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In recent years, the interest in the nonlinear optical

properties of suspensions of microparticles in organic

liquids has increased due to their possible use in applica-

tions such as passive optical limiting. A passive optical

limiter is a device which has high transmittance for low

inputs (energy, power or irradiance), and low transmittance

for large inputs. Here, a complete study was conducted on

optical limiting charaterization in samples of carbon black

microparticles in a mixture of deionized water and ethylene

glycol using nanosecond and picosecond laser pulses at 532 nm

and 1064 nm. The results of these investigation shows that

this material has a very broad band frequency response, low

threshold for limiting, fast response time (ns or faster) and

large dynamic range.

In order to understand and to model the processes leading

to passive optical limiting we have experimentally investi-

gated and characterized the optical nonlinearities including

nonlinear refraction, nonlinear absorption and nonlinear

scattering in this material. First the contribution of nonli-

near refraction was studied using different techniques.

These techniques include beam distortion, a measurement of

the transmitted on axis intensity and the Z-scan method.



Using these techniques, approximate values for the nonlinear

index of refraction were measured. We determine by all these

measurements that nonlinear refraction is negligible for lim-

iting in this material. Second we performed a series of mea-

surements to investigate the contribution of nonlinear

absorption and nonlinear scattering in this material. These

measurements include simultaneous measurements of transmit-

tance, the fraction of side scattered light and the absorp-

tance (using the photoacoustic technique) for nanosecond

pulses as a function of pulse energy. We also performed time

resolved transmission measurements. From the results of

these measurements we determine that the dominant nonlinear-

ity for limiting the transmitted light is nonlinear scatter-

ing. We attribute the nonlinear scattering to the expansion

of microplasmas initiated by rapid heating of the carbon

black particles. The thermoionization of carbon and forma-

tion of plasmas was investigated using spectrally and tempo-

rally resolved fluorescence measurements. In addition, the

nonlinear increase in scattering due to rapid expansion of

microplasmas was investigated using angular scattering mea-

surements. We determined the average size of the induced

scattering centers (i.e., microplasmas) by numerically fit-

ting the experimental results using Mie scattering theory.

Futhermore, approximate theoretical calculations were carr-

ied out to establish that for incident fluences where we

observed nonlinear scattering the carbon particles were

heated to temperatures high enough for thermoionization to

form expanding microplasmas.
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CHAPTER I

INTRODUCTION

Since the advent of high power pulsed lasers, and the

ability to focus such pulses with simple optical systems into

small spatial regions, interesting nonlinear optical

phenomenon have been observed in a variety of materials. 1- 4 It

is evident from investigations of these nonlinearitie that

one of the most detrimental and costly nonlinear interactions

is laser-induced damage to optical materials and optical

sensors (eg. optical imaging systems and eyes). The

mechanisms for optical damage in a variety of optical

materials have been extensively studied by many

investigators.5-10 Results of these studies reveal that the

threshold for laser-induced damage in optical materials is

dependent on the energy density and pulse width of the laser

beam. Simple calculations for the lens in an eye reveal an

optical gain of on the order of 105 which enhances a very

small energy density at the pupil of the eye to a very large

value at the back of the eye, i.e., the retina. Therefore, in

order to protect eyes and other sensitive sensors with low

damage thresholds one must use optical devices capable of

regulating or limiting the strong optical radiation for a wide

range of optical frequencies, energy densities and pulse

1

. .



2

widths. Such devices are called optical limiters. Two

general types of optical limiters can be distinguished; active

devices and passive devices. Active devices require a sensor

which monitors incoming strong radiation and provides a

signal to trigger an electronic or mechanical device to

provide limiting when the incoming radiation exceeds a

predetermined level. These devices are usually complex and

temporally slow (eg. of the order of micro-seconds) in

response to incoming optical radiation. The other type of

limiters are passive devices where the limiting processes are

activated through an interaction of the incoming radiation

with a nonlinear optical material. These devices can be very

fast and simple with response times on the order of

nanoseconds or faster. The response of these devices depends

on the nonlinear material and the nonlinear mechanisms which

lead to limiting action. This property makes passive optical

limiters excellent candidates for protecting optical sensors.

An ideal passive optical limiting device has a high

transmission for low irradiance (W/cm2) or fluence (J/cm2 ) and

a clamped output for high inputs. This is shown in Figure 1.1.

These devices can be constructed simply by utilizing

nonlinearities in a variety of materials including gases,

liquids, semiconductors, liquid crystals, micro-emulsions,

artificial Kerr media, metallo-organic compounds and organic

polymers. Some of the most successful demonstrations of

optical limiting in these materials have been cited in

references 11 to 20 at the end of this chapter. However, in

'..AM 4- -W



F-

0

ZU
z

CE

LL

0
wJ
C)
zw..
1

ENERGY OR POWER iNPUT

Fig. 1.1--Fluence or irradiance output of an ideal pas-

sive optical limiter as a function of the input power or

energy.
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none of these materials where optical limiting is

demonstrated, are all of the criteria for an effective passive

optical limiter satisfied simultaneously. These criteria are

high transmittance for low input light, broad-band frequency

response, fast switching time (ns or faster), and low input

requirement for the turn on of limiting. The optical material

used for the limiter should also be resistant to optical

damage (i.e., self-protecting), thus, providing a large

dynamic range for the device.

Various semiconductors such as Si, GaAs, and ZnSe show

very large nonlinearities over a finite frequency range which

can be utilized in constructing an optical limiter. However,

these materials do not have high damage thresholds. In the

case of liquid based limiters, since the limiting media is a

liquid, the limiter is self-protecting (i.e., it heals by new

liquid replacing the irradiated region). However, to date

they have not shown optical nonlinearities large enough for

constructing an effective optical limiter.

Considering these deficiencies in the standard optical

materials studied so far for optical limiting, it is of great

importance to study novel optical materials which exhibit

large optical nonlinearities over a broad frequency range.

One of the promising materials is a suspension of highly

absorbing microparticles in transparent liquids. The

observation of a low threshold for optical breakdown in

liquids containing impurities21- 23 indicated a strong potential

for using additional impurities to attain lower thresholds
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for liquid based optical limiters. Likewise, investigation of

the propagation of high power lasers in the atmosphere

containing dust and soot particles showed that these aerosols

are the main factors which caused the attenuation of high

power laser light in the atmosphere. 4

A main feature of this dissertation research was to

characterize and investigate optical nonlinearities leading

to passive optical limiting in a suspension of carbon black

microparticles in a mixture of water and ethylene glycol. We

refer to this material as a Carbon Black Suspension (CBS).

Much effort has been directed in this dissertation toward

understanding and modeling the optical nonlinearities

including nonlinear refraction, nonlinear absorption and

nonlinear scattering leading to optical limiting in this

material. In addition, a complete study was conducted on

optical limiting charaterization and on finding the

conditions which will produce the "best" limiting in this

material.

In chapter II a brief review of the work of previous

investigators and concurrent research in passive optical

limiting in various other materials is presented. Optical

limiting in various concentrations of CBS using nanosecond

and picosecond laser pulses at 532 nm and 1064 nm is the topic

of chapter III also a brief description of the sample

preparation and experimental set-up including the lasers,

optical detection systems and optical geometries are

presented. In addition, the results of a systematic series of
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limiting measurements conducted on samples of CS2, carbon

particles deposited on a glass substrate (CBG), deionized

water, ethylene glycol and a mixture of 50/50 by volume of

deionized water and ethylene glycol (solvent) using

nanosecond and picosecond laser pulses are presented.

Futhermore, the results of nonlinear transmission

measurements for the CBS sample in order to understand that

the optical nonlinearities are fluence (J/cm2 ) rather than

intensity (W/cm 2) dependent are presented. Moreover, the

optical limiting behavior of flowing and non-flowing CBS as a

function of number of pulses irradiating the sample is also

presented.

Investigation of the contribution of refractive

nonlinearities for optical limiting in CBS is the topic of

chapter IV. We discuss several techniques for characterizing

the contribution of nonlinear refraction to the limiting

process. These techniques include beam distortion, a

measurement of the transmitted on axis intensity and the Z-

scan method. Using these techniques, approximate values for

the nonlinear refractive index were calculated. We determine

by all these measurements that nonlinear refraction is

negligible for limiting in CBS.

In chapter V, the contribution of nonlinear absorption,

nonlinear scattering and combinations of these nonlinearities

to the limiting process in CBS is presented. In this chapter

we perform a series of measurements to investigate the

physical mechanisms of nonlinear absorption and nonlinear
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scattering in CBS. We measure, for a single nanosecond pulse

at 532nm and 1064 nm, the absorptance and the fraction of side

scattered light (side scattered light energy divided by

incident light energy) simultaneously with the transmittance

measurement. In addition, we measure scattering and

transmittance simultaneously for CBG. Using time resolved

transmission measurements we monitor the temporal profile of

the transmitted pulse which enables us to study the temporal

response of the optical nonlinearities for the limiting

process. Evidence of strong nonlinear scattering leading to

blocking of transmission is visualized in an experiment where

we photographed the laser beam as it propagated through the

CBS sample.

As will be shown, the results of these measurements

listed in the previous paragraph indicate that nonlinear

scattering is the dominant optical nonlinearity for the

limiting in CBS and CBG. In order to understand the physical

processes occuring in CBS which lead to the nonlinear

scattering, we discuss in chapter V two additional

experimental techniques. These techniques include

fluorescence spectroscopy and exitation and probe

measurements. Using fluorescence spectroscopy, we measure

the emission spectra and emission lifetimes of CBS and CBG

using nanosecond laser pulses. The excitation and probe

technique allows us to investigate the temporal evolution of

the nonlinear response for times longer than the duration of

the incident pulse.
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In chapter VI, the measurement of the angular distribution

of scattered light in CBS for nanosecond laser pulses at 532

nm and 1064 nm is presented. In addition, we present

numerical calculations of the angular distribution of

scattered light from spherical particles with arbitrary size,

using Mie scattering theory. Comparison of experimental

results and numerical calculations for the angular scattering

distribution indicate that the nonlinear scattering is due to

volumetric expansion of induced scattering centers created in

the CBS sample. In addition, this technique enables us to

study the optical properties of the induced scattering

centers (i.e., the index of refraction).

Investigation of the physical mechanisms and modeling of

induced scattering centers is presented in chapter VII.

Mechanisms considered are: 1) Microplasma formation and

expansion. 2) Formation of micro-bubbles in the host media

(i.e, solvent). 3) Change in the index of refraction by

diffusion of heat or shock waves in liquid (or gas)

surrounding the carbon microparticles. Among these, we find

that the dominant mechanism leading to the formation of

induced scattering centers is mainly due to formation and

expansion of microplasmas.

In our investigations on optical limiting characterization

of CBS using nanosecond and picosecond laser pulses at 532 nm

and 1064 nm - we find CBS is a very promising material for

applications in optical limiting. The level of optical

attenuation and the response time over a wide range of

_. a, i,-; .> ,......__.... ,.._ ..- ,-:- .. _. . ,..,,. .- :..-. tom;.... -. .t .. :k tv..::..M..,. a,.-_.4.,, 
: r ,s fBr
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wavelengths neccessary to provide protection for optical

sensors are achieved in this material. The dynamics of

limiting in CBS can be described by a simple model. The

carbon particles in CBS linearly absorb the leading edge of

incident pulse very efficiently. The particles are rapidly

heated. The carbon particles then vaporize and ionize to form

rapidly expanding microplasmas which absorb and scatter the

later portions of the laser light and block the transmission.
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CHAPTER II

PREVIEW AND CONCURRENT RESEARCH

To provide direction for the present research, a review of

the work of previous investigators was conducted.

Information concering optical limiting in carbon black

suspensions (CBS) in liquids has been published in prior work

by the author1' 2 and Nashold et al. 3 The review of literature

included other research conducted on passive optical

limiters. Passive optical limiting can be illustrated in a

variety of architectures where one can efficiently exploit

self-induced nonlinearties. Some of the well known self-

induced effects which provide passive optical limiting are

self focusing4- 6 , self-defocusing, 8  and two-photon

absorption9-"1 which are x 3 nonlinearities, and photorefrative

nonlinearities which are often described as x2

nonlinearities 2 ,13 , x2 amd X3 are the 2nd and 3rd order

nonlinear susceptibilities obtained from an expansion of the

polarization in power of the electric field. The intent of

this work is to use and analyze the concept of nonlinear

scattering in liquids and solids to make an optical limiting

device.

13
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The earliest work conducted on analyzing nonlinearities

in liquids performed by many investigators include Liete et

al.7 , Gordon et al. 14 , and Rieckhoff et al.' 5 In 1967 The first

optical limiter in a liquid was demonstrated by Leite et al. 7

This passive optical limiter was constructed by utilizing the

self induced thermal distortion induced by linear absorption

in nitrobenzene along with a spatial filter. It was used to

regulate the output power of a cw Ar laser to 30 mW7 .

The role of self-focusing on laser induced optical

breakdown of nanosecond laser pulses in Kerr liquids was

reported by Soileau et al. 16  In this work the authors

demonstrated a passive optical limiter in 1980 by utilizing

self focusing and the associated laser induced breakdown in

CS2. Three years later Soileau et al.4 demonstrated passive

limiting for 30 picosecond laser pulses in CS2 for visible and

near infrared wavelengths. Shiek-Bahae et al. 17 showed

passive optical limiting in CS2 at 10.6 m using nanosecond and

picosecond laser pulses generated by a free induction decay

laser system. These results demonstrate that CS2 is a broad

band limiter. The activation intensity (i.e., the incident

intensity or energy at which the output is clamped) however is

a few orders of magnitude too large to be useful for

protecting most optical detectors.

Other reported research of possible value has consisted

of the application of organometallic compounds to optical

limiting. Several years ago Blau et al. 1 s showed optical

limiting or "reverse saturable absorption" in some
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tetraphenylporphyrins using picosecond laser pulses. This

lead to the investigation of other highly conjugated

macrocyclic dyes. In the past year Coulter et al.19 showed

optical limiting in metallophthalocyanine and

metallonaphthalocyanine dyes. These dyes have good limiting

characteristic for a restricted range of wavelengths. In the

visible region weak absorption from the ground state to the

excited state is followed by strong resonant absorption from

the excited state to a higher excited state. The optical

nonlinearities leading to optical limiting in these materials

have not been fully investigated and there is ongoing

research at the present time by many investigators.

Other reported research of possible value is the work of

Narasimha et al. 6 in 1973 in liquid crystals. From these

investigations, it is apparent that liquid crystals are

important materials for optical limiting because of their

high refractive nonlinearities (several orders of magnitude

larger than CS2) . The large refractive nonlinearties are due

to the reorientational Kerr effect or thermal effects with

response times of nanosecond or larger. For example Khoo et

al.20 reported optical limiting in a nematic liquid crystal

film due to self-focusing and self-bending in 1985. However,

Soileau et al.21 reported that for picosecond laser pulses

where the contribution of the thermal effect,

electrostriction and reorientational effects are minimized,

the measured n2 and critical power for self-focusing at 532 nm

for isotropic phase liquid crystals are of the same order of
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magnitude as for CS2 . At the present time there is active

research on a variety of liquid crystals for applications in

limiting and optical switching.

Researchers including Geusic et al.22 and Ralston et al.9

demonstrated the feasibilty of using a variety of

semiconductors such as Si, GaAs, CdS and CdSe utilizing

stepwise absorption and two-photon absorption (2PA) in these

semiconductors respectively. Moreover, Smirl et al.2 3 showed

fluence limiting in Si that was -due to combination of free

carrier nonlinear absorption and a refractive contribution

induced by these photoexcited carriers. In addition, optical

limiting in GaAs due to the combined effect of 2PA and carrier

defocusing was demonstrated by Boggess et al.10 Since solids

undergo irreversible optical damage and futhermore as the

damage-prone surfaces are subject to maximum fluence (J/cm2)

of the input pulse, the range over which these devices

function without being damaged (i.e, dynamic range) is

limited. However, Van Stryland et al .I enhanced the dynamic

range of limiting action in semiconductors (ZnSe, ZnS) by

using a thick sample and by focusing picosecond pulses in the

bulk of the material where nonlinear absorption combined with

induced nonlinear refraction keep the irradiance within the

semiconductor below the damage threshold. This architecture

increased the dynamic range of these devices by four orders of

magnitude and made the semiconductor based limiters more

practical for limiting applications. The disadvantage of this

architecture is that for longer pulse widths on the order of
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nanoseconds or longer the strong thermal nonlinearity in

semiconductors leads to catasraphic self-focusing damage for

low input energies.

In the past decade, nonlinearities in artificial Kerr

media have been investigated by Ashkin et al.24 This nonlinear

medium consists of highly uniform submicron size polystyrene

latex spheres in a water suspension. Using cw degenerate

four-wave mixing and self-focusing25 n2 of roughly five orders

of magnitude larger than CS2 was measured in this material.

However, this occurs at the expense of speed of response of

the device which is extremly slow (i.e., on the order of

milliseconds). This class of materials is also under active

investigation at the present time.

Another class of materials which are under investigation

are critical microemulsions which are thermodynamically

stable mixtures of an oil, water and a surfactant (alcohol).

In the case of water in oil microemulsions, water is in the

form of spherical droplets a few nanometers in diameter, is

isolated from the oil rich phase by a shell of surfactant

molecules26 . Freysz et al. 27 demostrated self-focusing of a cw

laser beam in a micro-emulsion and deduced a very large n2

which is comparable to the artifical Kerr media discussed in

the previous paragraph. Both the amplitude and the dynamics

of the response of the system are found to behave critically

as a function of temperature. So temperature stability is a

very significant factor in usage of this material as a

nonlinear material for optical limiting.



18

This review has included all of the reported work

concerning passive optical limiting in novel materials which

came to the attention of this auther. It is clear that optical

limiters at visible and infrared wavelengths can be

constructed from existing optical materials. However, the

optical limiting in these materials either is limited to a

narrow frequency range, has a low threshold for irreversible

damage, has a large linear absorption, or has large activation

intensities for limiting.
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CHAPTER III

OPTICAL LIlITING I CARBON BLACK SUSPENSION IN LIQUIDS

A. INTRODUCTION

As we discussed in chapter II, a variety of materials are

under extensive investigation for application in optical

limiting at the present time. Here, we present a complete

characterization of optical limiting behavior and thresholds

of various concentrations of carbon black micro particles in

mixture of water and ethylene glycol (CBS) and carbon

particles deposited on glass substrate (CBG) at 532 nm and

1064 nm using nanosecond and picosecond laser pulses. The

primary purpose of these limiting measurements is to obtain

accurate limiting thresholds and to find conditions which

lead to the "best" maximum limiting behavior for this new

class of material. An additional purpose is to establish that

these materials are suitable for applications in optical

limiting a over broad frequency range with a response time of

nanoseconds or faster.

The content of this chapter begins with a brief

description of the test specimens in section B. Then the

experimental set-up including the lasers, optical detectors,

22
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and optical limiting geometries are described in section C.

The optical limiting measurements for nanosecond and

picosecond pulses at 532nm and 1064nm are presented in

sections D and E respectively. The fluence dependent

nonlinear transmission measurement is discussed in section F.

In section G, the laser repetition rate dependence of

"Bleaching" and the effect of flowing the liquid are studied.

A summary of important results and conclusions are presented

in section H.

B. TEST SPECIMENS

In this investigation three group of samples were studied.

The first group includes 1 cm thick cuvettes of (i) deionzed

water, (ii) ethylene glycol, (iii) a 50/50 mix by volume of

deionzed water and ethylene glycol (solvent), and (iv) CS2 .

The second group contained samples of carbon black suspension

in a 1 cm thick cuvette with 87,77,and 70 percent linear

transmission at 532 nm. The third group included samples of

carbon black particles deposited on a glass substrate (CBG)

with 27 percent linear transmission at 1064 nm.

The first group of samples were selected in order to

measure the optical limiting threshold of liquids which are

used in CBS. In addition, optical limiting threshold of CS2 is

measured in order to compare its limiting threshold with

other liquids and various concentrations of CBS samples. The

reasons for selecting CS 2 are discussed in the next paragraph.

r, , ; i. ti - ,- _,: c't a -
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Futhermore, optical limiting investigations of the second

group of samples lead us to understand how the limiting

characteristic of CBS ,such as limiting threshold, change as a

function of carbon black micro-particle concentration.

Moreover, the optical limiting measurements on the third

group of samples enables us to compare the optical limiting

threshold and behavior of carbon black particles in different

host media such as air. In the following paragraphs we

briefly describe the optical and physical characteristic of

the individual samples.

Carbon disulfide (CS2) is a linear symmetrical molecule

with zero dipole moment. At room temperature it is a

colorless liquid dielectric. In the visible and near

infrared, pure CS2 has a very small absorption of ~ 0.002 cm- 1 .

The nonlinear optical properties of liquid CS2 have been

widely studied in the visible and near infrared 1-7 and a

variety of nonlinear effects based on its third order

susceptibility have been observed under a wide range of

experimental conditions. In fact CS2 is often referred to as

the standard sample8 for nonlinear optical studies. It is

also the author's intention to use CS2 as a standard material.

Deionzed water with an electrical resistivity of 18.4

MO.cm-1 was used in this investigation. Deionized water is

transparent throughout the visible and near infrared and for

our experiments it was passed through a 0.2 m filter to be

free of any particle impurities. The ethelyne glycol sample

was commercially supplied by Fisher Chemical Company and was

W-MM@M
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of research grade purity. Ethylene glycol is a transparent

liquid over the range of 300 nm to 1200 nm. This liquid is

often used as a solvent for organic dyes and is well known for

low freezing temperature and high boiling point. A mixture of

this liquid and water is used as antifreeze for automobile

radiators. The other physical constants such as thermal

conductivity, density, specific heat and index of refraction

for these liquids are given in reference 9 and tabulated in

table 3.1.

The Carbon Black Suspension in Liquid (CBS) was made by

mixing commercially avialable waterproof drawing ink (No.

4415) manufactured by Faber-Castell Corporation with the

50/50 mixture by volume of deionized water and ethylene

glycol (solvent). Then the mixture was passed through a 0.22

um microfilter in order to filter out large particles and

agglomerates. Samples of different concentration of carbon

black particles with transmission of 87, 77, and 70 percent

transmission at 532 nm in a 1 cm cuvette cell were prepared.

The transmission spectrographs of these samples from 400 nm

to 1100 nm using a Perkin-Elmer model 330 spectrophotometer

are shown in Figure 3.1 (a), 1(b) and 1(c) respectively.

The physical, chemical and linear optical properties of

carbon black suspension have been addressed in few

publications prior to this work. 10 - 12 Carbon black is an

important member of the family of industrial carbons. The

combustion of fuels with insufficient oxygen produces a black

smoke containing extremely small carbon black particles



TABLE 3.1

VALUES OF HEAT CAPACITY (C), THERMAL CONDUCTIVITY (c),
DENSITY (p), LINEAR INDEX OF REFRACTION (n), VISCOSITY (n),

AND BOILING TEMPERATURE (Tb) FOR DEIONIZED WATER,
AND ETHYLENE GLYCOL

SUBSTANCE C K p n1 Tb

CalTK W/cm K g/cns cm2/sc OK

DEIONIZED
WATER 0.9988(a) 5.9 x 10-3(a) 0.997(a) 1.33(a) 8.9 x 10-3(a) 373

ETHYLEN
GLYCOL 0.5767(a) 2.6 x 10-3(a) 1 .1 13 (b) 1.4 3 (b) 3.537(a) 4 7 2 (b)

(a) The values of C, K, p, n, 17, and Tb are given in reference 9.
(b) The values of p and n are given in reference 19.
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which when separated from the combustion gases yield a fluffy

black powder. The term carbon black refers to a wide range of

such products made by partial combustion and thermal

decomposition of hydrocarbons in the vapor phase. All forms

of the industrial carbons other than diamond and graphite,

including carbon black, can be classified as amorphous

carbons characterized by imperfect graphitic structures.

Carbon blacks are usually utilized in a dispersed state and

there are few applications for carbon black in bulk. One

usage of solid particles is as toners used in photocopying

machines.

In general the most important property of this suspension

which is relevant to our study is the stability of the

suspension and the size of carbon black micro particles which,

in turn, is related to the scattering cross section and

absorption cross section of the particles. Stability of the

carbon black suspension refers to the achievement of a

uniform distribution of the carbon particles or primary

aggregates (a fused assembly of particles) such that

reagglomeration or flocculation (the process whereby small

particles clump together like a bunch of grapes) is prevented

from occuring. Reagglomeration of primary aggregates would

result in sedimentation of the carbon black particles out of

the suspension. The stability or shelf life of the samples

prepared in our labrotory was monitored through several

months and no visible sedimentation was observed.
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In chapter VI we measure the angular distribution of the

scattered light intensity which provides the basis for

determining the size of carbon black particles in suspension

using Mie scattering theory. As mentioned earlier, these

suspensions were prepared by using commercially available

black ink which is a stable dispersed pigment. Therefore,

electron microscopy of the ink should provide us with the size

distribution for carbon black particles and primary

aggregates. An electron micrograph of the dried ink is shown

in Figure 3.2. This result indicates that the particles are

more or less spheriods and the size of each carbon particle is

about 50 nm and the size of an agglomerate is about 350nm.

Other important physical constants including thermal

conductivity, density, and specific heat of carbon black

micro-particles and the solvent for CBS are tabulated in

table 3.2.

The samples of carbon black particles deposited on a glass

substrate (CBG) were fabricated simply by using toners which

are commonly used in photocopying machines. Since these

toner particles are electrostatically charged, the carbon

black particles adhere to the glass microscope substrate and

form a coating. The coating formed on the glass is nearly

uniform and the size distribution of the particles was

measured using an optical Nomarski microscope. Figure 3.3

shows a picture of the carbon particles on glass and the size

distribution measured for particles is from 2 m to 10 mm.

The linear transmission of this sample was 28 percent at 1064
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1.0 pm

Fig. 3.2--Electron microscope view of the carbon parti-

dles and carbon agglomerates in dried ink. The bar indi-

cates the resolution. This micrograph prepared by R.

Pinizzotto from UNIT.



TABLE 3.2

VALUES OF SPECIFIC HEAT (C), THERMAL CONDUCTIVITY (c),
DENSITY (p) AND LINEAR INDEX OF REFRACTION (n) FOR

CARBON PARTICLES AND SOLVENT

SUBSTANCE C x p
J/g K W/cm K g/cm3

CARBON BLACK 0.77(a) 0.015(8) 1.8 5 (b)
SOLVENT = 4.18 1.8 x 10-1 1.05

(a) The values of C, x, and p are given in reference 9.

(b) The value of p is given in reference 11.

33
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10 ym

Fig. 3.3--Optical microscope view of carbon toner parti-

cles using Nomarski optical microscope. The bar indi-

cates a distance of 10 pm.
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nm. Using these toner particles on the glass substrate

enabled us to investigate the optical nonlinearities of the

solid carbon particulates.

C. EXPERIMENTAL SETUP

A general experimental configuration for the optical

limiting measurements is given in Figure 3.4. This simplified

schematic consists of a Nd:YAG laser system, a variable

attenuator, a pulsewidth monitor, an optical limiting

geometry and detectors connected to an IBM compatible AT

computer. In the next few pragraphs a brief description for

each of the individual parts of the experimental

configuration is presented.

