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In this thesis, nonlinear optical wave phenomena are observed using a solution 

consisting of m-cresol and nylon. The nonlinearity o f this material is due to the thermo

optic effect, in which light absorption causes a change in the index of refraction -  in this 

case, a reduction in value. Because this change in index of refraction is proportional to the 

intensity of the light, the nonlinear index of refraction can be modeled as a Kerr-type 

nonlinearity. In this work, the degree o f nonlinearity was quantified in terms of the Kerr 

coefficient using the z-scan method. We found that this solution exhibited higher 

nonlinearity as the nylon concentration was increased and that the degree o f nonlinearity 

was orders of magnitude larger than most other reported thermal materials.

This thesis also reports experimental results of spatial ID dark optical soliton 

formation and interaction in this thermal solution. Dark solitons can exist in this material 

because o f its thermal nonlinear properties, which causes light to experience self-phase 

modulation (SPM) resulting in a defocusing effect. We report the strongest attraction 

between two ID dark soliton stripes to our knowledge when they were formed in proximity. 

This attraction can be attributed to the nonlocal effect of thermal diffusion.



Finally, we experimentally demonstrate the formation of spatial dispersive shock 

waves using this highly nonlinear solution. By adjusting the input power o f the laser beam, 

we were able to observe different levels o f the shock formation and wave-breaking through 

the same sample pathlength.

I certify that the Abstract is a correct representation o f the content of this thesis.
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Chair, Thesis Committee Date
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Chapter 1

Introduction

1.1 The Nature of Waves

Waves are one of the most fundamental wonders o f nature, connecting everything 

from fluids and sound to particles and light. A general understanding of wave behavior, 

therefore, applies to many different subjects in physics. In each o f these different fields, 

nonlinearities give rise to very interesting wave phenomena, some of which have been well 

known for millennia, such as the tidal wave. In optics, nonlinear effects on electromagnetic 

waves have been subjects of intense research ever since the development o f the laser, which 

allows for experimentation with intense, monochromatic, coherent light. The following 

work presents an investigation of nonlinear wave propagation in thermal defocusing media.

1.2 Optical Nonlinearities in Materials

Optically nonlinear materials have variable refractive indices that depend on 

properties o f light. They can produce lens-like refraction gradients, leading to a focusing 

or defocusing effect on Gaussian beams -  a process known as self-phase modulation
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(SPM). All materials exhibit optical nonlinearities, some stronger than others. There are 

numerous sources of nonlinear effects, including Kerr, photorefractive, quadratic, and 

thermal effects, as well as many others.

To demonstrate SPM, Figure 1.1 displays a collimated Gaussian beam propagating 

through nonlinear samples. In Figure 1.1 (a), the refractive index o f the material increases 

with light intensity (i.e. near the center of the beam). As the beam propagates through this 

nonlinear sample, it experiences SPM which causes it to focus. Figure 1.1 (b) shows SPM 

for a Gaussian beam propagating in a nonlinear defocusing sample. Here the refractive 

index is decreased near the center o f the beam, which causes a defocusing reshaping of the 

beam’s phase.

SPM brings about many nonlinear wave phenomena. Spatial solitons [ 1 ] and shock 

waves [2, 3] represent typical nonlinear wave phenomena encountered in many diverse 

fields of physics, such as fluids and nonlinear optics. The following sections will introduce 

these phenomena, with brief descriptions of what they are, how they are created, and how 

they behave.



1 .1 (a )

Collimated 
Gaussian beam

1.1(b)

►

Collimated 
Gaussian beam

( ( ( « «  ►

Nonlinear Focusing 
Sample

Nonlinear Defocusing 
Sample

Figure 1.1 -  Demonstrations of SPM (a) in the case of a focusing 

nonlinearity and (b) in the case o f a defocusing nonlinearity. The intensity 

of the light induces a refractive index gradient in the nonlinear material, 

which causes focusing or defocusing o f the Gaussian beam.

1.3 Spatial Solitons

A soliton is a self-trapped wave that does not change its profile during propagation 

[1]. Under linear conditions, a wave experiences dispersion (temporal) or diffraction
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(spatial), which alters the wave profile. However, under certain conditions nonlinearities 

can counter these linear effects, conserving the wave’s shape and forming a soliton.

To demonstrate, consider a continuous-wave (cw) Gaussian beam propagating 

through a nonlinear focusing sample, as seen in Figure 1.2 (a-b). At low powers, nonlinear 

effects are negligible and the beam experience linear diffraction, broadening at the output 

of the sample [Figure 1.2(a)]. When the beam power increases to a certain amount, the 

nonlinear self-focusing of the beam exactly counters the diffraction which preserves the 

beam’s shape as it propagates, thus forming a bright soliton [Figure 1.2(b)].

Contrary to a bright soliton exhibiting an intensity peak, a dark soliton corresponds 

to an intensity trough in an otherwise uniform bright background that maintains its shape 

throughout a nonlinear defocusing medium [4, 5]. As light defocuses due to the nonlinear 

effects, the diffraction o f a dark “notch” (in the one-dimensional case) [4 - 8] or a dark 

hole” (in the two-dimensional case) [9 - 11] can be balanced by the self-defocusing 

nonlinearity, leading to the formation of optical spatial dark solitons. This process is 

demonstrated in Figure 1.2 (c-d).



Broadening by 
diffraction

Narrowing through 
a nonlinear effect

Figure 1.2 -  Demonstrations of Optical Solitons. Linear expansion of a 

beam and dark stripe is shown in (a) and (c), respectively. Bright and dark 

soliton formation is shown in (b) and (d), respectively.

Solitons also exhibit particle-like behavior, exerting attracting or repelling forces 

when colliding or propagating at close vicinity [1,13 - 20]. Dark solitons were traditionally 

known to only repel from each other [5, 15], while bright solitons were known to attract or 

repel depending on their relative phases [12, 13, 16]. However, over the past several years, 

studies have shown that attraction can also occur between dark solitons in nonlocal 

nonlinear defocusing materials due to their unique properties [17-20].



