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Abstract

In the present work we demonstrate the combined trse of stimulated Brillouin

scattering (SBS) for aberration correction, auto alignment and pulse compression as

an ideal technology for studies of nonlinear optical processesT in particular nonlinear

optical scattering (NLS).

We built a master oscillator/pov/er amplifier laser using SBS phase conjuga-

tion and pulse compression which provided single longitudinal mode optical pulses

that were continuously variable between 0.65 and 9.5 ns at 1064 nm. We utilize

a variable pulse length laser (VPLL) to examine the transient nonlinear scattering

properties of an optical power limiter, platinum ethynyl, using degenerate four-wave

mixing (DFWM). Intensity, polarization and pulse length control allow us to mea-

sure acoustic scattering and decay parameters, X(3) magnitudes and the transient,

laser-induced grating behaviour. Phase conjugation lead to excellent laser beam

quality and auto-alignment. Both are necessary in DFWM which has very stringent

alignment criteria and requires precise knowledge of the electric field distribution

inside the material.

The strong electric fi.eld of the laser excites both intrinsic and opto-mechanical

nonlinearites which can be excited selectively by setting the pulse length to 0.65 ns

an¿ g.b ns, respectively. We observe the transient nonlinear scattering behaviour

using nanosecond pulses and determine the underlying physical mechanisms using

sub-nanosecond pulses. In ad.dition, using the continous variability of the pulse

lengths between the indicated. values we observe the response in the transitional

regime where intrinsic polarizabilities compete with opto-mechanical nonlinearities'

To our knowledge this was the first time this had been done in the time regime of

e-switched lasers. As a benchmark, we compare the nonlinear optical response of

the power limiter to that of carbon disulphide'

3
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Chapter 1

Introduction

The motivation for this thesis resulted from the need of the Defence Science and

Technology Organization of South Australia (DSTO) for an optical power limiter to

prevent sensitive optical detectors from laser damage. Their [1], as well as another

group,s studies [2] showed the organometallic molecule platinum ethynyl (PE) to be

a good optical limiter in the visible wavelength region via excited state absorption

(ESA). Early experiments [3] had also shown nonlinear scattering (NLS) to take

place in PE, however this has not been investigated in detail. ESA and NLS are

very important optical limiting mechanisms [4] and as such there was an urgent need

to investigate further the NLS properties of PE. To avoid RSA we characterized PE

at 1064 nm using degenerate four-wave mixing (DFWM). This approach comple-

mented experiments done in the resonant regime and allowed us to investigate NLS

mechanisms in PE.

DFWM probes the third-order nonlinearity of a material, which consists of opto-

mechanical nonlinearities and intrinsic nonlinearites, and is directly related to the

intensity dependent refractive index. It is thus a direct probe of the behaviour of a

material subject to intense laser radiation. We used DF\MM to force nonlinear scat-

tering processes in the material and observe their dynamic evolution' This enabled

us to measure the associated scattering parameters and determine their dominant

time regimes. DF\MM is especially useful due to the great amount of experimental

control which can be exercised, with selective access to various physical mechanisms

5



6 CHAPTER 1. INTRODUCTION

which may contribute to the nonlinear interaction. This can be achieved by careful

selection of the laser[5, 2, 6], geometry[7, g, g], intensity[l0] and polarizationfL¡, L2l.

In the present work we add continuous pulse length control in the subnanosecond

to nanosecond time regime to this list of variable parameters.

In the course of our experiments we found our commercial laser system to be

limited in its utility for nonlinear optical experiments. The beam quality was not

Gaussian and hence the electric field was not well defined in the interaction region.

In addition, to determine the mechanisms giving rise to the nonlinearities, we needed

pulse lengths much shorter than the 30 ns provided by the laser. As a result we

developed a laser system capable of providing pulse durations continuously variable

from 0.65 ns to g.5 ns, while maintaining perfectly the alignment of the laser beam.

At the same time the beam quality of the laser was improved to provide a Gaussian

transverse profile.

This thesis is organized into two theory and review chapters, Ch.2 and 3, and

three experimental chapters, Ch.4,5 and 6. Chapter 2 contains an in-depth descrip-

tion of laser-induced gratings, the contributing mechanisms, important references

and the relevant mathematical theory. Chapter 3 provides the background for SBS

pulse compressiou ancl SBS phase conjugation which are used as a basis for the laser

system. In Ch.4 I describe a preliminary DFWM experiment which established the
nnorqfinr noromafn-- ^- ',,^ll ^^ ---^^r:^^l -^^--:-^-^^ ^..- L- ' 1ñnrr7r r r ¡ rr/úa@u¡çuurù õù wu¡.r d,ù IJrcr,uuluör ruqurlurIreIILS oI lJll vvIVI. I Inen proceed to
the versatile, complex DFWM experiment using 8 ns laser pulses. The results of this
chapter outline the need for shorter laser pulsc lengths, and hence Ch. b descril:es

the setup of a variable pulse length laser (VPLL). Ch. 6 contains the results of
applying the VPLL to the DFWM experiment. Included in the appendices are five

publications which represent the results of this thesis.

As I will show, the VPLL provides ideal technology to study nonlinear optical
processes, in particular nonlinear scattering. Control of laser pulse duration extends

significantly the range of experiments and measurements which can be done with a
single laser system.



Chapter 2

Degenerate Four-'Wave Mixing

2.L Introduction

It is convenient to start an introduction to four-wave mixing with the question,

,What is nonlinear optics?'. As it turns out this is not easily answered. One could

say, ,Nonlinear optics refers to optical effects that take place in the presence of

strong light sources', but that doesn't say anything about what actually occurs and

is open to the question, 'How strong is strong?'. Another explanation might say,

,Nonlinear optics occurs when light itsetf changes a material's optical properties,

such as refraction', and then proceed to give the example of self-focussing. This

works well because people are familiar with lenses and their focusing properties.

However, this explanation only applies in some cases, since some nonlinear effects

change a material's optical properties, such as the optical Kerr effect, while others

do not change them, such as third-harmonic generation. In the latter case it is the

high intensity of a laser beam which enables us to see the nonlinear effect due to

the material's proPerties.

In a more d.etailed description one might declare that the electric field of a laser

.beam inside a material produces a polarization field, which is given by the nonlinear

susceptibility of the material. This polarization in turn couples with the existing

electric fi.eld to produce higher order polarization terms, thus giving rise to nonlinear

optical effects. This is a waue miring process. The material's susceptibility, the input

7
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field configuration and phase matching conditions all lead to specific effects such as

DFWM and SHG. The nonlinear susceptibility is a tensor which contains all the

necessary information such as the material's history of electromagnetic interaction,

its temporal response and re-distribution of vectorial components. It is subject to

resonant enhancement due to absorption into any energy levels of the material and

thus provides a quantum mechanical link to an otherwise classical picture.

Historically, nonlinear optics is a very broad and still young field. The invention

of the laser [13, 14] in 1960 was followed very quickty by the first experimental

discovery of a nonlinear effect by Fl'anken et al [15] in the form of second harmonic

generation. In fact, the most fundamental discoveries and investigations in nonlinear

optics took place immediately after this, for example sum-frequency generation [16],

stimulated Raman scattering [17] and self-focusing [18]. The advent of the mode-

locked laser in 1965 allowed further resolution of nonlinear mechanisms and increased

the power density while lowering the amount of energy transferred into the material.

Pertinent to this thesis are the experimental demonstrations of stimulated Bril-
louin scattering in 1964 by Chiao et al [19] and light-byJight scattering by Carman

et al in 1966 [20]. SBS distinguishes itself from Brillouin scattering in its stimulated

nature, in analogy with stimulated emission. The most startling effect of SBS is

of course phase conjugation 121,22]. In SBS the scattering centers are stimulated

phonons, which are seeded by spontaneous phonons already present before the opti-

cal interaction. In Carman's light-byJight scattering experiments [20] the physical

mechanism was the optical Kerr effect and thus it can be regarded as self-diffraction

off a laser-induced dynamic grating (LIDG). An important application of this is the

optical switch.

DFWM was first proposed theoretically in Lg77 by Hellwarth [23]. In his paper

Hellwarth described a method for generating dynamically a phase conjugate wave

pattern in a nonlinear medium. He also suggested an experimental setup to demon-

strate this effect. The first experimental demonstration of DFWM was published

by Bloom and Bjorklund in 1977 [24]. They used a Q-switched, frequency-doubled

Nd:YAG laser as a source. Counter-propagation of the pumps was achieved with
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2

stgnal p robe
I I

I4

Figure 2.1: Simple DF\MM setuP

a retro-reflecting mirror and the probe beam was focussed into the sample. Car-

bon disulfide was used as a nonlinear material and phase conjugation of an Airforce

resolution chart and. aberration correction were used as verification of the method.

To continue the historical overview, a brief description of the DFWM process and

its consequences is necessary. DFWM describes the coupling of three laser beams

within an optically nonlinear material leading to the generation of a fourth beam.

It is the special configuration as shown in Fig.2.1 and the frequency degeneracy

which distinguishes it from other four-wave mixing processes, such as third harmonic

generation [Zn]. fne nomenclature of DFWM is easily confused with that used for

LIDG. In DFWM the two powerful, colinear and antiparallel laser beams are referred

to as the pump beams. A weaker third beam, intersecting the pumps at an angle

d is called, t;¡e probe and leads to generation of the fourth beam which is called the

return or signal beam. The pump beam which makes the smaller angle with the

probe beam is called tirre forward, pump and the other is called t};re backward pump.

The pump beams and the probe interact in the presence of the nonlinear material

and produce the signal [26]. It i,s important to note that the process i's enti'relg li'ght

ind,uced,. In the LIDG picture the forward pump and the probe are often called

t1¡e write beams and the backward pump the probe or read beam. To avoid any

l.
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Four Sfep FWM Process

il

IV

Figure 2.2: FWM divided into four logical steps

confusion, I will use the DFWM convention of. back-and. forward, pun-ùps and the

probe, or where appropriate also call the forward pump and the probe 'write' beams

and the backward pump the 'read' beam. I witl not however, call the backward

pump the'probe'.

DFWM can generally be viewed as a four step process, as shown in Fíg.2.2.

These events can occur simultaneously and as in the case of virtual electronic excita-

tions should not be separated, because of cross-coupling. However, it is conceptually

useful to separate them logically and for some mechanisms this indeed presents no

problems at all.

In the overlap volume of two or more coherent beams an interference modulation

of the electric field results. If the beams have the same optical frequency, then this

modulation of the electric field remains stationary in space for the duration of the

overlap of the beams. The resultant direction and magnitude of this modulation can

be determined completely and easily although it is complicated by the possibility of
interference of non parallel and circular polarizations.

In the presence of a material, this stationary (and dynamically evolving) inter-

I i g ht-l ig ht i nte racti on producin g
electric field modulation

electric field modulation producing
correspond i ng m ate ri al excitation

material excitation producing a
modulation of complex refractive
index-ieagrating

scattering/diffraction of a read beam
off this grating leading to a signal
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ference pattern induces a pola"rization which is dependent on the nonlinear optical

properties of the material. Examples of this are electronic cloud distortions or elec-

trostrictively induced changes in the local density of the material. This is called a

material ercitation. This material excitation leads to a change in the light transmit-

ting properties of the material, ie. localized changes in the complex refractive index'

Hence the interaction of the pumps and the probe establishes a dynamic grating

inside the material, called a material grati,ng. Although trivial, it is important to

distinguish between the interference modulation and the material grating which is

an actual physical structure which requires the presence of a material.

Scattering or diffraction ofi one of the pumps by the material grating leads to the

signal. In DFWM we probe the first order diffracted beam which i's phase coniugate

to the probe. Diffraction efficiency will determine the size of the signal and the

dominant physical mechanisms will d,etermine the dgnami,cs of the temporal shape'

The latter is given by the convolution of the input pulse intensity with the temporal

response function of the material and its dominant mechanisms. This also implies

that if the temporal response is comparable to the length of the input pulse, and if

there are competing mechanisms, the signal will exhibit a more complex structure

than the input Pulse.

To summarize, DFWM has a number of very useful properties, the most impor-

tant of which are susceptibility dependence, which allows for resonant enhancement

of the nonlinearity, phase conjugation, and being an entirely light induced process"

Each of these has been studied and modelled in a large number of publications, and

this continues to be the case.

The feasibility of amplified reflection was first shown ín1977 by Yariv and Pepper

l27l. It was made possible experimentally using resonant enhancement by Bloom et

al [28] and analyzed as a two-level system by Abrams and Lind [29] in 1978 and a

three-level system by Agrawal [30] in 1981. The first CW demonstration of DFWM

was in Ruby by Liao and Bloom [31]. Resonant enhancement has lead to a number

of important applications for DF\MM, such as Doppler-free spectroscopy [32] and

remote sensing of trace particles [33]'
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Phase conjugation in DFWM implies a very close association to holography and it
is often referred to as transient real-time holography (TRITH) t26]. This property has

provided a huge number of applications in the fields of image processing [34, 3b, 86]

and aberration correction [37].

The frequency degeneracy and photon momentum conservation has enabled the

use of DFWM for frequency stabilization of lasers [38] and narrov¡ band optical

filters [39, 40, 41].

Because the process is entirely light induced, it presents the possibitity of using

it as an optical switch [a2] and also as a temporal auto-correlation device [a3] to

measure the duration of ultra-short pulses.

The diversity of these startlingly useful applications of DFWM is the most impor-

tant stimulus for the research explosion we see today. However, the most common

use of DFWM is as a method for material analysis of nonlinear optical properties

over all time scales. Section 2.4 will describe this in more detail. We now turn
to a detailed description of DFWM, starting with the laser input beams and the

multitude of interference patterns they can produce.
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Figure 2,3: First order interference grating produced between two beams k2 and k3

The resultant grating is given by k : kz - kr

2.2 Interference Patterns

Fig.2.B shows the resulting interf'erence pattern that is produced between two coher-

ent beams including its direction as well as its spacing. If the momentum vectors are

given by kz and k3 the resultant grating is given by k: ke - kz. Two s-polarized

beams of intensity 11 and 12 produce a moduiated intensity pattern as shown and

given by

I:It*{lrrcosÕf/z

where Õ is the phase d.ifference at any point in the overlap region. The spacing of

the grating is given bY

A: nÀ^ (2.1)- 2sinþ

where z¿ is the refractive ind.ex of the medium, À is the wavelength of the laser in

air, and gn is the angle between the two beams inside the medium' Hence choice of

laser and geometry allows spacings between a few hundred nanometers and infinity.

This is however only the simplest case of interference and is subject to treatment in

many undergraduate texts. Add-itional types of interference patterns, which are mole

complex and somewhat counter-intuitive, can be established by various polarization

combinations.
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The treatment which follows is based on an excellent description in Eichler's book

for the geometry and intensity modulation of interference [8] and Jones' matrices

treatment for polarization addition [44].

Fig.2.3 shows the coordinate system used in this treatment. The z axis is along

the bisector of the direction of propagation of the two intersecting beams. The x
axis is along lq = ks - k2 and the y axis points up, out of the page defining a right

handed system. Hence the phase difference between the two beams at any point

along the x axis wili vary by

Õ(r) : lkalø (2.2)

where

1L.l --
4tr 0
--sln-

^2
(2.3)

For any polarization combination there are three things to consider:

r the form of the intensity modulation, AI

o the type of the resultant polarization

¡ the resultant plane of the polarization

The intensit5r modulation is given b;r the d-ot prodr:ct of the electric field r¡pnrnr-s

E1 .82, i.e.

a.I: Ð EuEz¿
1,:û ryrz

This shows that it is possible for the intensity modulation to be zero if E1lE2.
In order to model the resultant polarization it must first be noted that the ad-

dition of two beams with linear polarization vectors p1 and p2 leads to a resultant

polarization con-fined to the plane definecl by pr and p2. For the polarization treat-

ment, we will change to the coordinate system defined by these two vectors, ie. the

new x axis will be in the direction of p1 and the new y axis will be in the plane of

p2. The latter is necessaly if pl md pz are not orthogonal. Now $/e can easily find

the resultant polarization in that plane by the use of Jones matrices.
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A laser beam can be described using

E1 : liE¡eiÓ' * iÛgeiÓol"i(kz-ut)

: Ér"i(k'-'t¡

where i and j are unit vectors in the complex plane. þ, and þo are the phases of

each component of the electric field in the i and j directions.

Ét: iÛueiÓ' ¡ jfroeiÓu

is the complex amplitude of the polarized wave which is a vector and can be written

in Jones matrix form:

E1
E6eiÓ'

ElneiÓu

Thus a beam linearly polarized in the y direction would have the following Jones

matrix.

where EL, :0 and the vector has been normalized. If É1 contains components that

are real, as well as components that are imaginary, then Ér describes elliptically

polarized light. Otherwise Ér is linearly polarized.