In these studies, two different ND:YAG pulsed laser

systems were used. The first laser system, Quantel's model

YG481C, is an actively Q-switched ND:YAG oscillator/amplifier

laser system operating at 1064 nm in a transverse TEMNQ mode.

The schematic for this laser is shown in Figure 3.5. The

detailed description of this laser is give in reference 13.

This laser can be operated at several repetition rates up to

10 Hz with a laser pulsewidth on the order of 20ns (FWHM) at

1064 nm. Frequency doubling of the output of the laser, X =

532 nm, is achieved by using angle tuned Type II KDP crystal.

The pulsewidth at 532 nm was on the order of 14 ns (FWHM). The

second laser system, Quantel's model YG40, is a passively

modelocked ND:YAG laser. This laser operated at a 0.5 Hz
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Fig. 3.5--Schematic for the nanosecond Nd:YAG laser

system. The system consists of smoothing pulse option

(SPO which is an etalon), the pockell cell (PC), the

laser oscillator (OSC), the laser amplifier (AMP) and

second harmonic crystal (SHG) (after N. Mansour 3 ).

SHG KLAMP

RM1  SPPH PH OC

PC ' O SCL
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repetition rate. optical pulses with temporal widths of ~ 42

ps (FWHM) produced at 1064 nm and 30 ps (FWHM) at 532 nmu using

a KDP doubling crystal. A more detailed description of this

laser system is cited in reference 14 and a laser schematic is

shown in Figure 3.6.

A combination of a polarizer, a half wave plate, and a

second polarizer (analyzer) was used as a variable

attentutor. The two polarizers were set in fix mounts with

transmission axes parallel to the optical table. The half-

wave plate was mounted in a rotating frame and set between

polarizer and analyzer. The nanosecond laser pulses were

linearly polarized and parallel to transmission axes of the

polarizers. By rotating the half-wave plate 450 with respect

to its principle axis parallel to the optical table, an

attenuation on the order of 103 was achieved without

introducing any walk-off in the beam path. In order to

minimized any beam distortion and to keep the fluence (J/cm2 )

of the incident beam below the damage threshold, two sets of

15 mm cube Calcite Glan-laser polarizers with a spectral

range of 400 nm to 2000 nm with anti-reflection coatings for

1064 nm and 532 nm respectively were used. The half-wave

plates were zero order high damage resistance quartz plates

with 15 mm aperture.

For the picosecond laser pulses, the temporal width of

each pulse was determined by autocorrelation measurements.

The description of the pulsewidth monitor is given in more

detail in reference 14. In the case of nanosecond laser
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Fig. 3.6--General schematic for the picosecond Nd:YAG

laser system. The system consists of a laser oscilla-

tor, the electrooptic switchout, the laser amplifier and

the dye cell (after N. Mansour 3 ).

Aperture

Dye
Cell Aperture

or 1 Electro-Optic\M

Switchout

Output
Coupler
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pulses, the temporal shape of the pulse was directly

monitored by a fast silicon PIN photodiode connected to

Tektronix storage oscilloscope model 7834 or Tektronix

oscilloscope model 7104. Using amplifier plug-in units 7A24

with bandwidth of 300 Mhz and time base 7B80 with 7834

storage scope, the detection system had a specified response

time of less than 4 ns and a broad spectral range from 400 rim

to 1100 nm. In practice we found the response time to be = 1

ns. The response time for the silicon PIN detector connected

to 7104 oscilloscope was less than 1 ns.

The optical detectors used to monitor the energy of each

laser pulse were silicon PIN photodiodes with an active area

of 1 cm2 . The output of these photodiodes was integrated into

a specially designed detector circuit15 that amplified the

signal, and detected the peak voltage. This optical detection

system had a broadband spectral range of 350 nm to 1100 nm.

Optical narrow bandpass filters centered at 532nm and 1064nm

(with bandwidth of 10 nm) were placed in front of an active

area of each detector to allow only the frequency of interest

to be detected and to reduce stray light noise. All the

detectors interfaced via an analog-to-digital converter to an

IBM computer. This A to D converter was capable of handling

twelve optical detectors simultaneously. Throughout this

work, not only in this chapters but also in the chapters

follow we use only this kind of detectors.

Two different types of optical geometry were used in

order to study the optical limiting behavior and to measure

a - ..
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the optical limiting threshold for the samples described

above. The first geometry was the optical limiting geometry

which has been reported in reference 16. This optical

geometry is constructed by using two "best form" positive

lenses. The first lens focuses the laser pulses to a spatial

region with dimensions less than 10 Am (FW1/e2M) in the middle

of a 1 cm thick cell and the second lens collects the

transmitted light. The collected light is passed through 400

m aperture placed in front of output detector, D2. The

schematic for this optical geometry is shown in Figure 3.7.

This optical geometry is often used as a screening test, as it

is sensitive to nonlinear refraction and nonlinear absorption

as well as nonlinear scattering.

In order to demonstrate that the optical geometry

described above can be used as an effective screening test to

assess the suitability of a nonlinear material for optical

limiting. Below, we describe how the optical nonlinearities

in a material such as nonlinear refraction lead to optical

limiting. The index of refraction can be written, in the

steady state approximation, as

n = no + (n2/2) I E 2 = n + yI Eq. 3.1

where n is the linear index of refraction, E is the peak

electric field (cgs), I denotes the irradiance (MKS) of the

laser beam within the material, (n2/2)I El 2 and yI are the

induced nonlinear refraction. The mechanisms by which

;
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induced nonlinear refraction leads to optical limiting using

this geometry as shown in Figure 3.8. In this Figure the solid

lines trace the input beam for the low input intensities and

the dotted lines trace the beam for high input intensities.

For a low intensity laser pulse with Gaussian transverse

profile, the beam is focused by L, into a nonlinear material

and the output is collected by lens L2 through a pinhole onto

detector D However, for high intensity laser pulses, the

central part of the beam having higher intensity experiences

a larger index change than the low intensity wings. If y is

positive, the central part of the beam travels at a slower

velocity than the wings. Consequently, as the beam travels in

the medium, the original plane wavefront of the beam gets

progressively more distorted and the waist from lens L, is no

longer in the proper location to be focused by lens L2 through

the pinhole and onto detector D2. This leads to spreading of

energy of the beam over a larger area on the pinhole in front

of the output detector and a reduction of on axis transmitted

fluence through the pinhole.

This optical geometry is also very sensitive to nonlinear

mechanisms such as nonlinear absorption and nonlinear

scattering. For high laser pulse intensities, the on axis

peak intensity of the laser beam is attenuated by strong

nonlinear absorption or nonlinear scattering as the beam

propagates in the material. A complete study of nonlinear

refraction, nonlinear absorption and nonlinear scattering in

CBS is presented in chapters III, IV, and V respectively.
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The second optical geometry used was a simple

transmission measurement geometry composed of a "best form"

lens with focal length of 50 cm or 1 meter. The 1 cm cuvette

samples are placed in the focal plane of the focusing lenses

and a large area detector with effective area of 1 cm2 was

place behind the sample to insure collecting all the

transmitted light. The schematic for this optical geometry is

shown in Figure 3.9. As it will be shown this optical

geometry is very useful for studying the laser spot size, w0,

dependence of optical limiting in CBS. In addition, since all

the transmitted light is collected by a large area detector

behind the sample we are able to investigate the contribution

of nonlinear absorption and nonlinear scattering by ignoring

the contribution of nonlinear refraction.

D. OPTICAL LIMITING MEASUREMENT USING NANOSECOND LASER PULSES

Using the optical limiting geometry and experimental

setup discussed in the previous section, Gaussian pulses of 14

ns (FWHM) duration at 532 nm and 20 ns (FWHM) duration at 1064

nm with a repetition rate of 1 Hz were focused by either a 40

mm (532nm) or 50 mm (1064nm) "best form" lens. This results in

calculated beam radii of 3.5 am (HW1/e 2M) at a wavelength of

532 nm and 7 m (HW1/e2 M) at 1064 nm inside the 1 cm cuvette.

The transmitted pulse was then collected by a 102 mm focal

length lens placed behind the sample. As we described above a

variable attenutor was used to vary the incident irradiance

A IA
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Fig. 3.9--Optical geometry for transmission measure-
ments.
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on the samples. A small part of the pulse was diverted to a

reference detector, which was calibrated with respect to a

Gentec pyroelectric detector energy meter manufactured by

Gentec Inc2 0. This allowed the energy of the incident pulse on

the sample to be continuously monitored for each laser pulse.

Using the measured value of the incident pulse energy and

using the procedures outlined in appendix A, the peak power

(W), the peak-on-axis irradiance (W/cm2) and the peak fluence

(J/cm2) of each pulse was calculated.

We investigated various concentrations of CBS and the

known standard sample, CS2, which has been previously used as

an optical limiting material 16 using the optical geometry

shown in Figure 3.7. The optical limiting of CS2 and CBS with

70 percent linear transmission at 532 nm in a 1 cm thick

cuvette is shown in Figure 3.10 for 14 ns, 532nm linearly

polarized laser pulses at 1 a Hz repetion rate. As is shown in

Figure 3.10, the CS2 sample begins clamping the transmitted

fluence for incident powers greater than ~ 4KW peak power.

Limiting in CS2 is primarily due to molecular reorientation of

the molecules and a small contribution due to

electrostriction which has been investigated in reference 16.

The limiting response of CBS is also shown in Figure 3.10.

However, the onset of limiting occurs at a much lower incident

power and in order to resolve the onset of limiting, the

measurement was performed for lower input powers as shown in

Figure 3.11. The CBS begins clamping the transmitted fluence

at about 80 watts peak power. For these incident peak powers

. .. _. -, .... u,.. .. _ .. . 4 .,wu hU ~ud - v w. I zdNtl{.:yUm4'- W. ncv u

_ _ _ xiaA: v'. i .. k .- ( Siil { p'+p*'~ , A _ _ +.sTirIL, 41kWy4Mds; 5}'N u<r lssnv - .,
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Fig. 3.10--Plot of the limiting of CS2 (circles) and CBS
(squares) as a function of input peak power for 14 ns
(FWHM), 532 nrm pulses.
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CS2 behaves linearly as one would expect. These results

indicate that the limiting threshold for the CBS is about =60
times less than that of CS2 for this optical geometry and

focal length.

The onset of optical limiting for CBS samples with

different carbon black concentration (i.e, number carbon

particles/cm') was measured. The onset of optical limiting

occurs at = 80 watts peak power for all the samples. However,

samples with a higher concentration of carbon black particles

and in turn lower transmittance for low input pulses, blocked

the output light more efficiently at higher incident powers

than the samples with a low concentration of carbon

particles. The limiting responses for samples with 70, 77,

and 86 percent linear transmission at 532 nm are shown in

Figure 3.12.

Next we look separately at the optical limiting response

of a 1 cm thick sample of deionized water, ethylene glycol and

the solvent. A summary of optical limiting threshold, for

these samples for 14 ns, 532nm laser pulses at a 1 Hz

repetition rate is listed in table 3.3. In addition, using the

procedure in appendix A, the peak power, the peak-on-axis

irradiance and the peak fluence of the limiting threshold for

each sample was calculated and listed. Note that the limiting

threshold for the solvent, deionized water and ethylene

glycol occurs for incident powers which are on the order of =

100 times larger than that of the CBS.
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TABLE 3.3

LIMITING THRESHOLDS FOR SAMPLES OF DEIONIZED WATER,
ETHYLEN GLYCOL AND THE SOLVENT FOR

14 ns (FWHM), 532 nm LASER PULSES

PEAK PEAK
SAMPLE POWER IRRADIANCE FLUENCE

Kilowatts Watts/cm 2  J/cm 2

DEIONIZED WATER 18.0 =1.3 x 10" 2.0 x 105
ETHYLENE GLYCOL 9.5 =4.8 x 1010 7.3 x 102
SOLVENT 10.7 =5.5 x 101' 8.3 x 102

52
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In order to investigate the dependence of the limiting

threshold on the state of polarization of the incident light

for samples of CBS, solvent and CS2, we performed limiting

measurements using circularly polarized and linearly

polarized 14 ns (FWHM), 532 nm laser pulses. For various

concentrations of CBS and the solvent the optical limiting

threshold for linear and circularly polarized light was

independet of the state of polarization of incident light and

the optical limiting threshold was exactly the same for both

polarization as is shown in Figure 3.13. However, for CS2,

experimental results indicate that the optical limiting

threshold is strongly dependent on the state of polarization

of the incident light. This is shown in Figure 3.14 where the

threshold for limiting is higher by a factor of two for

circularly polarized light than that for linearly polarized

light. This result is consistent with previous work performed

by Soileau et. all? The nature of optical breakdown in CS2 is

due to self-focusing nonlinearity which originate from

optically induced reorientation of the molecules (i.e., the ac

Kerr effect) which is critically dependent upon the

polarization of the incident light'7 .

Similar optical limiting measurements were performed on 1

cm thick samples of CBS, and CS2 using 20 ns (FWHM)), 1064 nm

laser pulses at a 1 Hz repetion rate. The limiting response

for samples of CBS and CS2 at 1064 nm is shown in Figures 15

and 16. The limiting thresholds for CBS and CS2 are =160 watts

and 13.5 kilowatts respectively. In the case of CBS the
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(circles) and CBS with 70% linear transmission at 1064

nm (squares) as a function of input peak power for 20 ns
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limiting threshold has only increased by a factor of two as

the wavelength of the light changed from 532 nm to 1064 nm.

However, for the CS2 the limiting threshold has increased

almost by factor of 4, from 3.5 kilowatts to 13.5 kilowatts.

Results of optical limiting for 14 ns, 532rim and 20 ns, 1064nm

indicate that the CBS limiting is broad-band and the limiting

threshold occurs for very low peak powers. These values

reported for limiting in CBS are among the lowest thresholds

observed in any material prior to this investigation for

nanosecond laser pulses.

As it was shown in table 3.3, the optical limiting

threshold for the solvent was approximately 100 times larger

than that of the various concentrations of CBS samples. This

indicates that the contribution of optical nonlinearities of

the solvent is very small at incident peak powers where

limiting is observed in the CBS samples using nanosecond

laser pulses. However, because of the presence of highly

absorbing carbon black micro-particles in the solvent one

needs to investigate the contribution of strong absorption

and heat diffusion to the surrounding liquid which may lead to

thermal nonlinearities in the solvent. A full discussion of

the possible physical mechanisms including thermal

nonlinearities that may occur and lead to optical limiting in

the solvent will be presented in chapter VI. In order to

observe how such nonlinearities may reduce the limiting

threshold we performed optical limiting measurements on a

sample of CBG. Here, the surrounding medium is air and there

: _ _
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is no liquid to heat up. Using this sample enables us to

seperate the thermal optical nonlinearities associated with

the solvent since thermal induced refractive index changes of

air are much smaller than in a liquid.

The results of optical limiting measurement on a sample

CBG with linear transmission of 28 percent at 1064 nm using an

optical limiting geometry with the same focusing geometry

discussed above is shown in Figure 3.17. The optical limiting

threshold for CBG is on the order of = 600 watts. In addition

we look at optical limiting of the substrate (glass). The

optical limiting response for the glass substrate is also

shown in Figure 3.17. The relatively large scatter in the

data compared to that for CBS is due to the fact that the

coated glass had to be moved after each laser firing and each

data point is a single laser firing.

The limiting measurements using both CBS and CBG reveal

that these limiting thresholds are within a factor of three.

The factor of three difference may be due to the different

carbon black particle sizes. While the CBS has an average

particle size of X0.1 m with agglomorates up to 0.4 um, the

toner particles used for the CBG has an average particle size

of 5.0 Am. As we will demonstrate in following chapters the

dominant optical nonlinearities leading to optical limiting

in both of these samples is due to nonlinear scattering. We

attribute the origin of the nonlinear scattering as being due

to rapid heating of carbon black particles to temperatures on

the order of several thousand degrees Kelvin. This rapid
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temperature rise leads to thermoionization of carbon, plasma

creation and expansion of these micro-plasmas which strongly

scatter the laser light. Therefore, for larger particles

more energy is required heat and thus thermoionize the

particles which in turn leads to a higher threshold for

limiting. In our laboratroy we tried to make a carbon black

suspension using the toner particles and mixture of Deionized

water and ethylene glycol. Since, the toner particles were

eletrostatically charged they had a strong tendeny to stick

to the side of the quartz cuvette and if the mixture was

stirred they formed large agglomerates and sedimente out to

the bottom of the cell. The agglomorate particle sizes were

on the order of =100 ym in size.

E. PICOSECOND LIMITING MEASUREMENTS

We have demonstrated that CBS can be used as an optical

limiting material for nanosecond laser pulses. In this

section we examine the optical limiting for picosecond laser

pulses. Performing optical limiting measurements using

picosecond laser pulses enable us not only to determine 
the

limiting response time of CBS as an optical limiter but also

to study the pulse width dependence of optical nonlinearities

leading to limiting in this material. Using the experimental

setup discussed in the previous section, Gaussian pulses of 30

ps (FWHM) duration at 532 nm and a repetition rate of 1/2 Hz

were focused inside a 1 cm thick cuvette cell using a 50 mm
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focal length "best form" lens. This resulted in a calculated

beam radius of 7 am (HW1/e2 M). The the transmitted pulse was

collected by a 102 mm focal length lens placed behind the

sample and passed through a 400 pm aperture placed in front of

the output detector. The experimental procedure was

identical to that used in the previous section.

The three samples studied were a 1 cm thick cuvette of

CS2 , the solvent and CBS with 70 percent linear transmission

at 532 nm. The optical limiting for the 1 cm thick cuvette of

CBS with 70 percent linear transmission at 532 nm and for the

solvent are shown in Figure 3.18. The results of these

measurements indicate that CBS is not as effective an optical

power limiter for picosecond laser pulses as it is for

nanosecond pulses. The optical limiting threshold is

approximatly 30 kW which is about 300 times larger than for

nanosecond laser pulses. However, the optical limiting

energy of 1.1 pJ obtained with picosecond pulses is

approximately the same as the 1.2 pJ limiting energy for

nanosecond pulses using the same focusing geometry. In

addition, the optical limiting threshold in CBS with respect

to the standard CS2 using 30 picoseond laser pulses was

measured. The optical limiting response in CS2 and that for

CBS is shown in Figure 3.19. As is shown in this Figure the

optical limiting threshold for CS2 is about 8 kilowatts which

is approximately the same value as reported by Williams et.

a15 . Furthermore, it has been demonstrated earlier that the

optical limiting for picosecond laser pulses in CS2 is due
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Fig. 3.18--Plot of optical limiting response of a 1 cm

thick sample of CBS with 70% linear transmission at 532

nm (squares) and the solvent as a function of input peak

power for 42 ps, 532 nm pulses.
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to molecular reorientation (Kerr effect) and is a power

dependent phenomenon. We conclude from this experiment that

the onset of limiting occurs for the same fluence (J/cm2) for

both picosecond and nanosecond laser pulses. As we show in

the next section using nonlinear transmission measurements,

we also observe that the limiting in CBS is fluence dependent

for collimated beams and energy dependent for tightly focused

beams for nanosecond pulses.

F. NONLINEAR TRANSMISSION MEASUREMENT

We have studied the fluence dependence of the

transmittance of various concentrations of CBS in 1

centimeter thick cuvette cells at 532 nm and 1064nm using

1/30 Hz repetition rate nanosecond laser pulses. The reasons

for conducting this experiment at such a low repetition rate

is discussed in next section. The optical geometry was

described previously and was shown in Figure 3.9. Both a 1

meter and 50 centemeter "best form" lens were used to focus

the nanosecond pulsed input beam at the two wavelengths of

532 nm and 1064 nm. This resulted in measured spot sizes of

108 m and 254 am for 532 nm, 158 m and 460 /m for 1064 nm

laser light respectively. These measured spot sizes are all

HW1/e 2M of Gaussian transverse profiles. The transmitted

signal was collected by a large area uniform response Si

photodiode located behind the sample. The diameter of the

detector was 1 centimeter and the beam radius at the output

Know
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detector was approximately 1 mm in diameter. The difference

between this optical geometry and the optical limiting

geometry is that we are using a collimated beam instead of

using tight focusing and the aperture is removed so that this

measurement is insensitive to nonlinear refraction. The

results of the transmittance measurements are plotted as a

function of incident fluence and incident power in Figures 20,

and 21 for 532 nm laser pulses. For fluences above 200 mJ/cm2

for 532 nm, the transmission becomes increasingly nonlinear

and is essentially identical for both beam radii at a given

wavelength as shown in Figure 3.20. However, the onset of a

change in transmittance appeared at different incident power

levels for these beam radii as shown in Figure 3.21. Similar

results are observed for 1064 nm laser pulses as shown in

Figures 22, and 23. For 1064 nm laser pulses the onset of

nonlinear transmitance occured approximately for 380 mJ/cm2 .

These results along with the pulsewidth dependence described

earlier show that the nonlinear transmittance observed is

fluence dependent.

In addition, we examined the fluence dependence of the

transmittance of CBS for 20 ns, 1064 nm for beam radii from 14

m up to 70 Am (HWI/e2 M). In order to keep the sample

thickness smaller than the Rayliegh range of the focusing

lenses we constructed a 100 m thick flowing jet of CBS with

70 percent linear transmission at 1064 nm. The schematic for

the flowing jet is shown in Figure 3.24. A flow rate for CBS

was chosen such that we had a laminar flow and no ripple
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Fig. 3.22--Measured transmittance of a 1 cm thick sample
of CBS with 71% linear transmission at 1064 nm for 158
pm (squares) and 460 pm (circles) as a function of inci-
dent fluence for 20 ns (FWHM), 1064 nm laser pulses.
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structure was detected by monitoring the the HeNe beam

profile passing through the CBS jet. The result of this

measurement and previous measurements for larger beam radii

using a 1 cm thick cuvette are plated in Figure 3.25. Again,

these results along with previous measurements clearly

illustrate that the nonlinear response of CBS is fluence

dependent and the onset of nonlinear response occurs for

fluences on the order of 380 mJ/cm2 for 1064 nm laser pulses

and 200 mJ/cm2 for 532 nm pulses.

So far we have demonstrated that the nonlinear response

in CBS is fluence dependent for collimated beams where the

sample thickness, L is smaller than the Rayleigh range Z0 of

the focusing lenses for nanosecond laser pulses. However, if

we calculate the incident fluence for a tightly focused beam

in a 1 cm thick sample of CBS where limiting occurs, we find

this fluence is an order of magnitude larger than the value we

measured for the collimated beams for 14 ns (FWHM), 532 nm

pulses. The reason for this difference may be explained by

the following: the change in transmittance of the sample as a

function of incident fluence, to first order, can be

approximated by,

A T « F L 4 , 3.2

where F is the incident fluence (energy per unit area) and ].

is the effective interaction length for the sample. For the

tightly focused beam (i.e., L >> Z0 )
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100 pm thick flowing jet of CBS with 70% linear
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sample of CBS with a 70% linear transmission at 1064 nm.
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efC=Z0=o 22/X , 3.3

and for the collimated beam (i.e., L s Z0 )

L4ff=L. 3.4

The area of the beam at focus is given by r 0
2 /2 . Thus if we

subsitute Eq. 3.3 into Eq. 3.2 we find

2

AT ac -o/ -22 C e 3.5

where E is the input energy. However, if we subsitute Eq. 3.4

into Eq. 3.2 we find

AT o«F , 3.6

i.e., fluence dependent as previously shown in this

dissertation. From equations 3.5 and 3.6 we can observe that

for tightly focusing geometry the limiting is energy

dependent rather than fluence dependent. This is consistent

with our previous observation that the limiting occurs for

the same incident energy for picosecond and nanosecond laser

pulses using similar tightly focused optical geometry.
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G. REPETITION RATE DEPENDENCE OF THE OPTICAL LIMITING

In the course of our investigation of optical limiting in

samples of CBS and CBG we observed a strong dependence of the

limiting threshold on laser repetition rate. We observed that

the onset of the limiting thresholds for the 1 and 10 Hz

repetition rate laser pulses were considerably different and

the limiting threshold was much higher for the 10 Hz

repetition rate than for 1 Hz in various concentrations of

CBS. In addition, a hysteresis loop in the transmitted

fluence as a function of incident energy was observed.

Furthermore, through investigation of multiple laser

irradiation of the CBS samples we observed that the optical

nonlinearties diminished. Moreover, the decrease in optical

limiting response was a strong function of laser beam radius

and energy of the incident pulse in the material. Therefore,

in order to use CBS as an effective material for optical

limiting and also to understand the optical nonlinearities in

this material one needs to study these effects. Here, we

performed a series of measurements on samples of CBS and CBG

using 14 ns laser pulses at 532 nm for repetition rates from

1/30 to 10 Hz.

The first measurement was conducted using the optical

limiting geometry discussed in section D. The optical

limiting thresholds for a 1 cm thick sample of CBS with 70

percent linear transmission at 532 nm and the solvent were

measured using 14 ns, 532 m laser pulses with 1 Hz and 10 Hz

_.
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repetition rates. The response of the solvent and CBS for

these two repetition rates is shown in Figure 3.26. The

square and triangle symbols show the behavior of CBS for 1 Hz

and 10 Hz respectively. The cross symbols show the behavior

of the solvent for 1 Hz or 10 Hz laser repetition rates. These

measurements indicate that the limiting capability of the CBS

sample diminishes as the laser repetition rates change from 1

Hz to 10 Hz. However, this dependence was absent for the

solvent and other samples including, deionized water,

ethylene glycol and CS2. In order to check the effect of

different repetition rates on the onset of limiting in samples

of CBS and the solvent we performed optical limiting

measurements for low laser input energies. These results

which are expanded views of the low input energy data plotted

in Figure 3.26 are shown in Figure 3.27. The onset of limiting

for a 1 Hz laser repetition rate occur for an input energy on

the order of = 1.2 J (80 watts peak power) and about 20 .J
(1.3 kilowatts peak power) for 10 Hz. These results reveal

that not only is the limiting threshold higher but also the

limiting capability is diminished for a 10 Hz laser repetition

rate.

We have also observed that the trasmission of input laser

pulses not only depends on laser repetition rate but also is

strongly dependent on the past history of irradiation of the

sample (i.e., on the direction of change of input energy). In

order to clarify this dependence, we looked at the limiting

response for input energies up to 100 lpJ (5.3 kilowatts peak

,_ .- ..
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Fig. 3.26--Energy limiting response of a 1 cm thick

sample of CBS with 70% linear transmission at 532 nm and

the solvent as a function of incident energy for differ-

ent laser repetition rates. The square and triangle

symbols show the limiting response of the CBS at 1 Hz

and 10 Hz repetition rates, respectively. The circles

respresent the response of the solvent for 1 Hz and 10

Hz repetition rates.
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power) at 1 Hz and 10 Hz repetition rates. These results are

shown in Figure 3.28. The transmission of CBS was the same

for increasing energy from low to high or decreasing energy

from high to low for input energies up to 50 J at a 1 Hz

repetition rate and slightly different for input energies

greater than 50 J. However, for a 10 Hz laser repetition

rate the direction of change of input energy has a significant

effect on the transmission of the sample. In Figure 3.28 we

observe that for the same input energy on the order of 100 J

the transmission has two different value depending on the

direction of change of the input energy. This hysteresis

behavior for input energies greator than 100 pJ for repetition

rates of 1 Hz and 10 Hz is shown in Figures 3.29 and 3.30

respectively. The square symbols show the limiting response

where the direction of change of energy was from low to high

values. The triangle symbols show the limiting response for

input energies changing from high to low values. In the case

of 10 Hz repetition rate and high input energies the

hysteresis behavior in transmission can be observed for input

energies as low as 10 J as shown in Figure 3.30. For a 1 Hz

laser repetition rate the hysteresis in transmission is

observed for input energies greater than 50 J as shown in

Figure 3.29.