6

In addition to their interesting nature, both bright and dark optical solitons have 

been studied for potential applications in photonics. Similar to bright solitons, which can 

behave as self-induced waveguides [21], dark solitons can also act as straight, Y-splitting, 

or circular waveguides [6, 8, 10], which have applications in all-optical switches and 

couplers.

1.4 Optical Shock Waves

One of the most well-known nonlinear wave phenomena is the shock wave. A 

shock wave is an abrupt, discontinuous propagation of energy, which occurs in many fields 

of physics.

There are two kinds o f shock waves that exist -  dissipative and dispersive shock 

waves. Dissipative shocks are formed when the energy o f the wave builds up due to 

viscosity, creating a nearly discontinuous jump of energy across the wave front, such as a 

sonic boom. These shocks lose their energy to friction as they propagate. Dispersive shock 

waves, on the other hand, are created when some parts of the wave travel at different speeds 

than other parts, such as waves at the beach. Unlike dissipative shocks, dispersive shock 

waves conserve energy as they propagate and wave breaking occurs, in which the wave 

experiences self-interference. For the purpose o f this paper, I will focus on dispersive shock 

waves.
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Perhaps the most popular form of the shock wave is the tidal wave, which has been 

observed ever since the dawn of man. In the case o f the tidal wave, water at higher altitudes 

propagates with more speed, creating a dispersive effect. As the wave evolves in time, this 

dispersion reshapes the wave and a shock is formed followed by wave breaking. Figure 1.3 

shows a tidal wave demonstrating the formation of the shock on the left as well as wave- 

breaking on the right.

Figure 1.3 -  Dispersive Shock Wave -  The Tidal Wave. The shock 

formation is on the left side o f this wave, while the right side shows the 

wave-breaking that occurs. Image from U.S. National Oceanic and 

Atmospheric Administration downloaded from:

https://upload.wikimedia.Org/wikipcdia/commons/5/55/Large breaking w 

ave.ipg

https://upload.wikimedia.Org/wikipcdia/commons/5/55/Large
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Wave-breaking is a phenomenon unique to dispersive shock waves and occurs as 

the shock wave continues to evolve. As the tidal wave steepens past the shock, the wave 

experiences self-interference.

Similarly, dispersive shock waves can exist in optics. In both the temporal and 

spatial domains, the nonlinear index of refraction is the source of dispersive shock waves. 

In the time domain, the variable refractive index causes different parts of a pulse to travel 

at different speeds, whereas in the spatial domain it causes different parts of a beam to 

diffract at different speeds. This is still true for monochromatic light because for nonlinear 

materials, the refractive index may be dependent on the intensity, in addition to 

wavelength. Under the right conditions, the nonlinear light propagation can cause the 

formation of dispersive shock waves and wave-breaking, resulting in an oscillatory wave- 

front.

In this thesis, we observe the formation of dispersive optical shock waves in the 

spatial regime using a highly nonlinearly defocusing material. Since monochromatic light 

was used, the shock wave formation was due solely to the nonlinear effects of the solution, 

which caused light of high intensity to diffract more rapidly than that of low intensity.
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1.5 Thermo-optic Effect and Non-local Nonlinearities

When light propagates through a thermal nonlinear material, absorption occurs and 

the material gains heat. The increase in the temperature causes thermal expansion, which, 

for most materials, reduces the index of refraction [22 - 24], This phenomenon is known 

as the thermo-optic effect and is explained in Figure 1.4. If the beam is Gaussian, it will 

create an index gradient resembling the temperature gradient, which behaves as a concave 

lens, resulting in self-defocusing of the optical beam.

Beam Intensity 
Absorbed

Temperature
gradient

Refractive index 
gradient (dn/dT)

Figure 1.4 -  Explanation of the thermo-optic effect. Absorption of photons 

from the beam increases the temperature of the sample, which in turn causes 

a change in the index of refraction due to thermal expansion.

Since the temperature change (hence the amount of refractive index change) 

increases with the light intensity for most of the thermal materials, it is a common practice 

to quantify the strength of this nonlinearity using a Kerr model [25]. This model assumes 

a Kerr-type intensity-dependent change in the refractive index, An = ml, along the 

directions transverse to beam propagation. Here m  is known as the Kerr coefficient and is
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negative for self-defocusing-type nonlinear media. It is important to note that the thermal 

effect studied in this paper is different from the Kerr effect, in which the nonlinear index 

change is due to the instantaneous third-order nonlinear polarization, %(3). In general, the 

optical Kerr effect has a much shorter response time than thermal nonlinear responses, and 

its Kerr coefficient magnitude is less than that of common thermal nonlinear media [25], 

In addition, the Kerr effect is local, whereas the thermal effect is nonlocal.

Since heat is the main source of the nonlinearity, heat diffusion causes a nonlocal 

response o f the material to the beam. It has been shown that non-locality can prevent a 

beam from collapsing, thus supporting stable self-trapped solitons [26]. Figure 1.5 

demonstrates the difference between a local and nonlocal nonlinearity o f the Kerr type. 

Figure 1.5 (a) shows an example o f a beam intensity profile, and Figure 1.5 (b) shows how 

the index of refraction may be changed due to the intensity profile. Unlike the local 

nonlinearity in which the index profile change is directly proportionally to the beam 

intensity, the nonlocal effect causes neighboring regions o f the beam intensity within that 

medium to also experience the nonlinear change of refractive index.
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(a) (b) Linear Index

Local Nonlinearity 
Non-local Nonlincarity

a4>
c A

Transverse

Direction

Transverse
Direction

Figure 1.5 -  Local vs. Non-local Nonlinear Index of Refraction Change.

The intensity profile of a Gaussian beam is shown in (a). The nonlinear 

change of refraction is induced by the beam is shown in (b). In the local 

case (blue), the change is directly proportional to the intensity of the beam.

