(t) a E(t)E*(t)

sin^ N(i)t/2 2 4
sin^ wt/2

From this expression it is apparent that the laser output power is con

centrated into a train of pulses each separated by the cavity transit 

time T = 2tt/w = 2L/c . The peak power is equal to N times the average 

power and the peak field amplitude is N times the amplitude of a single 

mode. The duration of a single modelocked pulse is given by x = T/N. 

Using No) = Aw and T = 2-n/w we obtain x = 2ir/Aw.

2.3 MODELOCKING TECHNIQUES

Modelocking is achieved experimentally by placing in the cavity an 

externally driven loss/gain or phase modulator (active modelocking) or 

a device which exhibits saturable absorption (passive modelocking). The 

loss or gain modulation is at a frequency oj = ttc/L equal to the inter

mode frequency spacing. Combined active-passive techniques exist such as

synchronous modelocking of quasi-cw dye lasers.
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2.3.1 Passive Modelocking

The evolution of an ultrashort pulse by passive modelocking is 

best described in the temporal domain.

The intracavity saturable absorber is usually a dilute solution of 

an organic dye. When laser action begins the intensity distribution 

in the cavity exhibits the characteristics of thermal noise. There is 

no correlation between the phases or amplitudes of the cavity longitudi

nal modes. The presence of a saturable absorber in the cavity however, 

serves to discriminate by saturable absorption in favour of a particular 

pulse from the noise profile. After a few round trips the pulse is 

shortened into a single structural component. The duration of this pulse 

is limited by equation 2.1. It is important that the recovery time of 

the saturable absorber after bleaching be shorter than the cavity round- 

trip time.

Passive modelocking is especially effective for generation of ultra-
4 5short pulses in quasi-continuous dye lasers ’ . Both the leading edge 

and the trailing edge of the pulse profiles are attenuated due to a com

bination of saturable absorption and gain saturation respectively. It
6"  8is also widely used in giant pulse solid-state lasers such as Ruby ,

Nd:Glass^’ and Nd:YAG^^ although due to the statistical nature of the
12starting process the technique is inherently unstable

2.3.2 Active Modelocking

Active modelocking has proven to be reliable and effective in cw
T • 1 1 13 , T 14-16  ̂ . . j ■ u- usolid-state lasers and cw gas lasers . It is also used in high

power solid-state systems where reproducibility is more important than

the shortness of the pulses.
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The externally driven loss modulator may be either an acousto- 

optic device (amplitude modulator) or an electro-optic device (phase 

modulator). As the laser system. Fig 2. l,utilises an acousto-optic 

device the following description will be confined to acousto-optic am

plitude modulation. The modelocking process is described in the fre

quency domain.

A sinusoidal loss modulation is achieved in the cavity by the appli

cation to a photoelastic medium of an acoustic wave whose frequency is 

precisely synchronised to the inverse cavity transit time T = 2L/c, An 

acoustic standing wave is set up in the medium which induces via the 

photoelastic effect, a temporally periodic refractive index modulation. 

This is equivalent to establishment of a diffraction grating in the 

path of the laser beam.

The loss modulation is by Bragg scattering at an angle 0g = 

sin  ̂X/2X̂  of the incident beam from the grating. is the acoustic 

wavelength. Clearlythe first mode to start oscillating in the cavity 

will be modulated at the loss frequency w = ttc/L. The total optical 

electric field amplitude may be written

E(t) = [E + E.,_„ coscj tlcosut  ̂ o MOD o

This expression may be rewritten as a superposition of harmonic oscilla

tions at frequencies, lo, and

E(t) = E^ coswt + i cos(a)+cô )t + i Eĵ ^̂  cos(u3-a)̂ )t

As these modes begin to oscillate they in turn are modulated to generate 

further sidebands some of which are already oscillating and some of 

which are not. Each mode bears a definite phase relationship to the 

central mode oĵ. The process of sideband generation continues until all
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modes within the entire available gain bandwidth are oscillating. In 

the temporal domain this corresponds to the generation of a train of 

modelocked pulses separated by the cavity transit time.

This method is best suited to lasers where the bandwidth is inherent

ly narrow because the RF modulation is relatively slowly varying and 

limits pulse durations to the 30 ps range.

2.4 THE Nd^~^:YAG LASER

The Nd^^iYAG laser operates at 1.064 ym at room temperature. Its 

active medium is a triply ionised neodynium ion hosted in crystalline 

Yttrium Aluminium Garnet (YAG).

FAST NON-RADIATIVE DECAY

UPPER LASER LEVEL (METASTABLE)

'3/2
SUBLEVELS

1064 urn—  
LASER LINE OTHER___

WEAK LINES
— l-3I8om  
EMMISSION0-8 um

11/2

9/2 LOWER LASER LEVEL
SUBLEVELS

GROUND STATE

Fig 2.3 Energy level diagram for Nd^^ in YAG

An energy level diagram for Nd^^ in YAG is shown in Fig 2.3. The 

transition giving rise to the 1.064 ym emission occurs between the meta

stable level Transitions between sublevels
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of these give rise to other weak emission lines the most significant 

one being at 1.318 ym.

in YAG is a four level lasing system. The lower level of the

lasing transition lies 2111 cm  ̂ above the ground level so that

its population can be considered to be negligible. The transition
-19 2cross-section is thus relatively low - 6.9 x 10 cm , therefore the 

oscillation threshold is low enabling continuous operation at room 

temperature.

The gain linewidth at room temperature is 6 cm Transform- 

limited pulses of around 6 ps duration have been obtained using 

passive modelocking techniques^^

2.5 THE CW Nd̂ .~": YAG LASER SYSTEM

The cavity configuration of the Quantronix 116R open rail Nd^^iYAG 

laser is shown in Fig 2.4. The components are individually mounted on 

aluminium blocks which are secured to a 2 m long Dural rail. Two 

mirrors, placed 1.5 m apart form a fixed length resonator. The high 

reflector is concave with a focal length F = -120 cm to compensate for 

thermal lensing in the gain medium. The output coupler is 12% trans

mitting and is convex with a focal length F = 100 cm.

A 79 by 4 mm diameter Nd^^:YAG laser rod with wedged opposing 

end faces and a Krypton arc lamp are mounted in water jackets and housed 

in the laser head. They are located at the conjugate foci of a hollow, 

elliptically shaped, highly polished gold plated reflector.

A closed water loop circulates high purity deionised water through 

the laser head to remove heat energy from the laser rod caused by the 

high continuous operating currents. An open secondary water loop brings



YAG CRYSTAL

P AOM OCHR
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Fig 2.4 Layout of components of Quantronix 116R Nd^^;YAG laser (HR) high reflector, (A) aperture, 

(P) polariser (AOM) acousto-optic modelocker, (OC) output coupler.
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tap water to a heat exchanger in order to cool the primary water.

A mode selecting aperture in the cavity maintains fundamental mode 

radiation and limits the external beam diameter to 0.7 mm. The beam 

divergence is less than 1 mrad.

The polariser is a 1 mm thick fused quartz plate mounted on a pivot. 

It is positioned at Brewster' s angle to provide a very low Fresnel loss 

for the desired vertical polarisation and a large loss for orthogonally 

polarised light. An electromagnetic shutter is included within the 

cavity as a safety feature.

The laser is actively modelocked by a fused quartz acousto-optic 

prism driven by a variable frequency RF oscillator. The prism faces 

are antireflection coated to provide a very low insertion loss 0.5%.

The wedged faces serve to prevent subcavities. Adjustment to the Bragg 

angle is accomplished by a cam. The RF driver is tunable between 49.9 

and 51 MHz and must be adjusted to match the cavity longitudinal mode 

spacing. In order that the prism contain a standing acoustic wave, a 

third frequency, namely a self-resonance of the prism must be coincident. 

The self-resonances of the prism are given by

U) =  P 7 T V / L  m m

where p is an integer of the order of 2000. v and are the acoustic 

velocity in the prism and its acoustic length respectively.

In the present system, the transducer has been designed so as to 

reduce the acoustic self-resonances and the prism can contain a high 

amplitude standing wave relatively independently of frequency.

The average output power of the modelocked pulse train at the re

commended lamp current of 35 amps was 10 Watts. It was monitored by
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reflection from a glass slide of a known fraction of the beam into a 

Coherent model 210 power meter. The beam profile was Gaussian with a 

1/e^ diameter of 0.7 mm (see Fig 2.5).

U

5.3 5-5 S7 5-9 6-1 5 3  6-5

SLIT PO SIT IO N  ( m m )

Fig 2.5 Beam profile of Quantronix 116R Nd :YAG laser.

A constant check on the modelocking stability was essential. For 

routine checks it was convenient to use a BPW 28 photodiode (risetime 

200 ps) and either a Hitachi VIOSO 100 MHz oscilloscope or a Hewlett 

Packard 18 GHz sampling oscilloscope. Typical oscilloscope traces of 

the pulse train are shown in Fig 2.6. Traces from the 100 MHz real

time oscilloscope gave reliable indications of the stability over long 

time scales (Fig. 2.6a). The sampling oscilloscope proved useful as a 

means of observing the pulse to pulse amplitude stability and for ob

taining rough estimates of the pulse duration, (Fig 2.6b).

Precise measurements of the pulse duration were made during a Photo-
20chron II synchroscan streak camera with a direct read-out system , Since
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Fig 2.6(a) Long term stability of CW Nd:YAG laser.

Fig 2.6(b) Pulse train observed on a 20 GHz sampling oscilloscope
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Fig 2.6 Frequency-doubled pulses of 92 ps duration 

observed using synchroscan read-out system. 

Pulse separation Ins.
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the spectral response of the photocathode only extends to 0.8 ym, 

frequency doubling of the 1.064 ym radiation to 0.532 ym was necessary.

The experimental arrangement is shown schematically in Fig 2.7.

The deflection plates of the streak tube are synchronously driven at 

100 Mllz by a RF power amplifier fed from a tunnel diode oscillator 

which is triggered by the laser pulse train. After frequency doubling in 

a biaxialKTP crystal the pulse train is passed into a Michelson Inter

ferometer delay line to provide temporal calibration of the streak tube 

read-out. The resulting pairs of pulses separated by a known interval 

are then focussed on the input slit of the streak camera. When a steady 

state image is obtained on the streak tube phosphor a 31 Hz readout 

deflection voltage is applied to the plates which slowly scans the 

image across a 100 ym slit placed in front of a photomultiplier tube.

The output signal from the photomultiplier (Hamamatsu type R647 101) is 

displayed on an oscilloscope triggered by the 31 Hz. The pulses shown 

in Fig 2.6c are of 92 ps duration.

2.6 SYSTEM IMPROVEMENTS

One of the major drawbacks of the original Quantronix laser was the 

difficulty of obtaining and maintaining for a useful time period, a 

stable modelocked pulse train. For the most part the fault lay with 

the Dural rail. With a room temperature coefficient of linear expansion 

of 2.7 X 10 ^ K  ̂ local changes in the surrounding temperature led to 

significant changes of the cavity length. Consequently the RF driver 

frequency required constant readjustment, each adjustment needing a 

period for the frequency to stabilise.

This problem was remedied by replacing the Dural rail by an Invar 36 

slab to which the components were individually clamped. Invar 36 has
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Fig 2.7 Experimental arrangement for direct photomultiplier readout of synchronously

scanned picosecond streak camera
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—  6 —  1a coefficient of linear expansion equal to 0.2 x 10 K - a factor of 

14 less than Dural.

Furthermore it was undertaken to remount both end mirrors in Micro- 

controle mounts with differential micrometers which sat on two transla

tion stages - one of which provided displacement transverse to the cavity 

length and another which provided displacement along the cavity length. 

Thus, length tuning to an accuracy of ± 0 . 1  pm of the cavity to a fixed 

RF driver frequency was now feasible. The RF driver could be replaced 

by a stable single frequency driver tuned to the natural resonance fre

quency of the modelocking prism.

The natural resonance frequency of the prism was determined using 

the arrangement shown in Fig 2.8. A PTS 160 frequency synthesiser, 

amplified to 7W by the Quantronix power amplifier (in the RF driver
g

unit) served as a frequency tunable driver accurate to 1 part in 10 .

This signal was fed via a TRIO PF--810 VSWR meter to the modelocking 

prism and the standing wave ratio (SWR] measured as a function of 

frequency. From the graph of these measurements (Fig 2.9) a natural 

resonance frequency of 49.721 MHz was deduced.

A single frequency oscillator operated at this frequency was obtained 

to replace the Quantronix RF driver. Having implemented tuning of the 

longitudinal mode spacing (via cavity length adjustment) to a fixed 

driver frequency, modelocked operation was easily attainable. The aver

age output power and the pulse duration remained stable over weeks of 

continuous operation.

2.7 THE Nd^'^iYAG AMPLIFIER SYSTEM

The principal function of the amplifier system is to extract at
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Fig 2.8 Ex]ierimental arrangement to determine the natural 

resonance frequency of the acousto-optic modulator.
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Fig 2.9 Voltage standing wave ratio versus frequency of the acousto-optic modulator.
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a low repetition rate (1 to 10 Hz) pulses from the modelocked pulse 

train and amplify them in energy from 100 nJ to 10 mJ per pulse. The 

amplified pulses are subsequently of sufficient intensity to generate 

second, third and fourth harmonics at relatively high efficiencies and 

also to exploit a range of nonlinear effects in various media.