In the previous paragraphs we demonstrated that different

laser repetition rates and past history of irradiation

influenced the limiting response of a 1 cm thick cuvette

sample of CBS with 70 percent linear transmission at 532 nm
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Fig. 3.28--A plot of the limiting response of a 1 cm

thick sample of CBS with 70% linear transmission at 532

nm as a function of input energy for 14 ns, 532 nm laser

pulses. The response of CBS for increasing energy from

0 pJ to 100 pJ (circles) and for decreasing energy from

100 pJ to 0 p5 (squares) for 1 Hz laser repetition rate.

The response of CBS for increasing energy from 0 pJ to

100 pJ (triangle) and for decreasing energy from 100 pJ

to 0 pJ (cross) for 10 Hz laser repetition rate.
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for tight focusing geometry using nanosecond laser pulses.

Here, we discuss the repetition rate dependence for larger

beam radii in CBS for different energy levels for nanosecond

laser pulses. First, We looked at the change of the

transmission of CBS as a function of the number of pulses

irradiating the sample with a fixed energy at different

repetition rates from 1/30 Hz up to 10 Hz. The results of

these measurements for two input energies of 2.8 mJ and 7.2 mJ

for beam radius of 336m (HWI/e2M) for 20 ns, 1064 nm laser

pulses are shown in Figures 3.31 and 3.32 respectively. Next

we examined this "bleaching" behavior of the CBS sample by

measuring the transmission as a function of time ( of pulses)

for fixed laser repetition rates of 10 Hz and 1 Hz for input

energies from 2.8 mJ up to 7.2 mJ for the same beam radius as

the previous measurements. These results are shown in

Figures 3.33 and 3.34. These measurements along with previous

measurements presented in this section illustrate that one

needs to be careful in using this material for limiting if the

laser repetion rate is high. In addition, these results

reveal that the bleaching of the transmittance in the CBS

sample is a complicated function of laser beam radius,

repetition rate and incident pulse energy. However, for low

repetition rates (in this case 1/30 Hz ) we did not observe any

bleaching of the nonlinear transmittance for beam radii up to

336 m (HW1/e2 M).

The bleaching of CBS can also be visualized by

photographing HeNe scattered light after the sample is
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Fig. 3.31--The bleaching behavior of a 1 cm thick sample
of CBS with 70% linear transmission at 1064 nm as a

function of number of pulses for a beam radius of 336 pm
for 20 ns (FWHM), 1064 nm pulses at fixed input energy of
2.8 mJ for different repetition rates. The open trian-
gle symbols represent the bleaching behavior for 10 Hz

repetition rate. The square symbols represent the
bleaching behavior for 1 Hz repetition rate. The solid

triangle symbols represent the bleaching behavior for

1/5 Hz repetition rate and the open square symbols rep-

resent the behavior of the CBS at 1/30 Hz repetition

rate.
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Fig. 3.32--The bleaching behavior of a 1 cm thick sample

of CBS with 70% linear transmission at 1064 n as a

function of number of pulses with beam radius of 336 pm

for an input energy of 7.2 mJ for 10 Hz (open triangle),

5 Hz (open diamond) , 2 Hz (circles) and 1 Hz (square) rep-

etition rate, and for 2 second delay (solid triangle), 10

second delay (solid diamond) and 30 second delay (open

square) between pulses for 20 ns (FWHM), 1064 nm pulses.
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Fig. 3.33--The bleaching behavior of a 1 cm thick sample

of CBS with 70% linear transmission at 1064 nm as a

function of number of pulses with a beam radius of 336
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irradiated by a 14 ns, 532 nm pulse as shown in Figure 3.35.

Here, we have used an expanded HeNe laser beam to illuminate a

region with thickness of 200 m close to the front surface of

the cell using a cylindrical lens. The scattering of the HeNe

beam by the suspended particles (Mie scattering) in the cell

was readily observable. Then we irradiated CBS with a 14 ns,

532 nm laser beam with large spot size of 360 gm (HW1/e2 M) and

incident fluence on the order of= 1 J/cm2. A few seconds

after irradiating the sample we photographed the scattered

HeNe light. This is shown in picture A in Figure 3.36. In this

photograph the dark spot appearing in the middel of the bright

screen (the scattering of HeNe beam) is the irradiated region

showing that the carbon particles have been "removed" by the

laser pulse. Figure 3.36 photograph b shows how this excited

volume is already replaced by fresh CBS after about 100

seconds due to convection of the liquid. This is a direct

observation of bleaching and recovery of the irradiated CBS.

The behavior of the CBS sample for lower laser repetition

rates and the observation of bleaching and recovery of the

scattering centers (i.e., carbon micro particles) by

photography indicate that the irradiated volume is slowly

replaced by virgin surrounding liquid by convection. Such

convection could explain the observed bleaching dependence on

spot size and repetition rate. For example small spot sizes

would be expected to recover faster and allow higher

repetition rates. This leads us to flow or stir the liquid to

reduce the bleaching effect. In order to demonstrate this we
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used a I cm thick flowing cuvette cell and looked at the

bleaching behavior of CBS for a fixed input energy of 2.8 mJ

at a repetition rate of 10 Hz. The bleaching behavior of the

CBS sample and the solvent for the case of not flowing and

flowing are shown in Figure 3.37. These results clearly

indicate that the bleaching behavior of the nonlinear

transmittance of CBS can be removed simply by flowing or

stirring the CBS sample. Flowing the CBS enables us to use

CBS for limiting applications at higher laser repetition

rates without concern for "bleaching" of the sample.

As we described in section C, the CBG sample had to be

moved to a fresh site after each laser firing. This was due to

the bleaching of CBG as it was irradiated with nanosecond

laser pulses. Bleaching of the irradiated regions were

photographed using Nomarski microscope and is shown in Figure

3.38. We observe that carbon particles are "removed" from the

irradiated regions. This is similar to the results for CBS

shown in Figure 3.36 except in CBS, due to convection, the

irradiated volume is replaced with fresh liquid and the

bleaching was temporary while in CBG bleaching is permanent.

I. SUMMARY OF IMPORTANT RESULTS AND CONCLUSIONS

Optical limiting in CBS and CBG using nanoseond Q-switched

Nd:YAG laser and mode-locked picosecond Nd:YAG at 1064 nm and

532 nm were explored as a function of carbon black micro

particle concentrations, polarization of incident laser

n
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Fig. 3.38--Photograph of CBG irradiated with 20 ns

(FWHM), 1064 nm laser pulses. Every "bleached" region is

due to a single laser firing.
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light, laser repetition rates and different beam radii. In

addition, optical limiting in CS2, solvent, deionized water

and ethylene glycol were explored. A summary of the most

important experimental results and some pertinent

conclusions are listed below:

1) For 14 ns, 532 nm laser pulses a 1 cm thick sample of CBS

with 70 percent linear transmission at 532 nm the limiting

occurs for incident power levels on the order of = 80 watts

peak power for tight focusing limiting geometry. This

limiting threshold is approximately 60 times smaller than

that for CS2 using the same geometry. In addition, for 20 ns,

1064 nm laser pulses the CBS limit the output for incident

power of 160 watts peak power which is approximately 80 times

smaller than CS2. These results clearly indicate that CBS is

a good candidate material for optical limiting since it is

broadband (works at 1064 nm and 532 nm) and has a limiting

threshold two orders of magnitude less than that of CS2 .

2) For 42 psec, 532 nm laser pulses the limiting occurs for

incident peak powers on the order of 30 kilowatts using a

similar limiting geometry as for nanosecond laser pulses.

This limiting threshold is a factor of 3.5 larger than that of

CS2 . Therefore, limiting works well for long pulses (10 ns)

but is less effective for short pulses (-~ ps ). However, the

fluence limiting threshold was the same for picosecond as for

nanosecond pulses.
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3) We find that the limiting depends primarily on the input

optical fluence (J/cm2) rather than irradiance (W/cm2) for

collimated beams. The results of optical limiting using

nanosecond laser pulses with different beam radii along with

the picosecond limiting measurements show that the CBS

transmittance is f luence dependent rather than irradiance or

power dependent. The transmittance becomes nonlinear at

approximately 380 mJ/cm 2 at 1064 nm and 200 mJ/cm2 at 532 rnm.

In addition, we found that for tightly focused beams the

limiting is energy depenedent rather than fluence dependent.

4) We find that the limiting in CBS is the same for different

states of polarization. However, for CS2 we can observe

strong dependence of limiting threshold on the state of

polarization where for circularly polarized light the

threshold is larger by factor of two than that of linearily

polarized light.

5) For nanosecond laser pulses we find that increasing the

number of carbon black particles in the solvent would not

influence the onset of limiting for CBS but would contribute

strongly to the net change of transmittance for higher input

fluences.

6) The CBS rapidly degrades with repetitive laser firing.

Thus, flowing or moving the liquid between firings is

necessary. In addition, we find that the laser repetition
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rate is a complicated funtion of beam radius, input energy and

repetition rate.

7) Performing optical limiting in CBG sample with 28 percent

linear transmission at 1064 no demonstrates that the onset of

limiting for this sample is different from CBS by only a

factor of three. The difference may may be accounted for by

difference in particle size as discussed in chapter Vi. We

conclude that the limiting mechanism is similar for CBG and

CBS and that the liquid in CBS is not significantly

influencing the onset of limiting.

8) We measured the limiting threshold for the solvents,

deionized water, and ethylene glycol and find the threshold a

factor of 100 larger than that of CBS. These results indicate

that for input fluences where limiting occurs in CBS, the

solvent behaves linearily.
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CHAPTER IV

CONTRIBUTION OF REFRACTIVE NONLINEARITIES FOR LIMIhTING

IN CARBON BLACK SUSPENSION (CBS) IN LIQUIDS

A. INTRODUCTION

In chapter III we presented the optical limiting

measurements performed on samples of CBS and we found that

the onset of limiting threshold occured at a peak power on the

order of 80 watts for 14 ns, 532 nm laser pulses. In addition,

we found that this limiting threshold is 60 times smaller than

that of CS2 using the same optical limiting geometry and laser

pulses. Moreover, similar measurements were performed using

20 ns, 1064 nm laser pulses in CS2 and CBS and the limiting

threshold for CBS was 80 times smaller than that of CS2- In

order to understand what type of nonlinearities lead to the

observed nonlinear response in CBS over a broad frequency

range for nanosecond and picosecond laser pulses at low power

levels we need to investigate different mechanisms such as

nonlinear refraction (self-focusing, self-defocusing),

nonlinear absorption as well as nonlinear scattering, the

reason being that any of these mechanisms or combinations of

these mechanisms could lead to the observed nonlinear

100
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response in CBS. In this chapter, we investigate the

contribution of nonlinear refraction in CBS.

In order to study the contribution of the nonlinear

refraction (self-focusing, self-defocusing) there are host of

different techniques that one can use including

interferometric' 2 , ellipse rotation3' 4 , four-wave mixings 6 and

Z-scan method 7 . In addition, many different methods which

have been used to detect the onset of self-focusing and self-

defousing can also be used to measure the nonlinear

refraction index, n2. Among these are measurements of the

transmitted on axis intensity8 , and beam distortion

measurements 9 10 . In the present study we use three of these

techniques, beam distortion, a measurement of the transmitted

on axis intensity, and Z-scan. Using these techniques we find

that the contribution of nonlinear refraction is negligible

for limiting in CBS for input energies up to an order of

magnitude higher than threshold.

The content of this chapter begins with a brief

description of beam distortion measurements in section B. In

section C, a measurement of the transmitted on axis intensity

is presented. A brief desription of Z-scan and its

capabilities to determine the nonlinear refractive index n2 is

given in section D. A summary of the results and conclusions

is presented in section E.

.., : , , .. , - . - --. r__ _x.
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B. BEAM DISTORTION MEASUREMENT

Intensity induced changes of the index of refraction in a

medium causes a nonlinear phase change in the beam as it

propagate through the material. This nonlinear phase change

will be imprinted on the transmitted beam. Therefore, by

monitoring the spatial profile of the beam in the far field as

a function of incident intensity of the laser beam one is able

to extract the value of n2. In order to extract the value of n2

one needs to numerically solve the nonlinear wave equation.

Then these numerical solutions can be fitted to the measured

beam profiles in the far field using n2 as an adjustable

parameter. An extensive review of the numerical computations

and many approximate solutions to the self-action equations

is give in references 10 and 11.

The experimental setup for the beam distortion

measurement is given in Figure 4.1. A 50 centimeter long

focal length lens was used to focus the 14 ns (FWHM), 532 nm

laser light into a 1 cm thick sample of CBS with 70 percent

linear transmission at 532 nm. The focal geometry was chosen

such that the Rayleigh range, Z of the focused beam with spot

size = 120 um (HW1/e2M) ) in the material was greater than the

sample thickness (Z0 = 8.8 cm, L =1 cm). In this manner for the

incident intensities used, the nonlinear index n2 , distorts

only the phase of the beam while propagating inside the

material. This will satisfy the requirement for "external

self-action" which enables one to separate the phase and
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Fig. 4.1--Schematic for beam distortion measurement.
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amplitude of the electric field inside the nonlinear

material. The. transmitted profile was measured using a

vidicon tube with an optical multichannel analyzer located

1.5 meters behind the sample. The typical beam profile for

the incident fluence below the onset of limiting (= 100

mJ/cm2 ) is shown in Figure 4.2. This fluence is below the

limiting threshold as is shown in the insert of Figure 4.2 and

the transmitted beam is indentical to the incident beam. We

increased the incident fluence to = 1.8 J/cm2 (1.22 X 10 W/cm2 )

where strong limiting was observed as shown in the insert of

Figure 4.2. The transmitted beam profile is shown by the

connected circles in Figure 4.2. We can observe that even for

fluences as high as 1.8 J/cm2 the transmitted profile in the

far field is almost the same as the beam profile for low

fluences where the sample behaves linearly. These results

indicate that the phase distortion due to this index change is

less than 0.3 X which is the sensitivity of the beam distortion

technique and is determined by numerical calculation of far

field beam profiles'2 as shown in Figure 4.3. In this Figure a

significant diviation starts to appear on the beam profile for

peak phase retardation of = 0.3 X. If we take this peak phase

retardation as the upper limit, the maximum change in index of

refraction can be estimated by using the simple equation,

A4 = k An Lw Eq. 4.1

where A$( is the on-axis phase shift at focus, k is the wave
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vector and equal to 2r/X where X is the laser wavelength in

1-eaLfree space. Here, fr = with L the sample length and a

the linear absorption coefficient. Subsituting values for k,

L4ff and A4 in equation 1 we calculate An to be 1.6 X 10-5.

Since we measure the irradiance rather than the field it is

convenient to define An as,

An = y 1= n2 | El 2/2, Eq. 4.2

where i is the peak on axis irradiance, m is a nonlinear index

coefficient, E is the electric field andn2 is the nonlinear

index of refration. The nonlinear index coefficient, 7 is

related ton2 by a constant as,

n2 (esu) = (cn0/40r) y (m2/W) , Eq. 4.3

where c is the speed of light in vacuum (m/sec) and no is the

linear index of refraction. Using equations 4.2 and 4.3 we

calculate the upper limit for n2 to be 4.6 x 10-12 esu.

Next, the beam distortion measurments for 20 ns, 1064 nm

pulses in CBS was investigated using 10 am pinhole scans of

the transmitted beam profiles in the far field of a 50 cm

focal length "best form " lens. The measured spot size at

focus was 170 Am (HW1/e2M). The Rayliegh range Z0 was 8.5 cm

and the thickness of the sample L was 1 cm. For this focusing

geometry Z0 L and the condition for external self-action was

satisfied. The optical geometry for this measurement is

.. 
.,k:: u , ,..r w -
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similar to the schematic shown in Figure 4.1 except that the

vidicon tube is replaced by 10 um pinhole in front of a Si

detector. The detector and the pinhole moved across the beam

profile using a computer controlled translation stage with

2.5 Am spatial resolution. The normalized beam profiles for a

1 cm thick sample of flowing CBS with linear transmission of

70 percent and that of free space for an input fluence of ~

4.2 J/cm2 (1.1 x 10 W/cm 2 ) are shown in Figure 4.4. These

results for 1064 nm wavelength along with the 532 nm beam

profile measurements indicate that the contribution of

nonlinear refraction is negligible for input peak powers

where limiting is observed in CBS.

In addition, the contributions of the phase and amplitude

distortion to the limiting action was monitored using an

optical limiting geometry with a vidicon tube replacing the

PIN detector in the plane of the pinhole. The experimental

setup for this geometry is shown in Figure 4.5. A 51 mm and

102 mm focal length "best form" lenses Land L2 were used

respectively. The lens L, focused the beam into a 1 cm thick

cuvette of CBS with 70 percent linear transmission to a spot

size on the order ~4 m (HW1/e2 M). The lens L2 recollimated

the transmitted beam. Typical beam profiles are shown in

Figure 4.6 for low (80 watts) and high (1400 watts) input

powers. Again these results illustrate that self-action

nonlinearities for input powers below and an order of

magnitude above threshold in CBS induce unobservable phase

distortion on the beam.

.
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C. THE TRANSMITTED PEAK ON AXIS INTENSITY MEASUREMENT

As we discussed in section C in chapter III, by placing an

aperture in front of the output detector the optical limiting

geometry becomes sensitive to phase distortion occuring in

the material due to self-action nonlinearities. As the peak

phase retardation increases, more and more of energy is

diffracted into the wings of the beam, and consequently, this

self-diffraction dramatically reduces the transmitted

fluence through the aperture. Therefore, this leads us to

examine the optical limiting threshold of the CBS sample for

14 ns, 532 nm laser pulses using an optical limiting geometry

in which the 400 m pinhole in front of the output detector is

removed. By comparing the limiting thresholds using this

optical limiting geometry with or without the aperture in the

front of the output detector we are able to estimate the

contribution of the nonlinear refraction in limiting. The

schematic for the experimental setup is identical to Figure

3.7 in chapter III. Here, 14ns, 532 nm laser pulses were

focused by a 51 mm focal length "best form" lens to spot size

of = 4 jm (HW1/e2 M) in the middle of 1 cm thick sample of CBS

with 70 percent linear transmission and the transmitted light

was collected by a 102 mm focal lens and detected by detector

D2. The results of limiting measurements using this optical

limiting geometry with a 400 m aperture or without the

aperture in front of the output detector D2 are shown in

Figure 4.7. The linear transmission of the device was
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adjusted to 70 percent for low input powers with the aperture

removed. We find that the limiting threshold and limiting

behavior was not changed by adding the aperture. These

results further validate that the contribution of nonlinear

refraction to limiting in CBS is very small. This however,

does not give us a quantitative measurement for nonlinear

refractive change.

D. Z-SCAN MEASUREMENT

The last technique that we have used to measure the

contribution of nonlinear refraction in CBS is the Z-SCAN.

The detailed description of this technique is cited in

reference 7. This technique is again based on a

transformation of phase distortion to amplitude distortion

during free space beam propagation. The schematic for the Z-

scan measurement is shown in Figure 4.8. The Gaussian laser

beam is focused while keeping the Rayleigh range Z larger

than the thickness of the sample, L. This is the same

conditions as described for the beam distortion measurment.

The trasmittance of the nonlinear medium is measured through

an aperture in front of detector D2 for fixed intensity of

laser light as a function of the sample position, Z, with

respect to the focal plane. Using this technique, not only do

we measure the magnitude of the nonlinear index of

refraction, n2, but this also enables us to determine the sign

of the nonlinearity. In order to demonstrate this, consider a

NVWkO
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nonlinear material with a purely refractive nonlinearity

(i.e., negativen2) well in front of the focus of the Guassian

beam with a fixed energy. As the sample moves toward focus

the irradiance of the beam increases due to the inverse spot

size squared dependence of the irradiance which subsequently

leads to stronger self-action and the creation of a negative

lens. This lens tends to collimate the beam, thus increasing

the trasmittance of the aperture. However, as the sample

moves to the other side of focus this same negative lensing

effects tends to augment diffraction, and the transmittance

is reduced. In the case of a nonlinear material with positive

n2 the opposite occurs. Therefore, the sign of nonlinearity

can be easily determined. In addition, Shiek-Bahae et. al 7

demonstrated that the magnitude of n2 can be easily

calculated through a linear relationship between induced

phase distortion, Ad), and a measurable quantity AT,., = T,-T

where T. is the maximum and T is the minimum transmittance

given in the Z-scan. For a given aperture size the following

relationship holds 7 :

AT,, = p I A41 for I A44| < r with p = 0.405 (1-S) .25  Eq. 4.4

where S is the linear transmittance of the aperture. Using

Eq. 4.4 in conjuction with Equation 4.2 and 4.3 one can

calculate the value for the nonlinear refractive index n2

(esu). Futhermore, if the aperture in front of the output

detector is removed all of the transmitted light is collected
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and the nonlinear transmittance of the sample can be measured

as a function of incident intensity due to other mechanisms

such as nonlinear absorption as well as nonlinear scattering.

For the open aperture case, the Z-scan is insensitive to

nonlinear refraction. Such Z-scan traces with no aperture

are expected to be symmetric with respect to the focus (Z=0)

where they have a mininum transmittance.

The first measurement was performed using 14 ns (FWHM),

532 nm laser pulses. The experimental schematic is shown in

Figure 4.8. A 150 mm focal length "best form" lens, L,,

focused the beam to a spot size, w, of 20 ,m (HWI/e2M). The

Rayliegh range Z for this focusing geometry was = 2.4 mm. A 2

mm thick flowing cell of CBS with 69 percent linear

transmission at 532 nm was mounted on a motor driven stage in

order to move the sample relative to the focal plane of the

focusing lens L,. An adjustable aperture iris was mounted in

the front of the output detector, D2 and located about 30 cm

behind the focal plane of lens L,. Detector, D,, is used as the

reference detector which is calibrated using a Gentec

pyroelectric detector. We performed a series of Z-scan

measurements for incident fluences below and up to an order

of magnitude higher than threshold. Typical Z-scan traces

for open aperture where all the transmitted light was

collected and for an aperture that transmitted 65 (S=0.65) are

shown in Figure 4.9. These results showed that the normalized

nonlinear transmittance of the sample were approximately the

same for the 65 percent transmitting aperture and that of the

e:.-.x ... ,
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open aperture geometry for incident intensity of = 5.4 x 10'

W/cm2 . Therefore, it is clear that the contribution of the

nonlinear index of refraction in limiting is negligible

compared to other nonlinear mechanisms such as nonlinear

absorption and nonlinear scattering. To calculate the value

for n2 we simply divide the closed aperture (S<1) normalized

Z-scan by the open aperture (S = 1). This results in a new Z-

scan where AT,., agrees within 10 % of that obtained by a

purely refractive nonlinearity13 . This is shown in Figure

4.10. However, due to strong scattering in the data points we

can only estimate the value of the n2 coefficient. The

estimated value for n2 using equations 4.4, 4.3 and 4.2 is +

8.4 + 5.10-12

In order to estimate the value of n2 in the solvent, we

used a similar method as discussed in reference 8. Here,

using the optical limiting experiment as discused in chapter

II we measured the limiting threshold power in the solvent

for 14 ns (FWHM), 532 nm laser pulses. The limiting threshold

was 10.8 kilowatts peak power. Then we applied Marburger' s

equation' 1 for the critical power (Pcr) for catastrophic self-

focusing in the solvent

3.7c2
P = 327cn2  Eq. 4.5pC_32wn2

where n2 is the nonlinear refractive index in esu, X is the

laser wavelength, and c is the speed of light in vacuum. We
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obtained n2 = 9.6 x 10-12 esu for the solvent. If we compare

the estimated value of n2 for CBS (+ 8.0 + 5 x 10-12 esu using

the Z-scan technique with that of the solvent (9.6 x 10-12 esu)

using Marburger' s equation for catasrophic self-focusing we

observe that within the errors in the calculation both values

are the same. This indicates that the contribution of

nonlinear refraction for input peak powers on the order of =

80 watts, where limiting is observed in CBS, is extremely

small. It also indicates that the nonlinear refraction

observed in CBS is due to the solvent and not the carbon

black.

A second series of Z-scan measurements were performed

using 20 ns, 1064 nm laser pulses in order to study the

contribution ofn2 at this wavelength. A similar geometry to

that shown in Figure 4.8 was used. A 75 cm focal length "best

form" lens was used to focus the beam to spot size, w0, 14 m

(HW1/e2 M). However, in order to be able to investigate the

contribution of nonlinear refraction for higher input

intensities, a 100 m thick flowing jet of CBS with 94 percent

linear transmission at 1064 nm was used instead of the 2 mm

thick flowing cell. This is desirable in these measurements,

because there is not any glass boundary between the CBS and

the laser beam. So, we can increase the incident intensity

without worry of damage to the cell windows. The typical

Z-scan traces for an incident fluence of 600 mJ/cm2 which is

one and half times larger than the threshold fluence for

limiting with no apertureand for an aperture with 65 percent
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transmission (S = 0.65) are shown in Figure 4.11. In order to

obtain the value for n2 we divided the closed aperture

(S=0.65) Z-scan trace by the open aperture (S = 1) Z-scan

trace. However, due to scattering in the data and negligible

induced phase distortion there was not any signiture of

maximum and minimum in transmittance as shown in Figure 4.12.

These results again clearly indicate that the contribution of

nonlinear refraction is negligible and the induced wave front

distortion is exteremely small (< X/25) for incident fluences

where limiting observed. This gives an estimated value ofn2

5.0 5.0 x 10-13 esu. In addition, we performed Z-scan

measurements for high incident fluences on the order of 7.5

J/cm2 which is 19 times threshold. These results are shown in

Figure 4.13. From these results we can observe that even for

an incident fluence on the order of 7.5 J/cm2 at focus the

contribution of nonlinear refraction induced phase distortion

on the beam is less than X/25 and making n2 even less than 5.0

5.0 x 10-13 esu. This is consistent with n2 =5.4 x J0-13 for

the solvent.

E. CONCLUSION

In this chapter we investigated the contribution of

nonlinear refraction to limiting for samples of CBS using 14

ns (FWHM) 532 nm and 20 ns (FWHM), 1064 nm laser pulses. We

utilized three different techniques in order to study the

contribution of phase distortion due to a thermo-optic

:,; ww U
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effect, eletrostriction, or other nonlinear refractive

mechanisms. The techniques used were beam distortion,

measurements of the on axis transmitted intensity and Z-scan

method. The results obtained using these techniques indicate

that the contribution of nonlinear refraction in this

material is very small and the phase distortion due to the

index change is limited to the sensitivity of our detection

system. In beam distortion measurements we estimated the

upper value of n2 to be 4.6 x 10-12 esu at 532 nm. Note, this

value was calculated on the basis that the minimum induced

phase distortion that we could resolve using this technique

was 0.3 X. However, we did not directly observe such a beam

distortion in our experimental data for either wavelength.