In the nonlocal case (red), the nonlinearity spreads to regions nearby.

1.6 Outline of Thesis

In the following chapter, I provide a background to the discovery and 

characterization of the m-cresol/nylon solutions, as well as an experimental demonstration 

of its nonlinear properties. In addition, I report on the quantification of the strength of the 

nonlinearity using the z-scan method for Kerr-type materials, and as well as a comparison 

of our results with other known thermally defocusing materials.

In chapter 3 ,1 introduce the dark spatial soliton with its history and findings. I give 

a brief overview of the theoretical model governing the propagation of light in nonlinear
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media using the nonlinear Schrodinger equation for Kerr-type materials and report on our 

experimental demonstration of the formation of a 1-D dark soliton stripe using milli-Watt 

powers in an m-cresol/nylon solution. In addition, I report on our experiment in which we 

created two dark soliton stripes and observed the strongest evidence of attraction ever 

reported to our knowledge.

In chapter 4 , 1 expand our investigation of defocusing nonlinearities to dispersive 

shock waves in the spatial domain. I give an overview of the study of dispersive shock 

waves in optics, including a brief summary of how the nonlinear Schrodinger equation 

explains its existence. I then report on our experiment demonstrating both the generation 

of a dispersive shock wave as well as wave-breaking in our m-cresol/nylon solution.

Finally, I will conclude this thesis with a summary of our findings and the potential 

for future studies following our results.
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Chapter 2

Characterization of the Defocusing Nonlinearity

2.1 Discovery and Description of m-Cresol/Nylon

In this thesis, a new nonlinear thermal media is reported. These dilute solutions 

consist o f nylon dissolved in m-cresol. m-Cresol is an organic liquid, which has been 

previously used as a solvent for nonlinear optical studies [27]. The m-cresol/nylon mixtures 

were found to exhibit a very strong self-defocusing nonlinearity, which can be tuned by 

varying the concentration o f nylon.

Figure 2.1 displays the experimental setups in order to verify the isotropic nature 

o f the defocusing nonlinearity of this solution. A collimated CW laser beam (k=532 nm, 

Coherent Verdi) with linear polarization in the vertical direction was incident on a glass 

cuvette containing the m-cresol/nylon solutions. Both the linear and nonlinear propagation 

dynamics were observed by monitoring the input and output transverse intensity patterns 

using an imaging lens and a CCD camera. Input and output beam profiles were taken at the 

inner front and back surfaces of the glass cuvette, respectively.
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2.1(a)
Laser L I  L2 |_3 Sample L4  CCD

H M W M

2.1(b)

Figure 2.1 -  Experimental Setups for Nonlinear Verification. The 

defocusing nonlinearity verification setup using a focused Gaussian beam 

is shown in (a), and the dark cross amplitude mask setup is shown in (b).

First, we demonstrate the strong defocusing effect displayed by the nonlinear m- 

cresol/nylon solutions in Figure 2.2(a-c). In this case, the Gaussian beam is focused to 

12pm (FWHM) at the front surface of a 2mm-long cuvette [Fig 2.2(a)] containing an m- 

cresol/nylon solution with 0.58% mass concentration using the experimental setup from 

2.1(a). When the power is less than lmW, the beam experiences linear diffraction and its 

width increased to 33pm (FWHM) after propagating through the 2-mm-long sample 

[Figure 2.2(b)]. As the power is increased to 30mW, the beam experienced strong self- 

defocusing, expanding to 219pm after only 2-mm of propagation, as shown in Figure 

2.2(c). The output beam diameter as a function of input laser power for four different m- 

cresol/nylon concentrations, in addition to pure m-cresol, is plotted in Figure 2.3.
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Next, a cross o f thin wires was used as an amplitude mask to create dark stripes, 

which is then imaged on the front input surface of a 5mm long cuvette containing the same 

solution mentioned above [Figure 2.2(d)]. At low power (~lmW ), the dark cross linearly 

diffracted as shown in Figure 2.2(e). When the power was increased to lOOmW, each dark 

stripe split into two distinct stripes, forming Y-junctions o f diverging solitons [Figure 

2.2(f)], as expected for nonlinear defocusing media [4, 6, 8]. We also found that there is 

less than 5% difference (less than the experimental uncertainties) between the vertical and 

horizontal stripe widths as well as the stripe separation, indicating the isotropic nature of 

the nonlinearity. This behavior is common to thermal nonlinearities, unlike that exhibited 

by other liquid crystal [28] or photorefractive [29] based samples.
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Input Linear output Nonlinear output

Figure 2.2 -  Nonlinear Verification Results. Demonstration o f (a) the strong 

defocusing nonlinearity, and (b) the isotropic nature o f the nonlinearity of 

the m-cresol/nylon solution. In (b) an amplitude mask was used at the input 

o f the sample, creating a Y-junction under nonlinear conditions in both 

transverse directions.
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500
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Figure 2.3 -  Beam Expansion Results. Graph of output beam diameters for 

different m-cresol/nylon concentrations and input laser powers. As the 

concentration of nylon increases, the strength of the nonlinearity increases.

2.2 Quantifying the Nonlinearity -  The Z-Scan

After verifying the isotropic defocusing nonlinearity, we quantified the strength of 

the nonlinearity in terms of Kerr-type materials. Since the index o f refraction changes with 

light intensity, the strength of the nonlinearity is often quantified with a Kerr coefficient 

[30], ri2 , where the change o f index of refraction, An, due to intensity, I, is An{I)=mI. This 

allows for a direct comparison with other nonlinear materials, though it must be noted that 

this model of the refractive index assumes a local nonlinearity. In fact, the thermal-optic 

effect is nonlocal because of heat diffusion.
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The z-scan is a standard method of measuring the nonlinear properties of materials. 