The system can be divided into four sections each of which may be 

described separately. These are

(i) The single pulse selector (Fig 2.1a)

(ii) The regenerative amplifier (Fig 2.1b)

(iii) The single pass amplifier (Fig 2.1c)

(iv) The harmonic generators (Fig 2.1c)

2.7.1 The Single Pulse Selector

The single pulse selector (SPS) unit comprises two Pockels cell 

units each containing a KD2P0^ (KD*P) crystal located between two crossed 

polarisers. The polarisers are multilayer dielectric coated Brewster 

angled plates. They transmit light at 1.064 ym polarised perpendicularly 

to the plane of incidence and reflect light polarised parallel to the 

plane of incidence. The KD*P crystals are antireflection coated for 

1.064 ym and measure 25 x 9 x 9 mm. The half-wave voltage V = 8 kVTT
is applied parallel to the beam direction which is along the optic axis 

of the crystal.

Two 45° mirrors steer the s-polarised seed pulse train from the cw 

laser into the SPS unit. When there is no half-wave voltage applied to 

the crystal the pulses are transmitted by the first polariser, maintain 

their s-polarisation on propagation through the crystal and are thus 

rejected by the second polariser.
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At some instant, t on the timing diagram, Fig 2.10, a delayed 

trigger pulse triggers an avalanche chain in the SPS control unit which 

in turn fires two Krytrons (Fig 2.11) one of which is connected to 

both Pockels cells PCI and PC2. As is fired, the 8 kV potential 

stored on the 2 nF capacitor is equally divided and switched down two 

transmission lines of lengths and with This quarter

wave voltage reaches PC2 about 1 ns after having reached PCI (see

Fig 2.12). Therefore voltage doubling to due to reflection of the 

pulse on meeting an open-circuit PC2 occurs 2 ns later at PCI. The half 

wave voltage applied to both crystals causes rotation of the polarisation 

of any pulse incident on the crystal during a period (L^ - Lj^)/u (set 

to 7 ns) where u is the velocity in the transmission line (20 cm/sec).

7 ns later the second pulse from L2 places a half wave voltage on the 
opposite end of both crystals so no further rotation of incident radia

tion occurs.

The half wave voltage applied to both Pockels cells for a 7 ns 

period serves to rotate the polarisation of a single pulse from the 

modelocked train through 90° twice in succession thus enabling passage 

of that pulse through both Pockels cells. The emergent pulse is s- 

polarised.

The use of a double Pockels, cell unit rather than a single Pockels 

cell is necessary to prevent back reflections from other optical com

ponents in the system reaching and entering the modelocked laser as they 

woul'd upset its stability. Furthermore the extinction ratio is increased.

2.7.2 The Regenerative Amplifier

Having emerged from the single pulse selector the pulse now proceeds
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to enter the regenerative amplifier (Fig 2.1c) by reflection from 

the first polariser in the Pockels cell unit (PC3). This Pockels cell 

unit differs from the other two in consisting of two parallel polarisers 

and a 40 mm KD*P crystal. A longer crystal is used to reduce the electric 

field on the crystal which it must sustain for much greater periods 

of time than either of the first two crystals.

The regenerative amplifier is a 2 m ring cavity formed by four 

plane mirrors oriented at 45° to the beam direction. The active medium 

is a 3" X 4 mm diameter Nd^^:YAG laser crystal with opposing wedged end

faces. It is located in a ceramic pumping chamber. Pumping is by 

a Xenon Flashlamp pulsed at a preset repetition rate (1 - 10 Hz). A 

converging lens (F = 300 cm) is situated before the amplifier to com

pensate for thermal lensing effects. Two 2 mm apertures maintain a 

fundamental transverse mode and also prevent damage to the periphery 

of the laser crystal. A polariser placed before the Pockels cell unit 

eliminates any s-polarised components of light which would otherwise 

be switched out of the cavity on each round-trip.

A half-wave voltage has been applied to the KD*P crystal simultaneous 

to the flashlamp in the Nd^^:YAG amplifier being fired some 150 ys 

before the entry of the single pulse. The Pockels cell therefore 

functions firstly as a Q spoiler, enabling gain to build up in i.the 

amplifier. Secondly, the polarisation of the incoming pulse is rotated 

to enable transmission through the second polariser, and thus, injection 

into the regenerative amplifier.

Before the single pulse completes its first round trip, K2 is 
fired and short circuited (Fig 2.11) and the 8 kV is removed from the 

Pockels cell. The p-polarised pulse can now circulate until it has
4been amplified by a factor of 10 . The amplification factor is
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Fig 2.12 Connections to Pockels cells PCI, PC2 and PCS.
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controlled by varying either the flashlamp voltage or a delay setting 

which predetermines the number of round trips that the pulse completes 

in the regenerative amplifier.

Both setttings are optimised to limit the emergent pulse energy 

to about 1 mJ to prevent damage to optical components and to minimise 

spontaneous emission from the amplifier which occurs if the entire avai

lable gain is not used up.

The delay setting controls the arrival of a triggerpulse which 

fires which in turn short circuits allowing the 8 kV potential 

stored on the 1 nF capacitor to discharge through the transmission line 

and bias PC3 to - V^. Thus on its subsequent transit the p-polarised 

pulse is rotated and ejected from the ring by reflection from the 

second polariser.

The half-wave voltage remains on the PC3 until the next single pulse 

has entered the ring.

2.7.3 The Single Pass Amplifier

The s-polarised amplified pulse is steered by two mirrors through 

a polariser to remove any residual p-polarisation and into a x 1.5 beam 

expanding telescope (BET). The purpose of the telescope is to expand 

the beam to fill the single pass amplifier. This amplifier contains a 

larger Nd^^:YAG crystal than the previous one, measuring 4" x dia

meter with 2 ° wedged opposing end faces. It provides a further factor 

of 10 gain. A second BET reduces the beam diameter by a factor of 

1.5 to provide the high intensities required for harmonic generation.
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2.7.4 The Harmonic Generators

The harmonic generating crystals are KD*P cut for second, third 

and fourth harmonic generation at specified pulsewidths and polarisations. 

The crystals, which are hygroscopic, are mounted in thermostatically con

trolled temperature-stabilised ovens. Critical phase matching is em

ployed which means that frequency conversion is optimised by angular 

adjustment - tilting of the crystal's optic axis with respect to the 

beam propagation direction. The temperature is kept at 40°C as small 

fluctuations in temperature cause changes in the refractive indices of 

the crystal and upset the phase matching.

Second harmonic generation to A = 0.532 ym is by a type II process.

Hence the crystal is cut so that the plane containing the optic axis

and the direction of propagation of the incoming beam is at 45° to

the plane of polarisation of the incoming beam. A quarter-wave rotator

is situated before the crystal so that the incoming beam separates into 

two orthogonal components, one which propagates as an extraordinary ray 

in the crystal, (i.e. polarised along n^), the other which propagates as 

an ordinary ray (polarised along n^ ) . The sum frequency is an extra

ordinary ray. The phase-matching condition is

ng(2aj) = ■j[n^(o3) + n^(to)]

2At input intensities of 1.5 GW/cm at the fundamental frequency conver

sion efficiencies are typically 50%. The frequency doubled beam is 

p-polarised. Frequency tripling is similarly by a type II process and 

yields an s-polarised beam at X = 355 nm. The use of type II phase 

matching for third harmonic generation subsequent to type II phase match

ing for second harmonic generation provides the optimum ratio of fre

quency doubled radiation to fundamental which is 2:1. Conversion
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efficiencies (defined in this case as the ratio of 3w to w) are typically 

30%.

Frequency quadrupling to X = 266 nm is more efficient by a type 1 

process. In this case the crystal is cut so that the plane containing 

the optic axis and the beam propagation direction is at 90° to the 

direction of polarisation of the incoming beam. The phase matching 

condition for this process is

rig(4aj) = n̂ (2oj)

Thus the fourth harmonic beam is s-polarised. A type KG3 (Schott Glass) 

filter located before the crystal prevents incidence of any radiation 

at the fundamental frequency. The conversion efficiency is again 30% 

so that pulse energies of approximately 3 mJ can be expected. The 

various wavelengths are separated as required using dichroic mirrors.

2.8 TIMING OF EVENTS

The time relation between the numerous triggering events is of 

fundamental importance to optimum system performance and must be pre

cisely controlled,

A timing diagram is shown in Fig 2.10 and the sequence of events is 

as follows.

Initially at a time t^, a trigger pulse simultaneously fires the 

regenerative amplifier flashlamp (allowing gain to build up) and triggers 

the Pockels cell driver unit. A delay board in the driver generates 

a pulse after the amplifier has reached maximum gain 150 ys) .

This delayed pulse is fed to the so-called active modelocked synchroni

sing card. The trigger pulse is applied to the input of two D-type flip-
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flops connected in series and with parallel clock inputs provided by the 

RF from the modelocker driver. This synchronises the trigger pulse with 

the RF under all circumstances. Three synchronised trigger pulses are 

produced;

The first is for monitoring and diagnostic purposes.

The second triggers the single pulse selector via an avalanche 

chain which triggers two Krytrons and . As fires, a 7 ns voltage 

pulse is applied across PCI and PC2 for single pulse selection. After 

a delay determined by the length of the transmission line to PCS, 

fires permitting the single pulse to circulate in the regenerative ampli

fier.

A third trigger pulse is fed to a special delay card. The delay

setting controls the time the pulse remains on the regenerative ampli

fier. The delay can be varied to give a total delay of 1 ys in 10 ns

steps. A continuous delay over a 20 ns range is also incorporated. The

output from the delay card triggers an avalanche transistor chain in the 

Pockels cell driver which triggers Krytron K^. This half-wave voltage 

is placed on to PC3 causing the circulating pulse to be ejected on its 

next round-trip.

This sequence of events recurs at a repetition rate variable between 

1 and 10 Hz.

2.9 SYSTEM PERFORAIANCE

Measurement of the pulse energies was accomplished using a Scien- 

tech 362 power/energy meter. At 1.064 ym pulse energies were nominally 

10 mJ although energies exceeding 20 mJ were attainable by operating 

the single pass amplifier at higher lamp voltages.
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A 10 mJ pulse of 100 ps duration has a peak power of 0.1 GW, Fo-
ry

cussing or telescoping of the beam yielded intensities as high as 2 GW/cm . 

Energies of the second, third and fourth harmonics were nominally 5 mJ,

3 mJ and 3 mJ respectively. For a Gaussian temporal profile of the 

pulse, the frequency conversion process is accompanied by pulse shorten

ing in accordance with

TX = U)no) —
/fT

where t is the pulse duration at the fundamental frequency and x(jL)  ̂ ^  ̂ no)
refers to the pulse duration of the n - order harmonic.

The pulse to pulse amplitude stability depended critically upon 

the stability of the seed pulses from the cw modelocked laser, on 

the alignment of the regenerative amplifier and on the single pulse 

selection process.

As has been pointed out earlier the single pulse selection is syn

chronised to the modelocked pulse train and thus to the arrival of any 

pulse from the pulse train at the Pockels cell, PCI. The application of 

the 7 ns half-wave voltage pulse must be coincident with the arrival of 

the seed pulse. This is achieved by varying the time of application of

the half-wave voltage to PCI with respect to the arrival time of the

seed pulse using a delay setting.

To ensure that pulse selection occurred, proved difficult as the 

selected pulse had an energy of $ 100 nJ and a duration of 100 ps. It

was more effective to detect a 'missing' pulse in the lOOMIizpulse

train which was rejected by the second polariser in PCI.

The pulse to pulse amplitude stability of the system was monitored
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on a Si photodiode with an i n t e g r a t e d  a m p l i f i e r .  Inc ident pulse  energ ies  

were confined to - t h e  l i n e a r  reg ion  of  the  photodiode by using n e u t r a l  

d en s i ty  f i l t e r s .  Under optimum opera t ing  condit ions  the  amplitude 

f l u c tu a t io n s  a t  1.064 ym were le s s  than 10%. These are 

seen to inc rease  n fo ld  fo r  the  n^*  ̂ o rde r  harmonics,  as the  frequency 

conversion e f f i c i e n c y  depends on the  n power of the  fundamental 

i n t e n s i t y .

An ampl i f ied  f requency doubled pulse  i s  shown in Fig 2.13 . The 

d e tec to r  was a vacuum photodiode with an S-20 photocathode. The experimen 

t a l  work to  be desc r ibed  i s  c a r r i e d  out using pu lses  a t  the fundamental 

wavelength o f  1.064 pm.
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CHAPTER 3

DFWM IN INFRARED ABSORBING ORGANIC DYES

3.1 INTRODUCTION

A number of infrared absorbing dyes dissolved in organic solvents 

were selected as nonlinear media for degenerate four-wave mixing (DFWM). 

In the following experiments the incident waves are parallel polarised. 

Thus, measurements of the effective third order nonlinear susceptibility 

correspond to the tensor component the nonlinear suscep

tibility where i, j, k and I denote the relative polarisation directions 

X, y or z of the phase conjugate, forward pump, backward pump and probe 

waves respectively. As pointed out in Chapter 1, for isotropic media 

such as are liquid solutions,

(3) (3) (3) (3)Y “ Y + y  + y  .3.1xxxx xyxy xxyy xyyx

The significance of each of these three tensor components has been 

discussed in Chapter 1. The components can be examined separately using 

polarisation discrimination.

In absorbing media, the first two terms on the r.h.s. of equation 

(3.1) originate from intensity dependent modulation of the medium's ex

cited state population by the interfering pumps and probe waves which 

leads to the formation of two refractive index gratings. These two

terms form the predominant contribution to the nonlinear susceptibility
(3)

X  •xxxx

The gratings arise from thermally induced refractive index changes 

or from saturable absorption.
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3.2 GENERAL PROPERTIES OF ORGANIC DYES

The molecular energy levels of a typical organic dye are represen

ted schmeatically in Fig 3.1.