In the case of interference between two beams, the resultant electric fi'eld is given

by their superposition

E,. : ErtEz
E1r¿iÓ'* I E2rsiÓ'"

E4eiÓw I E2reiÓ'o

In our case, for any point across the grating, the phase difference between El and
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E2 is given by iÞ in Equation 2.2, í.e.

O : óz*-óu
: Órn - Óto

Note that for linearly polarized Iight þ¿,: ó¿n. This will be the case for all input

beams used in this work. Since rñ/e are dealing only with relative phases, we can set

Ót, : Óro :0. Hence

Er, + Er,"n*

Ero + Ero"o'

We will now use this result to deduce the resultant electric field produced by the

most commonly used and indeed most useful interference gratings, depicted in

Fig'2- .Case a) This case \¡/as already described above, however I witl include it
here as a simple example of the method.

The electric field vectors are given by

r':i:]andÊ2:l:]"'*

and hence the normalized Jones vector is justl

Thus the resultant field is, as expected, out of the page and linear. The intensity

modulation is given by

A1 : t EuEz¿:EtEz
t:r rA,z

Case b) Note that in this case the resultant polarization will be in the plane of the

E,

E,

lAny factors, real or complex, of the Jones matrix can be ignored if one is interested only in
the polarization vector.
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laser beams, with interesting results.

Er: El cos $

B1sinl

E2cos$

-E2sin$
É,and eiÞ

implies that the resultant polarization is given by

É,
-E1cos$+EzeiÞcos$

,Ðr sin $ - Ereiø sinf;

a -f beiø

cl de¿Þ

a+bf

"*o)

:::,]

for Õ:0 and

'lt

2

The case Õ : 0 corresponds to linear polarization and the case Q : î corresponds to

elliptical polarization, where the principal axes are along k : kz =Ek1. The resultant

field is shown il Fig.2.4.

Case c)

r,:i;jandÉ2:lî1",'

implies that the resultant polarization is given by

for o

1

Since Õ varies between 0 and 2r, this grating will vary between linear and elliptical as

shown in Fig. 2.4. Avery important feature of this case is that the resultant intensity

modulation A1 : Di:t,a,z Et¿Ez¿: 0 , for all crossing angles g, since E1 and E2

are orthogonal. Hence this will eliminate all intensity efiects in the production of
the DFWM signal. However there still is a modulation of the resultant direction

E,
eiQ
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of the electric field as shown. Since the two beams are at the same frequency, the

grating is stationary and there wiil be a tendency for the molecules to orient their

most polarizable axis along the direction of the electric field. Therefore there will

be a refractive mod.ulation due to the birefringence of the molecule. The regions of

circular polarization do not contribute to this signal since the RMS direction over

one optical cycle is undefi.ned.

Case d) I only show the result in the Fig.2.4. We have not included the treatment

of circularly polarized input beams although this is simply done by setting

ôu

ó2,

óto
7r

Ózu -t 5

and repeating the calculations above.

At this stage it must also be noted that two anti-parallel beams also produce

a grating. Here d : 180o and therefore the spacing is the smallest. However in

the DFWM picture this grating does not give rise to a DFWM signal, i'e. a signal

anti-parallel to the probe, and hence will not be discussed in this work.

2.3 Material Gratings

A material grating is a periodic modulation of the complex refractive index of a

material, which causes an incident optical ray to scatter/diffract from its path.

If the refractive ind.ex mod,ulation is purely real then only phase changes result,

and if it is imaginary, absorption takes place, leading to an effective amplitude

mod.ulation. Att materials exhibit both although one effect may completely dominate

the other. Optical material gratings can be produced mechanically or light-induced

by interference as described in the previous section.

There are two possibilities to convert an interference pattern into a physical

modulation of the complex refractive index. The conventional process of holography

achieves a permanent record of the intensity modulation by storing it in photo-
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activated silver halide crystals on a photographic plate and then converting this

exposure into an absorption grating via a chemical reduction process. Although this

is a slow and sequential, three step process, it has a very large gain and hence allows

the use of very low power CW lasers, like a b m\M HeNe laser.

Alternatively, high pov/er lasers can be used to induce a materi,al erci,tati,on

which results in a complex refractive index modulation. A material excitation is

the localized change of a material from its equilibrium state induced by the electric

field of the laser beam itself. It is ihe direct response of the material to the electric

field. Examples of these states are the reorientation of molecular dipole orientations,

or distortion of electronic cloud distributions or changes in a material's density

distribution. These changes result in inhomogeneities in an optical material which

causes an incoming ray to scatter. Since the inhomogeneities exhibit order due to

the interference pattern which created them, they lead to coherent diffraction much

like in conventional holography. This is why DFWM is often referred to as real-time

holography. There is no need for a development process and the material usually

returns to its original state after the light-matter interaction. The mechanisms which

can be used to produce these material gratings are the topic of the next section.

2.4 DFWM Mechanisms

There is a large number of physical effects which can be used to produce a material

grating, or conversely, we can use DFWM to determine and study the nature of the

physical effects contributing to a material grating. Fig.2.5 shows a flowchart which

organizes these effects into categories, and also shows where this research fits in.

Broadly we can divide these mechanisms into electronic and nonelectronic ef-

fects. Electronic implies that the radiation is in resonance with some electronic

transition frequency of the material in question. This can be linear absorption [10],

ie. one-photon, ot nonlinear as is the case for two-photon absorption [g], saturation

of absorption [45] or reverse saturable absorption [5]. Resonant electronic nonlin-

earities are usually very large because of resonant enhancement of the nonlinear
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Figure 2.b: Physical mechanisms contributing to DFWM, broken up into their re'

spáctive categories. Red lines indicate mechanisms relevânt to this thesis.

susceptibility. GaAs at 1064 nm is a good example with a nonlinear susceptibility

of X(3) : 8.0 x 10-10 esu [46] which is three orders of magnitude larger than the

nonresonant X(3) of CSz of 5.6 x L0-13 esu [47]. There is a third class of mechanism

which is often referred to as electronic and that is the non-resonant, non-absorptive

interaction. This involves virtual electronic states and as such is very small. How-

ever energ/ conserr¡ation and the Heisenberg uncertainty principle imply that these

transitions are extremely fast, in the order of femtoseconds.

Nonelectronic effects can also give rise to very strong material $atings' If there

is any absorption [11], [4S], such as a weak vibrational overtone [a9] or even strong

particle absorption [50] such as in black ink solutions, this will give rise to localized

temperature gradients due to radiationiess thermal rela;cation. This effect can give

rise to thermal gratings which will change the refractive index of a material-

2.4.L Molecular Reorientation Gratings

In an isotropic liquid of anisotropic molecules, such as CS2 or a liquid crystal like

Platinum Ethynyl (Fig.2.8), polarized light from a high intensity source can induce
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realigrment of individual molecules [51]. The moiecules incliviclually realign their

most polarizable ¿xis with the electric freld of the laser interference pattern and the

net effect is of a modulation of the refractive index along the grating due to the

birefringence of each molecule. This is also referred to as the optical Kerr effect þ21.

It is usually very fast [53] and picosecond or in the case of CS2, even sub.picosecond

lasers are needed to resolve it. Since the present work uses sub-nanosecond to

nanosecond pulses this effect can be considered instantaneous. In the case of weak

coupling between molecules the response function (see section 2.6.1) is given fty [ag]

(2.4)

where rr" is the collective molecular reorientational relaxation time.

Random room temperature fluctuations of molecular reorientation are responsi-

ble for Rayleigh wing scattering. However for stimulated Rayleigh wing scattering

to have sufficient gain, it must by induced by two or more fields with a frequency

difference of. Au : tlrnw [54]. Hence we can safely ignore it in our case because

we are dealing with DFWM where all beams have the same frequency.

2.4.2 Electrostrictive Acoustic Gratings

Acoustic gratings are the result of density changes in a liquid duc to clectrostrictive

forces or thermal expansion. Electrostriction can be desclibed [51] by molecules

moving toward a region of high intensity in a laser field,, E- A molecule in tlús fi.eld

experiences a polarization

P: aE

where a is the molecular polarizability. Hence the energy expended on the molecule

F,.(t)- 1 
"*o l-11Tre \ T," )

IS

uE: - [^u 
p.¿n: -]rçu .n¡
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If the electric field is spatially varying (ie. as it will be in a grating), there will be

a force acting on the molecule given by

Fmor"cure - -Vun: ]av(n' n)

implying that the molecule is pulled towards the region of high intensity" As a result,

the density in this region is increased by an amount Ap, which leads to an increase

in the dielectric constant and hence the refractive index by * amount

'l'

where 7" is the electrostricti,ue constant. If this process gives rise to a propagative

density change, a sound rù/ave or phonon is the result'

2.4.3 Thermal Gratings

Thermal gratings are due to absorption (linear and nonlinear) and subsequent ther-

malization via intra- and intermolecular relaxation processes, mostly collisions. This

heating leads to localized thermal expansion which opposes electrostriction which is

a contractive process.

The dynamics of a thermal grating has been modelled by the use of coupled

hydrodynamic equations which describe the tight-matter interaction in the presence

of absorption [55].

(+)

i)
õeAe : p^
op

au : ncot 
E2 + nv2u - !æ4¡rr

(2.5)

(2.6)prc,# - Kv2r TsF 0p U

Po At T

# - 
uån'o 

- o^*rr"'p) - Fv2r: -#n'rt') (2"7)
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5#-v2E:-T#r." (28)

In Eq.2.5, a is the absorption, U energy density, D diffusion constant and r the

thermalization time. This equation models the absorption of laser radiation by the

material and the subsequent delivery of this energy by thermalization to the solution.

8q.2.6 is the heat-diffusion equation. ps and Ts denote the equilibrium values of

density and temperatute, K is the thermal conductivity and F is a constant, coupling

density and temperature. F,q.2.7 describes the formation of acoustic phonons via

electrostriction as well as thermal expansion. 4 is the effective viscosity, B" is the

bulk modulus and 7" is the electrostrictive constant of section 2.4.2. Eq.2.8 is the

v¡ave equation, driven by the nonlinear polarization

4nP¡¡7: €rE

where e1 is the change in the dielectric constant e induced by the laser radiation.

2.4.4 Response Times

All these processes have characteristic relaxation times and eventually the material's

state will return to equilibrium. This time ranges from femtoseconds for virtual ex-

citations via picoseconds for molecular reorientations to milliseconds for the¡mal

diffusion. Hence the relaxation time can provide information on the type of process

involved in the material excitation and conversel¡ excitation of a specific process al-

lows the tailoring of the dtrration of the grating. At nanosecond and sub-nanosecond

time scales the non-'instantaneous processes are thermal, pressure and density effects.

These are induced by absorption and subsequent heating as well as electrostriction.

2.5 Stimulated Scattering and Diffraction

Once a grating has been established, it can be detected by probing it with a third
beam' Note that the time of arrival of this beam can be either before, after, or

simultaneous with respect to the write beams. Pre-arrival means that it can be
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Scattering Process Coupling mechanism material excitation Relaxation Time

Brillouin
(sBs)

propagative pressure \Mave

acoustic phonons

electrostrictive 10-e

thermal Brillouin propagative pressure wave I thermally induced

photon absorption

10-e

(srBs)
acoustic phonons 

I
particle absorption I

Rayleigh

(srRLS)
non propagative

density fluctuation

absorption

electrocaloric

1

Rayleigh wing

(sTRL\MS)

birefringence of

anisotropic molecules

orientation of
molecules

TO-12

Raman

(srRS)
optical phonons vibrational 10-12

Table 2.1: scattering Processes and their origins and decay times

used to monitor/observe the formation of the grating. It is not necessary for the

read beam to be coherent with the other two, however if it is, coherence can introduce

additional effects, such as give rise to electronic nonlinearities.

The generated signal can be monitored in several ways. Two of these are the

transient method,where the temporal pulse shape is measured, and the ti,me resolued

method,where the integrated signal magnitude is measured as a function of 'time of

arrival' of the backward. pump. The time resolved method gets its name from the

fact that it probes the dynamic evolution of the grating.

Scattering usually refers to randomly distributed centers whereas diffraction

refers to scattering off ordered media, such as crystals or diffraction gratings' Light

scattering occurs as a consequence of fluctuations in a material's properties. A

completely homogeneous medium can scatter light only in the forward direction (ie'

transmit it :) Scattering processes are divided into spontaneous ones which occur

due to random fluctuations always present in the material anð. sti,mulatedones which

implies that the light itsetf is the cause of the fluctuations in the material's opti-

cal properties. Note that stimulated scattering usually involves ordered scattering

centres as opposed to spontaneous scattering"

Nonlinear optical scattering processes, such as DFWM are always referred to as

stimulated (or forced). The source of the fluctuations define the type of scattering.

common stimulated optical processes are listed in table 2.1.
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2.6 DFWM Models

Literature approaches the process of DFWM in two different ways. One uses the

nonlinear optical method (NLO) [56] and the othe¡ uses l¿ser i,nduced, d,ynamic

grat'ings (LIDC) [8], also referred to as transi,ent real-time holography (TRTH)

[55,57].

Physically it is easier to picture DFWM using the LIDG picture because it relies

on the calculation of the diffraction efficiency produced by the write beams and the

subsequent scattering by the read beam.

Mathematically LIDG and NLO are equivalent [8], however their use depends

on the type of material excitation giving rise to the process. Electronic processes

usually involve the calculation of X(3) using multi-level systems and transition rates.

They take into account extensive cross coupling between all four beams and thus

make use of the NLO method.

When the effect is non-electronic, as for example in thermal or electrostrictive

gratings the preferred approach is via LIDG or TRTH.

1' R 1 l\T^-l:-^^- Tt^t^_:_^1!z.v.L itu-frlrrlear rolarlzaf,lon

There are some very good texts on nonlinear optics [bg, g, 59, bl, 60]. It is the aim

of this section to givc a brief overview and to describe those parts that pertain t<.r

this work

In the presence of weak electric field, the polarization inside a material is given

by the approximation

Po: Xo.E (2.9)

In the presence of a time varying optical field

1

2
E(r, ú) : Re{E(r)"-0"} : {E(r)e-¿'t tF,(r)e¿'t}
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the time evolution of P and E can be calculated using the wave equation

v2E- i#r:$#"
However there are important factors which change this simple behavior. For a high

intensity optical field, the approximation 2.9 is no longer accurate and higher order

components must be considered, namely

P. : DXouE þ+ t x\[ørn.,+ t xfJ,FpE^,Eo +
p þt h6

ie. the polarization field is no longer linearly proportional to the incident electric

field and hence the term nonli,near optics.

In addition matter does not respond instantly to light. The history of any light-

matter interaction has to be included in Eq.2.9. Hence

P(t) : ,o I* xþ - r)E(r)d,(r)

where causality imPlies that

X(t - î) :0 , for ú - r ( 0

This is simply the convolution of the electric field of the iaser beam, E(Ú) with the

material's temporal response function'

DF\MM is a third ord.er nonlinearity because it corresponds to the mixing of

three input v/aves which produce a fourth, signal wave. This is the third order term

in Eq.2.10. Linear and second order effects can occur simultaneously but will not

give rise to a DFWM signal and can hence be ignored for our purposes. This leaves

the third-order polarization term which is given by

P,(t) : D xfùo(Ð n p(t) 4þ) E6(t) + E.(t) !]_tA - r)E(r)E(r)d,r (2.11)

þt6

(2.10)

where we have separated the electronic response from the nuclear response contained
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in the function Z(t).Hígher order effects than this are very much smaller again for

nonresonant materials and can also be ignored.

Z(t) is composed of all non-instantaneous effects which can contribute to the

DF\MM signal, ie.

z:ÐF,- (2.12)

where fl,- represents the response flrn"tioíof a particular physical efiect, rr¿. Natu-

rally only dominant effects need to be considered, which in our case are molecular

reorientation and density effects.

Eq.2.11 has two important properties

1. PftI : klg,n *13

,. p{s)Q) + klÙ@f

where k is a constant of proportionality. The latter point implies that the tem-

poral structure of the DFWM signal does not follow the cube of the input radiation

for slow mechanisms.

For nonresonant, weakly absorbing systems (and hence low DFWM reflectiv-

ities), rù/e can assume that the fourth wave does not contribute to the nonlinear

interaction and hence

/a x le{s)1'z (2.1s)

which is derived from the solution of the nonli,near waue equûti,onllg]

v2E- i#r-\#"o,:T ô2

at,
p(s) (2.14)

Physically this is the well-known result that says that the electric fields of the input
beams couple via the nonlinear polarization to produce a fourth wave, ie. the waue

mLrxng process.

Combining Eq.2.11 and 2.13 we get the following important result describing
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the temporal nature of the DFWM wave

29

I4(t) : 7ç¡¡ Dp*þ - r)I(r)dr
,

(2.15)
n

Note that here we have included all third order nonlinear effects in F"," for sim-

pticity and have labelled. the three input pulses ,I(ú), because they originate from

the same laser pulse and arrive simultaneously in the material. As we will show in

the following sections, F,n can be modelled and thus allows us to model the DFWM

response.