It was introduced in 1989 [30] and incorporates a relatively simple, yet accurate 

experimental setup to measure nonlinear refraction and absorption. Figure 2.3 is a diagram 

of the z-scan method. A Gaussian beam propagates through a focusing lens, a nonlinear 

defocusing sample, and an aperture before being collected into the power meter. As the 

sample is moved from behind the focus to in front of it, the power meter records the 

throughput of the beam. When a beam propagates through the nonlinear defocusing sample 

prior to the focus, the defocusing effect will slow the beam divergence angle which will 

increase the amount o f light through the aperture [Figure 2.3(a)]. However, if the beam 

propagates through that sample after the focal point, the nonlinear defocusing effect causes 

an increase in divergence angle, which reduces the flux through the aperture resulting in a 

lower power reading [Figure 2.3 (b)]. At low beam powers, nonlinear effects are negligible, 

and the power meter measures the beam intensity in the linear case (black line), which does 

not change as the sample is passed through the beam-focus.



Focusing
Lens

Nonlinear
Defocusing
Sample

Aperture

Focusing
Lens

Nonlinear 
Defocusing Aperture |  Detector
Sample

-10 o 10
Position (mm)

Figure 2.4 -  Z-Scan Demonstration. When the sample is placed before the 

focal point (a), more light reaches the detector due to SPM for defocusing 

materials. When the sample is placed after the focal point (b), less light 

reaches the power meter. Linear diffraction in (a, b) is indicated by the black 

line, (c) shows a typical power reading for a z-scan measurement, indicating 

the min and max transmittance used to calculate tt2 .
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Once the power readings in the linear and nonlinear cases are collected, the z-scan 

technique allows us to relate the intensity of the center of the beam to the nonlinear 

refractive index and absorption of the sample, as explained in the following section.

2.3 Theoretical Background of the Z-Scan

The following section describes the theory behind the z-scan [30], Consider a 

Gaussian beam of the form:

E ( r , z , t ) =

E0(t)exp
r 2 1 \ - (1

N NJ
i--

exp
' (

k r 2
2 R(z)

+ a rc tan (I).
(2 .1)

given by the paraxial solution to the Helmholtz equation. The right exponent contains the 

phase information. The only term we are interested in is kz = (p since we consider the other 

phase terms to be uniform in r using the slowly varying envelope approximation (SVEA). 

Rewriting k  as 2n(m + An)/X, we get:

2n n 0 2n&n 
<P=—  z +  —  z;

Then if we take the derivative of the nonlinear change in the phase,

(2 .2)
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dAcp 2nAn
d z  X

Also, taking into consideration absorption, we can write

(2.3)

d z

Using these two equations, we get:

dI = - a l .  (2.4)

A

T + ( z J z o ? eXp
2 r 2

w(z)2

where AOo is the on-axis phase shift at the focus, defined by:

(2.5)

1 -  e~aL
AO0 =  kAn0Lef f  = kA n0   ----- . (2.6)

Here A no = m  Io is the refractive index change at the focus, and h  is the intensity at the 

focus.

Now the field, E  at the exit face of the sample is the previous field equation but with the 

distorted phase:

E '(r,z,t) =  t }e - a L e -iL<p(r,L)' ( 2 .7 )

Using Gaussian decomposition, the normalized power transmittance through an aperture is

r «  -  q (2.8)
5 / 0 \Ea(0 ,r , z ) \2rd r

where S  is the linear power transmittance ratio through the aperture, and ra is the radius of 

the aperture. Performing a z-scan on a nonlinear material results in a power reading trend
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of a peak-to-valley for defocusing materials, and valley-to-peak for focusing materials. 

Based on a numerical fitting, the following equation is accurate to within 0.5% if |AO0| < 

n  [31]:

ATp_v = 0.406(1 -  S )0-251AO0|, (2.9)

where ATp.v is the difference between the valley and peak transmittance.

Inserting the form of AOo from equation 2.6 and using An = m h ,  we can rearrange equation

2.9 to solve for m  as:

kTp_vaX
712 0.405(1 -  S )0-25 2nl0[l -  e x p ( - a L ) ] '

2.4 Error Analysis

In this section, the uncertainty in m  is calculated. The uncertainties o f AT, X, and L 

are negligible when compared to other parameters. The nonlinear refractive index 

uncertainty, Am, is expressed as:

A n2

Using this along with equation 2.10, Am  takes the form:
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An,

=  n 2
'1 -  e~aL( \  +  aV) 

a{  1 — e ~aL)
\ 2 /2Aco0\ 2 ( SAS \ 2 /A P \ 2

AaJ  +  (  O)0 ) +  \4 (1  -  S )) +  (  P ) '

(2 .12)

2.5 Z-Scan Performed on m-Cresol/Nylon Solutions

The experimental setup in Figure 2.5 was used to perform the z-scan on different 

concentrations o f the solutions. A collimated beam is brought to a focus using Lens 3, after 

which is sent through an aperture and into a power meter. A power meter records the beam 

power as a 1mm cuvette containing the m-cresol/nylon solution is scanned through the 

focus.

Power
Laser L I  L 2 L 3 Sample Ap Meter

E H  -  M l

Figure 2.5 -  Z-Scan Experimental Setup. The output beam power is 

measured through the aperture while the nonlinear sample consisting o f m- 

cresol/nylon solutions is scanned across the focus of the beam.

nylon to m-creso! 0.00% 0.29% 0.58% 1.16% 2.32% 3.48%

measured a (cm'1) 0.5 1 1.6 2.8 3.2 5.3
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Table 2.1 -  Measured absorption coefficients of m-cresol/nylon solutions

nylon to m-cresol 0.00% 0.29% 0.58%
measured n2 

(cm2/W) (9.0 ± 0.9) x 10"8 (9.0 ± 0.9) x 10'7 (6.0 ± 1.0) x 10 6

nylon to m-cresol 1.16% 2.32% 3.48%
measured n2

(cm2/W) (9.0 ± 1.0) x 10'6 (1.3 ± 0.3) x 10'5 (1.6 ± 0.5) x 10"5

Table 2.2 -  Calculated Kerr coefficients of m-cresol/nylon solutions

The absolute value of the measured Kerr coefficient, \m\, as a function o f the nylon 

concentration, is plotted in Figure 2.6. By varying the nylon mass concentration from 0% 

to 3.5%, the measured | m\ increases over two orders of magnitude from 9><10'8 cm2/W 

(pure m-cresol) to 1.6x10‘5 cm2/W (3.5% nylon). As we expected from the previous 

experiments, when a higher concentration of nylon is dissolved in m-cresol, the strength 

nonlinearity is greater.
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Figure 2.6 -  Relative Kerr Coefficients for different concentrations of m- 

cresol/nylon solutions.