Dyes are so-called because they absorb strongly at wavelengths 

in the visible region of the spectrum. The strong absorption at wave

lengths above 200 nm is attributed to the presence of conjugated double 

bonds (alternate a and tt bonding between carbon atoms) in the dye 

molecular structure. The absorption and emission spectra are broad 

and smooth because of the dense vibrational and rotational substructure 

of the electronic energy levels. The absorption and emission charac

teristics are influenced by electronic transitions due to excitation of 

the loosely bound t t electrons.

Delocalisation of the tt electrons by an applied optical field may 

occur in systems where conjugate double bonding is present. The de

localisation can be appreciable in systems containing a large number 

of conjugated double bonds and so lead to large induced dipole moments. 

This phenomenon underlies many nonlinear optical effects observed in 

organic materials.

The free electron model of Kuhn^ predicts that long tt electron 

systems shift the long wavelength absorption maximum of a molecule 

into the infrared. The long wavelength absorption maximum can be 

estimated to a first approximation from the number of tt electrons and the 

length of the conjugated chain using

8mc  ̂ _A - —i—  n— —  3.2max r. N+1

where m is the electronic mass, h is Planck's constant, L is the length 

of the conjugated chain and N the number of tt electrons.
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Fig 3.1 Schematic of energy levels of a typical organic dye. Straight 
lines indicate radiative transition and squiggly lines indicate non- 
radiative transitions.

It is difficult to obtain chemically stable infrared dyes having 

their long wavelength absorption maximum beyond 1 ym. The thermal sta

bility of a dye is related to its long wavelength absorption maximum. 

Infrared dyes have low lying excited singlet states and even lower lying 

metastable triplet states. Since the triplet state has two unpaired 

electrons it can be considered to be biradical in character. Molecules 

reaching this state will thus react with each other and with the solvent 

molecules to yield decomposition products. The probability of finding 

stable dyes absorbing beyond 1.7 ym still remains small.

3.3 ELECTRONIC TRANSITIONS IN DYE MOLECULES

In the absence of radiative excitation, at room temperature most

molecules are in the vibronic ground state S by virtue of the Boltzmannoo
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Distribution. Some transitions occurring in dye molecules as a con

sequence of radiative excitation may be classified as follows

(1) Absorption S S‘ oo IV

Absorption of a photon causes molecules in the ground state to be 

excited to a vibrational level of the first excited singlet state 

The electronic transition occurs on a timescale of 10 seconds. In 

this time the atoms do not change their positions appreciably so that 

the molecule finds itself with the same vibrational kinetic energy in 

the excited state as it had in the ground state at the instant of ab

sorption of the photon (Franck-Condon Principle). The electronic transi

tion is therefore represented by a vertical line on the Morse potential 

energy curve in Fig. 3.2.

LU

r

Fig 3.2 Morse potential energy curve for an organic dye molecule
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(2) Vibrational Relaxation S ^ SIV ov

Absorption to is always followed by non-radiative relaxation 

to SjQ - the lowest vibronic level of the first excited singlet state. 

Radiation is thus only emitted from the lowest vibronic level of an 

excited state. This accounts for the red-shift (Stokes-shift] in 

fluorescence with respect to absorption.

- 1 2The time constant for the relaxation is of the order of 10 to 

10 seconds.

A number of processes may ensue

(i) Excited state absorption S,„ S10 nv

Molecules already in the excited singlet state may be further 

excited with cross-sections to higher lying excited singlet states

S .n

(ii) Intersystem Crossing T^^

A molecule may enter the system of triplet states by a non-radiative 

transition. This, being a spinforbidden transition is comparatively 

slow, so that the intersystem crossing rate is insignificant when

excitation is with picosecond pulses. A molecule in an excited triplet 

state relaxes non-radiatively to the lowest vibronic level of T^ . Sub

sequent relaxation to the ground state may occur by a radiative 

transition termed phosphoresence or by non-radiative deexcitation.

(iii) Internal Conversion S S ̂ 10 ov

A molecule can enter a high lying vibronic level of the ground

state from S^ by an isoenergetic transition - termed internal conversion

- and relax to S . The rate of relaxation by internal conversion, K , oo i c



-  57 -

may vary by several orders of magnitude depending on both the dye 

molecular structure and the solvent properties. This mechanism can 

become more predominant as the energy difference between and 

decreases. Hydrogen atoms attached to the dye chromophore will con

tribute to this relaxation mechanism. Due to its small mass, the quanta 

of hydrogen atom stretching vibrations have the highest energies in 

organic dyes. This often accounts for overlap of ground state and 

excited state vibrational energy levels.

(iv) Fluorescence S,„ ^ S  ̂  ̂ 10 ov

A radiative transition from S to S occurs with a rate constant10 ov

Vad = 1/ ^rad’ ^rad is the natural or radiative lifetime that would be

observed if all processes from were radiative. For most dyes,

^rad order of a few ns and may be determined using the
2Strickler-Berg relation

„ 2 / E(^) dX
rad / E(X) X dX

a(x:i dX 3.3

The quantum yield of fluorescence, <()p, is defined as the ratio of 

radiative to non-radiative transition rates

K
<!>t

rad
rad

3.4

The fluorescence lifetime, t = 1/K_, is of the order of 10 secondsr r
-12for laser dyes and 10 seconds for non-lasing dyes. The following 

relation holds between the radiative and non-radiative transition 

rates:

S: K , + K. + K. rad ISC ic 3.5
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3.4 NONLINEAR MECHANISMS IN ORGANIC DYES

Thermally induced refractive index changes in liquid solutions of 

dyes arise from nonradiative relaxation processes in which the absorbed 

energy is thermalised and transferred to the solvent. In DFKM the 

interference pattern created in the medium by a pump and probe wave 

consists of alternate highly and less irradiated regions. If the irra

diated molecules relax non-radiatively, thermal gradients are established 

in the solvent. The highly thermalised solvent molecules tend to diffuse 

along the pattern towards surrounding regions, causing local periodic 

variations in density and thus in the real or imaginary parts of the 

refractive index. In effect, a grating is established which decays 

with a time constant determined by the thermal diffusion coefficient 

of the solvent and the grating period. Scattering of the counterpro- 

pagating pump wave from the grating yields a phase conjugate wave whose 

frequency and direction are governed by the laws of energy and momentum 

conservation.

In a similar manner to that just described, modulation of the

excited state population of the dye can result in a refractive index

grating by spatially periodic saturation of the dye absorption. The 

lifetime of this type of grating depends on the excited state lifetime.

The precise mechanism governing the formation of refractive index 

gratings in DFIVM depends on material properties and experimental parame

ters - in particular the laser pulse duration and intensity.

If excitation pulse durations are in the picosecond regime the

processes are limited. On such a timescale, intersystem crossing is 

negligible. In addition, saturation of the dye absorption will only 

set in at extremely high intensities. This is the case for non-lasing
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dyes, since the saturation intensity, I = hu/ai where t is theS S L

fluorescence lifetime of 10 ps) , and for laser dyes since x is

replaced by the laser pulse duration ('v 100 ps) . Thus picosecond

excitation pulses favour the formation of a thermally induced phase

grating where the thermal energy is generated by internal conversion

from S to S . It is most efficient in dyes with small values of10 ov r

Using nanosecond excitation pulses, saturation of the dye absorp

tion is feasible at moderate intensities. This process may yield high 

reflectivities if the excitation frequency is tuned to a single photon 

resonance of the dye.

Depending on the triplet yield, the triplet state T^, may become 

significantly populated for nanosecond or microsecond excitation pulses. 

Dyes in which relaxation from T^ is predominantly thermal may be ex

ploited to yield high phase conjugate reflectivities, however combined 

with slow build-up and decay times.

3.5 NONLINEAR MEDIA

DFWM experiments in three dyes are detailed. Their absorption spec

tra cover the near infrared spectral region from 0.8 to 1.6 pm. The
3

dyes are BDN, IR5 and a newly synthesised IR absorbing dye . BDN 

was dissolved in toluene, the other dyes were dissolved in 1,2- 

dichloroethane. They were all contained in 2 mm quartz cuvettes.
4The fluorescence lifetimes of the dyes in these solvents are 5.6 ns ,

5 62.7 ps and 17 ps , respectively. Experiments were conducted using 

180 ps pulses from the modelocked laser system at an operating wave

length of 1.064 ym. The sample transmissions were set to 0.5 by 

selecting appropriate dye concentrations.



3.6 EXPERIMENTAL ARRANGEMENT

A schematic diagram of the experimental arrangement is shown in 

Fig 3.3. Three parallel polarised pulses with energies E^, E^ and 

Eg are incident on the sample S. The two intense pump pulses E^ and 

are counterpropagating. A retroreflection geometry is utilised in 

which E2 is derived from E^ after transmission through the sample and 

reflection from mirror M2. A less intense probe pulse of energy 

(Eg= 0.9 E|) is incident at an angle of 10° to Ej. A delay line is 

used to ensure temporal overlap of the three pulses in the sample. The 

phase conjugate signal pulse retraces the path of Eg. A fraction of 

Ê  ̂ is split off from Eg by a pellicle beamsplitter BS2 and is passed 

through a lens-aperture combination to discriminate against background 

scattered light. A Si photodiode with an integrated linear amplifier 

measures the energy Ê .̂ The beam is telescoped by lenses and

to provide incident pump intensities of up to 1 GW/cm^. The spotsizes

of the pump and probe beams at the sample were equal (1/e radii r^ =

0.4 mm). This arrangement also served to facilitate delay measurements 

of the nonlinear excitation, which can be probed by displacing M^ and 

hence delaying incidence of £ 2 - A range of neutral density filters 

provided attenuation over several orders of magnitude whenever necessary. 

The intensity of the pump pulse was determined by measuring its 

energy transmission through the modelocking dye A9860. A9860 is a well

characterised saturable absorber at 1.064 ym. By monitoring the trans

mission of the pump pulse through a 1 mm thick fused quartz cuvette 

containing a A9860 - 1,2-dichloroethane solution (low level transmission 

T^ = .173) its intensity can be determined from the bleaching curve 

as described in Ref 3.7. This provides a convenient routine check of

the laser intensity and saves measuring energy, pulse duration and
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Fig 3.3 Experimental arrangement for DFlvfl
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and beam cross-section simultaneously,

3.7 EXPERIMENTAL RESULTS

The DFWM phase conjugate signal could be observed using an IR 

viewer. Optimisation of the signal was achieved by ensuring maximum 

temporal and spatial overlap of the three incoming waves. The output 

from the Si photodiode was fed to an oscilloscope for a real-time 

visual display of the signal and to a Boxcar signal averager from 

which an average energy reading over a number of pulses could be taken.

The DFWM signal reflectivity, defined as R = was measured as

a function of the incident pump pulse intensity for each of the 

three solutions, see fig 3.4. A quadratic dependence of on R was 

found which is in accordance with theoretical predictions. Peak 

reflectivities of the order of unity were measured at incident pump 

intensities of 0.75 GW/cm^. No indication of damage to any of the sam

ples was apparent after irradiation at such intensities.

In order to ascertain whether a thermally induced refractive 

index grating or a saturable absorption grating was present, the grating 

lifetime was probed by delaying arrival at the sample of the backward 

pump pulse with respect to the forward pump and probe pulses. The 

phase conjugate signal intensity remained appreciable up to delays of 

15 ns thus confirming the presence of a long-lived (> 10 ns) grating.

Were the grating to arise from saturable absorption, its maximum lifetime 

would be that of the fluorescence lifetime of the dye in the solvent.For 

the three dyes employed here this is considerably less than 15 ns.

Using equation 1.25 for the time constant of a thermal grating 

time constants of 1.0 ps and 7.5 ns were deduced for the wide and 

narrow spatial period gratings respectively. Thus both gratings can be
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Fig 3.4 DFVVM signal peak reflectivity versus incident pump pu Ise 
intensity for BDN/toluene ♦, IR5/1,2-dichloroethane • and S501/1-2 
dichloroethane A . The straight line has a slope of 2.

expected to contribute equally to the (180 ps] phase conjugate signal 

pulse at zero delay.

Values for the effective third-order nonlinear susceptibility were
8derived using the expression of Caro and Gower which applies to the 

retroflection geometry employed here
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4 c^n^ c
3.6
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Solv ing  f o r  jKj from e i t h e r

R = (1 - exp( -aL)) ' 3 .7 a

or 2K sin(jKL)
Hcos(-J-ML) + asin(^HL) 3. 7b

and s u b s t i t u t i n g  in  3 ,6  y i e l d s  the  v a lu e  of  the  e f f e c t i v e  n o n l i n e a r  

f 31s u s c e p t i b i l i t y  x - R i s  th e  measured r e f l e c t i v i t y  a t  an i n c i d e n t  

i n t e n s i t y  I j .  For low r e f l e c t i v i t i e s ,  (< 0.1)  K i s  d e r iv e d  from 

e q u a t io n  3 .7 a  and f o r  h i g h e r  r e f l e c t i v i t i e s  the  second e x p r e s s io n  i s  

used .

(31The computed v a l u e s  o f  x f o r  the  t h r e e  dye s o l u t i o n s  a r e  l i s t e d

(3)in  t a b l e  3 .3 .  These measurements co r respond  to  x , as the  i n c i d e n t
XXXX

p u l s e s  a r e  p a r a l l e l  p o l a r i s e d .  S ince  both g r a t i n g s  c o n t r i b u t e  e q u a l l y  

to  t h e  s i g n a l ,

(3) (3) (3)
y = yxxxx xyxy xxyy

The c o n t r i b u t i o n  o f  x^^^ t o  may be co n s id e re d  t o  be n e g l i g i b l e .xyyx xxxx

Tab les  3.1  and 3 .2  l i s t  some r e l e v a n t  dye and s o l v e n t  p a r a m e te r s

( 3 )and e x p e r im en ta l  measurements.  The v a lues  of  x on t h e  r . h . s .  o f  t a b l e  3 .3  

a r e  th o s e  p r e d i c t e d  by e q u a t io n  3 .6  f o r  a t h e rm a l ly  induced  n o n l i n e a r i t y .