In the stead,y state case, where fL is the delta function this relation reduces to

I^: (h)'Pr,r,r,lxL').,1' (2.16)

where all the variables have their usual meaning. Hence the signal intensity

produced by the nonlinear interaction in a non- or weakly absorbing material is

proportional to lX(S)l' 
una the prod.uct of the input intensities [61].

It is also important to realize that x(e) is a 4th rank tensor and as such has 81

components, however in an isotropic medium such as a liquid it reduces to all but

4 elements [b8] given by XL}*,: XLl)oo+ XLt),o+ Xttìo,. All four can be excited in

a DFWM experiment by polarization control of the three input beams [62]' The

component Xfjo, is of special importance, because it corresponds to the case where

both pumps are orthogonally polarized to the probe. This implies that there can

be no intensity grating written between the pumps and the probe as discussed in

section 2.2.

2.6.2 TemporalResPonse

Note that we should be able to use the measured DFWM pulse shape as well as the

laser pulse shape to reconstruct the material's temporal response via a deconvolution
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process. Rewriting Eq.2.15 as

Dp,"(t - r)r(r)dr
NL

and then taking the Fourier Tlansform (FT) and using the convolution theorem we

get

FT r4t) : ÎDÊ^
r (t)

where the Î denotes the FT of X and hence

FT
DÊ*:

and

DP,.: FT-r

Hence measurement of the transient response of the DFWM signal should give us

the overall response function of the material. If, by polarization control, we can

eliminate certain physical mechanisms, as outlined in section 2.2 then we can even

separate D F,. in Eq. 2.L5 for some of the physical effects. We have not done this in
this thesis bui; aÌlucie to ii in section 6.6 for future work.

2.6.3 Transient Model

Section 2.4 illustrated that in the sub-ns to ns regime molecular reorientation can be

considered instantaneous, whereas electrostriction, absorption, thermal and density

effects have to be treated as non-instantaneous. The strength of this work lies in
the ability to measure both the transient response as well as the d,ynami,c euolution

of the material grating over a range of pulse lengths. McEwan et al [4g] have de-

veloped a model describing the pulse shape of the return wave in a material where

absorption dominates over electrostriction using a Q-switched laser at nanosecond

time scales' They solve the hydrodynamic equations of section 2.4.8 to obtain the
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Figure 2.6: This graph illustrates the DFWM signal in a material with a comparable

reãrientational and thermal nonlinerities. The input pulse was simple Gaussian of

length 8ns.

response function Fn of. Eq.2.l2which they subsequently use to model the transient

DFWM return Ia in Eq.2.13.

F,,(lr,t) : F,"(t) + fih(k,t) (2.r7)

The first component describes the decay of the grating by thermal diffusion and the

second component describes a sound wave damped by a viscosity D,,. They aiso

include a response function for molecular reorientation

Frn(k,q : *t- exp(-Dyk2t) + exp(- D,k2t)cos(u"kú)l

F,"(te,t)::""t (-*)

where r," is the molecular reorientation time. In this case the response function is

dominated by molecular reorientation as the instantaneous response and thermal

density changes as the non-instantaneous response. As an example of the effects of

the combination of a reorientational and a thermal nonlinerity, we have calculated

the DFWM return using Eqns. 2.15 and 2.L7, as shown in Fig" 2.6.



32 CHAPTER 2. DEGENERATE FOUR-WAVE MIXING

In addition we can use the interference techniques described in section 2.2 to

eliminate Frn(k,ú) from Eq.2.I7 such that the response is dominated entirely by the

Kerr effect.

Physically, reorientation and thermal effects are expected to be opposite in sign

because localized heating results in expansion and molecular alignment along the

electric field results in contraction. The latter is more easily understood when com-

pared the matchbox effect where the alignment of matches allows dense packing.

Hence the structure of a DFWM return shouid reflect this competition.

2.6.4 Picosecond Dynamic Grating Evolution

While the previous section focused on the transient response on a nanosecond scale,

\Me can also probe the transient grating using shorter pulses and measure the maxi-

mum intensity of the DFWM response as a function of delay of the backward pump.

This examines the time evolution of the dynamic grating and is called the ti,me

resolued method as discussed in section 2.5.

Nelson et al [63, 64, 65] have developed a model which describes the probing of

a material grating with a picosecond laser beam in this fashion. The model takes

into account electrostriction and absorptive expansion. It predicts the generation

of two counter propagating compressional waves with wave vectors equal to that of

the grating. In other words, this process gives rise to acoustic phonons, ie. a sound

wave. Dtte to the symmetry of the sound wave vectors tk a standing wave is the

result. The acoustic response due to thermal and electrostrictive effects was shown

to be

Setectrosrricrion : -B cos kz (sin Qú)

Sth".-ul : Acosler (1 - cosf)ú)

(2.18)

(2.1e)

where k is the grating vector, Íì is the acoustic frequency, ø is the direction along

the grating vector defined in Fig.2.3 and S is the displacement. The diffraction
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efficiency of the grating was shown [65] to be related to the displacement by

nús2 (2"20)

This leads to a very interesting result. In the electrostrictive case, the displacement

oscillates between a negative maximum and a positive maximum" Thus the dis-

placement attains a maximum twice per acoustic cycle and therefore, by 8q.2"20,

the diffraction efficiency will as well. However in the case of absorption, thermal

diffusion leads to the presence of an additional, static term. Thus the displacement

is always positive, varying between a maximum and a null displacement. Therefore

the diffraction efficiency attains a maximum only once per acoustic cycle. This be'

havior is shown in Fig. 2.7 for three cases. If we can measure the speed of sound

in the liquid by some other method (Ch. 6), we can determine which mechanism

is responsible for the acoustic phonons by measuring the period of oscillation. The

Iatter is given by

^ (2.21)4h".-"1 grating
us

^?electrostrictive grating (2.22)
2u I

where Á. is the grating spacing given by Eq.2.1 and u" is the speed of sound in the

material. In chapter 6 we will make use of these results to determine the physical

mechanisms of the nonlinear optical interaction in the sub-nanosecond regime.

2.7 Materials

As mentioned briefly in the introduction the motivation behind this work was

to investigate the nonlinear scattering and nonlinear refractive properties of an

organometallic power limiter, platinum ethynyl (PE). A good review on optical

limiting was written by T\rtt and Bogess [a]. PE was shown by several groups to be

useful in the visible via reverse saturable absorption (RSA) [1, 2]. This material was
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Figure 2.7: Temporal evolution of diffraction efficiency. Comparison between phys-
ical mechanisms.
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Figure 2.8: Platinum Ethynyl Complex, PE

first synthesized by Takahashi et at [66] and our samples were provided by Julianne

Davy of the DSTO2. We used it in solutions of THF and at concentrations of 0.08

M' The sample recrystallized at room temperature overnight and was always kept

in a refrigerator when not in use. At 1064 nm it exhibits a non-resonant response

and thus has a real value of y@ [Z).

RSA arises when the excited state of a molecule has a larger absorption cross-

section than the ground state, ie. a material which darkens under intense laser

radiation. This presents an excellent mechanism for optical limiting. Other mech-

anisms include self defocusing and light induced scattering. If an optical signal

2Defence Science and Technology Organization, South Australia
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induces scattering centres in a medium and if this happens on the rising edge of the

incoming laser radiation, the signal will be attenuated as it passes through, thus

exhibiting optical power limiting properties. Flazier et al [67] and Staromlynska et

at [1] demonstrated the existence of nonlinear scattering in PE and hence there was

a need to investigate this further. To eliminate RSA effects, this investigation had

to be done well away from any possible resonant enhancement and thus was done

conveniently at 1064 nm.

To validate our experimental results we used a standard nonlinear optical ma-

terial, carbon disulfide (CSr), which also gives rise to a nonresonant nonlinearity

at 1064 nm. It has been widely studied and is very commonly used as a reference

material and. calibration standard. In our experiments we measured the absolute

value of its nonlinearity before using it as a calibration standard. This is not usu-

ally done because of difficulties involved in measuring absolute values of nonlinear

susceptibilities. CSz has a large nonlinear susceptibility of Xt\,*:5.6 x 10-13 esu

[ Z] which is mainly due to molecular reorientation [53]. Its reorientation time is of

the ord.er of 2 ps because it is a small molecule and thus we expect a fast, steady

state, non-thermal response at 1064 nm. The major drawback with CSz is that it

is extremely toxic [68], affecting just about all parts of the human body in some

adverse rpay, even at low concentrations (10 ppm). Thus safety procedures must

be in place before it is purchased3. It is also extremely volatile and flammable,

making it difficult to contain. Hence the sample cell had to be chosen such that

there was negligible leakage"

The hyperpolarizabitity of PE has been measured by Guha et al [2] using the

optical Kerr effect at 1064 nm with 20 ps pulses. They measured a value of 'Y -
0.12 x 10-33 esu relative to CSz for which they used a nonlinear susceptibility value

of xL},,: 30 x 10-13 esu [69]. The latter is larger than the value commonly used

3We spent quite some time
using CS2 this meant: Usage
limit for the size of the room.

on establishing chemical safety procedures for the laboratory. When
of an amount which if spilled completely did not exceed the safety

TÌansportation in a padded, non-breakable container. Calculation

of the complete recirculation time of the air in the laboratory (10 hrs). Long term containment in

non-leaking glass container in a fire.proof, well ventilated chemical storage room.
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in literature of. yf,ï),,: 5.6 x 10-13 esu. X(3) and 7 are related by

x(3) : lL4Nt

where L is the local field correction factor given by

- n2+2
L--

3

and N1 is the number density of the solute in the solution. Guha's value of the

hyperpolarizability for PE thus equates to a nonlinear susceptibility of

XG) :2.6 x 10-13 esu

Since they used a higher value for X(r) in CSz tha¡r Xuan, we will correct it propor-

tionally to reflect the value we used for X(a) in CSz. Hence Guha,s value for X(e) i1
PE, relative to a ¡(s) in CSz of 5.6 x 10-13 esu is

XS?:0.49 x 1o-13 esu.



Chapter 3

Stimulated Brillouin Scattering

3.1- Introduction

We have established in section 2.6.1 that pulse length is a critical parameter in

determining the type of physical ïesponse in a DFWM experiment. The ability

to vary the p¡lse length with enough rlynarnic range to access clifferent physical

mechanisms would significantly increase the usefulness of a DFWM experiment,

oï any other nonlinear optical experiment for that matter. If this change can be

efiected with minimal or no change of any other parameters of the laser system, then

the utility of this system would be increased even fu¡ther because it ensures that

all measurements are directly comparable with each other. Most importantly, the

alignment of such a system must remain the same for any change in pulse length,

because this is one of the most critical parameters in a DFWM experiment (see

section 4.I.4). This is very difficult to achieve with the traditional, mu-ltiple-laser

system approach.

\Me have accomplished just this by modifying an existing Q-switched Nd:YAG

laser to include a phase conjugated mirror and a r¡ariable pulse conpressor, both of

which are based, on stimulated. Brillouinscattering (SBS) . The difierent pulse lengths

are achieved without distrubing the master oscillator and the systems phase con-

jugation ensures that the alignment of the DFWM experiment remains unchanged

after each change of pulse length. The following review gives a physical account
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f = 20cm SBS Ceil

+

Figure 3'1: (a) Simple SBS mirror setup. The phonon grating is shown inside the
SBS cell. (b) shows phase front of an incoming wave being aberratecl by, say a
piece of shower glass. The SBS mirror reverses this phase wave front and hence all
aberrations are "ironed out" after passing back through the aberrator.

of the SBS process. I have given ample leferences for readers interested in further

work.

Stimulated scattering was first demonstrated by Eckhard et al [70] using Raman

vibrations in liquids. SBS was demonstrated by Chiao et aI [19] and. the phase

conjugation property was discovered by Zel,dovich et al [71].

In its simplicity and mathematical complexity SBS truly can be called a beautiful

process! SBS is stimulated backscattering of a lascr bcam by an acoustic grating in

a mediun wlúch is seedecl by noise. The onset of SBS is dependent on a threshold

intensity given by

I¿¡gl : C (3.1)

where g is the SBS gain for the material used and C is a numerical constant usually

taken to be 25-30 [21]. The interaction length, l, is the shorter of the cell length,

coherence length or Rayleigh range 1721. A simple, phase conjugating SBS mirror
consists of a lens and a cell filled with a liquid or gas (Fig.3.l).In the present

and most typical applications, where the Ray'eigh range of the focused beam is

I

I



3.2. THE SBS PROCESS

significantly shorter than both the SBS cell length and the coherence length of the

beam, it can be shown 172) that the threshold for SBS is independent of focusing

parameters and is given as a threshold power of typically 50-100 kW. This is easily

attained with a Q-switched laser.

If the return is generated in the focal region of the lens it is the phase conjugate

of the incoming beam and can be used to correct for aberrations in a power amplifi.er

173,741.

With proper choice of cell length and focal geometry, SBS also provides a pos-

sibility for pulse compression [75, 76]. For optimal compression to occur, both cell

and focal lengths must be at least half the length of the input pulse [77]. As with

the short cell, the return is initiated in the focal region, but, as the return propa-

gates backwards, the region of maximum reflectivity also moves backward toward

the entrance of the cell, compressing the pulse in a bulldozerlike fashion.

The shortest pulse length attainable for high efficiency reflection is limited by

the phonon lifetime of the medium [78]. The choice of medium should take this into

account as well as ease of use and safety of handling.

Thus a phase conjugated laser system with variable pulse compression has several

advantages over a conventional system. These are higher peak power and improved

beam quality, as well as operation over a range of pulse lengths while maintaining

perfectly the direction of the laser beam.

3.2 The SBS Process

3.2.L Mechanism

Very good. reviews on SBS are given in references l2L,22l'

A laser beam incident on a material will experience all kinds of scattering pro-

cesses as already described in section 2.5" SBS refers to the scattering off acoustic

phonons, ie. propagating density fluctuations. In this way it is very similar to SRS

which refers to scattering of optical phonons, ie" propagating vibrational fluctua-

tions. In fact SBS materials have to be chosen such that their SBS gain is high, and

39
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their Raman gain is low [59]. These acoustic phonons can have their origin either

in thermal or in electrostrictive density fluctuations (see section 2.4). Self-starting

SBS distinguishes itself from DFWM in that there is no need for separate pump

treams to produce the NLO process.

A small proportion of the incident wave will be scattered backwards by random

acoustic fluctuations present in any material at room temperature. This backscat-

tered wave, called the seed, will interfere with the input wave and create a near

standing wave pattern with a very low amplitude modulation due to the small am-

plitude of the backscattered wave1. Thus an interference grating is established which,

provided it is large enough, can give rise to a material excitation much the same way

as in section2.3. It is also important to note that this material excitation is in reso-

nance with the medium because the phonon frequency is a property of the material.

This grating acts to increase the seed, the backward scattered wave experiences gain

and a snowball effect occurs, ie. the more phonons there are the larger the optical

grating and the larger the optical grating the larger the material excitation will be2.

The response time of the SBS process is around 100 picoseconds and therefore

a nanosecond pulse will virtually see it as a mirror. Hence the initial part of a
nanosecond pulse will be transmitted and once the intensity threshold has been

reached, the reflectivity is turned on instantly, resulting in a sharp rise time of the

reflected pulse.

The intensity threshold is basically a consequence of the fact that the input beam

itself is generating the backscatter. An intensity is needed which is large enough

such that gi,uen a constant gai,'n for a focussed geometry, the return wave is roughly

equal in amplitude to the input wave. This is manifested in Eq.3.1. Only above

this intensity is the process actually self starting, below it is not stimulated and we

only get spontaneous backscatter.

lNote that this backscattered wave will be frequency shifted by the acoustic frequency because
of the Doppler effect.

2This is why Brillouin induced FWM is such an efficient process. In this case the grating written
by the nearly degenerate FWM process is resonant with the material excitation.
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3.2.2 Phase Conjugation

Phase conjugation [79, 80] is only achieved if the seed is generated in the focal

region/far fi,etd of the input beam. This is achieved easily with a lens. The reason

for this is that the material excitation is either an electrostrictive or a thermal

nonlinear optical process which both depend on the intensity of the laser beam"

Therefore in order to achieve phase conjugation we need to translate all the phase

information of the incoming wave into intensity information" The focal point of a

lens corresponds to the spatial porù¡er spectrum of the input fi.eld and thus provides

exactly this mechanism. The gain will be greatest for the wave which exactly retraces

its path. Hence it is not necessary for the return to be generated eractly at the focus.

If the beam is not focussed, the intensity distribution of the cross section does

not contain any phase information and a phase conjugate return is not possible. We

may however still get an SBS reflection if the intensity threshold has been exceeded.