2.6 Discussion

Table 2.2 displays materials with a thermally defocusing nonlinearity along with 

their corresponding Kerr coefficient, ri2 , value. The relative Kerr coefficient of the m- 

cresol/nylon solution with a 3.5% nylon concentration is orders o f magnitude larger than 

those of other known values. It should be noted, however, that other materials have 

exhibited larger Kerr coefficients, such as Disperse Red 1-doped poly (methyl 

methacrylate) with ti2 = 1 x 10'3 cm2/W, in which the nonlinearity source if from photo
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induced molecular reorientation [32]; More data o f nonlinear defocusing media can be 

found in [25].

Thermal-Nonlinear

Material

Black

Tea33

Castor

Oil34

Chlorophyll 

in ethanol6

Sodium

Vapor35

m-Cresol

/nylon20

ri2 (cm2/W) -5.7x10-" -2.6x1 O'8 -5xlO-7 -3x1 O'7 -1.6x1 O'5

Table 2.3 -  Comparison of the measured relative Kerr coefficient of an m- 

cresol/nylon solution to other known thermally defocusing nonlinear 

materials. For a longer list of nonlinear materials, see [25].
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Chapter 3

Dark Spatial Soliton Formation and Interaction

3.1 Historical Background of Optical Solitons

In 1962, Askar’yan, G. A. first suggested the existence o f a self-induced optical 

waveguide [36]. He explained that a strong electromagnetic wave propagating through a 

medium could rearrange its electrons, resulting in an induced optical waveguide due to the 

charge gradient in the optical path o f the beam. Then, in 1964, Hercher observed damage 

of a glass caused by laser pulses, which he attributed to a self-induced waveguide caused 

by the nonlinear focusing effect o f Kerr type material [37]. Shortly after during the same 

year, Chiao wrote a paper analyzing the wave equation with Kerr type nonlinearities, in 

which he proposes spatial self-trapping of a beam [38]. The following year, it was 

discovered by Kelley that the solution to two-dimensional solitons in Kerr type media 

experience catastrophic collapse [39]. However, this was found to be avoidable if the 

nonlinearity is saturable, as Dawes and Margurg discovered in a numeric study o f the wave 

equation in 1969 [40].

It wasn’t until 1974 that the very first optical spatial soliton was experimentally 

observed -  Ashkin and Bjorkholm used a continuous-wave circular beam to induce self- 

focusing in a cell containing sodium vapor, in which the source of the nonlinearity is
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electron resonance in a two-level system [41]. This allowed for a stable soliton formation 

due to the saturable nature o f the nonlinearity.

Before the 1990s, most soliton studies consisted of Kerr nonlinear media. Because 

of this, the Kerr coefficient, m,  became a familiar standard for quantifying the nonlinearity 

of a material [1, 25].

It was nearly a decade and a half between the first experimental evidence of bright 

spatial solitons and that o f dark spatial solitons. In his experiment published in 1991, 

Swartzlander demonstrated the first formation of spatial dark soliton stripes using both an 

amplitude and phase mask [4]. He passed a continuous-wave (cw) laser through a mask 

and imaged the dark stripes onto a cell containing sodium vapor to create the dark soliton 

stripes. Sodium vapor has a known defocusing nonlinearity when illuminated with light of 

frequency near the atomic resonance [41]. By adjusting the laser frequency from off- 

resonance toward resonance, he effectively varied the «2 value of the vapor, thereby 

demonstrating both linear effects, as well as nonlinear soliton formations.

Shortly after this experiment, Swartzlander demonstrated the formation of a 2-D 

dark spatial soliton vortex using an absorbing liquid as the nonlinear medium [9]. He 

generated the dark vortex using a simple quasi-helical phase mask, which changed the 

phase of the beam by 2% in the azimuthal direction. He accomplished this using discrete 

steps of 0, 7i, and 2% for simplicity, as opposed to a continuous helical phase mask. 

Nonetheless, his results showed a stable, vortex soliton with wave-guiding capabilities.
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3.2 The Nonlinear Schrodinger Equation

To understand the mechanics of the dark soliton, consider an electromagnetic wave, 

E, o f wavelength X propagating in a dielectric medium with a refractive index n with no 

free charge or current. Then from Maxwell’s Equations, we know that

(V2 +  k 2)E =  0, (3.1)

where k2 = 2nn2/X. Since E  is a wave, it has the form E(r,t) = y/(r) exp[z (koz ~ cot)]. Then,

V2£ =  [v2+xp + £^xp  + 2 ik0 j-z x p - k ^ x p \ e i k̂°z- U)t\  (3.2)

where V+ is the second derivative o f the wave in the transverse directions. By applying this 

equation along with the slowly varying approximation (SEVA), where d2\f/ldz2 —> 0, 

equation 3.1 becomes:

V+xp + 2 ik0 -^xp — -^ - (n  +  n 0) (n  — n 0)xp = 0 .  (3.3)

Here we can model the index of refraction as a function of intensity, n(I) = no + n2 

I, where the intensity 1= \ y/\2 /2ij, and rj is the wave impedance of the material. Materials 

exhibiting an index o f refraction o f this form are known as Kerr materials, where is 

known as the Kerr coefficient. Thermal materials have similar refractive behaviors since 

the beam intensity directly affects the index of refraction due to absorbance. However, it 

should be noted that unlike Kerr materials, thermal materials also have a nonlocal
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component due to heat diffusion. Applying this model of the index of refraction to the 

equation above, along with the assumption that «2«  no, our equation becomes:

d i , i k 0n 2 , l0

( 3 ' 4 )

This is known as the nonlinear Schrodinger equation (NLSE), which governs the behavior 

of light propagating in nonlinear media.