The measured and p r e d i c t e d  v a lu e s  compare q u i t e  wel l  w i th i n  e x p e r im e n ta l  

e r r o r  o f  30%.

Of th e s e  t h r e e  dyes ,  BDN has p r e v io u s l y  been used as a medium f o r  
9

DFVi/M. In t h i s  r e p o r t  t h e  e x c i t a t i o n  p u l s e s  were 13 ns FWllM d u r a t i o n  

and t h e  ground s t a t e  s a t u r a t i o n  i n t e n s i t y  was 0.3 NlW/cm^. At i n c i d e n t  

i n t e n s i t i e s  well  above t h i s  s a t u r a t i o n  leve l  the  n o n l i n e a r  mechanism i s
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Table 3.1

Fixed parameters of the tliree solutions

dn/dT p(kg/m^) Cp(J/Kgl^n <j)

BDN/toluene 4.2 x 10“ "̂ 866.9 1694 1.496 '̂ 0̂.5

IR5/l,2-dichloroethane 1.6 x 10“'' 1235 1213 1.45 1.0

*S501/l,2-dichloroethane 1.6 x lO'*" 1235 1213 1.45 1.0

Table 3.2

Adjustable parameters and measured reflectivity

T(l-T) a(m'^) R

0.17 693 1.22

0.21 713 0.91

0.23 665 1.14

BDN/toluene

lR5/l,2-dichloroethane

S501/l,2-dichloroethane

Table 3.3

In the first column are values of the third-order nonlinear susceptibi- 
f 31lity X • A.S both the wide and narrow spatial period gratings con- xxxx

f  31tribute equally to the x > then x = X • These values in the ^ ^ ^xxxx’ '^xyxy ^xxyy
middle column are compared to predicted values in the last column.

*xyxy
BDN/toluene 9.13 x lO"^^ 4.56 x 4.24 x lO'^^

IR5/l,2-dichloroethane 6.15 x lO'^^ 3.07 x lO"̂ "̂  3.05 x lO'^^

S501/l,2-dichloroethane 5.88 x lO'^^ 2.94 x lO'̂ '̂  2.85 x lO"^^
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Table 3.4
C 3 )X predicted by a saturable 

absorption mechanism (eq 1.25)

m2/v2
BDN/toluene 1.18 x lO'^^

IR5/1,2-dichloroethane 5.15 x 10

S501/1,2-dichloroethane 2.87 x 10

* The dye referred to as S501 in the text is slightly different to that ment

ioned in references 3.6 and 3.3 having an absorption maximum which peaks at 

1.5 ym rather than 1.4 ym. Aside from the name, all details presented are 

correct (see reference 3.21).



-  67 -

saturation of the 5.6 ns metastable state absorption,

In the present case the saturation intensities for all three dyes 

are in the region of 10® - 10^ W/cm^ so that this type of nonlinearity 

could hardly be expected to contribute to the DFIVM signal. By sub

stituting the appropriate experimental parameters (tables 3.1, 3.2 and 

section 3.5) in equation 1.26 the third-order nonlinear susceptibility 

predicted for a saturable absorption mechanism is estimated. Values 

calculated for the three dyes are listed in table 3.4. These are about 

two to three orders of magnitude less than those predicted and measured 

for a thermally induced nonlinearity.

Other reports of DFWM in dyes have yielded results consistent with 

expectations from the present understanding of optically induced pro

cesses in them. Thermally induced nonlinearities^^ and saturable 
13absorption have been observed in liquid solutions of dyes with decay

- 5 - 9times varying from 10 - 10 seconds. In dye/gelatine films very
14 15large effective nonlinearities ’ have been observed due to their 

large triplet yields, long triplet state lifetimes and thus very low 

saturation intensities. These high nonlinearities are however combined 

with very slow response times.

3.8 OBSERVATION OF OPTICALLY GENERATED ULTRASONIC WAVES

A more detailed examination of the temporal behaviour of the phase 

conjugate signal was carried out by measuring the signal intensity I^ as 

a function of backward pump pulse delay in steps of 30 ps. The plot 

obtained for a solution of BDN in toluene is shown in fig 3,5. The 

exponential decay should correspond to the decay time of the grating 

formed by the forward pump and probe pulses, however owing to thermal 

defocussing of the delayed pulse Î  on propagation through tlie sample
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Fig 3.6b BDN/DMSO
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Fig 3.6c BDN/DMSO
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the observed time constant is considerably less.

The oscillatory structure is periodic with a period of 3.17 ns.

This may be attributed to the generation of acoustic waves in the sample 

due to direct interaction between the optical electromagnetic field and 

the material's acoustic field. The formation of the interference pattern 

by the forward pump and probe pulses is accompanied by energy transfer 

via optical absorption or stimulated Brillouin scattering which results 

in the launching of counterpropagating ultrasonic waves whose wavelength 

is given by

 ̂  ̂  2 8
ac 2n sin9/2

• 16, 17I.e. the grating spacing . The acoustic wave propagation gives

rise to time-dependent spatially periodic changes in t!ie material's 

density and therefore its refractive index. By delaying the backward 

pump pulse the time-dependence of the induced refractive index changes 

is probed. The oscillation period of the signal beam is thus related to 

the acoustic period t = A /v where v is the velocity of ultrasound3. C 3 C

propagation in the solvent. As v may differ appreciably for various 

solvents the oscillation period observed should differ proportionally.

A similar investigation of signal intensity versus backward pump pulse 

delay for BDN dissolved in DKSO (dimethyl sulfoxide] showed this to be 

the case (Fig 3.6a). The oscillation period decreased to 2.68 ns in 

accordance with the increase in ultrasonic propagation velocity in the 

solvent from 1273 ms ^for toluene^^ to 1470 ms  ̂ for DMSO^^.

The oscillation period t was measured as a function of grating 

period (A e A ) by varying the angle 6 between the forward pump andclC

probe waves. A graph is shovvTi in Fig 3.7. Within experimental error the 

inverse slope of the graph is equal to the ultrasonic velocity in DMSO.
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Fig 3.7 Oscillation period (measured from fig 3.6) versus 
wavelength of induced acoustic phonons.

These results point to the mechanism of generation of the acoustic 

waves being due to optical absorption of the forward pump and probe waves

at the interference maxima, followed by local heating and subsequent

thermal expansion of the material towards the interference minima. This 

results in a decrease of the material's density at the interference 

maxima and a corresponding increase in density at the minima. The 

spatially periodic density changes cause temporally periodic phonons 

at ultrasonic frequencies to be launched in the material. Tlie change 

in density is a maximum at times t = t t / w  , 3ir/u) , Stt/w  etc. where
3 C  3 C  clC

w is the acoustic frequency w = v/X and is a minimum (i.e. uniform3 C 3C 3.C

density) at times t = 0, 2tt/w  , 4 it/w  etc. Thus the variably delayed3 C 3 C
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backward pump pulse undergoes maximum diffraction at times t = t t/cj ,3.C

Stt/ o) etc and no diffraction at times t = 0, 2Tr/o) 47r/oj etc. This ac ac ac
process is only observed using short excitation pulses.

In transparent materials the optical energy is coupled to the 

material's acoustic field via stimulated Brillouin scattering. Higher 

frequency photons from one pulse are annihilated to create lower fre

quency photons in the opposite pulse. Phonons of the difference fre

quency and wavevector are created and counterpropagating acoustic waves 

produced. This mechanism makes use of the relatively broad spectral 

linewidth of picosecond pulses. In this case the density returns to 

normal twice each acoustic cycle so that the variably delayed pump 

pulse undergoes no diffraction twice each acoustic cycle. The two 

mechanisms are thus easily distinguishable.

Optical generation of acoustic waves has previously been reported
1G 17 20for a variety of absorbing and transparent materials ’ ’ ' . The

technique employs crossed excitation pulses of picosecond duration 

to create counterpropagating waves. However, examination of the 

optically excited waves is accomplished by time dependent Bragg diffrac

tion of a variably delayed probe pulse from the laser induced grating.

DFWM provides a convenient method for generation of acoustic waves

which are tunable typically over four orders of magnitude to frequencies

up to 20 GHz. Amplification and phaseshifting of these waves has been 
20shown . They may be useful for acoustic holography and microscopy

and as a means of measuring anisotropic acoustic parameters in anisotro

pic media.
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CimPTER 4

ORIENTATION GRATINGS IN CONJUGATED ORGANIC MOLECULES

4.1 INTRODUCTION

In the DFV/M so far described the induced nonlinear response stemmed 

from concentration gratings established by parallel polarised pump 

and probe waves. For this configuration the intensity in the medium 

is modulated periodically in space but the polarisation direction is 

everywhere uniform.

In the experiments that follow, the probe wave is orthogonally 

polarised with respect to the two pump waves. The overlapping cross

polarised waves produce a polarisation direction in the medium that is 

periodically modulated in space and a uniform intensity distribution.

By this technique concentration gratings are eliminated and nonlinearities 

arising from purely orientational effects may be studied.

A range of dyes (8 in all) with absorption maxima falling between

0.5 ym and 1.6 pm were selected as nonlinear media. By working at 
3 +the fundamental Nd :YAG wavelength, 1.064 ym, off-resonant and resonant

third-order nonlinear susceptibilities are measured. Adhering to the

labelling convention of Chapter 3 the component of the third-order
(3)

nonlinear susceptibility for this polarisation configuration is X^yyx'

4.2 ORIENTATION GRATINGS

The spatial dependence of the polarisation direction in the medium 

induced by orthogonally polarised overlapping waves is complicated. The 

interference pattern produced by overlap at an angle 9 of the wavefront 

maxima of two fields E^ and E^ is shown in 1-ig 4.1.



4.1 Interference pattern created by overlap in 

medium of pump wave and probe v.'ave E^.

4.2 Variation of electric field amplitudes and hence resultant 

polarisation in the medium along the grating plane.
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is linearly polarised perpendicular to the page (z-direction). 

is linearly polarised in the plane of the page and has a polarisation 

component E^ cos0 along the x-direction.

At some particular instant in time a wavefront of the backward 

pump wave is incident at the plane indicated in the diagram.

The polarisation directions at points to + A/sin0 along 

this plane caused by the fields and are shown in fig 4.2. This 

pattern is periodic of period A = A/sin0. The backward pump wave 

thus encounters a spatially periodic polarisation direction. At 

points x̂  ± nX/sin0, n = 0, 1, 2 ,... the polarisation is always linear 

at an angle a = tan ^[Ej/E^I to the z-direction, since at these points 

the two waves Ê  and Ê  are in phase. Between these points the field 

becomes somewhat elliptically polarised due to the phase difference 

between Ê  and E^ and their differing magnitudes.

The effect on the medium is as follows:

The excited state concentration is uniform but has an orientation 

dependence proportional to

|r^^(0,<j,) .e(r) |2

where r^^(0 ,([)) is the matrix element of the dipole moment yj2  ̂

molecule with coordinates r,0 a.nd (}),and e (r) is the resultant polarisation 

vector at position r. The excited state concentration at points 

x̂  ± nx/sin0 is

AN  oc cos 2g

where B is the angle between e(r) and the orientation of the molecule of 

interest. Between these points the molecules aligned along the polarisa-
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tion experience preferential excitation.

Orientation gratings have been studied extensively in semiconduc- 
1-3tors . They arise through anisotropic state filling where carriers 

are preferentially excited to energy states of a particular k direction. 

Although the intensity throughout the interaction region of the medium 

is uniform the orientation of the excited states is periodic in space.

In liquids and liquid solutions two different processes can give 

rise to orientational gratings; alignment of the molecules along the 

field direction or distortion of the molecule's electron cloud by 

the field (see Ch.l), both of which lead to a transient refractive 

index grating in the material.

The first of these occurs in liquids composed of anisotropic mole

cules whose optical polarisabilities along different axes are unequal.

In the absence of a field the molecules of the liquid are randomly 

oriented and its refractive index is isotropic. The periodic polari

sation field induces dipole moments which exert torques causing the 

molecule to be rotated into alignment with the field. Consequently the 

refractive index becomes periodically modulated in space. The 

reorientation time of the molecules may be estimated using the Debye 

equation

4Trriâ
^o “ ~Yf

where n is the viscosity of the liquid, a is the radius of the molecular

volume, k and T are Boltzmann's constant and temperature respectively.

In CS^ this molecular Kerr effect forms the predominant contribution to
4its nonlinear index of refraction .
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In all materials, an electronic contribution to the nonlinear index 

of refraction can occur from an optically induced distortion of the 

electronic cloud distribution. This effect is generally considerably 

smaller in magnitude than the molecular orientational Kerr effect. How

ever it can be magnified in organic systems containing long conjugated 

chains where delocalisation of the ir-electron cloud along the chain is 

possible. The effect is essentially instantaneous 10 s.

4.3 EXPERIMENTAL INVESTIGATIONS IN S501

The experimental arrangement used is similar to that in fig.3.3, 

the only addition being a half-wave plate and a Glan-Thompson prism 

polariser placed in the path of the probe wave and an analyser positioned 

between the pellicle beamsplitter BS2 and the photodetector PD.

A 2mm quartz cuvette containing the S501 dye dissolved in 1,2-

dichloroethane constituted the nonlinear medium. A backward signal

wave was detected after optimum spatial and temporal overlap of the

incident waves was ensured. Its polarisation was parallel to the probe
(31wave. This would be expected for the X^yyx nonlinear susceptibility 

component. The dependence of the DFIVM signal peak reflectivity on 

incident pump peak intensity was measured. It was found to be quadratic, 

thereby confirming the third-order dependence of the signal intensity on 

the incident field intensity (fig 4.3). A peak reflectivity of 0.27 

was observed at a pump intensity of 0.8 GW/cm^. No contribution to 

the reflectivity was detected for a neat 1,2-dichloroethane sample.