3.2.3 Pulse ComPression

pulse compression [S1] is another interesting phenomenon which relies on the rapid

response time of the process as well as the seeding process of the backward travelling

wave. If the pulse is focused. deeply into a long cell (say half the pulse length), then

the SBS wave is generated as explained before. As it travels backward, the initial

part of the pulse itself acts as a seed for further acoustic gratings because of the

standing wave pattern that is generated as the pulse is folded onto itself. Hence

the centre of reflection is dynamically generated and moves toward the entrance

window, "pushing" out the part of the pulse which is still coming in and resulting

in an overall compression of the input pulse. The amount of compression is thus

limited. to the response time of the electrostrictive effect, ie. the speed at which the

centre of reflection can follow the leading edge of the pulse.

A two cell arrangement [77] atlows for an optimization of this process" In this

case one cell, called the oscillator, is used for the seed and the other, the amplifier,

is used for compression. This arrangement is usually used for high energy (>1J)

4I
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SBS lasers because the SBS seed is generated by the low energ¡ leading edge of the

incoming pulse, thereby avoiding optical breakdown which would be caused if all of

the pulse were focused. The seed travels back into the amplifier cell and interacting

with the incoming beam. Thus the main portion of the incoming beam is reflected

in the amplifier cell, where the beam is collimated and thus has a low intensity.

Since our experiment dealt with low energy beams only (approx. b0 mJ) a single

cell setup satisfied completely our requirements.

3.2.4 Materials

There were a variety of materials available for SBS [82]. We chose Fleon-113 for

several, compelling reasons:

Ease of use, cost and i,mportantly, safety of handling; Liquids are easier to con-

tain than gases and require no pressurization. Some good SBS materials like CS2 are

highly toxic and highly volatile. In comparison, Fleon-113 is relatively non-toxic.

Several liters could be spilled in a laboratory without exceeding dangerous limitss.

Phonon lifeti,me (or phonon response time): The extend of pulse compression is

limited by the phonon lifetime [78] and hence this needs to be as fast as possible.

Fleon has a phonon iifetime of 0.8 ns [82] which is faster than most other available

materials"

Absorption (li'near and nonlinear): A large amourit of linear absorption will
significantly attenuate the beam in a long cell. Freon-113 has a very low linear

absorption at 1064 nm, of less than 10-5 cm-l [S2]. In addition, if linear or non-

linear absorption are large enough, there will be potential competition between

electrostrictive and thermally induced SBS which will lead to instabilities [5g].

Gain compet'iti,on between SBS and 
^9r?,9: 

We need the material's Raman gain to

be much lower than the Brillouin gain to prevent SRS from reducing the efficiency

of the SBS process [S3].

3spilling several litres of Fleon into the laboratory is unacceptable from an environmental point
of view. For this reason, we are in the process of changing to another fluoro-carbon, Flourinert,
which is environmentally safe.
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Four-'Wave Mixing Long Pulse

Study

4.! A Preliminary ExPeriment

We set up a simple, preliminary experiment to establish the operating parameters

of DFWM and learn of any practical requirements before commencing with a more

versatile and complex experiment.

As discussed in section 2.7 we used CSz as a reference material to obtain a

transient DFWM signal in the nanosecond and off-resonant regime at 1.064 ¡lm.

Prior to the experimental setup we established the requirements to observe a signal:

o Choice of high bandwidth, high sensitivity detectors to record the transient

evolution of the signals

o Choice of laser intensity to generate an easily detectable signal with a suitable

detector

o Establishment of alignment criteria necessary to observe the DFWM signal

43
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4.L.L Detection System

Appendix A gives a more detailed description of detector issues. We chose a simple,

reverse biased Silicon photodiodel for our detection system. This presented a good

solution exhibiting good sensitivity, linearity, dynamic range and large bandwidth.

Combining this with a 500 MHz digital scope yielded an overall bandwidth of 350

MHz, which gave a pulse rise time of approximateþ 0.85 ns.

The sensitivity of this diode was about 0.05 A/W at 1064 nm which corresponds

to 2.5 V/W into 50 f), which was suitable for a pulsed laser with very high peak

porü/ers. Assuming a signal to noise ratio of at least 5 and a noise floor of 4 mV,

a m'ini'mum detectable si,gnal si,ze wouird be around 20 mV which corresponds to 8

mW onto the area of the diode or an intensity of 0.8 Wf cm2.

The laser intensity levels had to be optimized such that the DFWM signal was

maximized, while avoiding damage to the optical components and the sample due

to optical breakdown.

4.L.2 Estimated Signal size

The magnitude of a nonresonant four-wave mixing signal is given by Eq.2.16

,. - ( ' \' ,r r- r^ r^ l^,(¡) 12

\4c2eon2 ) 
u trazaó 

lÃærtnl
I /l 1\
\=. r/

where I is the overlap length, I, are the intensities of the pumps, probe and signal

beams in that order, and the other symbols have their usual meaning.

The value of XL\,, is given by la7l.

t3l
Xðé.,, : 5.1 x 10-13 esu

: (b.1 x10-18) "&^r/v,
: 7.L x l0-2' ^'¡ 

y'

1BPX 65 from RS Electronics
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\Me used the original pulsed Nd:YAG for the preliminary experiment which pro-

vided 70 mJ in a 28 ns pulse and a 10 mm diameter beam, which corresponds to a

fluence of about 0.1 J f cm2. Assuming laser intensities of 3.2l/^W lcm2 (32 G\M/m2)

for the pumps and 0.32 MW/cm2 (3.2 GW/m2) for the probe, a sample 5 mm in

length should result in a signal with an intensity of

Ia: (h)'PI,4I,lxt'r¡'
N 4.7 x 1016 x 0.0052 x (32 x 10e)2 x3.2x 10s x (7.1 x t0-2\2 Wl^'

ru 1g5 W/m2

N 20mWfcm2

which is smaller than the minimum detectable signal of 0.8 Wfcm2. Ilence it

was necessary to focus the pump beams to achieve more intensity and hence a larger

signal. In our calculations, halving the diameter of all beams should increase the

signalintensitybyafactotof(22)3:64'Wewouldthusgetapowerof

P 20 m'W/cm2 x 0.01 cm2 x 64

12 m\M

onto the diod,e, unfocused., which corresponds to a maximum voltage of 30 mV, a

detectable signal.

4"L"3 Signal isolation

Another requirement was to isolate the signal from stray light, because the signal

level was low and the detector was quite sensitive. Stray light originated from a

number of sources including stray beams reflecting off fixtures in the laboratory, and

scatter off optical components like beam splitters, and the sample cell itself. Since

this scatter was isotropic its intensity diminished quickly with distance. Propagating

the signal by a few meters and setting up baffies could thus improve the signal

to noise ratio such that there was negligible, detectable scatter for even the most
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4 .a

d0

Figure 4.1: Signal direction dependence on backward pump deviation from colin-
earity

sensitive detector setting. If this was not done however, the DFWM signal would

be drowned in the stray scatter.

4.L.4 Alignment

This delay distance rendered the experiment very sensitive to alignment. Hence an

alignment procedure had to be established by which we could accurately position

the signal deteclor.

Alignment of the beams had to ensure colinearity of the pumps to within some

atrn-fo^*^-^-..'^lI ^^-^^l ^--^-l^- ^f--------- - r r .¡r ! ¡turrvr rúuuvr @ù lvurr d,ù Éuuu uvurr¿1!, ur lrurilptt alru proDe wrtnln tne sample. öxnce tne

DFWM return would be a weak signal it was essential to lcnow where it was going to

Öe. Conservation of momentum implicd that deviation by an angle d,0 by the prulps

frorrr colinearity would result in the signal deviating by d,0 from the probe path,

(see Fig.4.1) hence missing the signal detector. Therefore the alignment accuracy of
the pumps was set by the detector distance and aperture as well as beam diameter.

Typical values were lmm l8^- O.lmrad.

4.L.5 Experiment

The experiment which satisfied all these requirements is shown in Fig.4.2.

Good alignment of the pumps was easily achieved by retro-reflecting the back-

)
d0 D

S

21
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I D1

P QWP W1 F

A1
w f= 40 cnt

Baffles

D2

Figure 4.2: Setup for preliminary FWM experiment. The lens shown in red is placed

there to verify phase conjugation

warcl p¡mp through aperture 41. The lenses ensured the correct beam diameter

for the required intensity and sliding the sample along the optical axis of the lens

signifi.cantly altered. the intensities of the pump beams. A polarizer and a quar-

ter wave plate were used to prevent feedback of the pulse into the laser cavity. A

wobble plate W was used to scan the interaction region for maximum reflectivity

without affecting the angular alignment of the protre. The position of the signal

detector could be found by retro-reflecting the probe through aperture A2 by mearìs

of wedge W2. This wed,ge refl.ection was also used for calibrating the signal detector

by attenuation by n lcnown amount usi,ng calibrated, metalli'c neutral densi,ty fi'lters,

4.L.6 Results

Using CS2 as the sample, we obtained the signal shown in Fig.4.3. The magnitude

and shape w.ere as expected. The pulse compression ü/as due to the cubic intensity

dependence of the DFWM return as shown by Eq.4.1. The occurrence of four-wave

mixing was verified by checking that the retrun disappeared if any of the three

input beams were blocked. We confirmed phase conjugation by inserting a medirun

focal length lens (0.a m) in between w3 a¡rd the sample. OnIy a phase conjugated

signal would be recollimated after having passed through the lens. A non-phase

S

MLoser
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Figure 4.3: Original CRO output plot showing the DFWM signal(green) in CS2 as
well as the corresponding input(red)

conjugated signal would result in a decrease of the received signal intensity because

the divergence of the beam would now have been increased and the beam diameter at
T)2 v¡nrtld l¡p lqrrror T- nrr. ov^a-i-o-+ i-õ^-+;-- ^ l^-^ l:l .^^r ^L^*-^ 11-^ i--1^--^:rvrryvrr¡[uuur ¡r¡ou¡ ur¡rÉ o lçIlD tllLl ¡rLrU UIrd¡llBU t IIU fIILeIIülL.y

of the received signal, implying that the return was recollimated and therefore phase

conjugaterl afte¡ it hacl passed through the lens on return.

\Me repeated ttre experirnent in PE, but could not see a signal.

4.1.7 Discussion

This preliminary experiment vaüdated the proposed requirements. Using CS2 as

a standard reference material we obtained a DFWM signal. The pulse shape was

compressed as expected for a cubic nonlinearity and pba,se conjugation was veriflecl

to occur. The signal magnitude compared very well with literature. The experiment

was simple to set up and served very well as a preliminary nrn.
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4.2 A Versatile DF\MM ExPeriment

There were a number of important, additional requirements which the previous

experiment had not addressed. Hence we set up a more complex experiment which:

o used linear instead of circular polarization in the cell to allow formation of

orientational as well as intensity gratings and thus enable measuïement of the

components of x(a),

o permitted temporal coincidence of pulses as well as pre-arrival of the backward

PumP'

r provided a delay line in order to probe the time evolution of the interaction,

r provided more pov¡erful pulses to observe the weaker nonlinearity in PE.

4.2.L Experiment

Geometry description

The new setup geometry is shown in Fig.4.4. Alt three beams were now split off

before they entered the cell as opposed to the preliminary experiment (Fig.4.2)

where the trackward. pump had. passed, through the sample once already, possibly

being modified through nonlinear refraction andf or absorption. In addition this

permitted all pulses to arrive simultaneously.

We used halfwave plates and. Glan polarizers to control independently the polar-

izationstate of each beam ancl its pruity. Note that the insertion of a polaúzer into

the probe path also enabled us to check the polarization of the retutn signal.

Delay line

In order to delay the arrival of the backward pump, a delay line was inserted. This

posed a problem of alignment because, for all delays, the backward pump had to

remain colinear with forward pump as explained in section 4.1.4.
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Figure 4.4: Versatile DFWM experiment including a variable delay line, temporally
coincident input beams and polarization control. Note the signal is propagated by
about 8m to eliminate detectable isotropic scatter from the cell windows.
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PBS

QWP CC

M2 M1 A

Figure 4.5: Delay line setup, polarization direction as indicated; PBS : polarizin$

beámsptitter, QWP : quarteïwave plate, A: iris type aperture, CC : corner cube,

L : delay line distance

Standard delay lines using a corner cube allow parallelism to be conserved, hrut

not colinearity. For this reason I developed a novel type of delay line, shown in

Fig.4.5 with diffraction limited auto-alignment ([84], appendix E).

Alignment

In addition we developed an alignment system, which ensured great accuracy and

repeatability in aligning all four beams to the same specifications. This was essentiai

for results to be comparable between experimental runs. Note also that while a HeNe

was used for positioning of components, the final alignment was always done at 1.064

prn.

The following explanation refers to Fig.4.4. Aperture A2 was a 0.4 mm pinhole

at the centre of a cross-hair on a white surface. The pinhole was placed at the centre

of the forward pump at the position shown. With the help of a CCD camera and

a TV set, mirror Ml was aligned to direct the backward pump onto the centre of

the cross-hair of 42. Now both pumps had a common point of intersection at A2

to within 0.2 mm accuracy. We now removed the corner cube and used PBS1 to

align the forward pump with the backward pump. This was done by centering the

backward pump on iris A4 and then passing the forward pump through this as well.

Thus there were two points, greater than 4 m apart, coincident to better than 0.2

L
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mm precision. Hence the alignment colinearity was better than 0.2 mm and 5x 10-5

radians. This was always repeatable and was performed i,n the uisible AND i,nfrared,.

The signal detector was aligned using a mirror M3 to retroreflect the probe

through an aperture (not shown). M3 was blocked and a DF\^/M signal generated.

This signal on the detector was maximized using M4. Then one of the pumps was

blocked to remove the DFWM signal and M3 was unblocked to give a simulated

signal. This was maximized using the controls of M3. Thus the DFWM signal and

M3 were aligned to give maximum signal and consequently were colinear.

The alignment of the delay line is discussed in appendix E.

Detectors and Calibration

We changed the detection system for the complex DFWM setup to give a larger

bandwidth and more responsivity. This was effected by using 3 GHz InGaAs photo-

diodes and a 1 GHz transient digitizer. It is described in more detail in appendix A.

To ensure constant and precise triggering we used a photodiode, saturated to give

a fast rise time. The signal detector was calibrated using the probe beam to give

absolute values for the intensity. Mirror M3 and neutral density filters simulated
q ,rroaL rai-rrrn l\/t^^-"-i-- rl-^ ^-^---- :- !L ^ --^L ^ l- - - t lrrvuur¡¡' rv¡çoùururË urrv urrurËy ru urre pIUUe uea,III usrng a callDrateo energy

meter, beam diameter and pulse length allowed calculation of the intensity of the

beam hitting the detector.

Laser

The laser was modified to improve its beam quality and shorten its pulse length. A
complete description of this is given in chapter 5. For now it suffices to state that
the beam quality was good (Fig. a.6) and the pulse length was shortened from 28

ns to 8 ns FWHM (Fig.4.7). The energy output remained constant and hence the

porü/er was increased by a factor of 2.3.



4,2. A VERSATILE DFWM EXPERIMENT

Figure 4.6: TYansverse mode of improved Nd:YAG laser
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Figure 4.7: Temporal pulse profile of improved Nd:YAG laser
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4"2"2 Results

\Ä/e then measured the DF\MM signals for CSz and PE in intensity grating and

orientation grating configurations. The results are shown in Fig.4.8. In this diagram

I added the calculated cubic return expected for a fast (steady state) DFWM return.

We can see that both PE and CS2 exhibited intensity dependent, transient structure

in the DF\MM return. Since the transient DFWM return is effectively a measure

of the diffraction efficiency of the induced grating (in analogy with TRjTH), the

grating was destroyed during the laser-matter interaction in both materials. In CSz

this lead to a tnrncation of the DFWM pulse by about 1 ns. In PE the grating

reformed, leading to a characteristic 'double hump' feature (Fig.  .8a). While the

effect was only small in CSz (Fig.a.s(c)), in pE (Fig.a.s(a)) both the slow and

the fast mechanism appeared to be of equal magnitude. The destruction of the

grating in both materials implied that the slow and the fast mechanisms are in
direct competition with each other. The DFWM return in PE is very similar to
the DFWM return observed by McEwan et al [49] where the slow mechanism was

suggested to be due to the build up of a thermal nonlinearity.

The truncation of the CS2 return, as well as the structure in the PE return

disappeared when the intensity modulation of the grating was set to zero in the

orientation grating configuration (Fig.4.8(d & b)). Hence we concluded that this

effect was intensity dependent. Since the effect changes the pulse shape from the

expected cubic dependency it must have a response time of the order of the pulse

length.

Recalling section 2.6.I, the intensity grating signals are examples of a slow, non-

steady state DFWM response, whereas the orientation grating signals are examples

of a fast, steady state response.