A dark soliton in one-dimension is characterized by a dark stripe n a bright 

background, whose width does not change as it propagates through the nonlinear material. 

The dark stripe is generated from destructive interference due to a jr-phase shift across the 

beam. In two dimensions, a dark soliton exists as a vortex beam caused by a 2nm phase 

shift in the azimuthal direction to the beam, where m is an integer. As the light propagates, 

the dark stripe (or hole) will experience diffraction causing the stripe-width (or radius) to 

increase as it travels. This is demonstrated in Figure 3.1 (a) and is described by the first 

two terms o f the NLSE.

The third term of the NSLE describes the wave propagation in the presence o f a 

Kerr-type nonlinearity. In the case o f a negative Kerr coefficient, ri2 < 0, where the material 

is o f the defocusing type, the nonlinear effects counter linear diffraction o f the dark stripe. 

A dark soliton is created under the condition that these nonlinear effects exactly counter 

linear diffraction, leaving the profile of the dark strip unchanged as it propagates. The dark 

soliton is demonstrated in Figure 3.1 (b).
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3.1(a) 3.1(b)

Broadening by Narrowing through
diffraction a nonlinear effect

Figure 3.1 -  Demonstration of Dark Soliton Formation. Linear expansion 

of the dark stripe is shown in Figure 3.1(a). Dark soliton formation is shown 

in Figure 3.1(b).

A solution to equation (3.4) has been obtained for one-dimensional dark solitons

using the inverse scattering method [42 - 44] and takes the form of:

u ( z , x ) =  u 0[B tan h (0 ) 4- iA]eiu°z, (3.5)

where 0 =  u 0B(x  — Au0z) and A2 + B 2 =  1. This can be further simplified by 

substituting A =  s in (0 ) and B =  cos(0 ) , where 0  corresponds to the phase shift across 

the dark stripe. The fundamental dark soliton occurs when 0  =  0, which implies a n  phase 

shift across the dark stripe, resulting in zero intensity due to total destructive interference. 

In this case, equation (3.5) reduces to:

u(z, x ) =  u 0 tan h (u 0x) e tu«z, (3.6)
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Figure 3.2 displays the normalized intensity profile of the dark soliton solution, which 

maintains its shape as the wave propagates through the nonlinear material, under the right 

conditions.

Example of a Fundamental Dark Soliton Stripe Intensity Profile

Transverse Position

Figure 3.2 -  Normalized Intensity Profile of a Dark Soliton Solution. A dark 

stripe with this intensity profile will form a dark soliton under the right 

circumstances, as governed by the nonlinear Schrodinger equation.

In cases where cos2(0 )  <  1, the phase shift across the stripe doesn’t cause total 

destructive interference resulting in a “grey” stripe. Equation 3.5 allows the existence of 

grey solitons to also exist under the right conditions.
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3.3 Dark Soliton Formation in the m-Cresol/Nylon Solution

To experimentally demonstrate the formation of spatial dark solitons in the m- 

cresol/nylon solutions, the setup in Figure 3.3 was used in which a 532nm continuous-wave 

laser beam was collimated to provide bright background illumination. To generate a dark 

stripe, half o f the beam passed through a thin glass plate whose orientation was adjusted to 

provide a 7i-phase jump at its edge, which resulted in total destructive interference. The 

dark stripe was imaged onto the inner front surface of a 10 mm long cuvette as the input 

for our samples, and the output beam profile was recorded when exiting the cuvette.

The results from the experiment using 0.58% nylon/m-cresol solution are presented 

in Figure 3.4. For this concentration, the Kerr coefficient is measured to be m =  -6x1 O'6 

cm2/W, using the z-scan method [20]. The input stripe had a FWHM width of 39±2 jam 

[Figure 3.4 (a,d)]. After propagating 1 cm in a 0.58% nylon to m-cresol solution at low 

powers (<1 mW), the dark stripe experienced linear diffraction and expanded to 100±3 |am 

[Figure 3.4(b,e)]. When the input power was increased to 50 mW, the nonlinear defocusing 

effect caused the stripe width to decreased back to approximately its initial shape (41 ±2 

|am), creating a stable dark soliton stripe [Figure 3.4(c)].
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Laser L I  L 2 BS1 PM L 3 Sample L4  BS2 CCD

Figure 3.3 -  Dark Optical Soliton Experimental Setup. The dark stripe is 

created when the beam passes through the phase mask, causing a Ji-phase 

shift across the beam. The beam was imaged at the input and output of the 

sample cuvette.

The decrease in output stripe width saturates as the input power is further increased, 

as shown in Figure 3.5. We believe this is due to the nonlocal property o f the nonlinearity. 

The material absorbs the light and generates heat, which induces the defocusing 

nonlinearity. Since the heat diffuses, the nonlinearity becomes nonlocal, which prevents 

collapse.
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Input Linear Output Nonlinear Output

(a) I
Figure 3.4 -  Dark Soliton Formation in the m-Cresol/Nylon Solution. The 

dark stripe intensity profile at the input (a,d), and output in the linear case 

(b,e) as well as the nonlinear case (c,f), after propagating 10 mm in a 0.58% 

m-cresol/nylon solution. In the nonlinear case (c,f), the width of the dark 

stripe decreases to its input size, creating a dark soliton.
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Figure 3.5 -  Output Dark Stripe Width as a Function of Laser Power. A 

trend of what looks like the saturation of the nonlinear effect is occurring. 

This can be attributed to the nonlocal nature of the nonlinearity in m- 

cresol/nylon solutions.