It was found that the dye was most stable in substituted benzene 

derivatives, in particular o-dichlorobenzene.

(3)The third-order nonlinear susceptibility X^yyx measured for



S501 dissolved in three such compounds and is piven in table 4.1.

It was found that the neat solvents contributed noticeably to the re-
(3]flectivity of the solution. To estimate y for the neat solvents, ̂ xyyx

their reflectivity was measured and equations 3.7a and b were modified

4c^e /r n^
=  2------  4.1

3«) I l 2

as they are all transparent at the laser wavelength. These values

(second column Table 4.1) can be subtracted from those obtained for
(31the solutions to give x of the dye. The justification of this is  ̂ xyyx ^

that both nonlinearities whether electronic or molecular are Kerr-type 

and the nonlinear susceptibility components have the same sign. A 

value for the nonlinear susceptibility of

= (1.25 ± 0.4) xlO'19 n,2/v2xyyx

= (8 ± 3) x 10 esu

can be calculated for the dye. The lower value estimated for the o- 

chlorophenol solution is attributed to a solvent-solute interaction, 

most probably dimerization due to the acidic and polar nature of the 

solvent. This was confirmed by a blue shift in the absorption spectrum. 

The reflectivity therefore appears to be independent of the choice of 

solvent which is indicative of an electronic nonlinearity.

The temporal behaviour of the nonlinearity was investigated as be

fore by measuring the DFCTI signal intensity as a function of backward 

pump pulse delay (see Fig 4.4) for S501 in o-chlorophenol. A Gaussian 

of FWHM = 200 ps was computer-fitted to the data points. Assuming that 

the temporal pulse profile is Gaussian, this measured decay time agrees 

well with a value of 195 ps calculated for the intensity autocorrelation
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Fig 4.4 DFWM signal intensity as a function of backward pump 

delay with orthogonally polarised pump and probe waves for a 

solution of S501 in o-clilorophenol.
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function of and

(t) I (t-t ,) dtG

The FWHM of S(t^) is /3/2 times the pulse duration. The decay time of 

the grating is shorter than can be resolved by the 160 ps pulses although 

it can be safely assumed to be less than 80 ps. Similar results were 

obtained for the remaining solutions listed in Table 4.1. The possi

bility of the nonlinearity arising from a molecular orientational effect 

is ruled out as the rotational diffusion times of the large dye mole

cules is greater than 800 ps for o-chlorophenol and greater than 200 ps 

for the other solvents^.

4.4 INVESTIGATIONS IN A OF ORGANIC DYHS

Having ascertained that the induced nonlinearity in the dye mole

cule was electronic in origin, it was undertaken to examine the mag

nitude of the induced nonlinearity as a function of difference between 

the laser wavelength and the absorption maximum of the dyes. For this 

purpose a range of absorbing materials was selected, whose absorption 

spectra and structural formulae are shown in Figs 4.5a-h. The dye 

solutions are, in order of increasing wavelength absorption maximum; 6- 

Carotene/EtOH, DTTC/MtOH, DNTPC/MtOH, BDN/Toluene, A9860/1,2-dichloro

ethane, IR5/1, 2-dichloroethane, Nigrosine/H^O and S.SOI/c-dichlorobenzene. Of 

these iDOlecules only 6-Carotene has been shown to have a large electronic 

nonlinearity which has been explained is terms of Ti-electron delocali

zation along its long conjugated chain^'. Sec Fig 4. Sa.

The solutions were contained in 2 mni quartz cuvettc'S. The reflec

tivities were measured at a single incident intensity and at a jnjlse-
( n

width of 160 jis. Since the reflectivity decreases as (x )', the DIU'M
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signal was extremely difficult to detect using the IR viewer. It proved 

more effective to place an IR vidicon (photocathode type N214-02) 

in the path of the signal. Once a signal was observed on the TV monitor, 

it was verified to be a DFWM signal by blocking in turn each of the 

3 incident waves and observing the DFIVM signal to vanish. The vidicon 

was then removed, the signal optimised and its energy measured using 

the Si photodetector.

(31X was estimated for each of the solutions as described earlier, xyyx
(3)For dves transparent at the laser wavelength x was calculatedxyyx

using eq. 4.1. A list of experimental measurements and calculations 

is presented in Table 4.2.

f 31The decrease in x with increasing difference between the laser 

wavelength and the absorption maximum suggests that the observed non- 

linearity is in fact a resonantly enhanced electronic Kerr effect.

f 3̂Table 4.3 lists values of v the third-order nonlinear hyper-xyyx
( 3 ')

polarisability. This is related to x byxyyx

(3)
(3)  ̂  ̂xyyx__  ̂ 2
xyyx , ̂

L o

where L, is the Lorentz local field factor (Eq. 1.9 1 and N is the dye L  ̂  ̂ o
concentration. The conversion factor from SI units to electrostatic 

units is

Y = X 7.16 X 10^3esu 'SI

The use of hyperpolarisabilities rather than susceptibilities pro

vides a more sensible picture as to the magnitude of nonlinearity in 

the case of these dyes. It ignores the concentration of the material
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Table 4.1
(31Third-order nonlinear susceptibilities x for^ xyyx

the dye S501 in various solvents

Solvent (3)
^total (m2/v2) solvent (m2/v2) dye (m2/v2)

o-dichlorobenzene 1.61 X 10-^^ 0.39 X 10-^' 1.22 X 10-^^

o-chlorophenol 0.94 X 10"^^ 0.48 X 10-^^ 0.46 X 10-^'

chlorobenzene 1.5 X 10'^^ 0.32 X 10-^' 1.18 X 10'^^

1,2-dichloroethane 1.36 X 10-^^ 1.36 X 10-^'

Tab1e 4.2

Some solution parameters and measured
C31

third-order nonlinear susceptibilities for the range of dyes

Dye T n R

B-Carotene 1.0 1.3 < 0.0010 < 0.2 X 10"20

DTTC 1.0 1.3 0.0054 0.8 X 10'^°

DNTPC 0.94 1.3 0.0074 1.02 X 10"^°

BDN 0.53 1.49 0.011 -201.7 X 10

A9860 0.65 1.45 0.023 -201.75 X 10

IRS 0.55 1.45 0.021
_20

2.13 X 10

Nigrosine 0.38 1.33 0.0056
_20

2.62 X 10

S501 0.67 1.55 0.27
_19

1.25 X 10
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Table 4.3 

Conversion of third-order nonlinear 

susceptibilities to third-order hyperpolarisabilities

3 -Carotene 0 .  7 2 6

No 
2 X

(m"^)

1 0 ^ 3

Y (V 2 m ^) 
- 4 4

< 1  X 1 0

DTTC 0 .  7 2 6 2 . 5 X 1Q2 3
- 4 4

4 . 9  X 10

DNTPC 0 .  7 2 6 4 . 3 X 1 0^2 - 4 3
3 . 2 7  X 10

BDN 1 . 2 3 1 . 6 X 1Q22 8 . 6  X 1 0 ‘ ‘+3

A 9 8 6 0 1 . 1 5 . 8 X 1 0 2 l
-Li92.7 X 10 ^

IRS 1 . 1 1 X 1 q 2 2 1 . 9  X 1 0 ‘ ‘*^

Nigrosine 0 . 7 2 6 4 . 2 X 1 0 ^ ^ 7 . 2  X 1 0 ”

S 5 0 1 1 . 6 5 5 X 1 0 ^ 2 1.27 X 10



-  89 -

which varies over a few orders of magnitude.

In the following chapter a rigorous quantum-mechanical perturba

tion theory is described which seeks to explain at a more fundamental 

level the results just presented.
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CHAPTER 5

USE OF DIAGRA>'!MATIC TECHNIQUES IN EVALUATION OF 

THIRD-ORDER NONLINEAR HYPERPOLARISABILITIES

5.1 INTRODUCTION

5.1.1 The Density Matrix

In the semiclassical treatment of the interaction of radiation 

with matter the radiation field is written as a classical electromagnetic 

wave and the atom or molecule is treated as a quantum-mechanical system. 

The evolution with time of the system is governed by the time-dependent 

Schrodinger Equation

ih 6/6tj'|)> = H|i|j>

Its solution may be expressed as a coherent superposition state whose 

state vector is

i | i > = y C  ())> 5.1I r n ' ̂ nn=o

Ihe 1 (j) >s are eigenvectors describing the energy eigenstates of 

energies Ê . The magnitudes of the expansion coefficients C^ represent 

the probability amplitudes of finding the system in energy eigen

states at a time t. The precise state of the system is unknown

because of the uncertainty in the probability amplitudes. Consequently 

the expectation value of any Hermitian operator corresponding to an 

observable of the system is quite meaningless unless it can be evaluated 

from an average over the incompletely known values |C^p. The expecta

tion value of a Hermitian operator A is

<il>|A|tj;> = y C * C <(}> Ia Ic}) > 5.2' '  ̂ n m n ' ' mn,m

and taking an average over the coefficients C^ gives
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<i|;1a |i}j> = y C * C <({) |a |(J >' '  ̂ n m n ' ' mn ,m

The notation may be simplified so the equation becomes

A = y C * C A ̂ n m nmn,m

A matrix element p = C * C is defined such thatmn n m

A = y p A ̂ mn nm n ,m

= trace (pA)

The average A is thus a statistical average of quantum-mechanical 

expectation values - it is essentially a double average. Of most sig

nificance is the matrix p which is referred to as the density matrix.

As is evident from Equations 5.4 and 5.5 its diagonal elements p̂ ^̂  are 

the probability amplitudes of finding the system described by the state 

vector li(j> [equation 5.1) in the eigenstate described by 1 • The

off-diagonal elements p^^ (n  ̂m) represent the coherence between

superposition states.

Thus, from a knowledge of the density matrix, the average expectation 

value of any Hermitian operator corresponding to an observable of the 

system can be evaluated. It provides an alternative means of represen

tation of the mechanics of the system.

Remembering that p = C * C , one can write mn n m

5.3

5.4

5.5

5.6

p = <iJj I d) > <d) I i l i >mn '’̂n m̂' 5.7

<4> < il/ <J) >m ' ' n 5.8

The density operator
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P i|j> <(|j 1 5.9

can be defined such that

Pmn 5 . 10

In order to discuss an average over the coefficients and 

one must have an ensemble of quantum-mechanical systems. More often 

than not, the ensemble contains a distribution of quantum states. The 

probability of finding the state |ij;> in the ensemble is denoted by . 

In this case the density operator becomes

where the summation is over all quantum states.

5.1.2 Approaches to Evaluating Density Matrices

The response of an isotropic medium to applied radiation fields 

is measured by the ensemble average of the expectation value of the 

induced dipole moment - i.e. the polarisation. The ensemble average 

accounts for physical uncertainties associated with quantum states of the 

system. In terms of the density matrix, the polarisation of the medium

where y is the dipole moment operator.

Higher-order (nonlinear) polarisation or susceptibility components 

may be evaluated using eitlier of two approaches. The first of these in

volves solving an equation of motion to the desired order for the 

density operator using perturbation theory^. This is useful for lower-

p = I p,|, 5.11

IS

P(r,t) = trace (p y) 5.12
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order perturbations. For higher-order perturbations the detailed

calculations of the perturbative techniques can be avoided using a
2-4diagramr-'iatic approach Developed from a general expression for 

the n^^-order perturbation term of the density matrix operator - 

each term of the density matrix for any order of perturbation can be 

expressed as a diagram. The diagram illustrates clearly the specific 

perturbation sequence which gives rise to a particular term of the 

density matrix. A set of rules is established which can be applied 

to any specific diagram to evaluate the density matrix element corres

ponding to it. By this technique characteristics such as time-ordering 

and damping are rigourously accounted for, in contrast to the pertur

bation approach which may only be applied to non-resonant interactions.

In the following section an expression for the n^'^-order density

matrix used as a starting point from which the diagrammatic technique 
2is formulated , is derived.

i~ Vi
5.2 DERIVATION OF n -ORDER DENSITY MATRIX

5.2.1 Time Evolution of a Quantum Mechanical System

Consider a quantum-mechanical system described by a state vector 

|î >. The evolution with time of the system can be described in the 

interaction picture, where the Hamiltonian

H = H + H' 5.13o

is written as the sum of the unperturbed Hamiltonian and the pertur

bation operator (interaction Hamiltonian) H'. H^ describes the evolution 

of the system in the absence of a perturbation and H ' describes the 

interaction of the system with the radiation field. In the interaction 

picture, the wave function becomes^
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and the operators

A(t)j = (t, t^) A(t) V^(t, t^) 5.15

where V ft, t 1 = expiH (t - t ]/h. The effects of H' are manifestedG O ^ o o
through the time variation of the states |ilj(t)>j. Using a perturbation 

expansion to follow the evolution of the state |i);> with time, substitute

,(n) 5.16

and

H i - .  A H j -

in the Schrodinger equation

ih 3 1 ii)(t)> j/6t = Hj' l»l̂ (t)>j 5.17

l(J;(t)>j can be expanded as a power series in X. Equating terms with 

equal powers of X gives

ih (t)>i = 0 5.18a

and

ih 3/3t (t)>i = (t)>j 5.18b

Initially, t = t and the whole state is zero-order, therefore

k(t^)>j = (t^)>j 5.19a

and

° 5.19b
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The solutions of 5,18a and b subject to 5.19a and b are

(o) 5.20a

and

(t)>j = Cih)'^ Hj' (f) 1 4 ^ (t')>j dt' 5.20b

5.20b can be solved recursively

l/"’ (t)>j = (if,)-" “*n-l

Substituting this in 5.16 gives

5.22

where

Vj(t,t^) = 1 + (ih) - 1 -2 Hi'CVdt^

5.23

V^ft.t ) relates the state at a time t to that at time t . In the I o o
Schrodinger picture the state is expressed as

5.24

Since the two pictures coincide at time t
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5.25

5.26

V(t,t^) is the time evolution operator in the Schrodinger picture. The 

interaction Hamiltonian in equation 5.23 becomes, in the Schrodinger 

picture Hj'(t) ~  ̂ (t) V^(t,t^) and V(t,t^) can clearly

be written as

5.27

with
t tn

.
t t

[V (t ,t ) H'(t )V (t ,t ) o  ̂ n o n o n o

o o o

-  1 -1(t ,t )H'(t )V (t ,t )...V (t,,tjH'(t )V (t .t )]  ̂ n-i o n-i 0 n-i o o  ̂ i o:̂ i o l o

X dti dt^ .... dt^ 5.28

where V V t  ,t.) = V (t, ,t ). Using V (t ,t.) V (t, ,t ) = V (t ,t ) o  ̂ a ’ b o b a-̂ ® o a’ b o b c-̂  o a c-̂

gives

V^^^(t,t^) = (ih)-"
t t• n

t t

[V (t,t ) H'(t )V (t ,t ) H'(t ) o ’ n  ̂ n^ o n n-i n-i

o o o

X V (t ,t,) H ' [t )V (t ,t )] dt, dt„ .. . dt 5.290 2 1  l o l o 1 2 n

is the time evolution operator for the unperturbed system. Expres

sion 5.29 describes unperturbed propagation from t^ to t^, t^ to t^
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t to t (represented by the V factors] with interactions at times n o
t^, tg - t^ manifested through the \A'/ ifi factors.