Table 4.1 lists values for x(s), calculated using the maximum values of the de-

tected voltages during the pulse according to Eq.2.16, as well as values given by

literature. Refer to App.B for an error analysis of X(3) values. We obtained a value

for x(s) of (5.3+2)x 1013 esu for CS2 which is comparable to results obtained by

Xuan et aI[47] of 5.1x 1013 esu.
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(a) PE WV grating (b) PE vvH grating
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Figure 4.8: DFWM returns for the long pulse input. Dotted line: input pulse;

broken line: cubic of input pulse; solid line: DFWM return;

(a) pE intensity grating. (b) PE polarization grating. (c) CS2, intensity grating.

(d) CS2 polarization grating.

Material Grating Typ" x(t) t x 10-róesu Lit. Xt:rl 1 x1

CSz WV 5.3 5.1 471

CSz WH 3.3 5.1 471

PE WV 1.7 na.

PE WH 1.3 na.

r
t\

\

\

\
\

Table 4.1: DFWM results for short pulse
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4.3 Intensity dependence and grating evolution

In order to characterize further the nonlinear behavior of PE, we investigated the

intensity dependence of the DFWM return, as well as the time evolution of the

grating that is being written by the protre and the pump beams.

4.3.L Intensity dependence

We measured the intensity of the DFWM signal as a function of the laser intensity

in the intensity grating configuration. The latter was variecl by means of the first
halfwave plate/polarizer combination as shown in Fig.4.4. The results are shown

in Fig.4.9' We can see clearly that both CSz and PE followed the cubic intensity

profile as expected for a DFWM process. Hence there was no significant nonlinear

absorption in this intensity regime. If there was any significant nonlinear absorption,

this would result in a change of slope over the intensity range. Note that while the

temporal shape of PE did not follow the cubic profile, the marimum intens,ifu of the

return did. This is a consequence of Eq. 2.15. Hence this was still a X(3) process,

but a non steady-state one.

4.3.2 Time evolution of the dynamic grating

We used the delay line described in section 4.2.L to delay the incidence of the back-

ward pump to probe the time evolution of the grating formed between the probe

and the forward pump. The delay was incremented by 1.3 ns each time and for

each delay we took 16 consecutive pulses and averaged them to obtain an averaged

maximum DFWM intensity while keeping the input intensity fixed. Note that the

data sets Ìù/ere corrected for the divergence of the laser which resulted in a decreasing

intensity for the backward pump in the overlap region in addition to the acoustic

decay of the grating. Hence Figs. 4.10 and 4.11 show the diffraction efficiency as a

function of delay for a non-diverging laser beam. This enabled us to see the actual

decay of the grating.

The time evolution of the gratings shows a number of important results. As
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Figure 4.9: DFWM return signal power vs laser output power for both CSz and PE
pulse length:7.5 ns (Line of best fi.t calculated using method of least squares)

expected., CSz exhibited. a large steady-state nonlinearity for the duration of overlap

of the pumps and the probe, but in addition there was a residual, exponentially

d.ecreasing return for time delays greater than the pulse length (ie. beyond 12 ns,

see Fig.4.10). It implied the presence of a slowly decaying refractive index grating

which persisted after the 'write' pulses had left the medium. This effect is commonly

observed [8b, 62] in DFWM using picosecond pulses and is attributed to acoustic

phonons (see section2.6.4). Fig.4.12(a) shows the pulse shape of the DFWM return

for a delay of 18.6 ns and confirmed the presence of acoustic phonons. To my

knowledge this measurement has not been done before in CSz in the nanosecond

regime. It shows the strength of the combination of our detection, alignment and

delay line system, that we could still detect this very small signal which is 4 orders

of magnitude less than the 'zero delay' signal.

The DFWM return in PE did not exhibit the large, instantaneous nonlinearity

of CSz (Fig.4.11). The constant exponential decay of the diflraction efficiency im-

plied that the slow, persistent nonlinearity, seen only late in the grating decay of
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Maximu.m DFWM signal (diffraction efficieny) ys delay of backward pump
material: carbon disulfide, pulse length: 2.5 ns
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Figure 4.10: DiffractioÌ efliciency vs delay in ns in CSz. Note the large nonlinearity
exhibited by the material while all three bcams overlap. This is the steady state
response. In addition there is a residual, exponentially decaying nonlinearity if pump
2 reads the grating after pump 1 and the probe have passed.
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Maximum DFWM signal (diffraction efficieny) vs delay of backward pump

material: platinum ethynyl, pulse length: 7.5 ns
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Figure 4.11: Diffraction efficiency vs delay in ns in PE. As can be seen, this nonlin-

earity is dominated by the transient, slow response'
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FWM pulse shape for CS, (where delay = 18.6 ns)
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Figure 4.12: DFWM mixing pulse shape for CSz and pE for a backward pump
delay greater than 12 ns. This case implies that the 'write' beams have left the
medium before the 'read' beam enters it. We can see clearly the presence of acoustic
oscillations in both pulse shapes. PE also exhibits a static component.
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CS2, dominatecl the nonlinearity in PE. In fact both the magnitude and decay time

for the slow nonlinearity were larger in PE than in CS2. Over 20 ns the signal in

PE dropped by a factor of two only, whereas the signal generated by CS2 dropped

by 4 orders of magnitude. Fig.4.12(b) indicates that this return was also due to an

acoustic grating, as \4ras the case in CS2'

Fig. 4.13 shows the evolution of the pulse shape of the PE return as a function of

d.elay. The return exhibite{ an oscillating structure which decayed only very slowly

and we cân see that this is the same mechanism which gave rise to the structure seen

in the PE retlrn in Fig. a.S(a). The oscillating behavior in each pulse demonstrates

very clearly that the structure in the PE return was due to the acoustic phonons

generated by the intensity grating. It is important to note that the temporal position

of the oscillations was stationary in time as indicated by the vertical lines. This

implies that the structure was due only to the probe and the forward pump, and

that the backward pump only reacl this grating, in direct analogy with real time

holography.

4.4 Conclusion

We set up a preliminary experiment to determine the operating parameters of

DFWM as well as alignment and signal detection criteria. We used this to ot>

serve a phase conjlgated- DFWM signal in CSz the magnitude of which agreed well

with literature

Subsequently we set up a complex and more versatile DFWM experiment which

allowed variation of intensity an<l polarization. The alignment was repeatahrle to a

known colinearity and pa,rallelism a¡rd was done at the laser wavelength. The back-

ward pump could be detayed by a new type of delay line which allowed diffraction

limited autoalignment. An improved laser system yielded a well defined electric field

in the material and high peak powers. The bandwidth of the systeru was measured

to be 250 MHz and. the d.etectors were calibrated to give absolute pos/ff readings'

Therefore r¡/e we e able to measure accurately the values of Xf)** and X[3/r' in
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CSz and PE. Our values for CSz agreed very well with literature and established

credibility of our procedures. We found both materials to have a fast steady state

response to the polarization grating, indicating molecular reorientation times much

faster than the input pulse length of 10 ns.

The intensity grating lead to structure in both the CSz and PE DFWM returns'

While in CSz the efiect was small leading to a slight truncation of the DFWM return,

PE was dominated by it. Using the delay line to probe the dynamic evolution of the

grating we showed that in PE the fast nonlinear response is destroyed during the

Iight-matter interaction by the growth of acoustic phonons. In addition otrr results

suggested that this might be the same mechanism responsible for the strtrcture in

the CSz response.

Both mechanisms were shown to be third order nonlinearities and nonlinear

absorption was ruled out as the cause for the structure in the returns'

The grating in CS2 decayed by 3 orders of magnitude after 12 ns, after which an

acoustic phonon grating became evident which decayed exponentially. PE exhibited

an acoustic phonon grating from the start of the interaction, which then decayed

exponentiatly. After 20 ns the signal dropped to half its initial value, indicating a

long lived grating.

The long pulse length of the laser did not permit further investigation into the

origin of the effects. We thus proceeded to redesign the laser to optimize it for this

investigation; this is the subject of the remaining chapters of this work'
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Chapter 5

Variable SBS Pulse Compressor

In this chapter I will describe the original laser system, the modifi.cations to convert

it into a phase conjugated, variable pulse length, master oscillator po'wer amplifier

(VpLL, MOPA) system and outline the results of these efforts. This work has been

published [86] and [aPPendix D].

5.1 Original Nd:YAG

The original laser system v¡as a commercial MOPA with an oscillator and a single

pass power amplifier. The oscillator \Mas a simple design using a saturable absorber

LiF Q-switch, a flashlamp pumped Nd:YAG, a long (1.3 m) resonator with flat end

mirrors and. a 1 mm intracavity aperture. The output pulse was 2 mJ,27 ns FWHM

in a single longitudinal and transverse mode as shown in Figs. 5.1 and 5'2'

It was then passed through an amplifier, length 78mm and diameter 6mm. The

optical quality of this particular amplifier rod was poor, exhibiting much birefrin-

gence which resulted. in a poor transverse mode as shown in Fig.5.3, which was

obtained using photosensitive paper from Kodak. Magnifying the oscillator beam

to filt the volume of the amplifier yietded an energ.y of 70 mJ'

However the resulting beam profile was unsuitable for DFWM experiments be-

cause of the nonuniform intensity profile. In order to make statements about non-

linear behavior, calculate nonlinear susceptibilities and ensure the repeatability of

65
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Figure 5.1: Beam profile for oscillator output, measured with a CCD camera, show-
ing power in the vertical direction vs transverse dimensions (in arbitrary units).
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Figure 5.2: Temporal pulse shape of original oscillator beam

Figure 5.3: Burn pattern of beam profile of single.pass amplifier
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the experiment, the electric field distribution inside the material needs to be known

accurately, which requires a smooth beam profile such as a Gaussian. F\rrthermore,

as was shown in section 4.1 these po'vl/er levels are too low to get a sufficiently large

DFWM signal out of PE and hence the laser was modified substantially.

5.2 Modified Phase Conjugated MOPA

To begin with the oscillator cavity was shortened to 0.4 m in order to shorten the

pulse' This resulted in a pulse length of 12 ns and an energy of 2 mJ. We then set up

an SBS cell as a phase conjugated mirror at the output of the laser system as shown

in Fig' 5.4. This caused the beam to retroreflect and double pass the amplifier. A
halfwave plate/polarizer combination was used to outcouple the beam. Note the

Iatter were thin film plate polarizers utilizing Brewster's angle and were chosen for

their high damage threshold (5 Jfcm2,10 ns pulse). We chose liquid Fteon-113 as

the SBS medium because it has one of the shortest reported phonon lifetimes (0.84ns

[82])' is transparent at 1.064 ¡.rm and is easy and safe to handle (see section3.2.4).

A 75 mm lens focused the beam into the liquid which was contained in a glass cell

of length 0.3 m with poor optical quality input windows. With "poor quality" we

are referring to transparent glass where thickness and curvature vary slightly over

the cross section of the beam due to the "all glass" manufacturing process used.

This helped to enlarge the aberrated beam waist at the focus thereby increasing the

optical breakdown intensity threshold.

Because of the phase conjugating properties of the SBS process, most of the

aberrations introduced by the amplifier are removed on the second pass, resulting

in a very good (Fig. 5.5) transverse mode of the output beam. We could not use the

full volume of the amplifier rod due to its very large amount of birefringence, which

this simple SBS approach cannot compensate for [74,87]. Hence the oscillator beam

was not magnified to fill the amplifier volume, keeping distortions to a minimum.

Fig.5'5 shows the beam profiles obtained using the SBS cell, as well as the beam

profile obtained when this cell is replaced by an ordinary mirror. We obtained a
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Figure b.4: Simpte phase conjugated MOPA with short (O.Sm) SBS cell containing

FYeon-113

reflectivity of. 92% for the short sBS cell, with an energy of 53 mJ

5.3" Variable Pulse Compression

The pulse lengths obtained with this system allowed a nanosecond investigation of

the third.-order nonlinear optical properties of PE, but as initial results had shown,

even shorter pulse lengths were necessary to resolve some of the physical mecha-

nisms. Hence we further modified the laser system to include SBS pulse compression

(Fig. b.6). A kinematic mirror was used to direct the beam towards a long cell made

of a copper pipe fitted with uncoated, O-ring sealed glass windows and containing

Fyeon-113. The beam was magnified by a factor of 1.5 and focused using a telescope

of focal length of 2 m. The magnifrcation factor had to be chosen such that the

SBS threshold was not attained before the beam reached the focus, otherwise a non-

phase conjugated. return would. result (section 3.2.2). It was also important that this

long cell reached, thermal equilibrium because any localized changes in temperature

resulted in large angular deviations of the beam due to refractive index changes"

The results for pulse length and energies are shown in Tab.5.1 and Fig' 5.8. We

achieved a maximum compression factor of 15, reducing the pulse width on average
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(a)

(b)

Figure 5.5: Beam profiles obtained using the SBS cell (b), as well as the beam profile
obtained when this cell is replaced by an ordinary mirror (a).
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Figure 5.6: Experimental setup for variable pulse compressÍon

Mirror Typu Pulse width
("t)

Energy
(*J)

Intensity
(GW/cm2)

Reflectivity

Conventional 11.3 60 0.03 >99To

Short SBS cell 7.5 53 0.22 e2%

Long SBS cell 0.75 40 r.7 83%

Table 5.1: Pulse compression results and laser system output. The energies were

measured at the output of the laser system. Intensities were calculated using the

beam diameter and reflectivities were calculated using the input energy and the

transmitted energy

from 11.3 ns to 0.75 ns, while maintaining phase conjugation. Very good pulse-to-

pulse stability was achieved as shown in Fig' 5'7.

As shown in Fig.5.8, intermediate pulse lengths could also be produced by vary-

ing the depth of focus in the long cell using the telescope. In order to achieve pulse

lengths between 4 and,7 ns, we also found it necessary to lower the energy of the

pulse entering the SBS cell by 30%. This was done using a halfwave plate, inserted

before the outcoupling polarizer before the power amplifier as shown in Fig.5'6"

Without this adjustment, the short pulses often displayed a secondary maximum on
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Overlay of 16 consecutive laser pulses
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Figure 5.7: t6 consecutive laser pulses in the 0.7 ns regime demonstrating excellent
pulse-to-pulse stability
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Figure 5.8: Pulse length results. All pulses are normalised in power to indicate

teÃ,poral shape. The dotted line indicates the oscillator pulse. The solid lines show

the pulses obtained. with the long and the short cell. The broken lines show the

pulses obtained by varying the focal length and energy into the long cell'

the trailing edge of the pulse. This occurs as a consequence of SBS gain depletion.

The intensity of the Stokes wave rises rapidly during pulse compression and depletes

the SBS gain which results in a rapid, transient decrease of reflectivity. The rest of

the incoming pulse then causes the SBS process to recover, generating a secondary

reflection.

To increase reflectivity and avoid optical breakdown in the SBS cells, the Fleon

was distilled once to remove impurities and suspended particles' We observed no

visible degradation in the material over a period of eight months

Note that energy values of up to 260 mJ have been achieved when all the amplifier

volume was used. For the purpose of the DFWM experiment however, 50 mJ was
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sufficient. Note that our amplifier rod was of poorer quality than is typical and the

aberration correction shown in Fig.5.5 was thus essential. However most modern

laser systems can benefit to some extend from beam profile improvement, but it
may not be essential. Nevertheless while in some systems aberration correction may

be of lesser importance, phase conjugation r,¡/as still essential in the experiment to

maintain auto-alignment while changing pulse lengths.

5.4 Conclusion

We converted an existing Q-switched laser into a phase conjugated MOPA based

on SBS which is capable of producing pulses continuously variable between the 0.6

ns and 10 ns. The modifications to the laser were inexpensive and simple. SBS

phase conjugation ensured excellent beam quality, leading to a very well defined

electric field distribution, which is essential nonlinear optical experiments. Phase

conjugation also guaranteed auto-alignment of the experiment while changing pulse

length. Since our DFWM experiments had very stringent alignment criteria this

was essential. Auto-alignment also implied that all measurements would be directly

comparablc with each other. In addition, pulse compression leacl to much higher

peak power densities, which increases the magnitude of any nonlinear signal.

Srrb-nanosecond pulse lengths neatl¡r access a time-scale commonly unavailable in

commercial lasers which operate either in the nanosecond or the picosecond regime.

This enables us to access different physical mechanisms in a material and probe the

continuous transition between thern.



Chapter 6

Variable Pulse Compressor

applied to DFWM

6.1 Simple Transient Measurement

'We repeated. the DFWM experiment shown in Fig.4.4 with the 0.75 ns pulses pro-

vided. by the SBS pulse compressor. The results for this are shown in Figs.6.1

and 6.2. These figures show that the structure has disappeared from the PE signal

(within the bandwidth of the detector system). The CSz and PE returns now look

identical, suggesting that we eliminated arry significant, non-instantaneous effects at

these time scales

Tab.6.1 gives the X(3) values obtained with the short pulses as well as those

obtained using the 10 ns pulses in chapter 4. Refer to App.B for an error analysis of

X(3) values. Again, the CS2 values agree well with literature. As was also observed

by Xuan et al [47] the CSz X(3) value for the short pulse intensity grating was

slightly larger than the X(3) value for the long pulse. Note that the X(3) value for

the polarization grating is in between those for the intensity grating and the value

measured. by Xuan using 20 ps laser pulses. This seems reasonable seeing that our

laser operates at 650 ps.