3.4 Historic Background of Dark Soliton Attraction

Soliton interactions were first studied in 1965 by Zabusky and Kruskal, where they 

described the behavior to be particle-like [45]. Since then, many studies and experiments 

have shown that solitons exert attractive or repellant forces on one another if in close 

enough proximity [1, 13, 14]. For bright solitons, the forces exerted on neighboring bright
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solitons could be either attractive or repellant, depending on their relative phases [13, 14, 

16]. On the other hand, initially dark solitons were only known to repel from each other [5, 

19]. However, it was discovered that the nonlocal property o f nonlinear materials enabled 

dark soliton attraction [17 - 20].

(a) (b)

Transverse
Direction

Transverse
Direction

Linear Index 

Local
Nonlinearity

Non-local
Nonlinearity

Figure 3.6 - Dark Soliton Attraction from Nonlocal Nonlinearities. The 

intensity profile of two near-by dark stripes is shown in (a). The index of 

refraction is shown in (b) for the case o f a linear (black), local nonlinear 

(blue), and a nonlocal nonlinear material. Note how in the nonlocal case, 

the change of refractive index is larger outside of the dark stripes than in 

between them. Image inspiration by [17].

Figure 3.6 demonstrates how a nonlocal nonlinearity causes dark solitons to attract. 

Due to the nonlocal effect, the nonlinear change o f the refractive index between the two 

dark solitons is reduced. Meanwhile, the nonlinear change o f refractive index outside of
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the two dark solitons is much greater, forming a broad waveguide that squeezes the dark 

solitons together [17, 19]. Though the light in between the dark solitons applies a repellant 

force from the defocusing effect, the change in refractive index isn’t as much as that on the 

outer light, which applies an attractive force of greater magnitude.

3.5 Dark Soliton Interaction in m-Cresol/Nylon Solution

The experimental setup in Figure 3.7 was used to demonstrate the interaction 

between dark soliton stripes using self-defocusing nonlinearity o f the m-cresol/nylon 

solutions. Two closely overlapping glass plates acted as a phase mask to create two dark 

stripes using a 7i-phase shift across the otherwise uniform beam, as verified by Figure 3.8 

(a). Figure 3.8 (b) shows the input stripes (41±2 each) separated by 100±3^m (trough- 

to-trough). At powers less than lmW, linear diffraction caused the widths o f the stripes to 

widen to 65±2 p.m each after propagating 5 mm through 0.58% m-cresol/nylon solution, 

while the separation remains at 100±3 |am, shown in Figure 3.8 (c). Figures 3.8 (d-f) show 

the output intensity profile at a power of 1,0W, 2.0W, and 3.0W, respectively. As the input 

power was increased gradually, not only did the widths o f the dark stripes decrease, but 

their separation also decreased as a direct consequence of the nonlocal nonlinear response 

of the solution. At 3.0W, the widths of the stripes decreased to about 25 |am, and the 

separation decreases to 64±3 (am. Figure 3.9 displays the output separation as a function of



39

input power. As the power increased, the strength of attraction caused by dark soliton 

interaction also increased, squeezing the dark solitons closer than the input separation.

Laser L I  L 2 BS1 PM L 3 Sample L4  BS 2 CCD

Figure 3.7 -  Dark Soliton Attraction Experimental Setup. Two dark stripes 

were generated when the beam passed through the phase mask, which 

created two Ji-phase shifts in the transverse direction o f the beam. The beam 

was imaged at the input and output of the sample cuvette.
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Input Phase
(c)

Output Intensity 
After 5 mm

Ti l
( d )

Input Intensity

i

Figure 3.8 -  Dark Soliton Attraction Results. The input phase and intensity 

o f the dark stripes are shown in (a) and (b), respectively. The dark stripes 

experienced linear diffraction under low input powers (c) but became 

narrower and closer together as the input power increased (d-f).
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Stripe Separation as a Function of Power

Figure 3.9 -  Output Stripe Separation vs Power. As the input power o f the 

beam increased, the dark stripe separation monotonically decreased, 

demonstrating dark soliton attraction.

3.6 Discussion

In summary, we used the strong nonlinear defocusing property o f the m- 

cresol/nylon solution to study the formation and interaction o f dark soliton stripes.

First, we experimentally generated a dark soliton stripe using a 7t-shift phase mask. 

We observed the nonlinear narrowing o f the dark stripe width as input laser powers
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increased to form a 1D dark soliton. As input power was further increased, the nonlocal 

property of heat diffusion prevented the nonlinear effect to continue decreasing the stripe 

width, which enabled a stable dark soliton stripe.

Next, we demonstrated the interaction between dark solitons employing the 

nonlinear defocusing property o f the m-cresol/nylon solution. At 3.0W of laser power, the 

soliton separation reduced from 100pm to 64pm after 5mm of propagation. The 36% 

separation distance reduction at 3.0 W demonstrates a dark-soliton attraction much stronger 

than what has been reported previously [17],
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Chapter 4

Optical Dispersive Shock Waves in the m-Cresol/Nylon 

Solution

4.1 Historical Background of Optical Shock Waves

Dispersive shock waves have been studied extensively in many fields o f physics, 

including plasmas [46], and Bose-Einstein Condensates (BEC) [47], among others. In 

optics, both temporal and spatial dispersive shock waves have been investigated in 

nonlinear materials [2, 3, 48 - 53]. In 1973, D. Grischkowsky et al first demonstrated a 

dispersive shock wave in the time domain using Rb vapor [48]. In this experiment, a 4ns 

pulse impulse shortened to Ins due to the intensity-dependent pulse velocity, SPM, and 

group velocity dispersion. Then in 2007, a great amount o f research went into optical 

dispersive shock waves in the spatial regime [2, 3, 49 - 51]. Dispersive shock waves were 

first demonstrated in the spatial regime by W. Wan et al, using a 532 nm laser beam 

incident onto a nonlinear photorefractive crystal [2], During the same year, N. Ghofraniha 

et al also experimentally demonstrated dispersive shock waves in the spatial regime using 

a thermal nonlinear medium [3, 49]. A theoretical model was also offered in 2007 by G. 