Using Z-scan measurements with a wavefront beam

distortion sensitivity of X/25 for our laser system we

estimated the value for n2 for CBS to be + 8.4t 5 x 10-12 esu at

532 nm and the sign of n2 was positive . This n2 value is

roughly the same as that of solvent which was calculated

based on the optical limiting threshold measurement for the

solvent and utilizing Marburger' s equation for catasrophic

self-focusing"1. In addition, we found that the normalized

nonlinear transmittance of CBS was approximately the same for

the 65 percent transmitting aperture and that of the open

aperture geometry for incident fluences below and up to an

order of magnitude higher than threshold for 20 ns, 1064 nm

pulses. The estimated value for n2 is = 5.0 x 10-13 esu. These

results again indicate that the estimated value for n2 is due
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to the solvent and this n2 is too small to contribute to

limiting in CBS for incident peak powers on the order of 80

watts. This point was also experimentally confirmed by

results of on-axis transmitted intensity measurements where

no observable change in limiting threshold was detected when

the aperture is removed from the transmission detector.
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CHAPTER V

ROLE OF NONLINEAR ABSORPTION AND NONLINEAR SCATTERING

TO OPTICAL LIMITING

A. INTRODUCTION

In order to understand the physical mechanisms leading to

the fluence dependent nonlinear transmittance as discussed in

chapter III, we investigated the contribution of nonlinear

refraction in chapter IV. There we demonstrated that the

contribution of nonlinear refraction was too small to explain

the observed nonlinear transmittance. Therefore, we need to

investigate nonlinear absorption and nonlinear scattering.

These processes are the subject of this chapter.

In order to investigate the contribution of nonlinear

absorption and nonlinear scattering processes and their

combined effects to limiting in both samples of CBS and CBG we

performed the following series of measurements. We first set

up an experiment which enabled us to monitor, for a single

pulse, the absorptance and the fraction of side scattered

light simultaneously with the transmittance measurement. We

did this for CBS and we measured scattering and transmittance

simultaneously for CBG. A detailed discussion of these

measurements is given in section B. Second, the dynamics of
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the transmittance loss was studied by time resolved

transmission measurements conducted using nanosecond pulses.

The experimental setup and the results for these measurements

are discussed in section C. Third, the nonlinear scattering

leading to blocking of the transmission was investigated in an

experiment where we photographed the laser beam as it

propagated through a 1 centimeter thick sample of CBS using a

camera placed at the side window of the cuvette perpendicular

to the direction of the incident light. This is discussed in

section D. Fourth, we performed fluorescence measurements in

CBS and CBG in order to illustrate that for incident fluences

where limiting is observed the carbon particles are ionized

and form microplasmas. This is the topic of section E. Fifth,

excitation and probe experiments were conducted in order to

investigate the dynamics of limiting for times longer than

the duration of the nanosecond excitation pulse. These

measurements are discussed in detailed in section F. In

addition, we reexamine the laser repetition rate dependence

using simultaneous measurements of transmittance and side

scattered light in section G. Finally in section H we

summarize the findings.

B. MEASUREMENT OF TRANSMITTANCE, SIDE SCATTERING FRACTION

AND ABSORPTANCE

Simultaneous measurements of transmittance, the fraction

of side scattered light and absorptance were conducted using



132

the Q-switched Nd:YAG laser system. The linearly polarized

laser light was focused to a spot size of 156 m (HW1/e2 M) by a

1 meter focal length "best form" lens L, into a one centimeter

cuvette cell. The transmitted signal was collected by a

large area uniform response Si photodiode located very close

to the cell as previously described in chapter III. The

diameter of the detector was 1 centimeter and the beam radius

at the detector was approximately 1 millimeter in diameter.

The side scattered light was collected by a two-inch

diameter, 98 mm lens and detected by a Si photodiode identical

to the one used to monitor the transmitted signal. A spike

filter with 10 nm bandwidth and a center wavelegth of 1064 nm

was placed in front of both detectors used for the

transmitted signal and scattered signal. The absorption of

the incident light was directly monitored by a sensitive

piezoeletric transducer which was placed in acoustic contact

with the bottom of the cuvette with silicone grease. The

piezoelectric device produces an electrical signal directly

proportional to the acoustic signal. The piezoelectric

transducer was made from lead zirconate-titanate (PZT)

approximately in a cylinder 6 millimeters in diameter and 6

millimeters long firmly mounted in a stainless steel housing.

The details of the constrution, charateristics of the PZT

transducer are described in references 1 and 2. Since the

absorption of the optical pulses and emission of the acoustic

signal takes place very quickly, the transducer experiences

an impulse of acoustic energy and its output is similar to the
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characteristic response of a damped harmonic oscillator1 . By

using a delayed electronic "window" of variable width with a

gated peak-and-hold sampler, we were able to sample one of

the first peaks of the electrical output. It has been shown

by Patel et. a13  that the amplitude of this peak is

proportional to the absorbed energy. The gated peak-and-hold

sampling also allowed us to avoid problems caused by

scattered light striking the transducer. Since, the position

of the laser beam was approximately 11 mm from the transducer

the scattered light signal occurs before the acoustic signal

by a time equal to the acoustic transient time in the

material. Using this arrangement, we have an output that is

directly proportional to the energy absorbed by the sample.

Photoacoustic measurements have been used to detect very

small absorption in liquids ( = 10 cm-1)3,

The optical geometry for this measurement is shown in

Figure 5.1. The results these measurements ( absorptance,

transmittance and the fraction of the side scattered light

i.e., side scattered signal divided by incident light) are

plotted as a function of incident fluence for 20 ns (FWHM),

1064 nm laser pulses at a 1/30 Hz repetition rates in Figure

5.1. For very low input fluences the response of CBS is

linear and there is no change in the three quantities

monitored. Note that all of these quantities would give

horizontal straight lines in Figure 5.1 for linear response.

However, for input fluences close to 380 mJ/cm2 , the

transmittance begins to decrease nonlinearly as is shown
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by squares in Figure 5.2. The absorptance increases

nonlinearly for incident fluences close to this threshold

value (i.e., onset of change of transmittance) and levels off

at higher fluences. The side scattered fraction increases

nonlinearly as the transmittance decreases as shown by

circles in Figure 5.2. This trend continues for input

fluences even 50 times above the threshold as shown in Figure

5.3. Note that for fluences 20 times the threshold

(approximately~. 4.5 J/cm 2) we observed that the fraction

scattered light as well as transmittance demonstrate a

saturation behavior (i.e., a leveling off or reduction in

nonlinearity). In chapter VI we discuss the reason for this

saturation behavior. However, from these results we observe

that the nonlinear transmittance of CBS is dominated by

nonlinear scattering. Note that as the nonlinear scattered

light reveal a saturation behavior the same behavior is

observed in the nonlinear transmittance.

Similar measurements were performed using 14 ns (FWHM),

532 nm laser pulses. The laser beam was focused to a spot

size, w0, of 254 im (HW1/e2 M) by a 1 meter focal length " best

form" lens L, into a 1 centimeter cuvette cell as shown in

Figure 5.1. The only change in the detection system is that

the spike filters in front of the detectors were changed to be

centered at 532 nm with a 10 nm bandwidth. The experimental

results for these measurements are shown in Figure 5.4. Here,

we observe that the response of the CBS sample is

qualitatively the same as it was for 1064 nm laser pulses.
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Fig. 5.2--Plot of transmittance change (squares),

absorptance (triangles) and scattering fraction

(circles) as a function of incident fluence for 1064 nm,

20 ns (FWHM) pulses.
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However, the onset of a nonlinear response for transmittance,

absorptance and side scattered fraction occurs at incident

fluences of = 200 mJ/cm 2 .

We repeated these measurements using CBG to monitor the

transmittance and the fraction of side scattered light as a

function of input fluence for 20 ns (FWHM), 1064 nm using the

optical geometry shown in Figure 5.5. For this sample we did

not monitor the change of absorptance using the photoacoustic

technique. The reason is that in order to eliminate the

effect of "bleaching" as described in chapter III the sample

was moved to a new position for each laser firing which would

change the acoustic signal in an unpredictable manner. The

laser light was focused by a 15 centimeter focal length "best

form" lens and collected by a large uniform Si photodiode D2

located very close behind the sample. Detectors (D,) and (D,)

were used to monitor the input energy and side scattered light

respectively. The detector D, was located approximately 20

centimeters from the sample in a plane perpendicular to the

beam propagation direction and parallel to the sample. The

input was varied using a rotating X/2 wave plate/polarizer

combination discussed in chapter III. The polarization of

the light was made perpendicular with respect to the line

connecting the sample and D,. This polarization gave the

maximum scattered signal at D, for all input fluences. Figure

5.6 shows the results of this experiment. The plain glass

substrate showed no nonlinearity and was used as a reference.

Again each data point is a single laser firing and the
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Fig. 5.5--Experimental setup for simultaneous measure-

ment of transmitted fluence and the side scattered

light as a function of incident fluences for 20 ns

(FWHM), 1064 m laser pulses.
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linear transmission of the sample was - 27 percent. As is

shown in Figures 5.6a and 5.6b, for incident fluences above

1. J/cm2 the transmittance decreased and the side scattered

light increased nonlinearly. This behavior is similar to that

of CBS. In addition, this trend continues even for incident

fluences 30 times larger than the limiting threshold.

From these results we observe that the nonlinear

scattering is the dominant nonlinearity for the CBG as well as

for CBS. These results also demonstrate that both samples

behave qualitatively the same independent of the surrounding

medium. The detailed analysis and modeling of the mechanisms

leading to nonlinear scattering will be discussed in chapter

VI and VII respectively.

C. TIME RESOLVED NANOSECOND TRANSMISSION MEASUREMENT

Thus far, for nanosecond laser pulses the experiments

measured the time-integrated transmission of the sample as a

function of incident fluence. Due to the integration effect

of the output detector we did not measure the response time

for limiting and or monitor what events occur within the

duration of the nanosecond laser pulses. In order to

investigate these, the dynamics of the transmittance loss is

studied by time resolved transmission measurements conducted

using the Q-switched Nd:YAG laser. The 14 ns (FWHM), 532 nm

laser light pulses were spilt into two beams using a 10/90

beam splitter, BS51. The optical geometry for this
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measurements is shown in Figure 5.7. The energy of the

incident beam was varied using a rotating half-wave

plate/polarizer combination as described in chapter III. The

weak beam which contains 10 percent of the incident energy

was used as a reference beam. The strong beam was focused to

a spot size w0 , of 252 m (HW1/e2M) by a 1 meter focal length

"best form" lens L, into a 1 centimeter thick sample of CBS

with 70 percent linear transmission at 532 nm. The

transmitted light was propagated 40 feet in air using

reflections off of mirrors M, and M2. In order to collect the

transmitted light we used two 2:1 telescopes for

recollimating the beam as it propagated. The transmitted

light and the reference beam were overlapped spatially and

recombined using beam spliter, BS2. Here, by propagating the

transmitted light 40 extra feet with respect to the input

pulse we have set up a = 40 ns delay in the arrival time

between the reference and transmitted pulses. This enabled

us to monitor the temporal profiles for both incident and

transmitted pulses using a single fast response detector.

The detection system used for this measurement contains a

Si:PIN fast photodetector with respose time of less than 500

picoseconds and 1 a Ghz Tektronix model 7104 oscilloscope

connected to a transient digitizer camera and an IBM

computer. The response time for this detection system was

less than 1 nanosecond.

Using this experimental configuration, we examined the

temporal profile of the transmitted pulse with respect to the
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Fig. 5.7--Experimental setup for monitoring the tempo-

ral profiles of the incident and transmitted 532 rm, 14

ns (FWHM) laser pulses.
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incident pulse for fluences below and above threshold (i.e.,

onset of change of transmittance). The experimental results

are shown in Figure 5.8. Graph 5.8(a) shows the typical

temporal profiles of the incident and transmitted pulses for

incident fluence of =110 mJ/cm 2 (below limiting threshold).

As is shown, for fluence levels below threshold the material

behaves linearly and the temporal profile of the incident and

transmitted pulse remain similar as expected. The small

modulation on top of the incident and transmitted temporal

profiles is due to the multi longitudinal mode charateristic

of the laser system. The amplitude of the transmitted pulse

was adjusted by removing or adding neutral density filters.

For fluences above threshold on the order of 1.1 J/cm 2 , we

observed a sharp cut off in the transmitted pulse as shown in

Figure 5.8 (b). Note that the incident pulse was attenuated by

a factor =10 using neutral density filters. The transmitted

pulse is most strongly attenuated during the later portions

of the pulse, thus, the transmitted pulse appears advanced in

time because if no attenuation had occured the peak would

have extended far off scale.

These measurements suggest that the physical mechanisms

which may have caused the observed phenomena may be

conveniently separated into two parts: before and after the

initiation of pulse truncation. A complete discussion of the

possible processes which might occur in the CBS and CBG

sample to explain the observed effects is given in chapter

VII. Here, we briefly discuss one of the mechanisms which can
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Fig. 5.8--Plot of the temporal profiles of the incident

and transmitted 532 nm, 14 ns (FWHM) laser pulses.

Graph (a) represents the incident and transmitted pulses

for fluences of ~ 100 mJ/cm 2 (i.e., below threshold).

Graph (b) represents the incident (attenuated by a

factor of 10) and transmitted pulses for a fluence of

1.1 J/cm2.
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explain the observed behavior. Before truncation, carbon

black particles linearly absorbed the incident light very

efficiently. The carbon is rapidly heated. A theoretical

calculation of the particle temperature at threshold is given

in chapter VII.. The carbon then vaporizes and ionizes to form

a rapidly expanding microplasma. Due to the formation and

expansion of this microplasma later portions of the pulse are

being strongly absorbed and scattered. This yields the

truncated pulse in transmission shown in Figure 5.8b. From

the results of previous measurements shown in Figure 5.2 and

5.4 the attentuation is dominated by scattering losses of the

laser light from these microplasmas.

D. OBSERVATION OF NONLINEAR SCATTERING

In section B we illustrated that the transmittance loss in

CBS and CBG is dominated by nonlinear scattering. Here, we

are interested to see if we could visualized the blocking of

the transmission of incident light by this nonlinear

scattering. In order to do this we monitored the side

scattered light of the 14 ns (FWHM), 532 nm laser pulses at

different incident fluences by photographing the scattered

beam as it propagated through CBS. The optical geometry for

this experiment is shown in Figure 5.9. The laser beam was

focused by a 1 meter focal length lens, L, into the 1

centimeter thick sample of CBS with linear transmission of 70

percent at 532 nm. A Polaroid camera with 1:8 magnifying
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Fig. 5.9--Optical geometry used to visualize the block-
ing of transmission of 14 ns (FWHT), 532 nm laser pulses
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telescope was place at the side window of the cuvette

perpendicular to the direction of the incident light. The

incident energy of the pulse was varied using the X/2 wave-

plate/polarizer combination.

Using this experimental configuration we photographed the

scattered 532 nmn laser pulses as they propagated through the

CBS for incident fluences below and above threshold (i.e.,

onset of change of transmission). For low incident fluences

of the order of 150 mJ/cm 2 the typical photograph is shown in

Figure 5.10(a). The bright region in the photograph is the

scattered light from the incident beam which is linearly

scattered by the carbon black micro particles. This

scattering is due to simple Mie scattering of laser light by

micro-particles. The photograph was a single exposure Fwith

several incident pulses during the exposure. However, for

incident fluences of ~ 1.1 J/cm2, which is above threshold,

the light is strongly scattered at the front of the cell. The

incident light is highly attenuated by this nonlinear

scattering. The input light is blocked from reaching the rear

of the sample by th strong scattering of light prior to this

region. The single exposure, single pulse photograph for this

fluence is shown in Figure 5.10 (b). This clearly indicates

that for fluences above threshold the sample nonlinearly

scatters the laser light, thus, blocking the transmission.
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Fig. 5.10--Photographs (a) and (b) represent the laser

input light which is scattered by CBS for low and high
incident fluences, respectively.
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E. FLUORESCENCE MEASUREMENT

The nonlinear increase of absorptance and the fraction of

side scattered light as presented in Figure 5.2 in the section

B indicate that these two mechanisms evolve simultaneously in

CBS as the fluence of the incident pulse increases. In

addition, the results of the time resolved transmission

measurements indicate that the nature of the sharp cutoff

during the pulse could be due to the formation of micro-

plasmas by laser-induced-breakdown of the carbon particles.

This possibility is suggested by the similarity of these

characteristics to those seen in laser-induced-damage

experiments performed on transparent dielectrics4 gases 9 and

semiconductors' 0 leads us to direct our reasearch efforts

toward studying the formation of microplasmas in this

material. It is important to note that the mechanisms for the

formation of a plasma in solids using high-power laser pulses

is an extremely difficult problem and is not in the scope of

this study. However, we were interested to experimetally

investigate if microplasmas can be observed for input

fluences where a nonlinear response is observed.

There are not many simple experimental techniques that

one might utilize to study the plasma formation directly. One

experiment that we have set up which enables us to monitor

the emission from the irradiated samples of CBS and CBG using

nanosecond laser pulses is a fluorescence measurement.

Utilizing this technique we could spectrally and temporally

.
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resolve the emission of sparks which were occuring in CBS and

CBG as they were irradiated by 40 ns, 1064 nm laser pulses for

fluences above the limiting threshold. We should note that

for 1064 nm pulses we could see tiny sparks in the sample with

the unaided eye. At 532 nm the scattered green light was too

strong to observe any sparks. The schematic for the

fluorescence measurement is shown in Figure 5.11. The laser

beam was focused by a 15 centimeter focal length "best form"

lens into the 1 centimeter thick cuvette cell of CBS or onto

CBG. Samples were placed about 1 centimeter from the 500 pm

entrance slit of a quarter-meter Jarrel Ash monochrometer.

The spectral resolution for the monochrometer was on the

order of 10 nn. An Sl fast time response photomultiplier was

connected to the exit port of the monochrometer. The

photomultiplier was interfaced to a Tektronix digital

oscilloscope model 2440 and PEP 301 Tektronix computer.

To calibrate the spectral response of the monochrometer

and S1 photomultiplier, a calibrated tungston blackbody

source at 3250 OK was used. The instrument spectral response

for wavelengths from 400 to 910 nanometers is shown in Figure

5.12. By dividing the sample response by this system response

we can acquire the true spectra from the apparent spectra

which is the combined effect of spectral response of the

instrument and the sample.

If micro-plasmas are initiated for incident fluences

above the limiting threshold by thermionic emission from

carbon black particles we should expect to see an emission

_ _ . ,
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Fig. 5.12--Measured spectral response of the monochrom-

eter and si photomultiplier for wavelengths from 400 to

910 nm.
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spectrum of ionized carbon atoms. Using the experimental

setup shown in Figure 5.10, we first measured the emission

spectrum from carbon black particles from 400 nm to 910 nm in

CBG. A typical spectrum for an incident fluence of ~ 1.8 J/cm2

is shown in Figure 5.13. The emission spectra from 650 nm up

to 910 nm indicate the presence of some of the ioization lines

for carbon atoms. The observed emissions lines are

consistent with the ionization lines of carbon atoms in the

air as tabulated in reference 5. Three of the singly ionized

lines for carbon atoms from reference 3 are also ploted in

Figure 5.13.

In order to calculate the background thermal radiation we

used the standard Planck formula for blackbody radiation,

U(AT) dA = 2wrhc2  1 q .
' A5  exp (hc/AkT)-1dA Eq. 5.1

where, U is the radiative intensity, A is the radiation

wavelength, T is the temperature, k is Boltzman' s constants, h

is Planck's constant and c is the speed of light. Using this

equation we numerically calculated the radiation spectrum for

a blackbody source at 4250 OK. The calculated blackbody

spectrum from 200 nm to 1200 nm is also shown in Figure 5.12

and is consistent with the experimental background spectral

emission. This background temperature is above the

sublimation temperature of ~ 3850 K for carbon in reference

5.
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Fig. 5.13--Plot of the spectral emission from carbon

particles (CBG) using 40 ns, 1064 nim laser pulses. The

solid line represents experimental results. The trian-

gles show tabulated results for singly ionized line.

The connected circles (appears as large solid line) show

the calculated background blackbody emission at 4250 K.

V -- DE!SSION SPECTRUM OF CARBON PARTICLES
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We also measured the spectral emission for the 1

centimeter thick sample of CBS with 70 percent linear

transmission at 1064 nm using the same optical geometry as

shown in Figure 5.10. A typical spectra from 400 nm to 700 nm

irradiated by 1064 nm laser pulses for the same incident

fluence on the order of 1J/cm2 is shown in Figure 5.14.

Since, in our measurement the laser beam was focused in the

middle of the cell the fluorescence from excited volume

interacted with the particles as it propagated through the

sample before reaching the monochrometer. This results in a

distortion of the emission spectra, causing a decrease in the

intensity of the main emission peaks due to self-absorption

and scattering by particles. In addition, due to the factor of

2 reduction on the sensitivity of our system response for

longer wavelengths than 700 nm, we only monitored the

emission spectrum of CBS from 400 nm to 700 nm. In Figure

5.14, we observe a strong fluorescence above 650 nm in the

experimental results.

In order to calculate the thermal radiation from the

background emission, as we disussed in previous paragraph one

needs to consider the distortion caused by the carbon

particles. Therefore, to correct for this we need to multiply

the standard Plank's equation, Eq. (5.1) by an emissivity

function for the particles, which is generally a

characteristic of the material composition. For materials

containing small particles where the size of particles are

comparable to the radiation wavelength, emissivity is a
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EMISSION SPECTRUM OF CBS
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Fig. 5.14--Plot of the spectral emission from CBS using
40 ns, 1064 nm laser pulses. The solid line represents
experimetal results. The connected circles show the
calculated background blackbody emission at ~ 4000 OK.
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function of particle size and the emission wavelength. The

general solution to Maxwell' s equation for a plane

eletromagnetic wave impinging on a sphere with a given

complex dielectric constant is refered to as Mie theory which

will be discussed in chapter VI. This theory provides a

method to calculate the total extinction cross section and

the total scattering cross section of a sphere as a function

of radius, wavelength, and index of refraction. The

difference between the extinction and scattering cross

sections provides the absorption efficiency which is equal to

emissivity via Kirchhoff s law. The thermal radiation emitted

from particles (M) is then obtained by multiplying the

absorption efficiency Qb by the Plank blackbody radiation

equation, U(A, T), Eq. (5.1) giving,

M(A, T, r, n) = Qa(A,r,n)U(A, T), Eq. 5.2

where r is the particle's radius, and n is the bulk index of

refraction.

In order to calculate the Qs we utilized a numerical

calculation using the Fortran program listed in Appendix B.

The numerical calculation for blackbody background emission

including the effect of the distortion of the spectra by

carbon particles for temperature of 4000 K is shown by the

curve represeted by circles in Figure 5.14. Here we assumed

that all the particles are the same size on the order of 0.1
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pm with the complex index of refraction of 1.96-0.66i6. As we

will show in chapter VI, the assumed particle size is

consistent with measured particle sizes using an angular

scattering technique. Again, the background temperature is

above the sublimation temperature of ~ 3850 OK for carbon

particles.

One of the advantages of using the experimental setup

shown in Figure 5.10 is that not only could we spectrally

resolve the emission spectrum of CBG and CBS but we also

could temporally resolved the emission of the ionized carbons

at different emission line wavelength. Here, by setting the

grating in the monohrometer at a fixed wavelength, where we

observed the ionization of carbon atoms in CBG, we monitored

the behavior of the emission decay in time as the sample was

irradiated using 1064 nm, nanosecond laser pulses. A typical

emission intensity as a function of time at the emission line

near 800 nm is shown in Figure 5.15. Note that this decay is

plotted on a semilogarithmic scale which would result in a

straight line for a simple exponential decay. This result

indicates that the emitted light decays very rapidly to 50

percent of the peak intensity in the first 150 ns and decays

much slower for later times. In addition, we measured the

emission lifetime at different emission lines and for

different input energies. The behavior of emission decays

were the same as shown in Figure 5.15.

We can conclude from the results of spectrally and

temporally resolved fluorescence measurements that for

-
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Fig. 5.15--A semilogarithmic plot of the emission decay

rate at 800 nm for CBG as a function of time.
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fluences above the limiting threshold the carbon atoms could

be ionized. In addition, the formation of microplasmas due to

thermally heated carbon particles is consistent with the

observed background emission temperature of the order of 4250

0K. This temperature is higher than the required temperture

(3850 OK) for sublimation and vaporization of carbon

particles. In addition, we observed singly ionized carbon

emission lines in CBG that decayed on time scales consistent

with ionized carbon decay times 200 ns measured in

refrences 7 and 8.

F. EXCITATION AND PROBE MEASUREMENT

So far, the experimental techniques which we used have

enabled us to unravel the mechanisms which occur during the

interaction of the nanosecond laser pulses with CBS and CBG

samples. To investigate the dynamics of the nonlinear

response for times longer than the duration of the incident

pulse we performed an excitation and probe measurement. In

this measurement the excite beam was a 20 ns (FWHM), 1064nm

linearly polarized laser pulse and the probe was a low power

cw, 6328 nm HeNe laser beam. The excitation and probe beam

were focused using 150 mm focal length "best form" lenses to

spot sizes of 10 pm and 22 pm respectively into a 1 centimeter

thick cuvette of CBS with linear transmission of 70 percent at

1064 nm or on a sample of CBG with linear transmission of 27

percent at 1064 nm. Both beams propagated collinearly. A

'T^^"^"?' . .:.nwS. .l-..:3ii.:.a. .:;T :...kiVw:+.r. :. : :r,,::+iw+;-4:_-:/iib 1_' e: _ ___ -r- .Lnv 4 . y , .. ,. _..vr
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combination of half-wave plate/polarizer was used to vary the

incident energy of the excitation pulse. The experimental

schematic is shown in Figure 5.16. Using collinearly

propagating beams enabled us to monitor not only the excited

volume at focus but also to probe the "bleaching" of the

sample linear transmission after the exitation pulse

interacted with either sample. All the transmitted HeNe beam

was collected by a 2 inch diameter, 150 mm focal length "best

form" lens and detected by an S1 fast response

photomultiplier connected to a preamplifer and 1 Ghz

bandwidth oscillosope and transient digitizer which is

interfaced to an IBM computer. The response time for the

detection system was ~ 20 ns (FWHM). A 6328 nanometer

bandpass filter and 1064 nanometer attenuating filters were

used to block the 1064 nm radiation.

Using this optical geometry, we monitored the change of

transmission of the HeNe probe beam as a function of time for

different incident peak powers of the excitation pulse. The

probe transmission of the CBS sample in the absence of any

excitation pulse was 70 percent. In general the CBS

transmittace was a very weak function of A (see absorption

spectra in Figure 3.1 in section B in chapter III). For

excitation pulses with peak powers close to the onset of

limiting (i.e., ~ 300 watts) we observed that the probe beam

transmission decreases within the duration of the excitation

pulse and recovers back to the 70 percent transmission level

within 200 nanoseconds. As the energy of the excitation
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Fig. 5.16---The expermiimental setup for 20 ns (FWHM),

1064 nm excitation while monitoring transmittance of a

cw HeNe probe laser.
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pulse increased we observed that not only was the probe

transmission attenuated more strongly but it remained

partially attenuated for long periods of time. These results

are plated on semilogarthmic graphs in Figure 5.17.