75
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Material Grating
Type

x\")
x1013 esu

Lit. Xt:tt
x 10-13esu

CSz WV 6

(5

3

3)
6.8 l47l

(5.1) [471
CSz WH q4

q),t

(3.3)
0.76 l47l
(5.1) [47]

PE WV 1.3
(1.7)

na
na

PE WH 0.55
(1.3)

0.26 [10]-
na.

Table 6.1: DFWM results for short pulse. For reference the long pulse values from
chapter 4 are given in brackets. (* this value is given relative to their x(3) value for
CSz)

6.2 Intensity Dependence

As in section 4.3.1 we measured the intensity dependence of the DFWM return.

The results for this are shown in Fig. 6.3. Both CS2 and PE exhibit slopes of 3.1*0.1
and 3.2 * 0.1 which agree very well with the cubic intensity dependence expected of

a DFWM return as shown in 8q.2.16.

There is no significant change in the slopes over the input po\Mer range which

rules out nonlinear absorption as the cause of the nonlinearities observerl.

6.3 Dynamic Grating Evolution

Having separated the slow from the fast processes in the sub-nanosecond regime,

we proceeded to examine the dynamic evolution of the DFWM grating in order to

determine the origin of the slow effect which gave rise to the structure of the PE

retrun in Fig. a.8(a).

In accordance with section 2.6.4, a pulsed laser system should establish an acous-

tic grating within the DFWM material. A graph of the diffraction efficiency vs the

optical delay of backward pump should verify this. We did this with both CSz and

PE. The results shown in Fig.6.4 clearly demonstrate the presence of a standing den-

sity wave, giving rise to an oscillation in the diffraction efficiency. Note that Fig.6.4

and Fig.6.5 have been corrected for the decrease of intensity due to the laser beam
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DFWM signal intensity vs laser intensity
material: carbon disulfide
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Figure 6.3: DFWM return signal porwer vs laser output por¡/er for both CSz and PE.
pùse length:g.75 ns (Line of best fit calculated using method of least squares)

divergence (0.73 mrad) as the delay is increased. In other words they represent the

hypothetical case of zero laser divergence. Numerical results are shown in Tab.6.2.

The angle within the cell between the probe and forward pump was 9". The period
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Table 6.2: Results for Dynamic Grating Decay. Lit
E:electrostriction, T:thermal

values were taken from [88]

in CSz

This calculation assumes that the underlying physical effect giving rise to the

acoustic oscillations rù/as electrostriction and hence the occurrence of period halving

(in accordance with section 2.6.4). This compared very well with the value given

in literature of 1.15x103 m/s and confirms the validity of our technique as well as

electrostriction as the mechanism for phonon creation.

T\rrning to Fig.6.5, the PE grating evolution, we note that the period of oscil-

lations was 3.8 ns. The doubling of the oscillation period compared to CS2 would

imply either that stimulated thermal Brillouin scattering (STBS) is responsible for

the acoustic grating rather than SBS, or that the speed of sound in PE is half that of

CS2. Hence we needed to mea^sure the speed of sor:nd in both materials (see section

6.4). Assuming for now that STBS is responsible for the oscillation and a refractive

index of Ptr/THF (tetrahydrofurane) of 1.b5, the grating spacing is given by 4.r p,m

and the velocity of sound is 1.07x103 m/s or gBTo of that in CSz.

There are a few more results of note in these graphs: The ratio of the acoustic

signal to the steady-state signal is larger in PE than in CS2 hence nonlinear scat-

tering is the dominant nonlinearity in PE at this wavelength. As a result there was

strong competition between the fast nonlinear response and nonlinear scattering in
the long pulse return of Fig. a.S(s).

Furthermore, we can calculate the phonon lifetime as well as the grating lifetime

from Fig.6.4 and Fig.6.5. The measured voltage of the acoustic maxima in these

Material Period

NS

Grating
spacing

þLrn

Speed of
sound

x 103 m/s

Speed of
sound (lit.)
x 103 m/s

Mech. Grating
lifetime

ns

Phonon
lifetime

NS

Phonon
lifetime
(Lit.) ns

CSz 1.8 3.9 1.1 1.15 E 7.8+1 7.8 b.t)
PE 3.8 4.r 0.54 (1.1) na. E (T) L7+4 6.4 na.
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Maximum DFWM signal (diffraction efficieny) vs delay of backward pump
material: carbon disulfide, pulse length: 0.75 ns

1000.00

100.00

1.00

0.10

0.01
0 10 15

81

0.001t,.E

€
(ú

c)

=oo-

205 25

Delay time (ns)

Figlre 6.4: FWM signal maxima vs delay of backward pump clearly demonstrates

acoustic oscillations

o

$$o

a
o o

o
o

o do
ooo o oo

o

o
o

o

oo

o

o

o
o
o
o
o oo o o
o Q. Ooa&
O9

o



82 CHAPTER 6. UARIABLE PULSE COMPRESSOR APPLIED TO DFWM

figures certainly seems to follow exponential form given by

V:Voexp(-r)
T

where r is the decay constant. This can be rewritten as follows

lnV:lnVs-t
T

which, of course, is the equation of a straight line

U:albt

The grating lifetime in PE was much longer (17ns) than in CS2 (Z.g ns). Thus,

while the effective X(3) of PE is less than that for CS2, it is much longer lasting, even

for sub-nanosecond pulses. Note also that within the bandwidth of the detection

system, the grating decay in CSz was equal to the phonon lifetime, while in PE the

phonon lifetime was much shorter (6.5 ns) than the grating lifetime (17 ns). This

behaviour has been observed and modelled by Genberg et atl89l and was shown to

occur if the thermalization time is of the same order as the acoustic period. The

thermalization time is a result of the delay in energy deposition via non-radiative

reìe.¡ra.tinn infn q fho"-ol orqfinm
br uu¡¡rö.

6.4 l{eterodyne Speed of Sound Measurement

As pointed out in the previous section, we could not conclude from Fig.6.5 that the

dominant nonlinear mechanism for PE is thermal, unless the speed of sound in the

material was known. We addressed this problem by measuring the speed of sound

experimentally using a standard heterodyne technique as shown in Fig.6.6.

The laser beam was split by a 50% beam splitter. One part reflected in an

SBS cell, the other part reflected of a mirror. Recombination of the two signals on a

detector yielded the sum of the two pulses including a superimposed frequency beat.
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Maximum DFWM signal (diffraction efficieny) vs delay of backward pump
material: platinum ethynyl, pulse length: 0.75 ns
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Figure 6.b: FWM signal maxima vs delay of backward pump clearly demonstrates

acãustic oscillations. Note the period has doubled when compared to the CS2 case.

The latter was due to frequency shift caused by an SBS return. This is simply the

Doppler effect due to the propagative sound grating. Measurement of this frequency

beat allowed, us to measure the speed of sound in the material in question from

2nuu

À
lao*t.,

AS

Variable attenuators were used to equalize the intensities in of the reflected beams.

Note that this formula is similar to Eq.2.1 which can be rewritten using E,q.2.2I
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However 8q.6.1 is independent of the mechanism which gives rise to the nonlinearity
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because it represents a velocity induced frequency shift. Hence we could find a
value for qu"t using both methods. It is important to note that they are entirely

different techniques. The DFWM method does not give rise to a frequency shift,

because a standing wave gives rise to the return (section 2.6.4). In self-induced. SBS

the interference grating is moving at the speed of sound, thereby downshifting the

frequency of the laser.

Flom the previous section we believed CS2 and PE to have similar speeds of

sound. The frequency shift of CSz is given by 3.8 GHz [g0]. The bandwidth of

our detection system was 1 GHz and hence we did not expect to see any frequency

shift above 2 GHz. To overcome this problem we used Fleon as an intermediate

frequency reference, because it exhibits an SBS shift of 1.36 GHz [g0]. In other

words, we first measured the Fleon frequency shift against a mirror and then the

CS2 and PE frequency shifts against the Fleon frequency shift.

The results of this experiment are shown in Fig.6.2 and rab.6.3.

As can be seen our values compare very well with literature, which lends credi-

bility to our approach. Using these results to obtain a value for r\u" in pE.

Tla 
"

Likewise, using Eqs. ?? we obtain a value for 4,r.'" of

2

\4"

L.74 x 103 m/s

Àf rpo"¿ng

4sin (+)
1.66 x 103 m/s

As can be seen, these results agree2 to within 5%, which confirms that the speed of

sound in PE is close to that of CSz.

lNote that we do not need to know the refractive index to compare the results for both methods
which both yield a value for u7.

2We took great pleasure in the fact that these results \4¡ere so close considering we measured
4u, with two entirely different methods. Physics always takes care of itself!
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Figure 6.6: Heterodyne experiment to measure Doppler shift of SBS return. 51,

52; SBS samples; Att.: attenuators to achieve equal return intensities; BS: 50%

nonpolarizing beam splitter; M: mirror used as non frequency shifting reference; D:

Fast detector
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Material T NS FrEq. shift (GHz Literature Value

FYeon-Mirror 0.507 L.97 1"86

CS2-Freon 0.523 1.91 ( +t.97: 3'88 3.8

PE-Fleon 0.731 L.37 +1.97 : 3.34 n.a

Table 6.3: Heterodyne FYequency shifts - Relative beat Frequencies

6.5 Discussion

In chapter 4 we established the physical mechanism which gave rise to the transient

shape of the DFWM return in PE, namely the buildup of an acoustic phonon grating,

which destroyed the fast reorientational grating. In this chapter we established

the origin of the acoustic phonons to be due to linear absorption and subsequent,

localized thermal exPansion.

In fact this mechanism also explains the pulse truncation in the CS2 nanosecond

DFWM return. We saw that in the sub-nanosecond regime, the CSz response was

reorientational, followed by acoustic phonons. \Me established those phonons to be

purely of electrostrictive origin, because of their period. Fig. 6.8 (same as Fig' 4-I2a)

shows the DF\MM return of CSz in the acoustic region, probed with an 8 ns pulse and

it can be seen that the peaks alternate in height. In accordance with section 2"6.4,

and Fig.2.7 onpage 33 this implies increased competition from thermal expansion.

This shows that the thermal response was stronger in the nanosecond than in

the sub-nanosecond regime in CS2, which would cause the transient shape of CSz to

be truncated slightly via the same mechanism as in PE. Both our nanosecond and

sub-nanosecond results showed that this effect is much stronger in PE than in CS2,

which explains that in CSz the DFWM return was truncated only, while in PE the

thermal nonlinearity dominated later in the pulse.

6.6 Pulse Length Transition Regime

\Me also used variable pulse compression to observe the transition dynamics of the

nonlinearity in PE from the short pulse to the long pulse regime. The input was

varied according to Fig.5.8 and the resulting DFWM signal is shown in Fig.6.9'
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0.020
FWM pulse shape for CS, (where delay = 18.6 ns)
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Figure 6.8: DFWM mixing pulse shape for CSz for a backward pump delay greater
than 12 ns. This case implies that the 'write' beam left the medium before the 'read'
beam entered it. We can see clearly the presence of acoustic oscillations. In addition
each peak alternates in height indicating increasing competition from STBS.

This demonstrates clearly the domination of molecular reorientation in the sub-

nanosecond regime, the subsequent 'competition regime' where both effects are of

equal magnitude, and in the 10 ns regime, the domination of the thermal nonlin-

earity.'We believe this to be the first time to have been done in the time regime

of Q-switched lasers. F\rrthermore r¡/e believe this feature will be very important

in modelling the dynamics of the nonlinear interaction. This belief is well-founded

because the DFWM interaction is given by the temporal convolution of the input
beams and application of a deconvolution to the DFWM pulse should yield the

temporal response function. This was discussed briefly in section 2.6.2. Combining

this with variable pulse length response, should give us the nonlinear dynamics as

a function of input pulse duration.

FWM pulse

due to background
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Fig¡re 6.9: DFWM return for transition regime between reorientational and thermal

nonlinearity"



90 CHAPTER 6. UARIABLE PULSE COMPRESSOR APPLIED TO DFWM

6"7 Conclusion

Using the sub-nanosecond pulses generated by the SBS laser, we eliminated the

structure present in the long pulse PE DFWM return, and measured ¡(r) for pE

and CSz. We established that the return was stil purely third-order in nature and

that there was no nonlinear absorption present"

The observation of the dynamic grating evolution confirmed the presence of

acoustic oscillations in both materials. We found that the period of the oscillations

in PE v/as approximately twice that of CSz for the same experimental arrangement.

Using the Doppler shift caused by acoustic phonons in self-induced SBS we measured

the speed of sound in PE and CSz. We found the speeds in both materials to be

approximately equal a,nd therefore we established that the nonlinear response of PE

at 1064 nm is dominated by thermally induced nonlinear scattering. Therefore this

was the cause of the transient shape of the nanosecond response in PE, namely the

fast response of a reorientational nonlinearity and its subsequent destruction by the

buildup of a thermal grating. We also established this to be the cause of the pulse

truncation in CS2, which showed an increased thermal competition in the 10 ns

regime.

Our measured CSz X(3) values and the speed of sound in CSz and Fleon agreed

very well with literature which validated our experiments.

We also established nonlinear scattering parameters for CS2 and PE, including

speed of sound, phonon lifetime, grating lifetime and scattering mechanism origin.

Our results showed that while the refractive nonlinearity in PE is smaller than

that of CSr, the nonlinear scattering effect is comparably stronger and much longer

lasting.

In addition we used the continuous variability of the SBS laser to access the

transition between the instantaneous and the non-instantaneous response in PE.

This will be very useful for the intended future modelling of the impulse response

of PE.



Chapter 7

ConcIusl0n

We have developed a new method to access nonlinear optical dynamics and charac-

terize nonlinear optical materials. This entailed the construction of a laser system

based on SBS which is capable of producing pulses continuously variable between

the 0.6b ns and 9.5 ns. SBS phase conjugation provided excellent beam quality and

auto-alignment, both essential to nonlinear optical experiments. Using this laser

system we carried out experiments usually reserved for multiple laser systems. The

combination of these experiments allowed us to characterize in detail the nonlinear

scattering properties of an optical power limiter.

We setup a sophisticated DFWM experiment which included highly accurate

alignment, the ability to measure transient signals and absolute power values in

addition to other conventional control parameters such as intensity, polarization

and time of arrival control. However our laser system provided the additional ability

to access different physical regimes in the nonlinear material by varying the pulse

duration. We made full use of this facility by first characterizing the transient

dynamics of the porü¡er limiter in the long pulse regime and subsequently determining

the physical mechanisms and their origins using the short pulses.

This included the demonstration of laser-induced acoustic gratings in the sub-ns

regime and mechanism competition in the ns regime. By use of a new type of delay

line which allowed diffraction limited auto-alignment "we were able to establish that

nonlinear thermal scattering was the dominant cause of the DFWM signal in the

c
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power limiter at 1.06 ¡lm in the nanosecond regime, whereas molecular reorientation

dominated in the sub-ns regime. We also found CSz to be affected by a thermal

nonlinearity in the nanosecond regime. Our results showed that while the refractive

nonlinearity in PE is smaller than that of CS2, the nonlinear scattering effect is

comparably stronger and much longer lasting. However the effective nonlinear sus-

ceptibility is smaller than that of CSz. Hence PE would not be an effective optical

poìMer limiter at 1064nm against threat pulses in the nanosecond and subnanosecond

regime.

In addition the continuous variability of the laser pulse duration enabled us to

observe the transition between opto-mechanical and microscopic nonlinearities and

hence determine directly the time scales for which effects such as electrostrictively

and thermally induced acoustic scattering become dominant.

We confirmed the validity of our measurements and experiments by comparing

the CSz X(3) values to those found in literature and by verifying other DFWM

properties such as phase conjugation and third order signal dependence.

We believe our laser system to be ideally positioned to study the transient be-

havior of thermally and electrostrictively induced nonlinear scattering processes.

7.L Future \t/ork

We now suggest further improvements to the system which will allow exciting new

measurements to be made. They are:

o Further reduction of pulse length will increase the dynamic range of pulse

lengths over which nonlinear materials can be probed, it will increase the

resolution of acoustic scattering parameters and possibly extend the range of

nonlinear optical mechanisms which can be probed to include bulk molecular

reorientation. other experiments [91, 92, 78, gB] have achieved SBS pulse

compression to less than 200ps.

o fncrease of the SBS reflectivity in order to achieve constant laser output en-

ergies. This would allow for the direct probing of fluence dependent effects
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in materials, such as excited state absorption. In this case the energy into

the SBS cell would be constant, and the pulse length would vary" Thus the

intensity would be variable, and the fluence would be consta,nt. A two stage

pulse compressor [93] may make possible to achieve constant reflectivity.

o The continuous variability of pulse length poses an ideal way of testing dynamic

models of the nonlinear impulse response of optical materials via the decon-

volution method outlined in section 2.6.2. \Me have done a dynamic analysis

by visual inspection of the DFWM return as a function of pulse length which

provided, us with atl the information we needed, namely the time regimes for

which each mechanism was dominant. In order to obtain exact values for the

thermal parameters, a full digital deconvolution analysis would be preferable.