5.2.2 Considerations specific to the Present System

It can be assumed that the intervals between interactions are 

large compared to the interaction time. If the intervals are considered 

to be infinite, the lower limits of integration tend towards and the 

upper limit t = t is replaced by +°°. However, if V^(t^,t^) is every

where replaced by V (t ,t, ) 6(t - t, 1 where the function 6 vanishes for*  ̂ o a b a b
tb  ̂ ^a otherwise equal to unity, then the upper limits may all

be replaced by

However, as each integration in equation 5.29 involves the upper 

limit of the previous one, the integrations can only be performed in 

a specific order. By replacing both the upper and lower limits by +“ 

and respectively, this restriction is removed and the labels dt^... 

dt^ can be permuted in n! ways - each one corresponding to a specific

time-ordering. Thus in addition to the unit step functions 0(t - t ),3. D

a time-ordering operator is introduced which specifies the order in 

which the integrations are carried out.

Finally, in the coordinate representation is explicitly the

retarded Green function propagator^, , (for t > t^) associated with 

the unperturbed Hamiltonian H^

( x l v  (t,t M x ' >  = K *(x,x';t,t )' o o ' o o

= y 1<() > <(|) .1 exp-iH (t - t )/h 5.30^ , n ^n'  ̂ o on n'

As the position coordinates remain unchanged for the duration of the 

interactions the matrix element becomes

<x|v^(t,t^) |x> = (x, x; t,t^)
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= y u> > exp-i H (t-t )/Ti' n n o 0n

exp-i H (t-t )/!i o o

o o

so that under these circumstances V and K are equivalent and *=K-1, 
o ' o

Incorporating these ideas, equation 5.29 becomes

(t,t^) = (iTi) -n

-00 -CO ~co

V (t,t ) H'ft ) ...V (t,t,)H'(t,)o n ' n 0 2 1''

• • •  ^O I o n  ̂ o

X dt, . . . dt1 n 5.31

The density matrix at a time t may now be expressed in terms of the 

state vectors lijj> at a time t^. Combining equations 5.9 and 5.25 

gives

5.32

t hThe n -order perturbation term of the density matrix p(t)

Z p (t) is

M\t) = V*^"^(t,t^) |ij;(t̂ )> <i/̂ (t̂ )| (t,t^) 5.33

,-lThis may be written using equation 5.31 and replacing the V and V 

propagators by the retarded and advanced Green's function propagators

if-'" I J
ij k=o

Ko
_ oo _ 0 0  _ 0 0
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<i| kCt^)> lj> <j| Ct^', t^)

K Ct, t )o n n

6(t - tJ] dt 1 ô  ̂av 1 dt dt ' n 1 dt ' , 5,34n

where |i> and jj> are eigenvectors describing the initial states of 

the system. Froiri equation 5.9

thEquation 5.34 is thus identical to the expression for the n -order 

density matrix given in ref. 2.

lity amplitudes of and the coherences between states of the system 

following n interactions with the radiation field. A fraction k of 

these interactions may occur on the wavefunction and the remaining n - k 

on its complex conjugate. A summation over all possible k values is 

therefore necessary.

A summation over all possible initial eigenstates |i> and <j | must 

also be included. More generally however i = j.

The time-ordering operator arises because the density matrix is a 

statistical average of the product of the wavefunction and its complex 

conjugate - each of which represents a possible evolution of a molecular 

state. A given sequence of interactions between the radiation fields 

and the wavefunction can have different relative time-orderings with 

respect to the sequence of interactions between the complex conjugate

The matrix elements of the operator (t) represent the probabi-
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wavefunction and the fields. The relative time-ordering is specified
f  ■ n ' \

by P. To obtain a complete solution for p (t) all time-ordered 

solutions must be accounted for.

The average [ ] , denotes an average over statistical para-3.V

meters such as collisions, thermal velocities etc.

In> < n '

<h l

H(t,
H{t;)

Fig 5.1 Double-sided Feynmann diagram representing 

evolution of a quantum-mechanical system.

H'(t) is the perturbation Hamiltonian -j y.e exp(iwt) in the 

dipole approximation.

The variables labelled t^' t^' ... simply distinguish interactions 

associated with the complex conjugate wavefunction from those associated 

with the wavefunction. The choice is arbitrary but convenient.
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5.3 FORMULATION OF RULES FOR EVALUATION OF THE DENSITY MATRIX FROM A 

DIAGRAMATIC REPRESENTATION

5.3.1 Introduction

An n^^-order density matrix element can be represented diagramati-
2cally as shown in Fig. 5.1. The time axis is in the vertical direction. 

The l.h.s. of the diagram shows the evolution of the wavefunction with 

perturbations H'(t^), H'(t^) ••.. The r.h.s. represents the evolution

of its complex conjugate with perturbations H'(t^') H'(t^')......  The

photon interactions corresponding to emission and absorption are re

presented by ascending and descending squiggley lines respectively. In 

total, there are n single photon interactions, k on the ket side and 

n-k on the bra side. For a specific choice of P, there are 

n!/(n-k)! k! possible time-orderings of interactions on the ket side 

with respect to those on the bra side.

It should be noted that, as there is a phase difference of ti be

tween the wavefunction and its complex conjugate, successive interactions 

on the bra and ket sides of the diagram are not coherent.

The present discussion is confined to single photon interactions.

5.3.2 Inclusion of Damping Terms

The decay with time of the diagonal components of the density matrix 

correspond to populational decays. Populational decays are characterised 

by a decay constant T ^ , referred to as the longitudinal decay constant.

The off-diagonal elements represent superposition states created 

by absorption and emission operations. The dephasing of the superposition 

states in time is represented by the transverse decay constant T .
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Linewidths and damping are governed by the dephasing of superposition 

states.

If linewidth and damping are neglected the off-diagonal elements 

are irrelevant and the and K factors defined by equation 5.30 

are independent of time-ordering and the average [ ] is the product3.V

of the averages of the independent K factors. The evolution of the 

wavefunction is therefore independent of the evolution of its complex 

conjugate. In the limit of negligible lifetime and collisional broaden-
g

ing this is the case . The resulting non-time-ordered term is equivalent 

to the sum of all possible time-ordered terms.

+ —When coherence loss and damping are introduced, the K and K factors 

cannot be specified independently in the [ ] of equation 5.34 as3.V

they are linked by time-ordering.

By writing

K(t ,t ) = K‘̂(t t ) K‘(t , t ) 5.35
2 1 2 1 2 1

and

kct^.t^) = K(t^’,t̂ )

we get

KCt^.tj) = K^t^.tj') K~(t^,t^'] K\t^', t̂ 3 K'(t^-, t^)

= K( t ^) K(t^) 5.36

where the ts and t s  are indicated in fig. 5.1. For the period of overlap 

of the intervals t^, t̂  and tj', ^2 '> average product [K K ] can be 

specified. The products K K in equation 5.34 can therefore be written
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as products involving the intervals between interactions. Since the 

intervals are independent and non-overlapping they can be averaged 

over independently. The matrix elements

<a|K'^(T)lb> <c |K (x)|d> = <<ad|[K(x)] |bc>>3-V

when averaged are written

<<ad|ACx)|bc>>

9Using the isolated line approximation the matrix elements of A(x) 

are of the form

where

“ *b a* " ’'ab * **ab

Y , = ♦ i(r t r,) 5.38bab 'ab  ̂ a b

d) = Y ^  + r = (j) 5.38c^aa 'a a ^a

l/Tĝ  is the natural lifetime of level a. (})̂  ̂ is the pure dephasing
c crate from b to a , account for collisional broad

ening, frequency shifts and the inelastic collision frequency of 

level a respectively, is the complex frequency correspon

ding to the superposition state of energy .

For interactions up to a time t2 one has under the integral in 

equation 5.34

K"(t2,t^)H' (t^)K''(t^,t^) |i > <j |K“ (t^,t^')H-(t^')K‘(t^',t2)
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Using equations 5,35 and 5.36 gives

K'’(T2)K‘' ( T p H ' | i >  <j|K (■̂ 0 ) * ^ ' (t̂ )

Writing out the matrix elements with reference to fig. 5.1

IgxglK'^CT^} lg=’<gk'^(T^) IgXgiH' |i><i|K'^(T^) |i>

X pf°^ I jxj |k' :t )̂ I jxj |H' |hxh|K (x̂ ) |h><h|

The statistical average is written

lg><h|pf°^ (t^)«gh| ACt )̂ |gh>x<gj Ia (t )̂ |gj>x<ij |A(t )̂ |ij»

X <g|H' (t2-T2-T^)ixj |H' (t^-T2) |h>

Equation 5.34 is now of the form

. . o o
P (t) = I d(-Tj) d(-T2)<<ghlA(T2)|gh>>i j  Jt-t -T_-T,... t-t -T - ...O 2 3 0 3

X <j |H' (t-T^-Tg. . .)/ih|h>«gj IA(t )̂ |gj»

X <glH' (t-T^-T^-. . .)/ifilix<ij IA(t )̂ lij>> (t̂ ) Igxhj

5.39

Integrating over and and taking the limit as t^ -> gives a 

steady-state value for (t). The electric dipole approximation

gives H'(t-xj-x^-...) = -i y.E^ exp(-iw 1 (t-x^-x^-••.)) and

H'(t-x^-x^-...) = j exp(+ia^t-X2 - ...)). As an initial

condition

p [t ) exp[ + i(o).. - i(j)..)t ] =ij o  ̂ ij ij ij



and f i n a l l y
0 0

d(-T^) I d ( - T ^ ) |g> exp(-iw(t-T^ ))
oo oo

X <g
2

1> p. . 11 <j I ^  |h> e x p ( + i w 21J 9 ^

5.40

5.3.3 Evaluation of Density Matrix Element

As this is the solution to a general expression for the density 

matrix operator a set of rules can be devised which enables the 

density matrix to be evaluated from any diagram representing a nonlinear

2. Following the diagram in time, multiply by the matrix element 

of the first interaction, which in the case of fig 5.1 is

3. Multiply by a propagator to get to the next interaction vertex. 

The propagator is given by the inverse of ±;

(i) the sum of photon energies corresponding to absorption

operations up to and including the interaction in step 2.

(ii) minus the sum of photon energies corresponding to emission

operations up to and including the interaction in step 2.

2optical process . The rules are as follows

1. Begin with the initial value of the density matrix element P
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[iii) minus Ti times the complex transition frequency of the 

superposition state which the system enters following 

the interaction in step 2.

(iv) plus h times the complex transition frequency of the initial 

superposition state (usually =0).

The + is taken if the interaction took place on the ket 

side and - is taken for the bra side.

For fig 5.1 the propagator is

l/h((jj, - 0) . + id) . + 03. . - id). .)
1 gJ SJ iJ iJ

4. Repeat steps 2 and 3 for each interaction up to a time t.

5. Multiply by |n><n' | to get the density operator at time t.

Usually p 5"?̂ = 6. . p and w. . - itf). . = 0.ij ij ij 11 11

5.4 DIAGRAMMATIC TECHNIQUES APPLIED TO DFWM IN A TWO-LEVEL SYSTEM 

5.4.1 General Expression for DFWM

As the TT-electron excitation in the dyes investigated is induced

by a single photon transition from the ground state to the first ex

cited singlet state, a two-level description of the dye system is 

sufficient.