As shown in Figure 5.17, for high input peak powers the

HeNe transmission decreases within the duration of the

excitation pulse (i.e., 20 ns (FWHM)) and recovers to the

original level in two distinct time periods. In the first time

period, the probe transmission recovers to approximately 50

percent of the total attenuation within 200 to 400

nanoseconds after the excitation pulse. This recovery time is

comparable with the emission life time measured for micro-

plasmas using the fluorescence measurement discussed in the

previous section. The recovery of the probe beam in the

second time period is much slower and depends on the

excitation energy of the pulse. The long time recovery for

light input of 4.3 KW is ~ 100 psec and appears to be either

diffusion or convection dominated. Since all of the

transmitted probe beam was collected we can rule out the

contribution of thermal or other self-refraction

nonlinearities. It may be that at input peak powers well

above the limiting threshold and after the plasma decay (i.e.,

after the incident pulse is over), micro-bubbles are formed in

the liquid which can scatter ~ 50 percent of the HeNe probe

beam. If micro-bubbles are formed we should see a different

response for CBS than for CBG. In CBG the carbon particles

are not immersed in liquid and the formation of micro-bubbles

-, i-r VWW4 - - -- Wil"! , olmommawpOw" "A."A
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Fig. 5.17--A semilogarithmic plot of the HeNe probe

transmission for a 1 cm thick sample of CBS with 70%

linear transmission at 6328 nm as a function of time for

incident power for 20 ns (FWHM), 1064 nr excitation

pulse from 300 to 4200 watts.
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is not possible. Using the optical geometry shown in Figure

5.16, we measured the transmission of the probe beam in CBG.

The transmission of the probe beam was ~ 28 percent in the

absence of the excitation pulse. Upon radiation with a peak

power ~ 4.4 kilowatts at 1064 nm the transmission of the

sample decreases within the duration of the laser pulse and

recovers to the original transmission level of 28 percent

within 200 nanosecond. A typical plot of probe transmission

as a function of time is shown in Figure 5.18. The fast

recovery time was the same as that for the CBS sample,

however the long recovery period observed in the CBS sample

was absent and instead we observed an increase in the probe

transmission. This was due to '"bleaching" of the sample. The

transmission of the bleached region was 72 percent as shown

in Figure 5.18. In addition, microscopic examination of the

sample reveals that the carbon particles are nearly

completely removed by the excitation pulse. This is shown in

Figure 5.19. The transmission of glass substrate is 92

percent, we conclude that the measured transmission after the

pulse is due to removal of some of the carbon particles from

the substrate. We know that within th 10 ns pulse the

particles do not have time to be physically removed intact

from the beam. So the particles must be destroyed (i.e.,

atomized) such that the end results in particles (or atoms) of

sizes much smaller than the A such that they no longer scatter

the light efficiently.
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Fig. 5.18--Plot of HeNe probe beam transmission verses

time for a 4.2 KW, 20 ns (FWHM), 1064 nm laser excitation

for a sample of CBG with 28% linear transmission at 6328

nm.
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Fig. 5.19--A photograph of CBG after being irradiated

with a 4.2 kW, 20 ns (FWHI), 1064 m laser pulse.
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The result of measurements of the probe transmission as a

function of time in the sample of CBS indicate that

attenuation of the probe beam for times longer than plasma

decay time may be due to formation of micro-bubbles in the

liquid and removal of these bubbles by convection in the

sample. At high inputs of ~ 2 kilowatts bubbles are observed

with the unaided eye in the liquids. The results of

excitation and probe measurements in both CBS and CBG

indicate maximum attenuation of the probe beam occurs within

the duration of the pulse. In addition, the fast recovery

time is within 200 to 400 ns which is consistent with the the

time resolved fluorescence spectra in both samples. These

measurements again indicate that microplasmas are the main

contributor to the nonlinear scattering during the pulse.

G. LASER REPETITION RATE DEPENDENCE OF OPTICAL

NONLINERATIES IN CBS

In chaper III, we demonstrated that the nonlinear response

of the CBS decreased as the laser repetition rate increased

from 1/30 Hz to 10 Hz. Futhermore, we demonstrated that by

flowing or stirring the liquid or by longer elapse times

between laser pulses the repetition rate dependency up to 10

Hz could be removed. Here, we investigate the repetition rate

dependence of optical nonlinearities using the simultaneous

measurement of transmittance, scattering fraction, and

absorptance as a function of number of pulses irradiating the

r. - + +Teal: . _,,.y> rvh w na....sn :..-.,. Y.,;:. :.e::, .. ,i.im :+Adedv fska ke -,uw.n .:,_, , .. rr _
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sample for incident fluences above threshold. In order to

observe the difference between a flowing liquid and that for

nonflowing liquid we performed the same measurement keeping

all other parameters the same.

Using the optical geometry shown in Figure 5.1 we

monitored the change of transmittance and the fraction of

side scattered light as a function of number of pulses at 10

Hz and a fixed incident fluence of the order of ~ 1 J/cm2 for

1064 nm, 20 ns (FWHM) pulses. The laser beam was focused

using a 50 centimeter focal length "best form" lens to spot

size of 125 im (HW1/e2M) into the 1 cm thick cuvette of CBS

with 70 percent linear transmission at 1064 nm. A complete

description of this optical geometry is give in section B. The

result of this measurement for the nonflowing liquid is shown

in Figure 5.20 (a). As shown in this figure, we observed that

transmittance increased as the number of incident pulses

irradiating the sample increased as shown by a sqaure

symbols. The transmittance levels off to a value that is less

than the linear transmittace of the solvent as discussed in

chapter III. The fraction of the side scattered light

decreased and levels off after repeated laser firings as

shown by circle symbol. However, for flowing liquid or

stirred liquid or a long elapse time between pulses on the

order or 30 seconds, we observed that the trasmittance and

the fraction of side scattered light remain fixed as shown in

Figure 5.20 (b).
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These results clearly indicate that for the nonflowing

liquid the maximum nonlinear response is for the first laser

firing and recovery of the sample is due to convection in the

liquid at room temperature which for the spot size used is a

process that takes a longer time than the 1/10 second between

laser firings at the repetition rate of 10 Hz. From these

results we also observed that as the transmittance of the

sample increased the fraction of side scattered light

decreased. This was indicative of the dominant process which

leads, namely the nonlinear scattering due to thermal

ionization, of highly absorbing particles in the liquid and

formation of rapidly expanding microplasmas which in turn

lead to distraction of particles in the path of the laser

beam.

H. CHAPTER SUMMARY AND DISCUSSION

In this chapter we extensively studied the contribution of

nonlinear absorption and nonlinear scattering using a variety

of techniques. In order to monitor the contribution of

nonlinear absorption and nonlinear scattering and their

combined effect to limiting in CBS at different fluences for a

single nanoseond laser pulse, we utilized an optical geometry

in which we were able to measure the fraction of side

scattered light, transmittance, and absorpatnce using the

photoacoustic technique at 532 nm and 1064 nm. The results of

these measurements revealed that for incident fluences close
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to 380 mJ/cmz at 1064 nm, the transmittance begins to decrease

nonlinearily, the absorptance increases nonlinearly for

incident fluences close to this threshold (i.e., onset of

change of transmittance) and levels off at higher input, and

the scattering fraction increases nonlinearly as the

transmittance decreases. We found that this trend continued

for input fluences 50 times above threshold. Similar results

were observed for 14 ns (FWHM), 532 nm laser pulses at

incident fluence of 200 mJ/cm2. These results indicate that

the nonlinear transmittance was dominated by nonlinear

scattering.

We repeated these measurements using CBG to monitor the

transmittance and fraction of side scattered light as a

function of input fluence. We observed for input fluences on

the order of ~ 1J/cm t the transmittance decreased nonlinearly

as the side scattered light increased nonlinearly. This

behavior was similar to that of CBS. Note that CBG and CBS

qualitatively behaved the same showing that the nonlinear

response is independent of the surrounding medium for carbon

particles. We found that the processes leading to nonlinear

absorption and nonlinear scattering in CBS evolved together.

This led us to study the dynamics of limiting for a single

nanosecond pulse using time resolved transmission

measurement. The results of this measurement demonstrated

that for fluences above threshold later portions of the input

pulse were absorbed and scattered.
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So far, from these measurements we conclude that

nonlinear transmittance was dominated by nonlinear

scattering in both samples of CBS and CBS. This also was

demonstrated in an experiment where we showed that the input

light was blocked from reaching the rear of the sample due to

strong scattering occured at the front of the cell. This

measurement helped us visualized the nonlinear scattering

process in CBS.

The results of time resolved transmission measurements

indicated that the nature of the sharp cut-off during the

pulse could be due to formation of micro-plasmas by laser

induced breakdown of the carbon particles. This possibility

was also suggested by the similarity of these charateristics

to those seen in laser induced damage experiments performed

on transparent dielectrics 4 , gases9 and semiconductors' 0 . In

order to study the microplasma formation in both samples of

CBS and CBG we spectrally and temporally resolved the

emission sparks in both samples. We found from the results of

spectrally resolved fluoresence from 400 to 900 nm that for

fluences above the limiting threshold the carbon atoms were

ionized and they form expanding microplasmas. This was also

consistent with our observation of micro-plasma sparks along

the beam with the unaided eye. From time resolved

fluorescence measurement we found that the decay rate for the

emission was on the order of 150 to 200 ns. This results was

also consistent with the results of excitation and probe

measurements on both samples of CBS and CBG where after the

wwowl
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excitation pulse was over the maximum recovery occured within

200 to 400 ns for both samples. In addition, from the results

of excitation and probe measurements we found again that the

behavior of both samples are qualitatively the same except in

CBG after the particles interact with laser pulses they are

removed from the substrate (i.e., atomized). For CBS due to

convection in the liquid the excited volume is slowly

replaced with virgin material. Another important point is

that the maximum attentuation occurs within the duration of

the nanosecond laser pulses which is consistent with time

resolved transmission measuremets results.

The results of all of the measurements performed in this

chapter lead us to conclude that the physical process which

cause the observed limiting for nanosecond laser pulses may

be separated in two parts: before and after the initiation of

pulse truncation. Before truncation, the carbon particles

linearly absorb the incident light very efficiently and are

heated to several thousand degrees Kelvin. The theoretical

calculation for the temperature rise is discussed in chapter

VII. This temperature is enough to thermoionize the carbon

atoms to form rapidly expanding microplasmas. Due to

formation and expansion of these micro-plasmas strong

scattering occurs and the transmitted pulse is truncated

(i.e., later portions of the pulse are absorbed and stongly

scattered). The second part (i.e., after the input pulse is

over) the continued lower transmittance may be due to micro-

bubble formation.
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CHAPTER VI

DYNAMICS OF NONLINEAR SCATTERING

A. INTRODUCTION

Several experimental techniques were used in chapter V to

study the contributions of nonlinear absorption and nonlinear

scattering to limiting in samples of CBS and CBG. The results

of these measurements indicated that nonlinear scattering was

the dominant optical nonlinearity in both samples for

incident fluences where limiting was observed. In addition,

from fluorescence measurements on both samples where we

concluded that, for incident fluences where limiting was

observed, the carbon atoms were ionized and microplasmas were

formed. Furthermore in chapter V, we presented a model which

qualitatively described the optical nonlinearities observed

in CBS and CBG. This model was based on the formation and

expansion of microplasmas created by thermo-ionization of

carbon atoms. In the present chapter we examine the

volumetric expansion of microplasmas experimentaly and

estimate the size of these induced scattering centers. In

addition, we estimate the optical properties such as the index

of refraction of these induced scattering centers using Mie

theory.
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One of the key features about the observed nonlinear

scattering which makes the analysis simple and reduces the

number of possible techniques that needed to investigate the

nature of this nonlinear scattering, is that the frequency of

the nonlinear scattered light is the same as that of the

incident light. This observation directly leads us to

investigate elastic scattering processes. The elastic

scattering process is mainly due to the scattering from

expanding induced scattering center (i.e., measurement of the

scattering intensity as a function of the size of scattering

centers). However, in the course of our investigation we also

examined the contribution of other processes, either elastic

or inelastic scattering mechanisms such as brillouin

scattering and stimulated brillouin scattering (SBS). From

these investigations we found no experimental evidence for

any of these processes occuring in CBS even for incident

intensities 50 times larger than the limiting threshold.

We measured the angular distribution of scattering in

order to estimate the size of created induced scattering

centers. The apparatus used enabled us to monitor how the

scattering light distribution changes as a function of

scattering angles (00 to 1800) for different incident

fluences. The angular dependence of scattered light

intensity not only leads us to determine how to use this

material effectively for optical limiting but it is also a

powerful method for studying the nature of the processes that

lead to this nonlinear scattering. For example, if we measure
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the scattered light as a function of angles for different

incident fluences for nanosecond laser pulses we can estimate

the size of the carbon black micro-particles for low fluences

where no nonlinear scattering is observed and also estimate

the size of induced scattering centers for fluences above the

onset of limiting. In order to calculate the size of

scattering centers using this technique, we must compare the

experimental results with that of theoretical, numerical

calculations utilizing Mie scattering theory'-3 . However, the

analysis based on Mie scattering theory assumes arbitrary

size spherical particles where in general the particles in CBS

are not spherical. It has been shown by Jay Janson4 that even

for nonspherical particles with high absorption ceofficient,

such as carbon black particles, that numerical calculations

based on this theory can qualitatively be used to calculate

the size, and optical properties of these particles.

We begin this chapter with a brief discussion on

scattering theories such as Rayleigh and Mie theory in

section B. In section C, the numerical calculations for the

angular scattering profiles as a function of particle sizes

based on Mie scattering theory are presented. The light-

scattering apparatus used in this study is described in

section D. A series of scattering profiles from 200 to 160

degrees for nanosecond pulses at 532 nm and 1064 nm for

different incident fluences is given in section E. The

conclusion and summary are given in section F.
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B. LIGHT SCATTERING THEORY

When a beam of light passes through a particle, the

oscillating electric field, which is perpendicular to the

direction of propagation, causes the electric charges

contained within this particle to be set into forced

oscilation with a frequency equal to that of the incident

light. These oscillating electric charges, in turn, are each

sources of electro-magnetic radiation, i.e., scattered light.

A physical description of a simple scattering process is

discussed below. Consider a simple case shown in Figure 6.1,

where a collimated beam of light is incident on a single

scattering particle which is smaller than the wavelength of

the incident light. Suppose unpolarized light enters from the

left along the z-axis and is partially scattered by the very

small particle at p. Since the oscillating electric field of

the incident light is always perpendicular to the propagation

direction, the oscillating charges move only in a plane which

is perpendicular to the z-axis and passes through point p.

This plane in Figure 6.1 is the x-y plane, and assume the plane

of observation is the y-z plane. The components a and a2 of

the vector which defines the direction and amplitude of the

periodic motion of oscillating charges are illustrated in

Figure 6.1. The direction of a1 is perpendicular to the plane

of observation and a2 is parallel to the plane of observation.

Now, the amplitude and direction of the two components of

the electric field vectors associated with the scattered

_ ,
-J-
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light, E1 and E,, which are generated by the these oscillating

charges, are proportional to the projected amplitudes of a1

and a2 which lie perpendicular to the direction at which the

scattered light is observed. This projection for a is shown

in Figure 6.2. The analytical expression for the electric

fields and the square of these fields which is proportional to

the intensity of the scattered light from particles much

smaller than the wavelength of the incident light was given

by Lord Rayleigh in 1899. The equation for the two plane

polarized components of the scattered-light intensity for

particles much smaller than a wavelength are, according to

Sinclair and Lamer5

2
92 m2 -1 V2 Eq. 6.1

I -r2 m2 +1 H E

for the perpendicular component (a1), and

2
9 m2 - cos26 Eq. 6.2m 2 +l2

for the parallel component (a). In these equations, I and 2

are the plane polarized scattered-light intensities measured

at a distance r from the scattering particle, whose electric

field vectors are perpendicular and parallel to the plane of

observation, respectively. The corresponding plane polarized

incident intensities are denoted by I and k2 for the
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perpendicular and parallel components respectively. The

distance from the scattering particle to the point of

observation of the scattered light intensity is r. The index

of refraction of the particle (mr) relative to the surrounding

medium (mi) is m, the volume of the scattering particle is V,

and the wavelength of the incident light is denoted by A. The

total intensity of the scattered light when the incident light

is unpolarized is,

2

I -297r 2 m2-+1 F2(l+cos 26) Ios7 E q. 6.3

where I is the total scattered-light intensity and T. is the

incident-light intensity. Figure 6.3 shows the polar

distribution of the scattered light intensity for the two

plane polarized beams, I1 and I2, and for the total scattered

light I as a function of 6 when the scattering particle is much

smaller than the wavelength of the incident light. The

scattering intensity for perpendiular polarized light 12 is

independent of 0, but for the parallel polarized light 2 is

maximum and equal to 12 at 0=00. It decreases to zero at 6 =

900, and increases again to a miximum at 0 = 1800. The

variation in the total scattering intensity is the average of

the two polarized intensities 12 and I2.

Rayliegh scattering equations, can be applied only to

particle with sizes which are much smaller than the

wavelength of the incident light = A/20 and for transparent

low"
- - --
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particles (i.e., index of refraction mi is real). In addition

the index of refraction of particle cannot be much larger than

that of the host medium. These conditions very much limit the

usefulness of this theory for analyzing the angular

scattering profiles for arbitary particles with diameters

comparable to or larger than the wavelength of light and for

absorbing particles with complex indicies of refraction. The

reason is that, as the size of the scattering particle

increases the effects due to phase differences between the

scattered light generated by the oscillating charges located

at various positions in the particle produces an interference

which must be taken into account in the theory. :in addition to

this effect, the applied electric field from the incident

light, which causes the charges within the particle to

oscillate, will be distorted by a scattering and absorbing

particle which is not very much smaller than the wavelength.

These effects change the angular distribution of the

scattered light intensity as the particle becomes larger.

Thus, simple scattering theory such as Rayleigh scattering

cannot be applied.

The rigorous scattering theory for spheres of arbitrary

size was developed by Mie in 19081. A brief derivation of the

Mie Theory is presented by Van de Hulst2 . The scattered light

intensity for the two plane polarized components and the

total scattered light intensity are given by the following

equations. For perpendicular polarization,

--
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=k2r2 ,q. 
6.4

and for parallel polarization,

k4r2 Tk 
Eq. 6.5

and for the total scattered light intensity when the incident

light is unpolarized,

2k2r2  Eq. 6.6

Here k is the wave number, i1 and i2 are light-scattering

functions which are discussed below, and other variables have

the same meaning as before.

The scattering functions i and i2 which are directly

proportional to the scattered light intensity are rather

complex functions and are given generally as,

i2 = fl(x, y, 6) Eq. 6.7

i2 = f2(x, y, 6) Eq. 6.8

where x is the size parameter and is defined as the ratio of

the circumference of a particle divided by the wavelength of

light in the host medium. For particle of radius a the size

parameter is,
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x-2ra ,Eq. 6.9
X A'

where A is the wavelength of light in vacuum divided by the

index of refraction of host medium, y is the product of size

parameter and index of refraction of particle relative to the

surrounding medium (m),

y = mx . Eq. 6.10

The angle & is defined as the angle at which the scattered

light intensity is measured relative to the forward direction

of incident light.

From equations 6.4 through 6.6, the angular distribution

of the scattered-light intensity normalized with respect to

the incident light intensity, is only a function of x, y, and

the state of polarization if A and r are fixed. This in turn

means that the shape of the scattering diagram is only

determined by the values of the particle radius a and the

particle index of refraction m. If m, is known, the particle

diameter alone determines the shape of the scattering

profile.

The functional form of i and i for spheres of an

arbitaray size are given below,

-Est+x+ 
iu _- . ,_
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= (2n +1)/n(n+1){a7r o (cos 0) + bnr{ (cos e))}

n=1 .

and

i2 = (2n +1)/n(n+1){(bn7r (cos 0) + anrn (cos 6)}

n=1 .

Eq. 6.11

Eq. 6.12

In these equations, an and b, are scattering coefficients

which are functions of x and y and are defined as,

Eq. 6.13S (y) Sn (x)-m S (x) Sn (y)
S (y) 4 (x)- m O (x) S (y)

and

b= i S (y) Sn (x)-S' (x) Sn (y)

b in Sn (y) O (x)- (x) Sn (y)

The functions Sn and 4o are given by

Sn (z) = /I7j2 Jn+11 (z)

Eq. 6.14

Eq. 6.15

and

On (z) = Sn (z) + iC (z)

+l+rditiv ls LAa@i sC% r; lw't87f+-+ ;:.s-.:.::_c:<,..an .r.,. -- -- -,.s:;+z. nrw::c evros.:.w.r rx,,gt w:,w.. :,.s.a ® _

E q. 6.16
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where

C (z) = (-l)n Vz/2 J.(+/ 2) (z) . Eq. 6.17

Here z is either x or y. The primes denote the partial

derivatives with respect to the argument, i = V-1 and J is

spherical Bessel function. The angular functions rn (cos 6) and

r 1 (cos 0) are given as,

?rn (cos) = s.()P (cos)
sin(G) P" cs?

Eq. 6.18

and

r, (cos?) = Pn1 (cos?) Eq. 6.19

where Pn 1 (cos) is an associated Legendre polynomial.

The total scattering and extinction cross section for

spheres of arbitrary size are defined as

Cca = (2n+1) JaJ2+b 2J

n=1

Eq. 6.20

and

Cet = 2/kz Re (2n+2) (an + bE.2

n=1

Eq. 6.21.
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where k=2arm1 /A and a, and b, are given in equations 6.13 and

6.14 respectively. These cross sections have units of area

per particle. These should not be taken literally as cross-

sectional areas, but rather as the "blocking power" of the

particle as far as the transmission of incident light is

concerned. A more useful nomenclature and notation which are

commonly used to describe the absorbtance and turbidity is in

terms of efficiency factors. These efficiency factors are

related to the cross section C and the geometrical cross

section of dispersed spheres ira2 as shown in Equations 6.22

and 6.23.

Ca
Qa =Ca pEq. 6.22

and

C~c
Qsca = ra2  Eq. 6.23

if the particle is nonabsorbing i.e.,the index of refration is

real, Eqs. (6.20) and (6.21) lead to identical results, Ca =

Cd . If the particle absorbs, i.e., mi is complex, they are

different. The absorption coefficient Qa may then be

determined from the following. Defining

Ca= Ce xt- C.a Eq. 6.24

leads to
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Qao = Ca. -E q 6.25

So far only the scattering by a single particle is

considered. The relationship between scattering from a many

particle system and the single particle case is to simply

multiply the single scattering by the particle density

provided that the concentration of the scattering particles

and the distances through which the incident and scattered

light must travel is not too large. In other words this

proportionality holds if there is not any multiple

scattering. In this work the effect of multiple scattering is

not discussed.

C. NUMERICAL CALCULATION OF LIGHT-SCATTERING FUNCTIONS

One of the first steps in a light-scattering investigation of

this kind is to calculate the scattering functions i and i2

for a given x and y as a function of 0. As before, x = ird/A and

y = mx where d is the diameter of the scattering center and m

is the ratio of the index of refraction of a scattering center

to the index of host media. In order to calculate the size of

the scattering particles one needs to know the index of

refraction of the particles. There is a limited amount of

data for the index of refraction, m, of carbon black

particles. Senftleben and Benedict6 measured the index of

refraction of what they called amorphous carbon at room

... _ ,
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temperature for various wavelengths. The values of mp

reported in their study for visible light indicates that mp is

a weak function of A. This is expected since "carbon

particles" appears black. These results are listed in table

6.1. In addition, in recent years Jay Jansen4 reported that

the values for the complex index of refraction for commercial

carbon blacks fell in the range of 1.6 < mr < 2.1 and 0.85 <m

<1.1 , where mr and m1 are real and imaginary part of the

complex index of refraction of the particle. It is important

to note that these results were for samples of thirty-nine

carbon blacks of diverse origins and grades. Their results

again indicated that the complex index of refraction of

carbon particles depend only weakly on the wavelength as one

expected for highly absorbing particles. Futhermore, the

reported index of refraction for "soot" particles7 as a

function of wavelength from 400 nm up to 1001nm are also

listed in table 6.1. Moreover, Pluchino et. a18 reported the

index of refraction for a single micron-sized carbon particle

on the order of 3 to 4 pm. Their results are in good agreement

with the results of Senflteben et. a16 calculation using

dispersion of carbon black particles. These results enable us

only to estimate the index of refraction of carbon particles

in suspension at 532 nm and 1064 nm.

The light-scattering functions i and i2, which are defined

by equations 5.11 and 5.12, are required for the theoretical

determination of the scattered-light intensity. Gucker et.



TABLE 6.1

VALUES FOR INDEX OF REFRACTION A OF CARBON BLACK
PARTICLES FOR WAVELENGTH FROM 400 NM TO 1000 NM

WAVELENGTH m =mr - imi
X(nm) Mrmi

40 1.88 0.69

436b 1.90 0.68
492' 1.94 0.66
5008 1.94 0.66
546b 1.96 0.66

5 7 8 b 1.97 0.65
600a 1.99 0.64
623b 2.00 0.66
700k 2.03 0.63
800a 2.07 0.60
900$ 2.09 0.60
10008 2.12 0.60

(a) The values of mr and mi are given in reference 7.

(b) The values of mr and m1 are given in reference 6.
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a19 have developed a general scheme for evalutating these

functions. Based on the general scheme of Gucker et. al, a

detailed system of equations was developed for the numerical

evaluation of the scattering functions and coefficients. A

Fortran program was then developed which applied this system

of equations for chosen values of x, m, and 6. A brief

description of Gucker et. a19 general scheme for evaluating

these functions and the Fortran program are presented in

appendix B.

The light-scattering funtions i1 and i2 for spherical

particles have been calculated for a size parameter x ranging

from x (< A to x )> A for values of 6 =00 to 1800 for a various

values of m. In addition to the function i and i2, the

scattering efficiency factor Q., the absorption efficiency

factor Qa and the extinction efficiency factor Qext are

calculated. Based on these results, the polar scattering

profiles of i and i2 plotted against 6 for m= 1.96 - 0.66i for

various selected values of x are presented in Figure 5.4 to

Figure 6.8. Figure 6.4 represents a case where the particle

size is much smaller than the wavelength of the light used.

If the wavelength A is 1064 nm, the particle diameter is only

about 14 nm correspond to a size parameter of x=0.1. This

plot shows that the scattered-light intensity for this value

of x is symmetrical about 00 to 90 axes. The shape of the

light scattering diagram of i and i2 against 6 is the same as

that given in Figure 5.1 for very small particles for which
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d << A using Rayleigh scattering theory. The scattering

diagram for the same index of refraction but for x = 0.5 is

shown in Figure 6.5. This profile reveals that the light

scattering intensity in the forward direction (0<900) is

greater than in the backward direction (0>900). In addition,

as the size parameter increases further to x=1.0 in Figure

6.6, and to x= 1.5 in Figure 6.7, the asymmmetry of the

scattering diagram increases, that is, the forward scattered-

light intensity inreases relative to the backward intensity

with increasing x. In Figure 6.8 for value of x = 3.0 it can be

observed that nearly all the light is scattered in the forward

direction (0<900).