94 CHAPTER 7. CONCLUSION



Appendix A

Detectors

We spent some time finding suitable photodetectors. Our requirements were good

linearity, I GHz bandwidth, Iarge dynamic range, high sensitivity and reasonable

pricing. Commercially available products all failed one or more of the requirements

outlined above and in the end we decided to build our own detectors and test them.

The schematic is shown in Fig.4.1 along with two pictures in Figs. 4.2.

We used reverse biased, 0.1 mm diameter, 3 GHz InGaAs photodiodes from

EG&G (C830617E). Their responsivity is about 0.5 A/W at 1064 nm. The 9V

battery sets the operating point in the I-V diagram of the diode, which determines

the linearity of the detector. The voltage supplied by the battery served to sweep

the electron-hole pairs out of the active area of the diode at a much faster rate than

in an unbiased. circuit. The inductor was made up of a few turns around a ferrite

coil and, served to isolate the 9V battery from the rest of the circuit for AC currents.

The surface mount capacitor provided the charge for the photocurrent generated in

the diode. This substitutes the internal resistance of the battery with that of the

capacitor which is much less, which improves linearity and speed. Great care was

taken to produce a detector circuit that was as small as physically possible to reduce

stray capacitances and inductances v¡hich may introduce unwanted resonances. To

get more light onto the diod,e, the beam is focussed as shown in Fig.4.2(b). A

piece of ground glass 3 mm in front of the diode protects the diode and samples the

whole area of the beam over the active area of the diode" The detector was isolated

95
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5 turn ferrite coil

9V 100 nF
RG58
5OO CRO

Figure 4.1: Photodetector circuit: BW 750 MHz, Lin 0.00bV-2.0V

electrically from the table by a sheet ofplastic (overhead transparency) to avoid any

earth loops which may have picked up noise from the laser power supplies.

We measured the detector to be linear from 1 mV to 2.0 V and the shortest pulse

width measured was 0.44 ns. This included the bandwidth of IGHz of the transient

digitizer TDS1000 from Tektronix. We used two identically constructed photode-

tectors connectecl to two t¡ansient digitizers to record the input and DFWM pulses.

The digitizers \Mere triggered by the signal of a separate, photodetector, saturated to

give a fast risetime. This allowed accurate, 'relative time of arrival' measurements

to about 100 ps. This can be seen in Fig.4.3 which shows 16 consecutive pulses.

This figure also demonstrates the pulse to pulse stability of the laser output.For

comparison Fig.4.4 shows the same pulses measrued with a I GHz commercial

photodetector (ET2000) which made use of an non-amplified Si photodiode. In this

diagram \'/e compare both detectors to a 6 GHz, amplified, Si photodetector from

New Focus. The cost of the detectors was $100, $500, $3000 for the home built,

ET2000, New Focus detectors respectively.

The transient digitizers were controlled by a Pentium computer running'Windows

95, via Labview from National Instruments and GPlB-interface protocol. Before we

switched to Labview we wrote a program in C to do the same thing. However

Labview allowed easy instrument interchange via instrument device drivers. Hence

lve r,¡/ere able to use digital CROs and the transient digitizers interchangeably. All
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Figure 4.2: (a) Photodetector construction. The diode was mounted on an SMA

connector. This connector was then adapted to an N-type coaxial cable for maximum

bandwidth/tength. A piece of ground glass was used to protect the diode and sample

the entire cross-section of the beam. The diode was mounted on a brass block

fastened to a pole. The latter was held in place by a three point mount. A clamp

on a sepârate mount was used to secure the cables, Both mounts were electrically

isolated from the table using plastic sheets, (b) \Me focused the beam onto the

detector to increase the intensity. The tube was used as a baffie to eliminate stray

light.
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Overlay of 16 consecutive laser pulses
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Figure 4.3: 16 consecutive laser pulses, demonstrating good pulse stability and
accurate, repeatable triggering.

E62



99

doto set(27.8.96 9 608082o

E

.ç
õc
.9(n

0. 15

0.10

0.05

o.00

-0.05

0.08

0.06

o.04

o.o2

0 2 4 6 I
Time in ns

doto set(27.8.96): 960827c1

E

.ç
E
c
.9(n

o.00

-o.o2
0 I2 4 6

Tìme in ns

Figure 4"4: Comparison of our detector (and commercial ET2000) to commercial 6

6GHz Detector
ET2000

Difference

6GHz Detector
lnGaAs Detector

Difference

GHz detector from New Focus



100

data was saved always and compressed using PKZIP.
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Appendix B

Nonlinear susceptibility error

analys

This appendix demonstrates an error analysis of the X(t) -"utnrements given in this

thesis. X(t) ir given by the following formula.

, 
^ 
: (ffi)' P r,r,r,lxl!),,1'

Rewriting this to solve for X(l) yields

lxt'r¡- (ry)+\Æ' (B1)

Given that .I - It : 12 arld Is: sh where s :0.25 and .Ia : RIs (where 'R is the

reflectivity of the DFWM process), we can rewrite this equation as

is

lxt'r ¡

..!31Bl-'Il I-î s-,

where
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TO2 APPENDIX B. /VO¡I¿I¡üEAR SUSCEPTIBILITY ERROR A]VA¿YSIS

Hence we can now evaluate the error in X(3) using standard error analysis techniques,

ie. implicit differentiation.

n lxor¡
: 

ltlnr'úr-å"-å11
: nt-àf2ü/z¡-s/z¡¿

+|nri,rt ¡-r/z 7-z/z 67n

+|ar-Èrt l/2 J-5/2 LI

r- E
t.A

Vy'e have values for the length and respective intensities, but we do not have error

values for the intensities. These are given by

where the symbols have their usual meaning. The error in the intensity value is

given by

A1 : rI A_I AE + f2 A-I EA¿ + fI A_2 E AA

and the error in the area is given by

AA : A{nr2}

: 2nr\r

Assuming the following values for the above parameters

T (5.0 + 0.25) x 10-3 m

(0.75 + 0.05) x 10-e s

(35 + r) x 1o-3 J

(1.5 + 0.08) x 10-3 m

0.25

t

E

r

s

B : 4.6 x 10-e [units]
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then we get a value for X(s) o¡

X(3) : (6.3 + 2.3) x 10-13 esu

which corresponds to a 37To enor. We can trace this back to a 207o uncertainty

in ,[, which in turn is due to a 10% error in the area of the beam due to the 5%

uncertainty in the radius of the beam. While this seems like a large uncertainty in

the value of the nonlinear susceptibility, it must be noted that uncertainties in X(s)

are almost never published, and it is the order of X(r) which is important, not its

precise value. The order is the important because researchers are interested in large

values of X(s) (eg. 10-e esu) to achieve strong nonlinear effects.
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Appendix C

Experiment Photographs
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Figure C.1: Large table: Laser and DF\MM; small table: SBS pulse compresssion.

without alignment problems.
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Figure C.2: SBS pulse compressor: The telescope is shown at the bottom, followed

by a 2.4 m copper cell. Next to this cell is a smaller (1800x30 mm) cell which

was used earlier. \Me found it necessary to thermally insulate the small cell to
prevent thermal refractive index changes directing the beam toward the cell walls.

The large cell had a large enough volume to make it less susceptible to changes in

temperature. We did not use the small cell afber initial trials because its size was

impractical from an experimental point of view. For example the small aperture size

made it cumbersome to direct the beam through it.
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I. AssrRA,cr

\Me show a variable pulse length laser to be extremely useful when investigating the dynamics

and parameters of opto-mechanical nonlinarities in optical materials. Pulse length variability

allows observation of the transient nonlinear behaviour using nanosecond pulses and deter-

mination of the underlying physical mechanisms using sub-nanosecond pulses. It also enables

observation of the transition response between the two time regimes where intrinsic polariz-

abilities compete with optomechanical effects. 
'We examine the transient nonlinear scattering

properties of an optical power limiter, platinum ethynyl, in comparison to carbon disulfide

using degenerate four-wave mixing. Intensity, polarization and pulse length control allow

us to measure acoustic scattering and decay parameters, X(3) -ugttitudes and the transient,

laser-induced grating behaviour.

II. IurRooucrrou

Characteri zatlon of nonlinear properties of optical materials is central to present day optical

devices. The dynamic response and magnitudes of nonlinear susceptibilities of optical mate-

rials are very sensitive to the pulse length of the laser used[l]. This is due to the multitude of

physical mechanisms which can contribute to the nonlinear optical (NLO) interaction. These

mechanisms are usually classified as either intrinsic or bulk nonlinearities. Intrinsic nonlin-

earities, such as resonant excitation 12,3,41and molecular reorientation [5, 6], are due to

the polarizability of a single molecule. Bulk nonlinearities are due mainly to opto-mechanical

effects such as electrostriction [7,8], thermo-optic phase gratings[9] and collective molecular

reorientation of liquid crystals [10]. Due to their microscopic scale, intrinsic effects typically

occur at timescales of picoseconds or faster, whereas macroscopic, bulk effects occur at sub-

nanoseconds or slower. It is therefore important to understand both the mechanisms and the

transient dynamics which contribute to the measurement of a nonlinear signal'
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The sensitivity of NLO parameters to laser pulse length suggests that the laser be cho-

sen to fit the requirements of the interaction of interest. However, we frequently require

knowledge of the response of a material over a range of pulse lengths. Examples include the

characterization of optical por¡/er limiters lLI,12,13], where the duration of a potential threat

pulse is unknown, and the investigation of the damage threshold of optical materials[1- 4, 75].

'We recently demonstrated a variable pulse length laser (VPLL) as a source for a de-

generate four-wave mixing (DFWM) experiment[16]. In this paper we present the results

of detailed experiments aimed at characteúzing the dynamic response of an optical power

limiter, platinum ethynyl (PE), in comparison with carbon disulfide in the sub-nanosecond

to nanosecond regime. Continuous variability of the pulse length from 0.7 ns to L0 ns sig-

niflcantly enlarges the amount of experimental control of DFWM. The VPLL allows us to

separate the intrinsic nonlinearities from the optomechanical nonlinearities and determine

the physical mechanisms giving rise to the NLO response. In addition we also determine the

transient response as a function of pulse length which demonstrates clearly the competition

between nonlinear optical mechanisms at different timescales.

III. Tnpony

Since DFWM [5, 17, 9, 18, 19] was first proposed by Hellwarth[2O] and successfully demon-

strated by Bloom and Bjorklund[21], the technique has emerged as an important tool in

transient nonlinear spectroscopy [22].DFWM is especially useful due to the great amount of

experimental control which can be exercised, with selective access to various physical mech-

anisms of the nonlinear interaction. This can be achieved by careful selection of the laser

[3, 23, 24], geometry[21,18, 2], intensity[26] and polarization[27,28]. \Me add continuous

pulse length control in the subnanosecond to nanosecond time regime to this list of variable

parameters.

Fig. l shows the general DFWM geometry. The two colinear and antiparallel laser beams,
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11 and 12, are referred to as the pump beams. The third beam, 13, is the probe and leads

to generation of the fourth beam, Ig, the signal beam and the phase conjugate of the probe

[29]. The forward pump and probe intersect at an angle 0 in a material with refractive index

r¿. The phase difference between the two beams at any point z along the grating vector k is

given by Õ(r) : lklu where

In the case of S-polarized beams, this produces an S-polaúzed electric field modulation and

intensity distribution as shown. Since the beams have the same optical frequency, this modu-

lation is stationary in space for the duration of the overlap of the beams[3O]. In the presence

of a material, this stationary but dynamically evolving interference pattern induces a po-

larization which depends on the nonlinear optical susceptibility of the material, X(3). Thi.

process is known as a material excitation[l8] and leads to localized changes in the complex

refractive ind.ex, resulting in a dynamic material grating with spacing Â', given by

2tr,r - -" (1)"- lkl

Scattering or diffraction of one of the pumps by this material grating generates the signal.

In the steady state case, for a non-absorbing material for which the reponse time is fast

compared to the length of the laser pulse, the DF\MM signal is given by[3t]

/s(t): (ffi)'Prrçt¡rrçt¡r'(ú) lx(3)(ø)|'z Q)

where Lù, c, eo and. n have their usual meaning and I is the interaction length of the pumps

.I1 and 12 andthe probe ,I3. If the pumps and the probe all originate from the same laser, ie.

I(t) : I{t) : I2(t): aIs(t), Eq'2 is written

/s(t): (h)'I2al(t)slxt')(,)l' (3)

showing the cubic intensity dependence of this third order, nonlinear process.

-4tr0k : 
-stn5
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In the transient regime for which the response time of the material is of the order of the

pulse length, Eq.2 is replaced by

I

15(ú) x ra)ll:*Dp^Q - r)r(r)drl Ø)

where .F], represents the response function of a particular physical effect, denoted m 1321.

Hence the signal is given by the convolution of the input pulse intensity with the temporal

response function of the material and its dominant mechanisms[l9]. Note that although Eq.4

implies that the temporal profile of the DFWM signal may have a completely different shape

than the input, the signal still shows the third-order dependence on the laser intensity. Also

Eq.4 reduces to Eq. 3 if the temporal response of a material is instantaneous compared to

the laser pulse length [19].

In the time regime of nanoseconds or longer, bulk optomechanical effects play an increas-

ingly dominant role and hence the DFWM signal is given by the sum of the fast, intrinsic

effect (Eq' 3) as well as the slower, bulk effect (Eq. a). Hence the DFWM signal provides a

direct probe of the dynamics of the interaction.

All DF\ /M configurations give rise to intrinsic polarization effects due to the microscopic

polarizability of each molecule. However polarization control can eliminate the major source

of opto-mechanical nonlinear effects, namely thermally and electrostrictively induced refrac-

tive index changes[3l]. As shown before, vertical polarization of all beams, denoted SSS,

results in an intensity grating. Alternatively the probe can be polarized parallel to the plane

of intersection and orthogonal to the pumps, denoted SSP. In this case the intensity remains

constant along k since the polarization of pumps and probe are always orthogonal, however

the phase difference Õ still varies linearly along k. The¡efore the resultant polarization will

vary between circular and linear as shown in Fig.2. Note that this polarization has compo-

nents in r, g and z directions. For each grating period there will be two orthogonal states

of linear polarization. In an isotropic liquid, the molecules are free to move and will have a
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tendency to realign their most polarizable axis with those two linear polarization directions.

Hence this configuration is commonly called a polarization or reorientation grating[3l, 6]"

Since there is no intensity modulation along the grating direction, intensity dependent opto-

mechanical effects cannot give rise to a DFWM signal in this configuration.

In order to establish the physical mechanisms which give rise to the DFWM response'

it is necessary to determine the dynamic evolution of the grating. Nelson et all7, 33, 34]

have modelled the evolution of the diffraction efficiency of a laser induced grating when

probed with a picosecond laser. This technique has received much attention recently for its

application in dynamic chemical reaction analysis[35, 36], transient nonlinear spectroscopy

[37] and thin-film analysis [3S]. The model takes into account electrostriction and absorptive

expansion which cause density changes that persist longer than the optical interaction, and

hence give rise to a refractive index grating with a characteristic decay. It predicts the

generation of two counter propagating compressional waves with wave vectors equal to that

of the grating, resulting in a standing wave. This acoustic response was shown to be given

by

Selectrostriction -B cos kr (sin Oú) (5)

Sth"rro"l : Acoslcr (1 - cos 0ú) (6)

where Q is the acoustic frequency, ø is the direction along the grating vector k, defined in

Fig.1 and S is the displacement. The diffraction effi.ciency, 4, of the grating was shown 134]

to be related to the displacement by

q6 52 (7)

Thus, in the electrostrictive case, the displacement oscillates between maxima in the positive

and negative direction, the displacement and the diffraction efficiency attaining an absolute

maximum twice per acoustic cycle. In the case of absorption, however, thermal diffusion leads

to the presence of an additional static term and the displacement varies between a positive
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maximum and a null displacement. The diffraction efficiency thus attains a maximum only

once per acoustic cycle. This behavior is shown in Fig.3 for three caries. The acoustic period

thus depends on the driving mechanism and is given by

4herrnul grating (8)

?electrostrictive grating (e)

where Â is the grating spacing given by Eq.1 and u" is the speed of sound in the material.

By measuring tr" in the liquid, the mechanism responsible for the acoustic phonons can

be determined by measuring the period of oscillation.

IV. MerpRrels

The motivation behind this work was to investigate the nonlinear scattering and nonlinear

refractive properties of an organometallic optical power limiter, platinum ethynyl (PE, Fig.4).