The steady state third-order polarisation can be made up of 48

terms oscillating at a frequency double

sided Feynmann diagrams this corresponds to the number of permutations 

of arrangements in time of photons interacting with the wavefunction 

with respect to photons interacting with its complex conjugate. In



-  107 -

( a )

l<2

^3

1 1 > < 1 1
(b)

I 2 >

il>l

!2 >

-  t  =  t

< 1 1n >

< 2 1I 2 >

( C ) I 1 > < 1 1

I 2 >
<21

1 1 >  G < l l

< 1 1ll>

!2>

< 2 1

I 1 >  g  < 1 1

(e)

t = t

l l >

< 2 1

< 2 1

\<2

*<3

( f )

k2

< 1 1I 1 >

I 2 > <21

( 8 )

^̂2

< 1 111>

t = t

<21

l l>  G <11

< 1 1

<21

12>

Fig 5 .2  E i g h t  t i m e - o r d e r e d  Feynmann d iagrams  f o r  DFVvT̂' in  a two- 

l e v e l  s y s te m .  F ig s  (e)  t o  (h) a r e  t h e  complex c o n j u g a t e s  o f  (a)  t o  (d)
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A D

o

r

I 2 >

(1> 'ir >r

T

±

>-  I

Fig 5.3 Representation of the time-ordered DFWM interactions in 

Fig 5.2 by energy level diagrams. The dotted lines are bra 

interactions. Ket interactions are represented by full lines.
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DFIVM, the degenerate frequencies reduce the number of terms to 16 for a 

given time-order. The double-sided Feynmann diagrams representing

eight of the DFIVM interactions, are shown in fig. 5.2. The remaining

interactions are those with wave-vectors and ]<2 interchanged. The 

corresponding energy level diagrams are illustrated in fig. 5.3.

To evaluate the density matrix elements at a time t (indicated in

fig. 5.2) the rules listed in the preceding section are used. The den-
(31sity matrix elements P2 1  first four diagrams are

= <2| - Vi.e jl >  <ll- y . c * | 2 x 2 l  - u . e2 |l> | 1> <1

exp i(u)t + z)

(2Ti)̂  (Aci) + i<J>2i) 5.41a

= <2| - p.ejl> <2| - vi.e*|lxll - y.cj2> | 1> p <1

x 1 exp i(wt + k^z)

(2h) ̂  (Au + i<l)2i3 ^‘J’2 5.41b

P2^J^ =  < 2 |  - p . E i | 1 > < 2 |  - y . E 3 * | l > < l |  - y . e j 2 >  | 1 >  < l j
exp i(o)t + k z)

5.41c

P ^ f  = <2| - y.ejl><2l - Vi.£3*11x11 - Vi.E2i2> |l> <1

exp i(wt + k^z)

(2Ti)3 (Ao) - ic})̂ )̂ (Ato + i<|)2i) i4>̂ 5.41d

The elements corresponding to the remaining four diagrams are tlie 

complex conjugates of equations 5.41a to 5.4 Id. Assuming at this stage that
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the direction of y and the electric field direction coincide, the matrix 

elements < 2 \  -  vi.ejl> become V>21^2 where expectation value

of the dipole moment operator. Tlie term |l> represents the

population of level |l> at a time t = Equations 5.41a to 5.41d

can now be written as

P2,(t)  12

(2fi)3 (Aw + i < p ^ ^ )  i < p ^ 5.42a

21

' 12

(2h)3 (Au + i(J>2̂ ) i<t>^ 5.42b

" 2 1 ■

12 + kgZ)

2 1 -
5.42c

ct, = I  U l 2 I exp i (cot + k^z)

(2Ti)^ (Au - i(t>̂ )̂ (Au) + i(()2j) i(J>j 5.42d

The total density matrix element is then the sum of equations 

5.42a to 5.42 d plus their complex conjugates, multiplied by two (to 

account for the fields and being interchangeable). The average 

expectation value of the dipole moment operator - the polarisation - may 

now be evaluated. Using equation 5.12 the third-order polarisation is

P*-^^(r,t) = trace
0 Pj2 ' Pll P 2l '

^21 0 P21 P22
I. J >
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' i l l  '' 1 1

(2h}3

exp i (u)t + 1< 3) + c , c .
5,43X

11This expression is similar to that derived by Gower for the 

third-order polarisation giving rise to DFIVM in narrow-band, two-level 

systems near resonance. However, it can be extended to describe the 

broad band dye systems studied here, which, as already stated, are ade

quately described by two levels.

5.4.2 Extension to Conjugated Organic Molecules

In narrow-band two-level systems such as atomic sodium vapour the 

energy level populations decay radiatively at a rate 4>^>2 ~ ^ i >2 

the total nuraber of molecules contributes to the nonlinear polarisation.

This is not the case in organic systems, where, the non-radiative

decay rates Knonrad are appreciable and often orders of magnitude

greater than K ,. The effect of KT'anrad nonraa. is accounted for in the term

(equation 5.38c)

1 ,2 r

In the organic molecules

r 1/t nonrad

so tlie term (l/t|)̂  + I/412) in equation 5.43 bccomcs
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1 1
+c „ c

S  * ’' i  "̂ 2 •  ’'2

2 (}) T F rad

where (J) is the fluorescence quantum yield defined in equation 3.4. 
r

This implies that only molecules which decay radiatively contribute

to the nonlinear polarisation. In organic molecules where the fluores-
-  . . .cence quantum yield is as low as 10 , the nonlinear polarisation is

considerably reduced. Consequently, organic molecules with high 

fluorescence quantum yields are suited to efficient DFW!.

It should be mentioned that the induced nonlinearity decays with the

coherence dephasing rate (j>̂  ̂ = 1/T 10̂ ^̂  s However, as the excited

state population decays as ~ 10® s \ the maximum repetition

rate is limited by t , and not T . .rad 2

A further factor to be considered is that in liquid solutions the 

transition dipole moments of the solute molecules are randomly oriented. 

Thus an average over all orientations must be calculated. For cross

polarised pump and probe waves the electric field components along the 

transition dipole moment vector ^ particular molecule are

respectively for the forward pump, backward pump, probe and phase con

jugate fields;-

E COS0, E COS0, E * cosX and E cosX.1 2 ’ 3

The angles and polarisation directions arc indicated in fig 5.4. It

can be siiown that cosX = sinQ cos4>. The average over all possible 

orientations is
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u^sin^X =u^sin^0sin^0 + u^cos^Q

Fig 5.4 Orientation of molecular transition dipole moment y 
v\'.r.t. electric field vectors ^2 and .

,21T
- 1 cos- de cos^<f> d(p

= 1/15

For parallel polarised pump and probe waves the integral is

4tt - 1 cos sin0
2 it

d(J)

= 1/5

The tl'.ird-order hyperpolarisability components and y^^^* xxxx xyŷ x
in isotropic media arc consequently related by

(.3) xxxx
''̂ xyyx “ —-----

,12as cxpccted
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We can now write

’^ ^ ^ f r , t )  = V e [L N y  . 3 )  ■" - - -  e xp  i Cwt  + k . z )  + c . c .4 o L o ' x v v x   ̂  ̂ 3

G F £
1^2 3

Substituting

5.45a

2iN Ivj 1"̂O ' 12

sri3 (Ao) + i / T  ) 2

V  ^^rad
(Ao)- i / T ^ }  (Ao)+ i / T ^ ]

X E E C  exp i(wt + k z) + c.c. 
1 2  3  ̂ 3 ^

5.45b

5e h c
I 2 - O

12 2 w 3 T , o rad
5.46

for the transition dipole moinent and equating 5.45a and 5.45b gives

8 e ĉ  1
1y I =  5------      ^  5.47

Ti l/  oj  ̂ n̂  T , T (Acj2 + (1/T )2) ^L 0 rad 2 >- / 2'' ''

The relevant parameters are listed in table 5.1. In table 5.2 values 

of y ^ y y ^  predicted by equation 5.4 7 are compared with measured values 

from table 4.3.

Values for were calculated from absorption and fluorescence

spectra using equation 3.4. The integrations were simplified as 

the spectra were stored in computer memory. Values for T^ were es

timated from the inverse linewidth of the absorption spectra.

Agreement between experiment and theory is remarkably good con

sidering the number of variables to be measured experimentally with 

errors ranging from 5 to 20%. In addition,the derivation of the ex

pression for Y is based on a quantum-meciianical approacii and there are
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Table 5.1

Parameters used in calculation of the third-order hyperpolarisabilities 

of the series of dyes. ())p was calculated from wherever values

of Tj, are known. For the remaining dyes a value of 10 is assumedr

to be reasonable. This value is also assumed for BDN as the relation 

4>p = f/ does not hold for this compound *see ref 5.18)

0) (s” ^) Ao) (s T^^^(ns) T^(ps) T^Cfs)

DTTC 2.5 x 10^^ 7.34 x 10̂ *+ 12 2000 18.7 1.67 x lO’̂

DNTPC 1.89 X 10^^ 1.2 x 10̂ *+ 54 - 7.6 1.0 x lO"

BDN 1.81 x 10^^ 0.41 X 101“+ 56 5600 14.8 1.0 x 1 0'

A9860 1.76 X lO^^ _ 28 7.0 18.1 2.5 x lO'

IR5 1.73 X 10^5 _ 3 7 2.7 18.5 7.3 x lO” ̂

Nigrosine 1.65 x 10^^ - 3 - 4 0  1.0 x 10 ^

S501 1.26 X 10^5 _ 90 17 15.3 1.89 x lO"^

Table 5.2

Third-order hyperpolarisabilities calculated 

using equation 5.47 compared with measured values from table 4.3

Y (V"^ m Y (V ^ m-

DTTC 9.5 X lO'*^^ 4.9 X lO"***̂

DNTPC 1.16 X 10"‘*̂ 3.27 X lO'^*^

BDN 2.7 X lO''*^ 8.6 X 10‘‘*3

A9860 4.9 X lO’**̂ 2.7 X lO'**^

IRS 1.26 X 10'*^^ 1.9 X 10'‘̂2

Nigrosine -uo3.25 X 10 -  Lf Lf7.2 X 10

S501 2.56 X 10"‘̂^ 1.27 X lO'**^
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no adjustable parameters. Of significance is the fact that the 

theoretical values of y for dyes whose absorption maxima fall to the 

long wavelength side of 1.064 vim agree well with experimentally mea

sured values if Aw is taken to be zero. This indicates simply that 

the dye absorption is inhomogeneously broadened.

5.5 CO^:PARISON WITH OTHER MODELS

Many alternative approaches to calculating nonlinear hyperpolarisa-

13 14bilities in conjugated organic molecules exist ’ . The feature common

in all of these, however, is that they only apply to materials in

their transparency region - between the main absorption peak due to

band to band 7f-electron transitions and bands due to vibrational modes

of the chains. From these models, an off-resonant contribution

y ,to the third-order hyperpolarisability can be calculated,'oxr-res r

^tot ~ ^res  ̂ ''^off-res

Yres being the resonant contribution predicted by the diagrammatic 

technique presented in the previous section. This off-resonant contri

bution arises from delocalisation of the -rr-electrons and is found to be 

very strongly dependent on the delocalisation length along the chain.

In ref. 14 a dimensionless parameter, N^, is defined for an infinite 

chain. This is the delocalisation parameter and represents the extent 

of delocalisation. Bond alternation and bond superalternation reduce 

the actual number of bondlengths over which electrons are delocalised - 

the latter moreso than the former^^. For infinite bond alternated and

bond superalternated chains it is predicted that y varies as the sixth 
14]iower of Kj . For finite chains, provided that N r e m a i n  less than 

the number of bond lengths, N, the same dependence holds, l-'or > N,
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destructive interference due to the reflection of it electrons from 

the chain end becomes important so that y is reduced. In the absence 

of bond alternation, bond superalternation and heteratomicity, de

localisation is complete. In such cases, e.g. for cyanine dyes y is
13predicted to vary as . It will be assumed that this is the

case for the molecules investigated. In order to calculate the off-

resonant contribution to y the free-electron model used by Rustagi 
13and Ducuing is adopted.

The organic system is modelled as a degenerate electron gas 

with N electrons (corresponding to the tt electrons of the conjugated 

chain) in a 1-D box (the molecular backbone) of length L. The box 

length L may be expressed as L = 2S,(j + 6) where i is the average C-C 

bond length and 6 accounts for the contribution to the effective length 

from the endgroups and j is the number of double bonds. Taking 6 = 1 ,

N may be written N = 2 (j + l),so L = JIN.

Using perturbation theory to evaluate fourth-order perturbation 

energies induced by electric dipole interactions of the form H' = -y.E, 

an expression for the third-order hyperpolarisability is derived.

128 L̂ °/2 N/2 f 2 140 440
Y =   I ----------- + --------- -------

a 3 e2 n=l 9iT̂ n® 3ir®n®o  ̂ ^

where a^ = h/me^ is the atomic Bohr radius. Thus a strong dependence 

of Y on L is predicted and through equation 3. 2 where N = L/H.y can 

be observed to increase with increasing long wavelength absorption 

maximum.

Values for N and L are estimated using equation 3.1. Listed in 

table 5.3 are estimates for the off-resonance contribution to y xyyx
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Table 5.3

Third-order hyperpolarisabilities calculated 

from the free-electron model

3-Carotene

DTTC

DNTPC

BDN

A9860

IRS
Nigrosine

S501

N j + 1 = N/2 L/2

9 4 6

12 6 8.5

16 '8 11

17 9 12

17 .9 12.2

18 9 12.5

18 9 13

24 12 17

Y fesu)xxxx
1 X 10 - 3 4

1.76 X 10 31+

7.94 X 10 - 3 4

1.15 X 10 - 3 3

1.35 X 10 - 3 3

1.72 X 10
- 3 3

33

2.5 X 10

1.03 X 10 - 3 2

B-Carotene

DTTC

DNTPC

BDN

A9860

IR5

Nigrosine

SSOl

Table 5.3 ctd.

xyyx 
3.1 X 10

(esu) 
-96T

3.5 X 10 - 3 5

1.5 X 10 - 3 4

2.15 X 10 - 3 4

2.5 X 10 ■34

3.25 X 10 - 3 4

4.7 X 10 ■34

1.93 X 10 - 3 3

The values of y are multiplied by a correction factor of 9/16 to xyyx
account for the 120° bond angles present in cyanine dyes.
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p r e d i c t e d  u s in g  t h e  f r e e - e l e c t r o n  model where y i s  r e l a t e d  to  ^ xyyx

y as b e f o r e .  R e l a t i n g  th e s e  v a lu e s  o f  y t o  t h e  c o n ju g a te d  cha in  xxxx

lengtl i  (see F ig s .  4 . 1 a  - h ) , y i s  observed  t o  i n c r e a s e  w i th  i n c r e a s i n g  

cha in  l e n g th  L. The anomalously low v a lu e  f o r  B -ca ro tene  i s  pe rhaps  

due t o  th e  p r e s e n c e  o f  b o n d - a l t e r n a t i o n  which i n c r e a s e s  i t s  energy 

gap and r educes  i t s  d e l o c a l i s a t i o n  le n g th .  Such c o n s i d e r a t i o n s  were 

not  accounted  f o r  by t h e  approach taken  h e re .