From Figure 6.4 through 5.8 it can be observed that the

shape of the scattering profile is strongly dependent on the

particle diameter. For particles which are large enough to

produce measurable asymmetry in the scattering profile, the

size of particles can be determined from such angular

dependene measurements. This led us to construct a

scattering apparatus which enables us to measure the

scattering profile as a funtion of angle for various incident

fluences using nanosecond laser pulses at 532 nm and 1064 nm.

section. The results of these measurements for low fluence

levels can then be fit by adjusting the parameter x, and using

the reported index of refraction for carbon particles in the

numerical calculation of scattering diagrams. The best fit

to the experimental results would reviel the size of carbon
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particles in suspension. However, for high fluence levels

where the induced scattering center are created where the

index of refraction of these centers are not known we fit the

experimental results by adjusting the prameter x as well as

the index of refraction in the numerical calculation of

scattering profiles.

D. LIGHT-SCATTERING APPARATUS

A light-scattering apparatus has been constructed for the

purpose of determining the angular distribution of the

scattered light from CBS as a function of incident fluence for

nanosecond laser pulses. The basic components of this

apparatus are shown in Figure 6.9. As is shown in this Figure,

the 20 ns (FWHM), 1064 nm or 14 ns (FWHM), 532 nm linearly

polarized laser pulses were passed through a beam splitter

where a small fraction of the incident light was detected by a

reference detector which was calibrated using a GenTek

pyroelectric detector. The laser beam was focused by a 50

centimeter focal length "best form" lens into a 100 pm thick,

3 mm wide flowing jet of CBS. The measured beam radius at

focus was 93 pm (HW1/e2M) for 532 nm and 96 pm (HW1/e2 M) for

1064 nm laser pulses. The flow rate was set such that a

laminar flow was achieved. The transmitted light was

detected using a Si photodetector placed 60 cm from the

sample. The detector used to monitor the scattered light was

placed 17 cm from the sample and could rotate in a plane which
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was perpendicular to the flow direction and parallel to the

propagation direction. This rotation stage was driven by a

computer controlled digital stepping motor. This plane

defines the plane of observation and the polarization of the

incident light was set either parallel or perpedicular to this

plane using a half-wave plate as shown in Figure 6.9. A 0.5 mm

aperture was placed in front of the scattering detector to

increase the angular resolution. Spike filters centered at

1064 nm or 532 nm with a band width of 10 nm were placed in

.front of the reference, transmission and scattered light

detectors in order to reduce the bachground optical noise.

The rotating platform and detectors were interfaced to an IBM

computer. The size of the detectors limited the scattering

angular detection to be between 200 to 1600 (otherwise the

detector blocked the light beam).

E. ANGULAR SCATTERING MEASUREMENTS

Using the light-scattering apparatus shown in Figure 6.9,

we measured the angular scattering distribution for the 100

pm flowing sample of CBS with 80 percent linear transmission

at 1064 nm for different fluences using 20 ns (FWHM), 1064 nm

laser pulses. First we set the polarization of the incident

pulse parallel to the plane of observation. Then, we measured

the scattering profiles for low incident fluences on the

order of 550 mJ/cm 2 . The typical polar scattering profile as

a function of angle for this fluence level is shown in Figure
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6.10. As is shown in this figure, the shape of scattering

profile is not symmetric with respect to the 900 axis and the

forward scattered light is greater than the backward

scattered light. This clearly indicates that the scattering

particles are not much smaller than the wavelength of

incident light (a=1064 nm). In order to find the size of the

scattering particles we numerically calculated the best fit

to the experimental data. The best fit was obtained for value

of m= 2.16-0.77i and for the value of x = 1.0 which correspond

to particle radius of ~ 0.14 pm as shown in Figure 6.10 by the

solid line. The real part of the index of refraction used for

the fit is the same as the extrapolated value of the index of

refraction of soot particles (m ~ 2.15 - 0.59i) at 1064 nm by

Ackerman8 . The imaginary part of the index (i.e., absorption

constant) for carbon particles in our sample are 20 percent

larger than the extrapolated results from their data. The

particle size of 0.14 pm determined in this measurement was

acquired for an incident fluence of the order of 550 mJ/cm 2 .

This fluence was higher than the threshold (Fth = 380 mJ/cm2)

for transmittance changes. However, for fluence levels below

550 mJ/cm 2 , due to very small amplitude of the scattered

signal we could not clearly resolve the scattering profile.

It is reasonable to assume that the upper value for the size

of the carbon particles is on the order of ~ 0.14 pm. This

also is consistent with the fact that CBS was passed through

0.25 pm filter. In addition, from electron micrographs of

dired ink as shown in Figure 3.2 in chapter III we observed
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Fig. 6.10--A polar plot of the fraction of scattered
light for CBS (circles) for an incident fluence of ~ 550
mJ/cm 2 for 20 ns (FWHM), 1064 rnm linearly polarized
light parallel to the plane of observation. The solid
curve is the theoretical fit for x = 1.0 and :ca= 2.16 -
.77i.
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that the size distribution for carbon particles were from .050

pm to 0.35 pm. The smallest size correspond to primary

aggregates (fused assembly of four or five particles) and the

largest particle size was for an agglomorate. It is not known

wether such agglomerates are formed in the drying process or

exist in the suspension. These scattering measurements

indicate that the average size is 0.14 pm, thus, the

agglomerates must not be the dominant particles.

Next the scattering profile for fluences above onset of

change of transmittance was measured. Figure 6.11 represents

the polar scattering profile as a function of angle for

fluences on the order of 1.5 J/cm2. Here, we observed that

the shape of the profile was highly asymmetric and nearly all

the scattered light was in the forward direction (0 < 900). As

we showed in section C a similar behavior was observed for

scattering particles with diameters comparable to the optical

wavelength. This result directly enabled us to see that we

have created induced scattering centers much larger than the

initial scattering particles. In order to qualiitively find

the optical properties of these indued scattering centers as

well as their size, we numerically fitted the experimental

profile. The best fit was obtained for a size parameter x

3.0 which corresponds to a particle radius of the order ~ 0.4

pm and an index of refraction, m= 1.96-0.11i. This value for

the induced scattering center radius is larger by factor

... :. .-- . , x.. ,, , ..

-+-r . . - ..... ,. m. --
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of three than initial the carbon particle size. The imaginary

part of index (i.e., absorption constant) decreased by factor

of 7.

The results of this measurement not only indicate that the

induced scattering centers are larger than the initial carbon

black particles but also reveal that the index of refraction

of these "particles" is different from that of the initial

carbon particles. This is consistent with our previous

experimental results of simultaneous measurements of side

scattered fraction, absorptance and transmittance of CBS

plotted in Figure 6.2 in chapter V. Initially, the scattering

contribution to the overall transmittance is very small for

incident fluences where the sample behave linearly. For

fluences above the onset of change of transmittanc, light

induced microplasmas expand rapidly and the fraction of

scattered light increases nonlinearly. As these induced

scattering centers increase in size, the imaginary part of

index of refraction decreases (from 0.77 to 0.11). If we

calculate the absorption efficiency, Qa, for these

scattering centers i.e., for carbon particle of radius 0.14 pm

with m ~ 2.16 - 0.77i, and for induced scattering particles of

radius 0.4 pm with m ~ 1.96 - 0.lli we find that both are

almost the same. Since, the absorptance of the sample is

equal to the product of the area of the particle and Qa,

keeping the number of particles fixed for both particles, we

find that the change in absorbtance is proportional to the

ratio of areas of the induced scattering centers and that of

. ... tr:..u ::-.Y.u ,:: iy;l A'(; -... - . ' A.i<,:.af -.. s:. -_.. . _uVts. .4 ; ,. - . ... " o-.a -_. . :.1-_:wis...=..w : w ,-.m._,.: c 4... ., ,. ... ..
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carbon particle. This is consistent with the experimental

results for absorptance of CBS for fluences close to the

onset of a change of transmittance as shown in Figure 5.2 in

chapter V. In addition, we show in the following paragraphs

that for higher fluence levels on the order of 4.2 J/cm2 , the

diameter of the induced scattering centers are slightly

larger than that for lower fluence levels of the order of 1.5

J/cm 2 . This is also consistent with the measured absorptance

of CBS for higher fluences where we observed that the

absorptance levels off and even decreases as the input

fluence increases as shown in Figures 5.2 and 5.3 in chapter V

respectively. The microplasma formation, the expansion rate

and the interaction of microplasmas with the surrounding

liquid are nonlinear functions of the laser pulse fluence. In

order to include all these effects into the calculation one

must solve a set of nonlinear hydrodynamic equations which

are extermely difficult. Thus, the above results are in

general show only qualitative agreement with the data.

We next measured the scattering profiles for incident

nanosecond laser pulses at the wavelength of 1064nm with the

polarization of light perpendicular to the observation plane.

Similar results were observed for the shape of scattering

profiles for fluences below and above the onset of a change of

transmittance. The result for incident fluence of ~ 1.6 J/cm2

is shown as polar graph in Figure 6.12. We found that the

index of refraction m= 1.96 -0.lli and size parameter 2.6 used

to fit the experimental data for parallel polarization for

-_,. ~',,u o..v"": -,,. RhM- ,+.. i.ei },_: , .. :wt .+l-.. .. :. ".,: Mil,'4'r rG+# k
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Fig. 6.12--A polar plot of the fraction of scattered

light for CBS (circles) for incident fluence 1.6 J/cm 2

for 20 ns (FWHM), 1064 nm linearly polarized light per-
pendicular to the plane of observation. The solid
curve is the theoretical fit for x = 2.6 and m = 1.96 -
.111.
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fluence of ~ 1.5 J/cm2 could also be used to fit the

experimental results for perpendicular polarization. This

confirmed that the values obtained numerically were

consistent. The best fit is also shown in Figure 6.12.

So for, we have shown the experimental and numerical

calculation for angular scattering profiles for 20 ns (FWHM),

1064 nm pulses for incident fluence levels up to 1.5 J/cm2 .

Here, we look at the shape of the scattering profiles as a

function of angle for higher inident fluences. We found that

for fluences above 1.5 J/cm2 the shape does not change as a

function of incident fluence. This behavior indicates that

within the duration of input pulse of 20 ns (FWHM) the induced

scattering center only increases in size by a factor of

approximately three for fluence levels above 1.5 J/cm2. This

is shown in Figure 6.13 where we plotted the radius of induced

scattering centers as a function of incident fluence. We can

see for fluences above 1.5 J/cm2 the calculated radius for the

"particles" stay approximately constant. This behavior is

consistent with the decrease in the imaginary part of the

index of refraction of the created microplasmas which shows

that due to expansion, the microplasmas become more

transparent to the laser radiation but will still scatter.

We performed similar angular scattering measurements on

sample of CBS for 14 ns (FWHM), 532 rim laser pulses using the

same optical geometry shown in Figure 9. The angular

scattering profile for parallel polarized light for incident

fluence of ~ 300 mJ/cm 2 is shown in polar graph in Figure 6.14.
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Fig. 6.14--A polar plot of the fraction of scattered

light for CBS (circles) for incident fluence ~:300 mJ/cm2

for 14 ns (FWHM), 532 nm linearly polarized light paral-
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theoretical fit for x = 2.2 and m = 1.96 - .66i.
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The numerical best fit for the experimental data gives a size

parameter of ~ 2.2 and index of refraction of m = 1.96 - 0.66i

and is shown in Figure 6.14. This yields the radius of the

particle of ~ 0.14 m. This value for the carbon black

particle radius is the same as the previous result at 1064 nm.

In addition, the index of refraction used to fit the

experimental data is the same as the reported value for soot

particles by Ackerman et. a18 and senftetleben et._al6 at 532

nm.

Next we measured the scattering profile for light

polarized parallel to the observation plane, as a function of

angle for incident fluence of 1.2 J/cm2 , which is 6 times

larger than the threshold. The experimental data as well as

the numerical best fit are shown in a polar plot in Figure

6.15. The best numerical data to the fit gives x = 3.4 and m =

1.76 - 0.lli. Here, again we observe the same behavior for the

index of indued scattering centers as we observed for the 1064

nm measurements. In addition, for incident fluences higher

than 1.2 J/cm2 we find that the shape of the scattering

profiles stays the same (i.e, the radius of induced

scattering centers remain constant). This is the identical

behavior as observed at 1064 nm in Fiqure 6.13.

In order to show how the scattered light -increases in the

forward direction as a function of incident fluence of laser

light, we performed a series of measurements at different

angles using the apparatus shown in Figure 6.9, for 20 ns

; .s.: _ . ,
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(FWHM), 1064 nm laser pulses with polarization parallel to

the observation plane. These measurements enable us to

monitor the fraction of scattered light at a fixed angle and

to qualitatively compare these results with the numerical

calculations of the scattering efficiency as a function of

"particle" radius at the same angle. The experimental results

for the scattered light for B of 200, 300, 450 and 600 as a

function of incident fluence are shown in Figure 6.16. If we

compare these results with numerical calculations for the

scattering efficiency as a function of size parameter for

angles of 200, 300, 450 and 600 as shown in Figure 6.17, we find

that Mie scattering theory qualitatively describes the

scattering results. In addition, we find that only the

scattering for angles of 200 and 300 increases for higher

fluence levels. This is consistent with our previous

observations that as the induced scattering center expands

only the scattered light in the forward direction increases.

F. CHAPTER SUMMARY AND CONCLUSION

In this chapter we were interested experimentally in

justifying that the scattering mechanisms in CBS were due to

mainly the rapidly expanding microplasmas. In order to do

this and to be able to determine the size of these induced

scattering centers as a funtion of the incident fluence for

nanoseond laser pulses, we constructed an angular scattering

apparatus and utilized a numerical calculation based on Mie
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scattering theory to analyze the shape of the angular

scattering profiles. As we disussed in this chapter utilizing

this technique also enabled us to measure the size of carbon

black microparticles in CBS and to determine their complex

index of refraction. To do this we measured the scattering

profile of the sample for fluence levels where the sample

behaved linearily. By fitting the angular scattering profiles

for 20 ns (FWHM), 1064 nm and 14 ns (FWHM), 532 nm for fluences

on the order of ~ 550mJ/cm2 and 300 mJ/cm2 we found the

nominal size of the carbon black particles is on the order of

~ 0.14 Am. This value is consistent with our previous SEM

micrograph on the dried ink used in CBS samples(see chapter

III). In addition, we determined the complex index of

refraction of carbon black particles which are consistent

with the previous reported6 8 values.

In the next part of our investigation we were able not

only to show that the shape of the scattering profile was a

function of the incident fluence but also using our numerical

calculation we were able to estimate the nominal size of

these induced scattering centers and their indices of

refraction. We found that for both wavelengths the induced

scattering centers were at least three time larger than the

initial carbon black particles in CBS for incident fluences

above ~ 1.5 J/cm2 . In addition, we found that the imaginary

part of the complex index of refraction (i.e., absorption

constant) for these scattering centers was reduced by factor

of 7, from original carbon black microparticles. These

- -.. :....,.:..,. <. tip, .. - ... ; .. :ar+.,:+WI s Zr .,,.k, ;M.- ra..:: , +.. ,r.-: E .... . , ... .. ,.. ,..
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results were consistent with our previous measurements of the

nonlinear increase in the side scattered light as well as the

nonlinear increase in the absorbtance near the onset of

change of transmittance and its leveling of f for higher

fluences.
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CHAPTER VII

MECHANISM FOR INDUCED SCATTERING CENTER PRODUCTION

So far, we have demonstrated that the observed nonlinear

scattering in both samples of CBS and CBG were due mainly to

the formation and expansion of induced scattering centers. In

order to gain some physical insight about the formation of

these centers, in this chapter we discuss possible mechanisms

that could occur in CBS and CBG which lead to their formation.

Generally, one could analyze this problem using two different

approaches. The first approach is based on the assumption

that the optical properties of the liquid surrounding the

particles could drastically change due to the presence of

highly absorbing micro-particles. For example, the optical

properties (i.e., index of refraction) of the surrounding

liquid could change either by thermal diffusion of heat and

shock waves or even by a liquid to vapor phase transition.

The second approach is based on the vaporization and

subsequent ionization of carbon particles themselves which

leads to formation of rapidly expanding microplasmas.

In this chapter we discuss both of these approaches and

examine their suitability for explaining the experimental

results. In order to do this, we divide our discussion into

three models which are: 1) formation and expansion of micro-
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plasmas. 2) formation of micro-bubbels in host medium based

on degasing and vaporization of the liquid around the

absorbing micro-particles (i.e., carbon black). 3) change of

index of refraction of the liquid due to diffusion of heat or

shock waves.

A. MICRO-PLIASMAS FORMATION MODEL

This model is based on rapid heating of carbon black micro

particles to very high temperatures and subsequent thermo-

ionization of carbon atoms and formation of rapidly expanding

micro-plasmas. The first step in analyzing this model is to

calculate the temperature rise in these particles for

fluences close to that giving the onset of a change in

transmittance (i.e., 380 mJ/cm 2 at 1064 nm, and 200 mJ/cm2 at

532 nm), and to compare the calculated temperature with the

sublimation temperature for the particles.

For particles with diameter 2a, which are on the order of

or less than the absorption depth of the material (i.e., fa s

1, where P is the absorption depth) the particle will be

uniformally heated throughout its volume by the absorption of

laser radiation. In addition, for particle sizes which are

small with respect to the thermal diffusion distance for the

particle material,i.e., a s x7tp where x, and t are the

thermal diffusivity and laser pulse width respectively, the

physical situation can well be approximated by considering
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perfectly conducting particles.' Consequently, the rate of

energy deposition in the particle due to absorption of the

laser light is qiven by,

Idep = r a2 Qa. I, Eq. 7.1

where I is the intensity of the laser radiation, a is the

particle radius, and Qas is the absorption coefficient and is

given by Eq. (6.25) in chapter VI. Neglecting heat transfer to

the surrounding liquid, by energy conservation, the power

absorbed by the particle must be equal to the rate of change

of the heat content of the particle,

r a2 Qas I = 4 /3i a3 p c dT, Eq. 7.2

where pp is the density of the particle, c is the specific

heat for the particle, and T is the temperature of particle.

Integrating Eq. 7.2 over the duration of the pulse tp we have,

AT = 3 Qas Fa, Eq. 7.3
4pp p,

where F is the fluence of the laser pulse. For a carbon black

particle with radius a ~ 0.14 pm, Qa ~1.5 numerically

calculated for a = 0.14 m and m = 2.16 - 0.77i at 1064 nm

using Eq. 6.23 in chapter VI, F = 380 mJ/cm 2 , p, = 1.85 g/cm3 ,

and c = .71 (J) (g0K) we find AT 23000 K. This result is in a
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satisfactory agreement with calculations of Hopper etall for

insulated perfectly conducting sub-micron platinum

particles. In this calculation we made an assumption that the

carbon particles were perfectly conducting particles. This

is a reasonable approximation since the thermal diffusion

distance in carbon particles is on the order of ~ 0.2 pm for

the laser pulse duration of 20 ns. This distance is larger

than the average size of carbon particles.

In the previous calculation we assumed that the carbon

particles were thermally isolated from the surrounding

medium and we ignored heat conduction from the particle into

the liquid. Here, we include the contribution of heat losses

through conduction to the surrounding liquid by keeping all

other approximations used in the above calculation (i.e.,

particles uniformly heated throughout its volume, and

perfectly conducting particle). Therefore, we assume a

perfectly conducting particle in an infinite medium having

the thermal conductivity of the liquid. In this case, the

temperature of the particle and the surrounding medium will

satisfy the heat conduction equation given as,

1 ST - V2T, Eq. 7.4

where 'q = ki ,1c1 (ni, k , pj, and c1 are the thermal diffusivity,

thermal conductivity, density, and specific heat of liquid

respectively). The boundary conditions are (i) at t=0,

T=T0=constant, where TO is the ambient temperature of the
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liquid; (ii) at infinity T = T0 , and (iii) the power absorbed by

the particle must equal the power leaving the particle by

conduction plus the rate of change of the heat content of the

particle, e.g.,

i a2 Q I = -4 ta2 c - + a p ca fI -aT1  Eq.7.5

For spherically symmetric problem, Eq. (7.4) can be solved

exactly for the given boundary conditions (i)-(iii) using

Laplace transforams. A detailed solution for this problem is

given in Appendix D. After lengthy algebra we obtain our

final result for the temperature of the surrounding medium,

T (r,t) = 3 Q abs Ta2  I [l-erf[2t1]2p~c~r ,cin u-in24

u i n K L 2 tIr-aj - u -rt u -i n e x p ay ( r - a )

+ -m2K 1t)) 1-erf fr-a +(-m)/t
4a2 J2 t 2a

+ 1 e [xp u+ (r-a) +(u+m2 Kit)Ju+m > 2aJ L4a~

1 - erffr-a + u2j
2 tEq2a.7

Eq. 7.6

and for the temperature of the particle,

9. -
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3 Qa I a 1 _ -( U-)ft

T (a ,t)= 2 ;Vm  ( ut[ exp

[(u-m)vt
1[-erf 2a] -

1 ex (u+m)2 t
- 1 - exp
u-m _ 4a2

(u+m)vTt
1- erf 2a }

Eq. 7.7

where u = 3 ptcl , and m = [q(q-4)] u.Subsituting the same
p p

values for a, F, Qab5 ,p and c used in previous calculation and

for pi ~ 1.05 g/cm 3 , c1 ~ 4.18 J/g0 K and ki = 1.8 x 10

Watts/cm K we calculate the temperature of the particle to be

AT - 18000 0K.

So far, we only estimated the temperture rise in a carbon

particle where the diameter of the particle is on the order or

less than absorption depth of the material (i.e., 0.3 pm).

Here, we calculate the temperature rise for particle sizes

which are larger than the absorption depth as for the CBG. In

this case, the heat is generated near the surface of the

particle, rather than uniformly throughout its volume. It is

shown 4 that the spherical shape of the particle is not

important, and the solution to the simpler problem of heat

generation in a thin slab can be used. In order to keep the

same volume for the particle we replace the spherical

particle with a circular disk with radius equal to the radius

of the particle and thickness L, equal to (4/3)a. This gives us
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the same volume as the spherical particle. This problem has

been solved by M. Sparks5 and the temperature for this

circular disk for times longer than the time for thermal

diffusion in the particle material across a distance 2a/3 is

given by,

AT 4 3 a c F (1 + ra/tp),Eq. 7.8

where ra is roughly the time in which heat diffuses from the

heated surface to the distance L and is given by,

Tay 4 p. c L. E 7.9
a97rk,

Again, all the parameters in these equations are the same

as defined previously. For t = Ta = 20 ns, we calculate L to

be on the order of ~ 0.42 pm. Thus, for particles larger than

0.3 pm we are only raising their surfaces to a very high

temperature. If we set ra = tp the surface temperature is,

AT 2 c32QcaFF. Eq. 7.10

The estimated surface temperature for a particle radius

of 1 pm, Qab ~ 0.8 and input fluence of 1 J/cm2 is on the order

of ~ 8000 K. Again, this temperture is higher than the

sublimation temperature for the carbon particles. Note, that

as the particle radius increases, the temperature decreases

for fixed incident fluence of laser light. This is consistent
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with the results of limiting measurements for both samples of

CBG and CBS where we observed that the limiting threshold for

CBG with a larger particle sizes was higher by factor of 2.5

than that of CBS with much smaller particle sizes.

From these calculations we determined that for fluences

where limiting is observed the carbon particles with a

nominal size on the order of ~ 0.14 m were raised to

temperatures on the order of ~ At ~ 18000 OK within the

duration of the pulse. If we compare this calculated

temperature rise with the sublimation temperature for the

carbon particles (i.e., 3850 OK), we find that this temperature

is a factor of ~ 5 larger than the sublimation temperature for

carbon. Recently, A. M. Malvezi et. a16 have shown that in

materials such as graphite, if the heating energy is provided

in a short time (i.e., ~ ns) a new condensed phase at very high

temperature can be observed. In addition, they state that

when the laser fluence exceeds 5 times the laser fluence

required to sublime the graphite, plasma effects become

observable. This is consistent with our calculations, Since

only a fluence on the order of = 70 mJ/cm2 is required to raise

the temperature of the particle to 3850 OK. In addition,

Venkastesan et al. 7 have also shown for a fluence on the order

of 600 mJ/cm 2 the surface of the graphite sublime using 30 ns,

6943 nm laser pulses, which is also consistent with our

calculation for the temperature rise in larger diameter

particles. Therefore, we conclude that for such high

temperatures carbon particles are vaporized and ionized.
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This conclusion is consistent with the observed emission

sparks in the CBS and CBG as well as the results of

fluorescence measurements where we observed emission lines

from carbon atoms. Note, that in all these calculations we

assumed no phase change occurs in carbon black particles.

However, after the temperature is raised to the sublimation

temperature (3850 OK), the carbon black particles go through a

phase transition from solid to vapor. This is also consistent

with the blackbody background temperatures on the order of

4100 degrees Kelvin measured using the fluorescence technique

in both samples of CBS and CBG.

In these calulations we assumed that the specific heat,

and thermal condutivity of the material were constant and

equal to their ambient values. In order to include all these

variation we must solve gas-dynamics equations for this

particular system which leads to extremely complicated and

cumbersome numerical calculations which is out of the scope

of this work.

Next, the results of time resolved transmission

measurements previously described in chapter V, indicate that

for fluences above the limiting threshold a strong truncation

occurs within the duration of the laser pulse. This

truncation could arise only if the laser light was strongly

absorbed and scattered by the micro-plasmas. Similar

behavior has been obseved due to strong optical breakdown and

formation of plasma in gases and solids by other

: ;.
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investigators.8-10 Direct evidence for formation of the micro-

plasmas was demonstrated by monitoring the emission spectrum

from CBG, where we observed that for fluences above the

limiting threshold the carbon atoms were ionized. In

addition, from temporally time resolved fluorescence

measurements, we found that the emission decays to 50 percent

of the peak value in z 150 ns which is consistent with

lifetime measurements for plasmas formed in carbon using

nanosecond laser pulses by other investigators."1-13

Furthermore, Using the excitation pulse and a cw probe as

described in chapter V, we found that after CBS and CBG were

irradiated by a 20 ns, 1064 nm laser pulse, the recovery time

for the transmittance of the probe beam (i.e., HeNe beam) was

on the order of 200 ns which is consistent with the time

resolved fluorescence measurements. From repetition rate

dependence measurements of optical nonlinearities in CBS, we

observe that carbon black particles vanish. from the

irradiated region after a few laser firing as described in

chapter V. This observation is again consistent with

vaporization and ionization of the particles (i.e.,

atomization).

We can conclude from these discussions that the origin for

the formation of the induced scattering centers is mainly due

to microplasma formation from carbon black micro-particles.

:.
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MICRO-BUBBLE FORMATION

Another model that we consider is bubble formation which

is based on degasing and vaporizing of the liquid around the

absorbing particles. The dynamics of formation and growth of

these micro-bubbles should be a function of the properties of

the absorbing particles and the properties of the liquid

surrounding these particles. Hence, one would expect that

the limiting threshold would be drastically decreased or

increased as the properties of the host medium are changed.

For example, based on this model for a CBG sample one should

expect a limiting threshold much higher than that of CBS.

Contrary to this we found that if the host medium changed

from that of a liquid solvent to air the limiting threshold

was only 2.5 times higher than that of CBS. We have shown

that the difference in thresholds can be explained by the

higher input energies required to vaporize and ionize the

larger particles used in CBG.