Good reviews on optical limiting are available [39, 40]. PE exhibits optical limiting behaviour

in the visible wavelenghts using reverse saturable absorption (RSA) [41,23]. RSA arises when

the excited state of a molecule has a larger absorption cross-section than the ground state,

causing the material to darken under intense laser radiation. This presents an excellent

mechanism for optical limiting. Other mechanisms are self-defocusing and light induced

nonlinear scattering. Nonlinear scattering (NLS) and absorption (NLA) have been shown

to exist at l-064 nm[41, 42]. To eliminate RSA effects, our investigation ïvas done at 1064

nm, well away from any possible resonant enhancement[23]. This approach complemented

experiments done in the resonant regime and allowed us investigate other mechanisms such

as NLA and NLS.

Our previous experiments [16] in the nanosecond time regime showed PE to exhibit an

unexpected nonlinear response at 1064 nm, the origin of which is presently resolved. We

used PE in solutions of tetrahydrofurane (THF) and at concentrations of 0.08 M. The sample

ûs

^.2rh
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recrystallized at room temperature overnight and was always kept in a refrigerator when not

in use. We compared its response with that of carbon disulfide (CS2) which also gives rise to

a nonresonant nonlinearity at 1064 nm. CSz has a large intrinsic nonlinear susceptibility of

X9),*: 5.1x 10-13 esu [1] which is due mainly to molecular reorientation [6]. Its reorientation

time is of the order of 2 ps because it is a small molecule and thus we expected a fast, steady

state, non-thermal response at 1064 nm. 'We measured the absolute value of its nonlinearity

before using it as a calibration standard.

V. ExppRrnpnt

The VPLL was described in Ref.[16]. It supplies single transverse mode pulses with continu-

ously selectable pulse lengths between 0.7 ns and 9.5 ns at 1064 nm as shown in Fig.5. Phase

conjugation by stimulated Brillouin scattering (SnS) in Freon-113 guaranteed diffraction

limited Gaussian beams and hence well known laser field distributions. The DF\MM setup,

shown in Fig.6, is similar to that in our earlier experiments[16] but includes a self-aligning

variable delay line. Energy was controlled with a halfwave plate/polarizer iombination (not

shown) and the input pulses were monitored with detector D1 (bandwidth > lGHz). Probe

and pumps were split off with wedged, thin film beamsplitters and independent polarization

control of each beam was achieved with halfwave plates and Glan polarizers attaining a polar-

ization purity of greater than 1:10-3. The samples were contained in cells with 5 mm optical

pathlengths. The DF\MM signal was allowed to propagateby 7 m behind baffies to minimize

detection of scatter by the optical components used, especially the sample cell. We set up

a variable delay line in the backward pump to probe the temporal evolution of the DFWM

grating. The alignment of this delay line was independent of the mechanical quality of the

track[43], which greatly simplefied the experiment. We therefore needed only to account for

the laser divergence, which was measured to be 0'73 mrad.

An alignment technique was also developed for the pump beams to guarantee their colin-
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earity to 0.1 mm and 10-a rad and was performed at 1064 nm. This excluded the possibility of

misalignment due to slight variations in sample cells and other adjustments such as polarizer

rotation.

To measure the DFV/M signal we focused it onto a piece of ground glass, mounted 3 mm

in front of a fast (bandwidth > 1 GHz), InGaAs photodetector D2. The ground glass allowed

sampling of the entire cross-section of the beam and focusing increased the experimental

sensitivity to a minimum detectable reflectivity of 10-7. The signals of D1 and D2 were

recorded by two transient digitizers with a bandwidth greater than 1 GHz. The bandwidth-

limited pulse of this dectection system was measured to be 0.44 ns (FWHM). A saturated

photodiode signal with a sharp rise time was used to trigger both digitizers which ensured

temporal pulse to pulse coincidence to an accuracy of 30 ps. Each data set consisted of

averaging 16 consecutive pulses.

We chose the intensity ratios of the pump beams and the probe beam to be 4:4:7. The

low reflectivity (<10-2) in our experiments ensured that the DF\4/M signal did not affect

the nonlinear interaction.

VI. CH¡nacroRrzATroN oF THE oprrcAr, RESpoNsE

A. Nanosecond transient X(3) te.ponse

In Ref.[16] we reported the nanosecond transient response of PE and CSz in a DF'WM

experiment in the intensity grating confrguration. \Me include those results here in Fig.7(a)

and (c) as well as the calculated signals for a fast, nonresonant, steady state nonlinearity. As

can be seen, both materials deviate from the expected cubic intensity dependence, indicating

the presence of a slow mechanism in accordance with Eq.4. Keeping in mind that the DFWM

signal is a di¡ect probe of the diffraction efficiency of the material grating, we see that in

both cases the grating was destroyed during the pulse. In CSz this lead to a truncation of the
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DFWM pulse by about 1 ns. In PE the grating reformed, leading to a distinctive double peak

structure. The destruction of the grating implies that the slow and fast mechanisms were

in direct competition with each other. Note that the DF\MM signal in PE is very similiar

to that observed by McEwan et al [32] where the slow effect was modelled to be due to the

build up of a thermal nonlinearity.

When the intensity modulation of the grating was set to zero using the orientation grating

configuration, the DFWM signal in both materials changed to the steady state response âs

shown in Fig.7(b) and (d). The slow response shown in Figs. 7(a) and (c) was therefore an

intensity dependent effect.

After calibration of our detectors we obtained values for ¡(s) of (5.3 + 2.L) x 1013 esu

and (1.2 + 0.7) x 10-13 esu for CSz and PE respectively. The value for CS2 compares well

with the literature value [L] of 5.1 x 1013 esu. Fig.8 shows the DFWM signal as a function of

intensity of the input beams. We calculate slopes of 3.3 A 0.1 for CS2 and 3.3 + 0.1 for PE,

confirming the dominance of the third-order nonlinearity, as expected from Eq' 4.

B. Nanosecond dynamic grating evolution

\Me measured the maximum diffraction efficiency of each pulse as a function of delay of

the backward pump. The optical delay was incremented in 1.3 ns steps and for each delay

\¡/e averaged 16 consecutive pulses to obtain an averaged maximum DFWM intensity while

keeping the input intensity fixed. The divergence of the laser beam caused the intensity of

the backward pump in the material to decrease with increasing optical delay. We corrected

the measured signal intensities for this decrease. Hence Figs. 9 and 10 show the diffraction

efficiency as a function of delay for a non-diverging laser beam and illustrate the actual decay

of the grating. Grating parameters are given in Tab. 1'

The time evolution of the gratings shows a number of important results. As expected,

CSz exhibited a large steady state nonlinearity for the duration of overlap of the pumps and
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the probe. For time delays greater than the pulse length we observed a residual, exponentially

decreasing signal which implied the presence of a decaying refractive index grating. Fig. 11(a)

shows the pulse shape of the DFWM signal at a fixed optical delay of 18.6 ns. The oscillations

in this signal confirmed the presence of an acoustic phase grating.

In contrast to CS2, the DFWM signal in PE exhibited a constant exponential decay as

shown in Fig. 10, irrespective of the time of arrival of the backward pump. The pulse shape

of the DFWM signal at a fixed optical delay of 14.6 ns is shown in Fig. 11(b) and indicates

the presence of an acoustic phase grating, as .was the case in CS2.

To determine whether the structure seen in the 'zero delay' transient DFWM signal (Fig.

7 a) was associated with this acoustic phase grating, ïve measured the evolution of the pulse

shape as a function of optical delay. This is shown in Fig.12 which reveals that the second.

peak of Fig 7(a) was part of the series of peaks which constitute the acoustic phase grating.

The first peak did not seem to due to the same mechanism, because there was a small

suppressed peak at the position of the broken line in Fig.12. The temporal positions of the

oscillations were stationary in time as indicated by the solid vertical lines, implying that the

oscillations were due only to the probe and the forward pump, and that the backward pump

only read this grating, in direct analogy with real time holography.

Hence the DFWM signal in PE was due mainly to the opto-mechanical response of the

fluid to the radiation whereas in CSz the signal was due to the intrinsic polarizability of

the molecules. Note also that over 20 ns the signal in PE dropped by a factor of only two,

whereas the signal generated in CSz dropped by 10a.

C. Sub-nanosecond dynamic grating evolution

The nanosecond, transient DFWM structure exhibited by both materials was shown to be

a combination of the photo-acoustic response and the intrinsic polarizability. It remained

to determine the source of the acoustic phonons, which could be either electrostrictive or
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thermal. We repeated the previous experiment with the 0.7 ns laser pulses provided by the

VPLL. Fig. 13 and 14 show the resulting maximum diffraction efficiency as a function of

optical delay of the backward pump for CSz and PE respectively. The oscillation in the

diffraction efficiency demonstrates the presence of a standing wave, phase grating due to

acoustic phonons. In both graphs the first peak, which corresponds to temporal coincidence

of all three input beams, is much larger than the subsequent ones. Therefore we effectively

separated the fast intrinsic polarizability from the opto-mechanical phase grating effects using

the 0.7 ns pulses. This is a significant change from the grating decay of Fig.9 and 10 which

was measured using 7.5 ns Pulses.

Tab. 2 gives numerical values for the acoustic parameters obtained. Using Eq. 1 and 9 we

arrive at values for the speed of sound, u", in CSz and PE which depend on the mechanism

driving the excitation. The results compare well with literature which, in turn, confirms

electrostrictive SBS (SEBS) as the physical mechanism generating the CS2 phonons. We

found the acoustic period in PE to be approximately twice that of CS2, however since u"

has not been measured in PE, the acoustic mechanism remains unknown. If u" in the two

materials were equal, the phonons in PE would be of thermal origin

An interesting point about the grating decay in PE is that while the acoustic grating

decays, Fig.14 shows a non-oscillating background term, increasing with the delay of the

backward pump. Hence there are two values for the grating decay in Tab. 2. This behaviour

has been observed and modelled by Genberg et aI 144] and was shown to occur if the ther-

malization time is of the same order as the acoustic period. The thermalization time is a

result of the delay in energy deposition via non-radiative relaxation into a thermal grating.

D" Heterodyne SBS speed of sound measurement

In order to determine the nature of the nonlinear mechanism involved, tr¡/e measured the

speed of sound in both materials using a different method. A self-induced SBS reflection in
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a material gives rise to a Doppler shift in the optical frequency due to scattering by a sound

wave. This frequency shift is given by

lDoppt., : ry (10)

and can be measured directly by heterodyne detection[45]. Hence we could find a value for

4u"1 using both this and the DFWM method. Note that DFWM does not give rise to a

frequency shift, because the signal is scattered by a standing, acoustic wave.

Fig.15 shows the setup used. The laser beam was split by a50% beam splitter. One part

was reflected by an SBS cell, the other by a mirror. Recombination of the two signals on a

detector yielded the superposition of the two pulses which consequently exhibited a frequency

beat. Variable attenuators were used to equalize the signal intensities returned by each arm

of the experiment and maximize the modulation amplitude. For CSz the frequency shift is

expected to be 3.8 GHz[46], which was beyond the bandwidth of our detection system. Hence

we used Fleon-113 which induces an SBS shift of 1.86 GHz[46] as an intermediate frequency

reference. We fi¡st measured the beat signal produced between Freon and a plain mirror,

thelr between Freon and CSz and finally between FTeon and pE.

The results of this experiment are shown in Fig. 16 and Tab.3.

As can be seen our values compare very well rvith literature. Using these results we obtain

a value for qu" in PE.

Ilus: ry
= L.74 x 103 m/s

Likewise, using the DFVI/M method with Eqs.1 and 8 we obtain a value for r¡u" of.

Ta"

: 1.66 x 103 m/s
lNote that we do not need to know the refractive index to compare the results for both methods which

both yield a value for ur¡.
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based on STBS as the phonon generation mechanism. As can be seen, these results agree to

within 5%, which confirms that the speed of sound in PE is close to that of CSz. This, in

turn, confirms by direct experimental evidence using the VPLL, that STBS is the origin of

the non-instantaneous nonlinearity in PE.

E. Pulse Length Transition Regime

We also used variable pulse compression to observe the transition dynamics of the nonlin-

earity in PE from the short pulse to the long pulse regime. The input was varied according

to Fig.5 and the resulting DFWM signal is shown in Fig.17. This demonstrates clearly

the dominance of the intrinsic nonlinearity in the sub-nanosecond regime, the subsequent

,competition regime' where both effects are of equal magnitude, and in the L0 ns regime, the

dominance of the bulk, thermal nonlinearity.

Since the thermal nonlinearity starts growing significantly for pulses larger than 3 ns,

.we can assume the thermalization time to be of that order. This is in agreement with the

observed grating decay measured with subnanosecond pulses. In that section we established

that the thermalization time must be of the order of the acoustic period, namely 3.8 ns.

VII. Drscussrou

Both PE and CSz showed deviation from the expected, steady state DFWM signal in the

nanosecond regime. In PE this deviation was large compared to the steady state nonlinearity

and imposed significant structure on the transient DF\ryM signal. The dynamic evolution

of the transient grating showed that this structure was due to a acoustic phase grating

established during the pulse. An independent measurement of the speed of sound proved that

the phonons rpere driven by thermal expansion. Therefore the transient DFWM signal in PE

was characterized by the fast response of the intrinsic polarizability which was subsequently

destroyed by the growth of a thermally excited acoustic phase grating. The absorption
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mechanism v¡as determined to be linear since there wâs no change in the slope nor in pulse

shape over the entire dynamic intensity range of the laser as shown in Fig. 8.

In contrast, CS2 was dominated by the large intrinsic polarizability of the molecule which

was two orders of magnitude larger than the acoustic phase grating. The sub-nanosecond

pulses showed the phonons v/ere driven by the electrostrictive effect, as expected. At first

glance this did not seem to explain the truncation of the nanosecond CS2 signal of Fig.7(c).

CS2 gave rise to a purely electrostrictive grating at sub-nanosecond time scales, as shown by

the exponential decay of the magnitude of the acoustic peaks of the grating evolution in Fig.

13. However, Fig. 11,(a) shows the pulse shape of the DFWM signal at nanosecond time

scales for an optical delay of the backward pump of 18.6 ns. The alternating height of the

acoustic pealts implied increased competition from thermal expansion for nanosecond pulses

in accordance with Fig. 3 and Eq. 6. Hence the transient, nanosecond DF\MM signal was

truncated because of competion from a thermal phase grating.. This was the same mechanism

as for PE, only much smaller and is in qualitative agreement with the relative magnitudes of

the optomechanical and intrinsic nonlinearities observed in Fig. g.

In conclusion, 'we have shown a VPLL to be extremely useful when investigating the

dynamics and parameters of opto-mechanical nonlinarities.
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Figure 15: Heterodyne experiment to measure Doppler shift of SBS return. 51, 52: SBS

samples; Att.: attenuators to achieve equal return intensities; BS: 50% nonpolarizing beam

splitter; M: mirror used as non frequency shifting reference; D: photo detector (bandwidth

lGHz)
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material grating spacing

pm

grating lifetime

NS

CSz 3.9 7.3

PE 4.r 53

Table 1: Results for 7.5 ns

Table 2: Results for dynamic grating decay using 0.7 ns pulses. Literature values (in square

bracketts) were taken from [46]. (x) Speed of sound values for PE were calculated for

SEBS(STBS)

materials period

NS

frequency shift

GHz

speed of sound

x 103 m/s

Fleon-mirror 0.507 1.e7 [1.86] 0.77

CS2-Fleon 0.523 1.91 r.29

PF-Fïeon 0.731 r.37 1.18

Table 3: Heterodyne frequency shifts: relative beat frequencies. Literature values (in square

a

grating

lifetime

ns

phonon

Iifetime

NS

period

NS

grating

spaclng

pm

speed of

x 103 m/s

sound

material

1.1 [1.15] 7.5 7.5 [6.5]1.8 3.9CSz

6.40.54 (1.1)* L73.8 4.LPE

bracketts) from [46]
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Use Continuously Variable Pulse Length to
Excite Transition Regime

Probe Dynamic Evolution of Grating

UsE SuÞnEnosêcond Pulsêg to
Determine Mechan¡sm
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Acouslc P¡totlo¡ts

Themal and electrostrictive forces create
phonons giving r¡se to a standing wave

p0@ 2

Electrostrictive phonons - molecules contract
toward high ¡nt€nsity regions

Thermal phonons - thermal expansion forces
molecules away from high intensity reg¡ons
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¡----r o SBS return induces
doppler frequency shifi

. ¡nterferencê to get
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. measure doppler
frequency agalnst known
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Conclusion

Determined unambiguously thê mechanism responsible for the
transiênt structure ¡n the DFW{\il return, as well as its origin

Determined nonlinear scattering parameters such as
phonon llfetime, speed of sound, ,("'"*, I'''*"*-

Demonstrated the use of a variable pulse laser to scan through the
transient r€gime between two nonlinear optical mechanisms.

Future

Further reduce pulse length down to 1 20 ps to
to give greater dynamic range
¡nclude more nonlinear effects
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