I t  i s  i n t e r e s t i n g  t o  n o te  t h e  dependence o f  y on t h e  energy  gap,

E in  v a r io u s  t h e o r e t i c a l  models .  In r e f .  15 t h e  o r g a n ic  molecules
i s  t r e a t e d  as a one -d im ens iona l  semiconduc tor .  The i r - e l e c t r o n s  o r  

va lence  e l e c t r o n s  a r e  mobi le and can move a long  th e  l i n e a r  cha in  

w i th  d i s t a n c e s  small  enough t o  form energy s t a t e s  t h a t  a r e  d e l o c a l i s e d  

i n  one d i r e c t i o n .  D e l o c a l i s a t i o n  in  o t h e r  d i r e c t i o n s  i s  h in d e re d  by 

t h e  su r round ing  s a t u r a t e d  bonds. Along the  c h a i n ,  t h e r e f o r e ,  a semi

conduc t ing  beh av io u r  i s  e x h i b i t e d .  An energy  gap i s  d e f i n e d  f o r  

such m a t e r i a l s ,  which i s  dependent  on bond a l t e r n a t i o n  and atom a l t e r 

n a t i o n  e t c .

For a homoatomic chain  with  o r  w i thou t  bond a l t e r n a t i o n  th e  de 

l o c a l i s a t i o n  p a r a m e te r ,  N^, i s  i n v e r s e l y  p r o p o r t i o n a l  to  t h e  energy
0

gap so t h a t  y E . The same dependence o f  y on E i s  p r e d i c t e d

f o r  s u p e r a l t e m a t e d  c ha in s  such as  p o ly d i a c e t y l e n e ^ ^  and even f o r  cub ic

semiconduc to rs .

Using th e  fo l lo w in g  app rox im at ions  f o r  and T^ in  e q u a t io n  5 ,43

X

^rad SiTcn^ a dX
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gives

X  ̂ a clÂ

For a (1-D) semiconductor

ch»a
giving

n -5 Y “ E

as is predicted by the other models.
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CHAPTER 6 

DFIVM IN CHLOROPHENOLS

6.1 INTRODUCTION

(3 )In the experiments described in Chapter 4, a large component

of the third-order nonlinear susceptibility was measured for the sub

stituted benzene derivatives chlorobenzene, o-dichlorobenzene and 

o-chlorophenol. Previous reports on nonlinear effects in these type

of compounds have mostly been concerned with electronic nonlinearities
—  ̂  6which are quite appreciable (10 " esu) due to the highly delocalised
1 2TT electrons of the benzene ring ’ . The compounds are of interest 

because the electronic nonlinearities are controllable by addition 

of certin substituents and by increasing the delocalisation length
3e.g. to Stilbene compounds and because they are transparent throughout 

the visible and near-infrared spectral regions. Orientation non- 

linearities have been investigated to a lesser extent . They are 

characterised by slower response times (10^^ to 10 ps) and higher 

nonlinear optical coefficients.

The origin of the nonlinear effects giving rise to the DFWM sig

nal is investigated in three chlorophenol compounds - ortho-, meta-

and para-chlorophenol. The magnitude of the nonlinear hyperpolari-
“34sability - of the order of 10 esu (see Ch. 4) points to an orien

tational Kerr effect being the dominant nonlinearity. However, some 

further experiments on temporal characteristics etc. should provide 

a conclusive answer.

6.2 EXPERIMENTS

6.2.1 Measurement of Third-Order Nonlinear Susceptibilities

The exjicriments were performed at a laser wavelength of 1.064 ym
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and with pulses of 160 ps duration, as before. The samples were con

tained in 2 mm thick quartz cuvettes, two of which could be electrically 

heated (those containing meta- and para-chlorophenol samples) and 

were connected to Si-diode temperature sensors. Both meta- and para- 

chlorophenols are solid at room temperature - their melting points 

being 'v 25°C and 41°C respectively. A DFWM arrangement similar to 

that described in section 4.3 was employed.

The DFIVM signal reflectivity was measured for the three samples at

temperatures just above melting point. From these measurements the 
(3l^xyyx third-order nonlinear susceptibility was calcu

lated. Within experimental error the measurements yielded the same 
(3lvalue of Y for the three samples (see table 6.1]. One would ex-Axyyx

[3]pect for an electronic nonlinearity that y would vary as the de- 
f  ̂ *xyyx
localisation length and would thus be significantly longer for the 

para configuration than for the meta and ortho configurations. An 

orientation effect would be independent of the position of the substi

tuent.

A plot of DFV^M signal reflectivity as a funciton of incident pump 

wave intensity is shown in fig. 6.1. The square dependence is clearly 

reflected in the slope of 2 on the log-log graph.

The dependence of the grating lifetime on temperature was investi

gated by monitoring the DFVVM signal intensity as the temperature was 

varied for a delayed incidence of the backward pump wave of 200 ps. A 

strong temperature dependence of the relaxation time of field-induced

molecular alignment occurs in nematic substances - especially near
4

phase transitions (isotropic -»■ nematic] . However, no such dependence 

was observed for any of the three samples examined here - perhaps be

cause the degree of order is not much changed by the liquid to solid
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Table 6.1

Third-order nonlinear susceptibilities and 

hyperpolarisabilities for chlorophenols

(3 ) 2 /ir2X xrr y esu
-2 0 - ;  0-chlorophenol 5.5 x 10 4 x 10 '
-20m-chlorophenol 5.6 x 10 4.1 x 1(

p-chlorophenol 6.0 x 10 4.4 x 1(

1+

- 3 k

- 31+
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0-3

005

003

0-02

0-01

0-1 0-2 1-00-50-05

INCIDENT INTENSITY (GW/cm2)

Fig 6.1 DFWM signal peak reflectivity versus incident pump 

wave peak intensity for o-chlorophenol with cross-polarised 

pump and probe waves.



-  125 -

phase transitions. More thorough investigations of the

temperature dependence of the decay curves would yield more informative 

results.

6.2.2 Temporal Investigations

Delaying incidence of the backward pump wave with respect to the 

foCTvard pump and probe waves yielded the graph shown in fig 6.2. This 

set of points is seen to consist of two contributions. The intensity 

autocorrelation function due to overlap of the three pulses (one of 

which is variably delayed with the other two) is Gaussian with a FWHM 

of 190 ps. This is in good agreement with that expected for 160 ps 

pulses (see Section 4.4). At the tail of the Gaussian lies a set of 

points which fits an exponential function with a decay constant of 

100 ps. The polarity of the OH substituents has the effect of 

increasing the orientation relaxation time. Taking this into considera

tion a time constant of 100 ps would be consistent with that reported 

for relaxation times of orientation gratings in similar compounds - m- 

nitrobenzene and m-nitrotoluene 30 to 50 ps.^.

A second decay curve was taken in which incidence of the forward 

pump was delayed (both positively and negatively in time) with res

pect to the backward pump and probe waves. By this technique formation 

of the grating and thus scattering of the backward pump wave from it, 

depends on the lifetime of the grating x compared with the temporal 

coherence of the incident pulses. If t >> the grating is

only formed within the coherence time of the incident pulses. On the

other hand if x << x , , a grating may be formed for delay times whichcoh
do not exceed the pulse duration and the resultant curve of DFWM signal

intensity versus forward pump delay yields the intensity autocorrelation 
6of the pulse . The delay curve is shown in fig 6.5. A Gaussian with
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a FWHM of 210 ps is fitted. This is close to the FWHM of the intensity 

autocorrelation function indicating that the nonlinearity has a life

time that is shorter than the coherence time of the pulses.

When the three incident waves were parallel polarised the delay 

of incidence of the backward pump with respect to the other two waves 

yielded the plot in fig 6.4 - which is in sharp contrast to the case 

of cross-polarised pump and probe waves.

The initial decay in < 200 ps may be attributed to the coherent 

overlap of the pulses in the sample. The subsequent build-up of 

DFWM signal intensity followed by a slow (3 ns) decay is most probably 

due to the onset of acoustic wave generation by electrostriction. 

Acoustic wave generation by electrostriction is similar in origin to 

generation of acoustic waves by the Brillouin effect described in 

Chapter 3. The interfering pump and probe waves establish a grating 

through field induced density changes via the electrostrictive effect.

As a consequence of the periodic density offsets, acoustic waves are 

launched in the material. As this effect is characterised by a response 

time of the order of 1 to 10 ns^ the acoustic waves are rapidly damped 

as seen in the plot. An exponential decay constant of 3 ns is measured 

which is of the order of that estimated for an electrostrictive effect.

T = r c —
V ac 

= 4ns

Here, r is the beam radius and v is the ultrasonic acoustic velocity 

in the material. As this is a field dependent effect it is not ob

served when the probe wave is cross-polarised with respect to the pump 

waves.
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To conclude, the predominant contribution to the DFlvM signal in 

chlorophenol compounds in the cross-polarised configuration stems from 

an orientational Kerr effect. The process is characterised by a time 

constant of 100 ps. With parallel polarised pump and probe waves 

an electrostrictive Kerr effect forms the predominant contribution 

to the DFIVM signal.
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CHAPTER 7 

GENERAL CONCLUSIONS AND DISCUSSION

A Nd^^:YAG laser system which generated high-powered picosecond 

pulses at a wavelength of 1.064 pm was developed. Peak intensities 

of up to 2 GW/cm^ at the fundamental wavelength were readily attainable, 

thus enabling efficient second, third and fourth harmonic generation.

The system served as a basic tool with which to study nonlinear optical 

processes in optical materials.

The technique of DFWI was employed to measure third-order non

linear optical susceptibilities at 1.064 ym of a number of organic dyes 

and solvents.

In the first instance experiments were performed in 3 solutions of

IR absorbing dyes with the incident waves parallel polarised. Kith

this configuration the most significant contribution to the nonlinear

susceptibility is through thermally induced refractive index changes. Using

well established theories and the theory presented in Chapter 5, values 
(3 )of thermally induced nonlinearities, saturable absorption and

( 3 1Kerr-type effects can be calculated. Measured values of agree

well with values predicted for a thermal mechanism and are one to 

two orders of magnitude greater than values predicted for either of 

the other two mechanisms. Tyi^ically = 4 x 10 esu.

The decay time of the thermally induced grating depends essentially 

on the grating period. By using polarisation discrimination the contri

bution of the short-lived grating may be isolated. This can be 1 ns 

or less so tliat efficient DFW/I can be performed at repetition rates of 

100 MHz.
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A periodic structure superimposed on delay curves indicated the 

presence of ultrasonic acoustic standing waves in the medium. It was 

established that the acoustic waves originated from periodic density 

offsets caused by local heating of the solvent at the grating maxima.

The curves provide a means of determining ultrasonic velocities in 

organic solvents and a means of studying acoustic anisotropies in 

these materials.

By cross-polarising the pump and probe waves the intensity in the 

interaction region of the medium remains uniform but the electric 

field at any point varies in magnitude and direction. In this way only 

orientation gratings can be formed in the medium. Such gratings were 

observed to be present in a number of organic dyes and were proven 

to originate from electric field induced -rr-electron delocalisation 

along the molecular backbones. In total, eight dyes were examined whose 

wavelength absorption maxima fell between 0.5 and 1.5 ym. Using Feyn- 

mann diagram techniques to develop a complete quantum-mechanical des

cription of the DFV.'V; process in these materials, quantitative results 

were obtained whicti were in close agreement with experimentally mea

sured results. The inclusion of time-ordering enables damping and 

linewidth to be accounted for and it was found that the nonlinear 

polarisation was resonantly enhanced if the wavelength absorption maxi

mum of the medium was close to or greater than the laser wavelength.

It was also concluded that the dye absorption was inhomogeneously
f 31broadened. Relatively large values of y were measured - up toxyyx

— I pS. Ox 10 esu for the dye S501 which compares favourably with that 

for CS2. The response and decay times of the non linearity are essen

tially instantaneous although the repetition rate is limited by the 

radiative lifetime of the dye. The theory predicts (in agreement with
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other theories) that the nonlinear polarisation increases as the sixth 

power of the absorption maximum. It also predicts that only molecules 

which decay radiatively contribute to the nonlinear polarisation.

Finally, DFl'M with cross-polarised waves was performed in

chlorophenol compounds. An orientational Kerr effect gave rise to
-  31+significant third-order nonlinear hyperpolarisabilities 10 esu 

with decay times of 'v 100 ps. Using parallel-polarised waves an 

electrostrictive effect with a decay time of 3 ns was osberved.

The results, both experimental and theoretical suggest that near- 

infrared absorbing organic materials due to their large nonlinear 

optical susceptibilities and fast response and decay times should be 

strong candidates as materials for all-optical signal processing devices 

at wavelengths between 1.0 and 1.6 um. Incorporation of these mole

cules into thin film structures such as Langmuir-Blodgett multilayers 

would enhance further the susceptibilities thus rendering them more 

compatible with semiconductor lasers and more practical as materials 

for such devices.
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