Another observation that is not consistent with the

micro-bubble model is the rapid recovery of transmission,

observed by monitoring the transmittance of the HeNe probe

beam after the sample was irradiated by a 20 ns excitation

pulse as described in chapter V. The velocity of micro-

bubbles would be too slow to explain their displacement from

the path of the probe beam for this time duration on the order

of ~ 200 ns. The velocity of these micro-bubbles is too slow

to explain the the displacement of micro-bubbles from the
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path of the probe beam for time duration on the order of ~ 200

ns where we monitored the transmittance of the HeNe probe

beam after the sample was irradiated by a 20 ns excitation

pulse as descried in chapter V. The velocity of these bubbles

can be roughly estimated using Stoke' s law for a bubble. The

Stoke' s equation is given' 3 as,

F = Gav , Eq. 7.11

where F is the net force on the bubble, r is the viscosity of

the liquid, a is the bubble size and v is the velocity of the

bubble. Since the net force of gravity and the viscose force

are equal under stationary state conditions then,

V (p2 - p1) g =Gwqav , Eq. 7.12

where V is the volume of the bubble, g is the gravitation

constant (978 cm2/sec), p, and p2 are density of solvent and

bubble respectively. From Eq. (6.12) we have,

v = 2 a2(P2-p1)gv=-, Eq. 7.13
9 rn

for air bubbles on the order of ,1um in diameter, and Ap/r7

29x10 3 sec/cm 2 the value for v ~ 1.5 pm/sec. This velocity is

far too small for the bubbles to rapidly move out of the path

of the beam within 200 ns. In addition, for bubbles with

smaller radius, the velocity of the bubbles are much smaller
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since the displacement velocity is proportional to the square

of the bubble radius. Note that for a longer pulse duration

(i.e., on the order of few micro-seconds or longer) bubble

formation may be a contibuting factor in limiting

experiments. However, in our studies we utilized much

shorter pulse durations on the order of 20 ns and 42 ps, thus,

the contribution of these bubbles is very small.

Next, we consider the case in which liquid surrounding the

carbon black micro-particles is vaporized. In this case,

after a thin layer of vapor is formed around the particle the

heat transfer from particle to surrounding liquid is

decreased and all the pulse energy being absorbed by the

carbon black particle can not transfer to the liquid. We can

roughly estimate the thickness of this layer in order to

thermally isolate the particles and stop heat conduction to

the surrounding liquid. After the surface of the particle

reaches the boiling temperature, continuity of heat flow at

the surface is given by,

AI~- 2ATIS,49XE q. 7.14

where L, is the thickness of the vaporized region, I is the

incident intensity of the laser pulse, A is the absorptance of

the particle, and K is the thermal condutivity of the liquid.

For example, for an incident intensity of ~ 4.7 x 107 W/cm2 ,

thermal condutivity of ~ 1.85 x 10 Watts/cm 0K, AT = 4000 OK,

and A = 0.85, the thickness of the vapor is 3.6 ni. This
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layer of vapor would thermallly isolate the carbon particles,

thus, further reducing vaporization of the surrounding

liquid. This rough estimate for the thickness of the vapor

around the carbon particles clearly indicate that the change

in diameter of scattering centers due to this vapor layer

would be too small to explain the nonlinear scattering

observed in CBS.

Another observation which is not consistent with this

model is that if the micro-bubble formation were the dominant

mechanism, the absorptance of CBS should stay constant as the

incident fluence of laser pulse increases. However, we found

that for fluences close to limiting threshold the absorptance

increases nonlinearly and levels off for high incident

fluences in, the experiment where we simultaneously measured

transmittance, the fraction of side scattered light and

absorptance as a function of incident fluence for nanosecond

laser pulses.

We conclude from these inconsistensies that micro-bubble

formation is not a reasonable model to explain our

experimental results. However, it is important to note that

for much higher incident fluences (i.e., 100 times threshold)

we could see (with the unaided eye) that these bubbels were

rising from the irradiated region. It is expected that

bubbles should form after the pulse has vaporized the carbon

at such high intensities.
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CHANGE IN INDEX OF THE SURROUNDING LIQUID DUE TO

THERMAL DIFFUSION AND SHOCK WAVE

Another model which one needs to consider as a possible

explaination of the observed nonlinear scattering, is the

formation of induced scattering centers due to the change of

the index of refraction of the liquid or (gas) surrounding the

carbon micro-particles by diffusion of heat or shock wave. In

order to understand how the change in the index of refraction

of the surrounding liquid might creat induced scattering

centers that are larger than the carbon particles, we first

calculated the distance between particles for a 1 cm thick

sample of CBS with 70 percent linear transmition at 1064nm.

We can determine the distance between particles if we

know the average radius and the linear transmittance of CBS.

In chapter V we showed that the radius of carbon black

particles was on the order of ~ 0.14 pm. In addition, we know

that the transmittance of light passing through a cloud of

particles is the ratio of the intensity of the transmitted

light intensity I to the incident intensity I and is given by,

I/ I = exp(-rL), Eq. 7.14

where L is the optical path through the scattering cloud and r

is the extinction coefficient which is defined as
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r = Nra2Qe .149XE q. 7.15

In this expression, N is the number of particles per unit

volume in the optical path, a is the radius of particles and

Qt is the extinction efficiency factor and is given in

Eq. (6.23) in chapter VI. For L=1 cm, a=0.14 pm, I/Ia = 0.7 and

t ~ 4.0 numerically calculated using Eq. (6.23) we calculate

N to be ~ 2x108 particles per cm3. If we assume that particles

in the solvent are distributed uniformly, the average
I

seperation distance is proportional to N3 , thus, the

separation distance between particles is ~ 10 pm. This is an

approximate calculation for the seperation distance between

particles since we assume that all the particles are the same

size and uniformally distributed in a unit volume.

Now, with the approximate distance between particles

known, we can distinguish between two different cases. In the

first case we assume that within the duration of the laser

pulse the heat diffuses to a distance larger than the distance

between particles. For this situation the liquid would be

uniformlly heated and induced scattering centers cannot be

distinguished as an individual scattering centers. This

results in a net change of index of refraction of the whole

liquid. This could change the scattering efficiency of the

sample if An is very large. The reason for an increase in

scattering efficiency is due to the proportionality of size

parameter with the index of the host medium (i.e, x = 2ran/A,

where n is the index of refraction, a is the particle radius,
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and A is the wavelength of light in vacuum). However, we have

shown in chapter III, the net change in index of refraction of

liquid was very small for fluences where we observed

limiting. In addition, since the change of index of refraction

as a function of temperature for the liquid is negative, this

change in index of liquid even further reduces the size

parameter and decreases the scattering efficiency.

Futhermore, below we present a calculation for the change in

index of refraction of liquid for fluences where limiting is

observed. This result also demonstrates that the change in

index of refraction is on the order of An ~ 3.0x0-which is

far too small to have any significant contribution to the

nonlinear scattering.

In order to do this we assume that, the energy absorbed by

carbon particles instantaneously transfers to the liquid,

then the change in temperature of the liquid is given by,

dT - Ix(t)
dT p c 'Eq. 7.16

where T is the temperature of the surrounding liquid, I is the

intensity of the laser pulse, a is the absorption coefficient,

pj is the density for the liquid and c1 the specific heat of the

liquid. If we integrate Eq. (6.16) over the length of the

pulse we have

AT -=aF*p1829XE q. 7.17
P1cI
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where F is the inident fluence. The change of index of

refraction n, as a function of temeprature is given by

An = (dn/dT)AT . Eq. 7.18

Subsituting Eq. (7.18) into Eq. (7.17) we have

An = (dn/dT) pF . Eq. 7.19

Using Eq. (7.19) we can calculate the increase in the index

of refraction as a function of incident fluence of laser

light. For an incident fluence on the order of 400 mJ/cm2 and

dn/dT of -0.8 x 10-4/ K we calculate An to be on the order of

~ 3.0 x 10-6. This An is too small to cause either any changes

in the scattering behavior of the sample or any phase

distortion on the incident beam.

Next we consider the case where the diffusion length is

smaller than the distance between particles. In this case,

we calculate the thickness of the heated liquid surrounding

the particles. For this case we have the simple -equation

given by,

=xDt= Eq. 7.20

where is the thickness of the heated liquid surrounding the

particle, t, is the laser pulse width , and D is the thermal

diffusivity for the liquid. For a laser pulse duration of 20

_' i
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ns (FWHM) and diffusion constant of the order of 1.8x103

cm2/sec, we find that L is on the order of 60 nm. This result

indicate that the radius of the induced scattering centers are

larger than carbon particles by ~ 50 percent. However, since

the change of the index in this region is very small on the

order of ~ 3x10 6 , the scattering efficieny would not be

different from that of the initial carbon particles.

So far we looked at the effects of diffusion of heat from

particles to the surrounding liquid and found that this effect

was too small to explain the observed nonlinear scattering.

Here, we discuss the possible contribution of shock wave and

their effects on the index of refraction of the surrounding

liquid. For a 20 ns pulse and a shock velocity of 1.658 x 105

cm/sec, a shock wave travels ~ 33 pm in the liquid surrounding

these particles 2 . Since the average distance between

particles is only 10 pm, the index of the entire liquid must be

considered to change. We have observed no net nonlinear

refraction with the sensitivity of ~ -5 induced phase

distortion. Therefore, it is clear from these estimates that

the contribution due to propagation of shock waves and

diffusion of heat to the surrounding liquid is very small and

these mechanisms are not the dominant proesses in this

material.

In addition, the contribution of these processes for a

sample like CBG where the surrounding medium is air is even

smaller than that for a liquid, thus, if one consider this

model as the mechanism for limiting one would not expect to
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see any limiting from such a material. However, we found that

CBG limits the transmission of the nanosecond laser pulses

for fluences close to that of CBS.

We conclude that this model is also inconsistent with the

the experimental results observed since the same discussion

that we made for micro-bubbles implies here. In this chapter

we considered three models in order to explain the formation

of induced scattering centers. From our calculations and

estimates for different mechanisms we found that the only

model which explains the formation, expansion and optical

properties of these induced centers is the micro-plasma

model. This model is consistent with all of our experimental

results.
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CHAPTER VII

SUMMARY AND CONCLUSION

Optical limiting in CBS and CBG using a nanosecond Q-

switched Nd:YAG laser and a mode-locked picosecond Nd:YAG at

1064 nm and 532 nm were explored as a function of carbon black

micro-particle concentration, polarization of incident laser

light, laser repetition rate and beam radius. We showed that

for 14 ns, 532 nm linearly or circularly polarized laser

pulses incident on a 1 cm thick sample of CBS with 70 percent

linear transmission at 532 nm, the limiting occured for

incident power levels of the order of ~ 80 watts peak power

for a tight focusing limiting geometry. This limiting

threshold was approximately 50 times smaller than that for

CS2 using the same geometry. In addition, we showed that for

20 ns, 1064 m laser pulses the CBS limits the output for an

incident power of ~ 160 watts peak power, which was

approximately 80 times smaller than CS2. These results

clearly indicate that CBS is a promising material for optical

limiting applications such as optical sensor protection.

However, for 42 ps, 532 nm laser pulses the limiting occured

for incident peak powers on the order of: 30 killowatts using

a limiting geometry similar to that used for the nanosecond

247

,._ .. .....
i1 lc} . it. JYM4tl .Wc$Ri : ,a++ .. u,.,. +..a. s.,t :a .r:: -etiwiGi .i. 4-



248

laser pulses. This limiting threshold was a factor of 3.5

larger than that for CS2. Thus, limiting works well for long

pulses (>_10 ns) but is less effective for short pulses (ps).

The reason is that the optical nonlinearities leading to

limiting in CBS depends primarily on the input fluence (J/cm2 )

rather than irradiance (W/cm2) or incident peak power (W).

This was demonstrated experimentally from the results of the

optical limiting and nonlinear transmission measurements for

different beam radii using nanosecond laser pulses along with

the picosecond limiting measurements. From these

measurements we found that the limiting threshold for CBS was

on the order of - 200 mJ/cm2 at 532 nm and 380 mJ/cm2 at 1064

nm for 14 ns (FWHM) and 20 ns (FWHM) laser pulses

respectively.

The dependence of the limiting threshold on the state of

the polarization of the incident nanosecond laser pulses for

both samples of CBS and CS2 was studied. We found that the

limiting threshold for CBS was independent of the state of

polarization of the light. However, we observed that for

circularly polarized light the optical limiting threshold for

CS2 was a factor of two larger than that for linearly

polarized light. This was consistent with the optical

limiting measurements' conducted on CS2 previously. These

results demonstrate another advantage of CBS over CS2 for

optical sensor protection.

The influence of carbon black concentration (i.e., number

of carbon particles/cm3) on the limiting threshold in CBS was

-, t3q .u a .:3a4Ea a .a+ .+tf!v-5wu+i dtiiSi . t rid N '; ;;4, fi&'Yt3 - i'3 h.:;irSR - _ ., ..
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investigated. We found that the onset of limiting was

independent of the concentration of carbon black particles.

However, samples with higher concentration of carbon black

particles and in turn lower transmittance for low input

pulses, blocked the output light more efficiently at higher

incident powers than the samples with a low concentration of

carbon particles. This behavior is consistent with the

microplasma model. In order to raise the temperature of

particles to several thousand degrees Kelvin we require at

least an input fluence of the order of 200 mJ/cm2 independent

of the concentration of carbon particles in CBS, thus the

onset of limiting should not change. However, since the

attenuation of the output light is dominated by the

scattering from induced scattering centers (i.e, microplasma

expansion) whose number is in turn proportional to the number

of avialable carbon particles in the path of the beam, we

should observe stronger attenuation for the more highly

concentrated sample.

The contribution of optical nonlinearities of the host

medium (i.e., solvent) leading to limiting in CBS was studied

using nanosecond laser pulses. We found that the optical

limiting threshold for the solvent was approximately 100

times larger than that of the various concentrations of CBS

samples. This indicates that the optical nonlinearities in

the solvent have a negligilble contribution to the limiting

processes in CBS. However, due to the presence of highly

absorbing carbon black micro-particles in CBS, heat diffusion
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to the surrounding liquid could lead to thermal

nonlinearities in the solvent. In chapter VI we discussed the

effects of such nonlinearities and found that the nonlinear

index change was on the order of ~ 3.0 x 10-6. This nonlinear

index change is too small to have any significant effect on

the limiting threshold for CBS. In addition, we studied the

optical limiting response of CBG. Here, there was no liquid

to heat up and we could ignore the thermal nonlinearities of

the host medium since the thermally induced refractive index

change of air is extremly small. We found the optical

limiting threshold for CBG ~ 600 watts peak power for 20 ns,

1064 nm laser pulses. This limiting threshold is only 3 times

larger than that of CBS. This indicates that even if the

optical nonlinearities in the liquid are affecting the optical

limiting in CBS, their contribution is only to change the

limiting threshold by a factor of three. However, as we

discussed in chapter VI, the factor of three difference in

limiting threshold could be due to the different particle

sizes in these samples. While CBS has an average particle

size of : 0.14 Am, the toner particles used for the CBG have an

average particle size of 5.0 pm. From these comparative

studies we determined that the observed optical

nonlinearities are associated with the interaction of laser

radiation with the carbon particles and not that their

presence enhances the optical nonlinearities of the solvent.

A complete study was conducted on optical limiting

characterization and on finding the conditions which will
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produce the "best" limiting in CBS. From these results we

find that in order to use this material as an effective

optical limiter we need to flow this material. The necessity

for flowing stems from the laser repetition rate dependence

of limiting in CBS. We observed that the limiting threshold

and limiting characteristic of the CBS for a 10 Hz laser

repetition rate were quite different from a 1 Hz or even

slower laser repetition rate depending on the laser beam

radius and incident energy. In addition, for CBG we had to

translate the sample after each laser firing. We studied this

laser repetition rate dependence in CBS and found that in both

samples of CBS and CBG the carbon particles were removed

(i.e., vaporized and ionized). This dependence on the flow

rate is consistent with the microplasma model discussed in

chapter VII, since within the duration of the pulse (~ 20 ns),

particles do not have enough time to be physically removed

intact from the beam since the velocity of particles are on

the order of ~ 1.5 m/sec as calculated in chapter VII.

Therefore, the particles must be destroyed (i.e., atomized)

such that the end result is smaller particles (or atoms) of a

size much smaller than the wavelength A such that they no

longer scatter the light efficiently. This was the only

disadvantage that we could find in CBS with respect to other

promising materials such as semiconductors, or organics for

optical limiting (i.e., the material must be flowed).

From our investigation of optical limiting in CBS, we

summarize our finding as follows: 1) CBS has one of the lowest
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thresholds for nanosecond laser pulses. 2) CBS has a very

broadband frequency response. 3) CBS limiting response time

is within few nanosecond. 4) CBS has a very large dynamic

range.

The main interest in this work was to understand and

characterize the optical nonlinearities leading to the

nonlinear response observed in CBS over a broad frequency

range at low intensities. In order to do this, because of the

structure of these suspensions, different mechanisms

including nonlinear refraction (self-focusing, self-

defocusing), nonlinear absorption, nonlinear scattering and

combinations of these mechanisms were studied.

The contribution of nonlinear refraction in CBS was

studied utilizing three different techniques. These

techniques were beam distortion2 ,% measurement of

transmitted on-axis intensity 4 , and the Z-scan methods.

These techniques allowed us to investigate the contributions

of phase distortion due to a thermo-optic effect,

electrostriction, or any order nonlinear refractive

mechanism. Using the beam distortion measurement, we

monitored the far field spatial transmitted beam profiles of

the TEM 0 Gaussian input pulses at 532 nm and 1064 nm using a

Nd:YAG Q-swithed laser as a function of incident intensity.

The results obtained, using beam distortion measurements,

indicate that the contribution of nonlinear refraction to

limiting is very small. We estimated the upper limit of n2 to
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be ~ 4.6 x 10-12 esu at 532 nm. This value was calculated on

the basis that the maximum phase distortion was 0.3 A,

however, we did not observe such a beam distortion from our

experimental results for both wavelengths even at intensities

20 times larger than of limiting threshold in CBS. We found

that using an even more sensitive technique such as Z-scan

with wavefront distortion sensitivity of A/25 for our laser

system the estimated value of n2 for CBS was on the order of ~

+ 8.4 5.0x10-12 esu at 532 nm and its sign was positive. If we

compare this estimated value for CBS using Z-scan technique

with that of the solvent using Marburger' s equation8 for

catasrophic self-focusing we find that both values are

roughly the same, thus, the value of n2 measured using Z-scan

is that of the solvent. This clearly indicates that for

intensities where limiting is observed in CBS, the

contribution of nonlinear refraction is negligible. This

point also was confirmed from the results of the on-axis

transmittance measurement where we measured the limiting

threshold for CBS with or without an aperture in front of

transmission detector and observed no change in limiting

threshold.

In order to study the contribution of nonlinear absorption

and nonlinear scattering and their combined effect to

limiting we performed a series of measurements on CBS and

CBG. These measurements were: 1) simultaneous measurement of

absorptance (using photoacoustic technique), the fraction of

side scattered light (scattered light energy divided by input
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light energy) and transmittance. 2) Time resolved

transmission measurement. 3) Fluorescence measurement. 4)

Exitation and probe measurements.

From the simultaneous measurements of absorptance, the

fraction of side scattered light and the transmittance in CBS

as a function of incident fluence for nanosecond laser pulses

at 532 nm and 1064 nm, we found that for fluences below the

onset of a change of transmittance (i.e., 200 mJ/cm2 for 14 ns,

532 nm and 380 mJ/cm2 for 20 ns and 1064 nm) the response of

CBS was linear (i.e., there was no change in the three

quantities monitored). However, for input fluences above the

onset of a change of transmittance, as the transmittance

began to decrease we observed a strong increase in the

fraction of side scattered light as well as an increase in the

absorptance for incident fluences close to this threshold

(i.e., onset of change of transmittance). The absorptance

leveled off for higher fluences. In addition, we found that

the trend of increased side scattered fraction continues for

input fluences even 50 times above threshold. This data

indicates that the material changes from a linear absorber to

a nonlinear scatterer for low fluence levels (~ 0.2J/cm2 for

14 ns, 532 nm and 0.38J/cm2 for 20 ns, 1064 nm) and the

dominant nonlinearity is nonlinear scattering. This also was

demonstrated in an experiment where we showed that the input

light was blocked from reaching the rear of the sample due to

strong scattering at the front of the cell. We repeated this

measurement for CBG and found that for fluences above ~1

Y
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J/cm2 as the transmittance decreased the side scattered

fraction increased. From these results we observe that

nonlinear scattering is the dominant nonlinearity for CBG as

well as CBS. These results also demostrate that both samples

behave qualitatively the same independent of the surrounding

medium.

From the results of time resolved transmission

measurements for the 14 ns, 532 nm laser pulses in CBS for

fluences above limiting we observed a sharp cutoff that

occured within the duration of the pulse and the later portion

of the pulse was strongly attenuated. These results indicate

that the physical mechanisms leading to the truncation in the

pulse and subsequent absorption and scattering of the later

portion of the pulse is due to formation and rapid expansion

of microplasmas. Before truncation, carbon black particles

linearly absorb the leading edge of the pulse very

efficiently. The carbon particles are rapidly heated. The

carbon then vaporizes and ionizes to form a rapidly expanding

microplasma.

We examined the microplasma formation, utilizing

spectrally and temporally time resolved fluorescence

measurements. We found that for fluences above the limiting

threshold the carbon is ionized. in addition we found the

blackbody background emission was on the order of ~4100O K

which is higher than the sublimation temperature for the

carbon (~ 3850 OK). In addition, we found that the emission

decays within ~ 200 ns to 50 percent of the peak intensity.

--
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This decay time is consistent with previous measurements for

the lifetime of ionized carbon. 7' 8  This decay time is also

consistent with the results of excitation and probe

measurements where we monitored the change in the

transmission of a cw HeNe beam as a function of the incident

fluence of a 20 ns, 1064 nm exitation pulse. From this

measurement we find that for the sample of CBS, the HeNe

transmission reovers to the original level within two

different time periods. In the first period the probe

recovers to 50 percents of the attenuation within ~ 200 ns

which is consistent with the microplasma lifetime. For the

second period the recovery time is much longer and this can be

attributed to convection in the liquid. Similar results were

also observed for CBG, where we observed a fast recovery on

the order of ~ 200 ns to 400 ns which is consistent with

microplasma formation.

In order to examine the expansion of microplasma and

subsequent increased in the fraction of side scattered light

we measured the intensity of the scattered light as a function

of angle from (0 -180 degrees) using a 100 pm thick flowing jet

of carbon black suspension using nanosecond, 532 nm and 1064

nm laser pulses. The expansion of the microplasmas gives rise

to an increase of the scattered light in the forward direction

for fluence levels at which limiting is observed. This

increase of forward scattered light indicates a change in

"particle" size. Utilizing Mie scattering theory, we

numerially fit the experimental angular scattering profiles
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and found that the induced scattering centers are larger by a

factor of approximatelly three than the initial carbon

particles. This measurement directly enabled us to observe

that the nonlinear scattering is due to formation of induced

scattering centers which are created by the formation and

expansion of microplasmas.

We also examined other mechanisms which might create

these scattering centers. The other mechanisms were: 1)

formation of micro--bubbles due to degasing and vaporizing the

liquid surrounding the particles. 2) Change in the index of

refraction of liquid around the particle due to diffusion of

heat or shock waves. We theoretically and experimentally

studied these models and found that these models were not

consistent with our experimental results. However, we found

that microplasma formation is consistent with all of our

experimental results.

We conclude that the dominant nonlinearity leading to

limiting in both samples of CBS and CBG is nonlinear

scattering and the mechanism for this nonlinearity is due to

rapid heating of carbon particles and subsequent vaporization

and ionization of these particles which lead to formation of

rapidly expanding microplasmas.
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APPENDIX A

EVALUATION OF PEAK-ON-AXIS INTENSITY, PEAK POWER, AND

PEAK FLUENCE FOR A GAUSSIAN LASER PULSE

For a pulse with both a Guassian spatial and temporal profile,

the irradiance distribution of the pulse in space and time can

be written as,

I(r,t)=k exp [-2(r/aW) 2) exp[-(t/Ar) 2 ] A.d

where I is the peak-on-axis irradiance, AW is the spatial

spot size (HW1/e2 M) , and Ar is the temporal duration (FWHM).

The energy in the pulse (E) is determined from

A.2(E)=1 I0 :EXP[-(r/AW) 2 ] EXP[-(r/Ar)23 rdrdt

by performing the integrationthe peak-on-axis irradiance (Ia)

is found to be

E
'Os (AW)2 Ar
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The power distribution of the pulse can be writer as

P(t)=P0 EXP[-(t/Ar) 2 ] A.4

where P. is the peak power and Ar is the temporal spot size of

the pulse. the energy of in the energy in the pulse (E) is is

determined from

+oo

G= Po EXP[- (t/Ar)2] dt A

by performing the above integration, the peak power (PQ) can

be written as

PQ= G/xAr A.6

Similarly performing the spatial integration over the fluence

distribution of the pulse, the peak fluence (F0 ) can be

obtianed from

F0 = A/7(AW)2

A.5

A.7



APPENDIX B.

DEVELOPMENT OF THE NUMERICAL CODE USED IN

EVALUATING THE ANGULAR SCATTERING

FUNCTIONS OF CHAPTER VI

In this appendix we develop a set of equations used in the

numerical calculations of the angular scattering distribution

functions i and i2 as well as the efficieny factors Q,,a Qabe

and Qt . We explicitly show how equations 6.13 and 6.14 are

broken down into a set of algebraic equations for translation

into the Fortran Language.

It is difficult to evaluate the angular distribution func-

tions i1 and i2 using equations 6.11 through 6.19 in Chapter VI.

However Gucker etal' have developed a general scheme for eva-

luating these functions. They started by substituting equa-

tion 6.16 into equations 6.13 and 6.14. By rearranging, the

equations for a, and bn can be written as

,Sn(y)C( - mC (x)Sn y
a r -= 1 +

S(y)Sn (x) -msC(x)S (y)

= [l + G (x,y) ~B.1
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and

- -- 1

i + ms. (y)C (x) - C (x)Sn (y)
L mS (y)Sn (x) - s (x)S (y)

= [1 + Hn(x,y)~ 1  B.2

Then derivatives of the Bessel functions S and C are

eliminated the following relations3

S (z) _ .._1(Z)_ (- B.3
Sn (z) S .., (Z) Z

and

C (z) _C. 1 (z) n
-_-B.4

C (Z) C ..1 (Z) Z '

where z is a dummy argument for either x or y. Substituting

equations B.3 and B.4 for Sn (z) and Cn(z) respectively into

equation B.1 yields

mR (y)C (x) - Cn.1 (x)
n(y)S(X) - Se1(x)

where

Ra (y) S 1"Y). B.5

n (Y)

s .R, .,,,: ,~ , .,:- a. . - , , + A .4,-. .: : .. - , " i 
s - _ _
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In order to calculate H (x, y) and subsequently b, , we need

to evaluate the funtion R (y) for different n. For this par-

ticular case where m and therefore y is complex, Gucker and

Cohn 1 indicated that the simplest way to evaluate R (y) is by

the recurrence relation for Bessel functions of three succes-

sive orders. In general3 ,

fn1(z) + fn+ 1 (z) = (2n+1) z-' fn (z). B.7

Using this routine, after some algebraic manipulations, we

find the recurrence relation for R (y) is given by,

-R (Y) + 2n1- 1 _ 1 .B.8
Sy P. (y)

The spherical Bessel functions for the case n = 0 are given4

as So = sin(y)/y, and S_ = cos(y)/y. Substituting these

values into Eq. (B.6) we find

R%(y) = cot (y) . B.9

Therefore, using Eq. (B.8) in conjunction with Eq. (B.9) we can

calculate Rn (y) for different n values. Knowing the values

for R, , Sn and C we can calculate the function H (x, y) for

various values of x and m.

In a similar manner, the expression for G (x, y) in Eq.

(3.1) reduces to,

.



264

W (y)C (x) - Ce-Y(x)
1%'.W (y)Sn (x) - S.. (x)'Bl

where

W (y) = R %(y) + 1 - B.11

From these reduced equations we can calculate the coef fi-

cients an and bn for a given x, m and 9. Following the proce-

dure used by Erickson2 , the first step, after choosing values

for x, m, and 0 is to find r 0 (y). Since y is a complex number,

it is convenient to express cot (y) in Eq. (B.9) in exponential

form as,

P (y) =-c -t (y) = i[exp (iy) + exp (-iy)] .B.12
exp (iy)-exp (-iy)

Substituting y = (mr - imi) x into Eq. B.12 we find after some

algebra that,

= sin(2xmr) + isinh(2xmI)

cosh(2xm;) - cos(2xmr) B.13

We now separate the complex function R0(y) into real and ima-

ginary parts using the following definition,

P(y) a1 + iR% , B.14

where we find after some algebra that,
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sn (2xm)

cosh (2xmI) - cos (2xmr)'B.l5

and

sinh(2xmi )
cosh(2xm;) - cos(2xmr) B.16

For the above equations and in those to follow, the super-

scripts and subscripts r and i denote the real and imaginary

parts of complex functions, respectively. We use this method

to separate the real and imaginary parts of all the complex

functions used in equations B.8 to B.11 into real and imagi-

nary parts. From (B.8) we have

_ _ =)2n- 1 (1/m)r -- 1 , B.17Ra ((l/m ~

and

i
_ ( 2n-1 (1/m)i--TI.B.18

~Rn (Y)J

In addition we have

Mr + im.
I/in- Tr + 13.19

(mr)2 + (m )2B.

(1/m)r - +Tar B.20
(m 2+(m)
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and

-m.
(l/m)i = n(m 2+ (i)2

B.21

Substituting equations B.20, and B.21 into equation B.18 we

have,

(1/R1 )r =

(1 /R )i =L/

[(1/R)r] 2 + [(1/Rn)i] 2

k
[(1/Rn)r] 2 + [(1/R)i) 2

(mp,11)r = MrRr + m R ,

,

I

B.22

B.23

B.24

(mi =mR + m;,.

We now seperate the numerator and denominator of the

into real and imaginary parts. We let,

Hj = Her+ i H =I =a/

where

D= Dr+ i =mR(y)C (x) -C..(x)

B.25

(B.5)

B.26

B.26

En = r + 'iLm= Rn (Y)Sn M - Sn--I(x) =

These definitions yields,

and

and

B.27

t- , n
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H= DE+E
(E)2 + (E )2

= E2+D E
(E)+ ( )

B.28

B.29

Substituting equations B.24 and B.25 into equations B.26 and

B.27 we find,

(mRI )r C (x) - C .. (x) = D,

(mPR)r Sn (x) - Sp.(x) =Er

(MP-n P Sn (x)= E' .

B.28

B.29

B.30

B.31

Substituting these values for the real and imaginary parts of

He (x, y) into equation B.2 we have,

= [1 + iHn (x,Y)) 1 = +B.32
[2 + iH (x, y)]

giving

1 -

E

(1-H) - iHK

(- ) + (H )

This gives real and imaginary parts of bn as,

and

B.33
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=(1-H' )
b - +

b _ - . "

" 1-*)2+ (H)

B.34

B.35

Next, in order to calculate G,,(x,y) we use the same routine

used above to separate the expression for W, (x, y) into real

and imaginary parts. Letting,

B.36Fn =F+

and substituting for m in this equation we have

Frr= n/x [1 - ((1/m)r)2 + ((1/m)i)2]

and

i=- 2 n/x (1/m)r (1/m) .

This gives from Eq. B.11,

W = (y) W + i = (R,/m)r +F + i[ (/m)i + F, ,J

where

and

B.37

B.38

B.39

iFin = (n/x) 1)- j-2
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B.40Wn = (p,/M)r + F ,

W. = (,/ma)
1 + FV .

and

B.41

We nowe separate the real and imaginary part of the numerator

and denominator of Gnxy). In order to do this we let,

K= + il, = Wn (y)C (x) - C- (x) B.42

Substituting for the real and imaginary parts of W, (x, y) given

by equation B.44 and B.45 and rearranging Eq. B.46 we find

and

K; 1 = Wr C (x) - CI (x)

14 =W C(x.

B.43

B.44

Similarly we define

L-, = 4 + iL =W (y)Sn (x) - Wi'n-1 (x) , B.45

yielding



S = -S, (x) - S.1 (x)

L n =W'nS(x).

This leads to,

Ga (x,y)= Gr + ~i + iK 

Subsituting equations B.43, B.44, B.46, and B.47 into Eq. B.48

and rearranging the real and imaginary parts, we find

Gr =
(n)2 + (L)

= (=)Z + (L)
S(4)2 + (4)2

B.49

B.50

Separating an in (B.1) into real and imaginary parts we have

Cr )
=(1-G') 

2 + (G }2 ' B.51

and
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B.46

B.47

B.48

and

and
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. Gr

- (1-Gn) 2 + (G 2  B2

Now we can evaluate an and bn for various values of n by

this system of equations for a given set of x, gm and mr if

functions C (x) and S (x) are known for the appropriate values

of n. The functions C and S are calculated for different n

and x values using two subprograms based on the recurrence

relations for spherical Bessels functions and their deriva-

tives as given by references. Knowing the values for an and bn

we calculate the scattering, extinction and absorption effi-

ciency factors from following equations

Qca = noo (2n + 1) [Ian z+ |Ib 2], Eq. B.53

n=l

Q = Re[ OO (2n + 1) [ an + bnl, Eq. B.54

n=1

and

Qae=Qext -Qcat Eq. B.55

In addition to this, we wrote two additional subroutines to

calculate the value of associate Legender polynomiala wr1 and

the derivative of associate Legenger polynomials r, for spec-

ific angles using a recurrence relationship for the associ-

ated Legendre polynomial of the first order and their deriva-

tives. In order to check the accuracy of each subroutine we
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compared the numerically calculated values for various x and

6 values using these subroutines with the tabulated results of

the spherical Bessel functions4 and the associated Legendre

functions and their derivatives'.

The next few pages contain a listing of the Fortran pro-

grams called GENSCAT.FOR. This program is capable of evalu-

tating the coefficients an and bn and subsequently the func-

tions i, i2 for various x, m and 0. In addition the four sub-

routines called BSLPOS.FOR, BSLNEG.FOR, LEGEND.FOR and

DRILEG.for needed to be compiled with this program. The pro-

gram was compiled on PS IBM microcomputer.
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C THE PROGRAM LISTING

C- ----------------------------------------------------------------- C
C vvvvvvvvvvvvvvvvvvvvvC

C THISS PROGRAM IS CALLED "GENSCAT". IT EVALUTES ANGULAR SCATTERING C

UNCTIONS i , i AND SCATTERING EFFICIENCY FUNCTIONS Qabs, Qscat AND C

C Qext FOR PARTICLES WITH ARBITARARY SIZE AND COMPLEX INDEX OF REFRACTION.C

C THE NUMERICAL CALCULATION IS BASED ON THE MIE THEORY. C

C THIS PROGRAM MUST BE APPENDED TO FOUR SUBROUTINES. C

C THESE SUBROUTINES ARE NEDDED FOR EVALUATING THE SPHERICAL BESSEL C

C FUNCTIONS OF FRACTION ORDER, THEIR DERIVATIVES, ASSOCIATED LEGENDER C
C POLYNOMIALS AND THEIR DERIVATIVES. C

CVVVVVVVVVVVV yC
C ALL CALCULTION ARE IN DOUBLE PRECISION C

C-------------------------------------------------------------------------C

IMPLICIT REAL*8 (A-H,O-Z) PARAMETER (MTX=90,MPX=200)

DIMENSION BSLNG (2) , BSLPS (2)
DIMENSION PRI (MPX,MTX) , PLI (MPX,MTX) , DENS (MPX)
DIMENSION GI(MTX) , G2 (MTX) ,Al(MTX) ,A2 (MTX) , B1(MTX) , B2 (MTX)

CHARACTER*20 FILENM
30 FORMAT(A20)

PIE=4.D00*DATAN(1.D00)

C
C--------------------------------------------------------------------------C

C INPUT INFORMATION C
C-------------------------------------------------------------------------C

WRITE(*,903)
903 FORMAT(' PLEASE ENTER # OF ANGLES IN 360 DEGREES.'/

READ(*,*) MFINAL
MFINAL=MFINAL+1 C
WRITE(*,*)'PLEASE ENTER THE ANGLE SIZE AND INITIAL ANGLE.'
READ(*,*) ANGSIZ,ANGLEI C
WRITE(*,*)'PLEASE ENTER THE NUMBER OF TERMS FOT THE SUMMATION'
WRITE(*,*)'THIS NUMBER CANNOT BE GREATOR THAN 10'
READ(*,*) NFINAL
NFINAL=NFINAL+1

20 FORMAT(4D12.5) GOTO 900
60 WRITE(*,*) 'PLEASE ENTER THE NUMBER OF PARTICLE SIZES '

READ(*,*) JFINAL
WRITE(*,*) 'PLEASE ENTER THE SMALLEST PARTICLE SIZE'
READ(*,*) SIZE
WRITE(*,*) 'PLEASE INPUT THE SIZE INCREMENTS '
READ(*,*) STEPSIZE

GOTO (70,80,70,150,1000), IND 70
WRITE(*,*) 'PLEASE ENTER REAL AND IMAGINARY VALUES OF INDEX'
READ(*,*) U, V

C--------------------------------------------------------------------------C
START OF ALGEBRAIC CALCULATIONS
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C--- ------ --- ----------- C--------------------------c

80 DCONS = U**2 + V**2
DD1 = U/DCONS
DD2 = V/DCONS

QQSCA=0.0D00
QQEXT=0.0D00
QQABS=0.0D00
WRITE(*,*) 'PLEASE ENTER THE NAME OF DATA FILE FOR QS '
READ(*, 30)
FILENM OPEN(UNIT=8, FILE=FILENM )

WRITE(*,*) 'PLEASE ENTER THE NAME OD DATA FILE FOR AB'
READ (*, 30) FILENM
OPEN (UNIT=9, FILE=FILENM)

WRITE(*,*)'PLEASE ENTER THE NAME OF DISTRIBUTION FILE'
READ(*,30) FILENM
OPEN (UNIT=10, FILE=FILENM)

C--------------------------------------------------------------------------C

START OF THE LOOP FOR THE PARTICLE SIZES
C-------------------------------------------------------------------------C

DO 25 J=1, JFINAL
ALPHA=SIZE+ (J-1) *STEPSIZE
SSINH = (DEXP(2.DO0*ALPHA*V)- DEXP(-2.DO0*ALPHA*V))/2.DOO
CCOSH = (DEXP(2.DO0*ALPHA*V)+DEXP(-2.DO0*ALPHA*V) )/2.DO0
GCONS= CCOSH-DCOS (2 .DO0 *ALPHA*U)
GI (1)=DSIN(2 .DOO*ALPHA*U)/GCONS
G2 (1)= SSINH/GCONS

C--------------------------------------------------------------------------C
C START QF LOOP FOR EVALUATING a AND b COEFICIENTS C
C--------------------------------------------------------------------------C

DO 90 N=2, NFINAL
N1=N-1
EI=( (2 .DOO*NI-1. DOO) *DDI/ALPHA) -GI (N-1)
E2= ((2.DOO*NI-1.D00)*DD2/ALPHA)-G2(N-1)
GCONS= E1**2 +E2**2
G1(N) = El/GCONS
G2(N) = -E2/GCONS
HI = U*G1(N)+ V*G2(N)
H2 = U*G2(N) - V*Gl(N)

CALL BSLNEG(BSLNG,ALPHA,N)
Q1 = Hl*BSLNG(2)-BSLNG(I)
CALL BSLNEG(BSLNG, ALPHA, N)
Q2 = H2*BSLNG(2)
CALL BSLPOS (BS LPS,ALPHA,N)
Ri = Hl*BSLPS(2)-BSLPS(l)
CALL BSLPOS(BSLPS, ALPHA,N)
R2 = H2*BSLPS (2)
SCONS = R1**2 + R2**2
SI = (Q1*R1 + Q2*R2)/SCONS
S2 = (Q2*RI - QI*R2)/SCONS
BCONS = (l.D00-S2)**2 + Sl**2
BI(N) = (1.D00- S2)/BCONS
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B2(N) = -SI/BCONS
Ti = DD1*G1(N) - DD2*G2(N)

T2 = DD2 * G1(N) +DD1*G2(N)
U1 = N1*(1.D00-DD1**2 + DD2**2)/ALPHA
U2 =- 2.D00*Nl*DD1*DD2/ALPHA
Vi = Ti + U1
V2 = T2 + U2
CALL BSLNEG(BSLNG, ALPHA,N)
WI = V1*BSLNG(2) - BSLNG(1)

W2 = V2*BSLNG(2)

CALL BSLPOS(BSLPS, ALPHA, N)
Xi = VI*BSLPS(2) - BSLPS(1)

X2 = V2*BSLPS(2)

YCONS = X1**2 + X2**2
Y1 = (WI*Xl + W2*X2)/YCONS
Y2 = (W2*X1 - WI*X2)/YCONS

ACONS = (1.D00-Y2)**2 + YI**2
Al(N) = (1.D00-Y2)/ACONS
A2 (N) = -Yl/ACONS
WRITE(8,*) BSLNG(1),BSLNG(2), BSLPS(1), BSLPS(2)
WRITE (9, *) Ni, Ai (N) , A2 (N), 1(N) , B2(N)

90 CONTINUE
C-------------------------------------------------------------------------C
C START OF ROUTINE FOR CALCULATION OF EFFICIENCY FACTORS C

C---------------------------------------------------------------------------C

DO 5 N=2, NFINAL
NN=2* (N-1) +1
AA=NN*(Al(N)+Bi(N))
QQEXT=QQEXT+AA
BB=NN* (Al (N) **2+A2 (N) **2+B2 (N) **2+B (N) **2)
QQSCA=QQSCA+BB
QQABS=QQEXT-QQSCA
QEXT= (2. D00/ALPHA**2 .0) *QQEXT
QSCA=QQSCA* (2. DO0/ALPHA**2 .D00)
QABS=QEXT-QSCA

5 CONTINUE
C---------------------------------------------------------------------------C

WRITE(*,*)'PLEASE INPUT THE DATA FILENAME FOR ANGULAR DIST'
READ(*, 30) FILENM
OPEN (UNIT=7, FILE=FILENM)

C---------------------------------------------------------------------------C
C START OF LOOP FOR ANGULAR FUNCTIONS C
C--------------------------------------------------------------------------C

DO 140 M=1, FINAL
ANGLE= ( (M-1) *ANGS IZ) +ANGLEI
SARP=0
SART=0
SBRP=0
SBRT=0
SAIP=0
SAIT=0
S BIP=0
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SBIT=0
DO 130 N=2, NFINAL
Ni = N-i

ZN = (2.0*N1 + 1.D00)/(NI*N)
CALL LEGEND(PP,ANGLE,N-1)
ARP = A1(N)*ZN*PP
SARP = SARP + ARP
CALL DRILEG(TT,ANGLE,N-1)
ART = A1(N)*ZN*TT
SART = SART + ART

CALL LEGEND(PP, ANGLE,N-1)
BRP = B1(N)*ZN*PP
SBRP = SBRP+BRP
CALL DRILEG(TT, ANGLE, N-i)
BRT = BI(N)*ZN*TT
SBRT = SBRT+BRT
CALL LEGEND(PP, ANGLE, N-1)
AIP = A2(N)*ZN*PP
SAIP= SAIP + AIP
CALL DRILEG(TT, ANGLE, N-1)
AIT = A2(N)*ZN*TT
SALT = SAIT+AIT
CALL LEGEND(PP, ANGLE, N-1)
BIP = B2(N)*ZN*PP
SBIP = SBIP+ BIP
CALL DRILEG(TT, ANGLE, N-1)
BIT = B2(N) * ZN * TT

SBIT = SBIT + BIT
130 CONTINUE

PRI(J,M) = (SARP+SBRT)**2.0 + (SAIP+SBIT)**2.(0
PLI(J,M) = (SART+SBRP)**2.0 + (SAIT+SBIP)**2.0
TLI = (PRI(J,M)+PLI(J,M))/2.0

WRITE(7,20) ANGLE, PRI(J,M), PLI(J,M), TLI

140 CONTINUE
CLOSE(7)
WRITE(8,*) ALPHA, QEXT, QSCA, QABS

25 CONTINUE

C---------------------------------------------------------------------------C
C---------------------------------------------------------------------------C

900 WRITE(*,901)
901 FORMAT(' PLEASE ENTER IF YOU WANT TO CONTINUE'/

& ' PLEASE ENTER 1,2,3,4 OR 5'/
& ' 1,2=BEGINNING, 3=NEW INDEX WITH THE SAME '/

& ' SIZE PARTICLE, 4=EVALUTE DISTRIBUTION, 5=STOP')
READ(*,*) IND
GOTO(60,60,70,1000), IND

1000 STOP
END
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C THIS SUBROTUINE EVALUATE THE VALUE OF DERIVATIVE OF ASSOCIATE
C LEGENDRE POLYNOMIALS.
C THIS PROGRAM IS WRITTEN BY KAMJOU MANSOUR ON MARCH 28,1990.

SUBROUTINE DRILEG(DRL,TETAi, K)
IMPLICIT REAL*8 (A-H, O-Z)

DIMENSION PYE(30), QUE(30), TIE(30)
PIE=4 .D0O*DATAN(I.D0O)
TETA=TETA1*PIE/180. DOG

C
PYE(1)=1.D0O
PYE (2) =3. D0O*DCOS (TETA)
PYE(3)=1.5D00*(5.D00*DCOS(TETA)**2) -1.5D00
QUE(1)=0.D00
QUE(2)=3.DOO*(DSIN(TETA) **2)
QUE (3) =15. DOO*DCOS (TETA) * (DSIN (TETA) **2)
TIE (1) =DCOS (TETA)
TIE(2)=3. DOO*(DCOS (TETA) **2-DSIN (TETA) **2)
TIE(3)=15.D00*(DCOS(TETA)**3)/2 -3.D00*DCOS(TETA)/2

1 -15.DOO*DCOS(TETA)*(DSIN(TETA)**2)
C
C

DO 3 N=4, K
PYE(N-1)= (2*N-3)*DCOS(TETA)*PYE(N-2)/(N-2)-

1 (N-I) *PYE(N-3)/(N-2)
PYE (N) = (2*N-1) *DCOS (TETA) *PYE (N-I) / (N-1) -N*PYE (N-2) / (N-1)

C

QUE(N-1)=(2*N-3)*DCOS(TETA)*QUE(N-2)/(N-3)-
1 N*QUE(N-3)/(N-3)

QUE (N) = (2*N-1) *DCOS (TETA) *QUE (N-1) / (N-2)
1 -((N+I)*QUE(N-2)/(N-2))

C
C

TIE(N-1) =DCOS (TETA) *PYE (N-1) -QUE(N-I)
TIE (N) =DCOS (TETA) *PYE (N) -QUE (N)

3 CONTINUE
DRL=TIE (K)
RETURN
END

_.
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C THIS SUBROUTINE GENERATE THE VALUES FOR SPHERICAL '

C FUNCTION OF POSITIVE HALF ORDER INTEGER FOR REAL VALUE OF'

C X. HOWEVER, THIS APPROXIMATION MUST NOT YIELDS THE EXACT VALUES FOR'? "ERY LARGE X, OR VERY LARGE ORDERS.

SUBROUTINE BSLPOS (BSLP,Y,M)
IMPLICIT REAL*8 (A-H,O-Z)
DIMENSION S(20), BSLP(*)
S (I)= DSIN(Y)/Y
S(2) = DSIN(Y)/Y**2 - DCOS(Y)/Y
S(3)= 3.D0*S(2)/Y - S(1)
DO 3 K=5, M
S(K-1) = (2*(K-3)+1)*S(K-2)/Y - S(K-3)
S(K) = (2*(K-2)+1)*S(K-1)/Y - S(K-2)

3 CONTINUE

BSLP (1) = S (M-1)
BSLP(2) = S(M)
RETURN
END
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C THIS SUBROUTINE WILL CALCULATE THE VALUE OF ASSOCIATE LOGERANGE

C POLYNOMIAL FOR ANY VALUE OF TETA AND ANY ORDER.
C THIS PROGRAM IS WRITTEN BY KAMJOU MANSOUR ON MARCH 26, 1990.

SUBROUTINE LEGEND (ASL, TETA2, L)
IMPLICIT REAL*8 (A-H, O-Z)
DIMENSION PYE(30)

PIE=4.DOO*DATAN(1.DOO)
TETAA=TETA2*PIE/180.DUO
PYE(i)=1.DOO
PYE (2) =3. DOO*DCOS (TETAA)
PYE(3)=1.5D00*(5.DOO*(DCOS(TETAA)**2)) - 1.5D00

DO 3 N=5, L+1
PYE(N-1)= (2*N-3)*DCOS(TETAA)*PYE(N-2)/(N-2)-

1 (N-1)*PYE(N-3)/(N-2)
PYE(N)=(2*N-1)*DCOS(TETAA)*PYE(N-1)/(N-1)-N*PYE(N-2)/(N-1)

3 CONTINUE
ASL=PYE(L)
RETURN
END
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C THIS SUBROUTINE GENERATE THE VALUES FOR SPHERICAL '

C FUNCTION OF HALF ORDER INTEGER FOR REAL VALUE OF'

C X. HOWEVER, THIS APPROXIMATION MUST NOT YIELDS THE EXACT VALUES FOR'
C VERY LARGE X, OR VERY LARGE ORDERS.

SUBROUTINE BSLNEG(BSL,X,N)
IMPLICIT REAL*8 (A-H,O-Z)

DIMENSION C(20),BSL(*)

C(1)=: DCOS(X)/X
C(2) = -(C(1) + DSIN(X))/X
C(3)= -3.DOO*C(2)/X - C(1)

DO 3 L=4,N
C(L-1) = (-2*(L-2)+1)*C(L-2)/X - C(L-3)
C(L) = (-2*(L-1)+l)*C(L-1)/X - C(L-2)

3 CONTINUE

BSL(1) = ((-1)**N)*C(N-1)
BSL(2) = ((-1)**(-1))*C(N)

RETURN
END



APPENDIX C.

ANALYTICAL SOUTION FOR THE HEAT EQUATION OF CHAPTER VII

As we discussed in Chapter VII, the temperature of the

carbon particles and the surrounding medium (under assumption

that the particles are uniformlly heated over their volume)

satisfy the heat-conduction equation given by

1 ('T _-V2T C.1mi 8tvClK.1 at

which must satisfy the conditions

(i) T(r, 0) = To = constant , C.2

(ii) T(r,oo) = T0 , C.3

and

(iii) ra 2Qa I = -41ra 2 ka-T + aT rasc p . C.4
r=a 3r=a

Here x, = k/p, c (c1, k , p} , and c1 are thermal diffusivity, ther-

mal conductivity, density and specific heat of the liquid

respectively) and Qb, a, c, and pp are the absorption effi-

ciency, radius, specific heat and the density of the carbon

particles respectively.
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In order to simplify the problem we take TO = 0. For the

spherically symmetric problem the heat conduction equation

(C.1) can be written as

1 T _ 1 a rZ T.I, ar r2 ar Lar
C.5

After some algebra Eq. (C.5) can be reduced to

C.6a 

(rT) _ 2(rT).
K, at Br2

In order to solve this problem, we introduce the Laplace

transform of T (r, t)

(=

L{T (r, t)) = T (r, P) =J e-pt T (r, t) dt

0O

C.7

where

a+ioo

L-1{(T rP) = T r it)} =1.J-o e-Pt T (r ,P) dP . C.8

Subsituting (C.7) into (C.6) and performing the time deriva-

tive we obtain

(rT (r,P)) - d2(rT (r, P))
c1 d 2r

C.9

The general solution for this ordinary differential equation

is,
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Pr)r e--r+ er
T (r P)=Cr 2T

C.10

where q is defined as,

q = VP/c. C.11

C1 and C2 are determined from the boundary conditions (i-iii).

We find C2=0, and C is equal to

IQaia2  1

-
4 C P i c 1  q 2  ( q + h 1 ) ( q -h 1 ) e -a

3 p1C1

2p cp. a
3pc1 j

1 - 1 - g PC_
3 PL CL

2Pp Cr
3P I a3 PL C L3

C.12

C.13

C .14

C.15PLCL

where

and

Defining

-- 
_a
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=v/U (-4)

we have

h= U + m
1 2a '

hUm
2a

Substituting C1 and C2 into (C.11) we have

. IQ ,a2 e-g(r-a)
T'~rP)= 4tc1

2p cr q2 (q+h1 ) (q-h2 )

Using partial fractions, after some algebra,

C.16

C.17

C.18

C .19

(C.19) can be

written as,

I I e-q(r-a)
IQaa2  h h2(h1 +h2 )

4 pL cL r q-h2

I e-q(r--a)
h1h2 (h1+h2 )

q+h1

1e-q(r-a)
hlh{ 2  }C.20

The inverse Laplace transform of the terms in bracket in

(C.20) are given1 as

T (r, P) = I

,.. -..-. :.::.. -. :.:v.a:.: wa.....
_ - :+:-.e r'Y.awn.. . ...... yYan;ti.-?a: '_..:.+- Pi.s_:..><- - ... :-* 11+L..r- 7..: :,.... .,. ,.. .. ..
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2
( -~ ) - ai e~t +

q + (-h2 )) _ 7t2

+ h2 ,ce(-hZx + xt(-h2 ) 2) erfc x + h2 V} , C.21
2

2 x2
e-qxe x-

q+7h, art e

- h e(h1 + t )erfc{2V't + hlV} C.22

and

{q )= ' erfc 2 C.23

where x = r-a. Thus, the general solution of the heat equa-

tion for the boundary conditions (i-iii) after lengthy algebra

is obtained as

T(r,t) = 3Q {Ia 1 - erf]ra -
2p p,c, im U-m 2

U+m 1 - erf2r-j - U mexpL' (r-a) + m 2  it

* 1-1erfra + + *
cl t 2aU+m

* exp 2a(r-a) + (U+m)2ct

*r-2 U+C[I1-erf t+ 2a ct.C2
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and the temperature of a particle is

T 2ppc~clm

U-m
1 -exp

U-rn
4a 1cZj erf 2a

exp 4a xt - erf U x- .a]]p.U+rm
C25

}1 -
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