A. El et al [50]. Further investigations o f dispersive shock waves followed, including using 

nonlocal media [51], disordered media [52], as well as in thermal lensing [53],
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4.2 Theoretical Background of Optical Shock Waves

To understand the behavior of optical dispersive shock waves we turn to the 

nonlinear Schrodinger equation, which describes the propagation of light in nonlinear 

media. In ID, it takes the form:

d i d 2 ik0n 2 , ,,
d z  =  2ko 'dx*  2^o~ ( 4 I )

Where ip is the wavefunction, k 0 is the wavenumber, \xp\2/2rj0 is the beam intensity, 

and n 2 is the Kerr coefficient of the nonlinear medium (see Equation 3.4).

Following the work o f C. Barsi and W. Wan [51] and using the Madelung 

transformation [54, 55], the wavefunction can be rewritten in the following form: 

\p(x, z) =  yjp{x, z ) e is(~x,z\  Here p(x,  z)  is now the intensity o f the light wave and S(x, z ) 

is its phase. By using this transformation and scaling (x , z)  to k(x ,  z),  Equation 4.1 gives:

dp d
-  + - ( p v )  = 0-, (4.2)

9 S  1  2 2 —  + ~ v 2 + C2
oz  2 (43)Ky[pdx2

where v = d S /d x  is the transverse velocity, p m is the background condition related to the 

index of refraction of the material and c =  J n 2pm/ n 0. The result is that the propagation 

of the waveform is described by fluid dynamic equations. Equation 4.2 described the 

conservation of light -  any change of light in the direction o f propagation must be equal
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and opposite to its changes in the transverse directions -  and Equation 4.3 is the integrated 

form of the momentum equation [54, 55].

If we now consider the evolution of a one-dimensional Gaussian beam in a highly 

nonlinear medium, then at z=0, we can model the beam profile as:

p(x,  0) =  Pa, +  2?ipme~x2/2a2, (4.4)

where a describes the shape o f the beam profile, and rj describes the amplitude. If we 

consider the low amplitude limit with t] «  1 and we can rewrite equation 4.4 as:

p ( x , z ) =  Poo +  Sp(x ,z ) ,  (4.5)

with 8p{x, 0) =  I r jp ^ e - ^ / 2a2. From here, we turn to equations 4.2 and 4.3 to set the 

conditions for the evolution of the wave profile. In the initial stages, we can neglect the last 

term of equation 4.3 using SVEA since d 2J p / d x 2 «  0. Then we can rewrite equation 4.3

as:

dS 1
dz  +  2 '  ' Vpoo
—  + - v 2 +  c2 G r) = °- (4-6)V P o o /

which, after taking a derivative with respect to the transverse direction and rearranging, 

becomes:

(d v  d v \  d ( n 2p 2\
Ha? + ̂ ) + 4 ^ )  = 0: ( 4 ' 7 )

The solution to equations 4.2 and 4.7 comes in the form of two waves traveling in opposite 

directions in time:
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p ( x , z )  = Poo + VPco[e  ^  vz)z / 2a2 _|_ e  (x+ vz )2/2 a 2j

This tells us that at the very early stages of propagation, the 1-D Gaussian beam profile of 

the light splits into two peaks traveling in opposite directions. Figure 4.1 demonstrates this 

by displaying the evolution of this Gaussian beam profile as it propagates along the z-axis 

under these conditions.

Poo =  0 .2

Figure 4.1 -  Development of Gaussian Intensity Split. The initial stages of 

an optical shock wave can be explained two overlapping waves traveling in 

opposite transverse directions as the beam propagates along the z-axis.

However, as the beam advances further, we can no longer neglect the last term of 

Equation 4.3, which tells us that the light is accelerating in the transverse direction. This 

causes wave-steepening, which develops into a shock wave.
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Until this point, dissipative and dispersive shock waves exhibit somewhat similar 

behaviors. However, further development of dissipative shock waves is inhibited due to 

forces like terminal velocity and friction. These waves lose energy as they travel.

Dispersive shock waves, on the other hand, continue developing to the next stage, 

which is known as wave-breaking. This stage defines the moment different modes of light 

begin to overlap and interfere with each other. As the wave progresses, the region-of- 

interference continues to grow, resulting in an oscillatory wave-front in the transverse 

direction.

To demonstrate, Figure 4.2 follows two rays, p (r1( z) and p ( r2, z), o f a ID Gaussian 

beam incident on a strongly nonlinearly defocusing material at z = za. These rays are 

symmetric about the transverse direction, x, and their distances from the center, rr and r2, 

are a function o f z with r ^ z  =  0) <  r2(z =  0). Note that this is not a simulation, but a 

visual interpretation. At the input, p (r1(z) is propagating closer to the center o f the beam 

than p(r2, z).  As they propagate through z = z/>, SPM occurs due to the nonlinear response 

of the material, accelerating p ( r1; z) away from the center. This results in wave-steepening. 

The strength of the nonlinearity determines how disproportionally p(r lt z )  is deflected with 

respect to p ( r2,z ). As z -* z c, r x ~* r2 causing their intensity to add and resulting in the 

formation o f a shock wave in which the maximum intensity is concentrated at the wave- 

front. Once z = zc, wave-breaking occurs because rt (zc) = r2(zc), causing the two rays to 

interfere with each other. As the wave propagates further to z = zd, a well-defined
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oscillatory wave-front can be observed due to the interference o f all rays in the beam. In 

reality, an accumulation of all rays must be considered, so the wave-breaking point, zc, is 

defined as the first point in which the beam experiences self-interference.

Z a  Z b  Z c  Z d

z (propagation)

Figure 4.2 -  Trajectory of Two Symmetric Rays in Dispersive Shock 

Formation. This demonstrates how rays of different input radial positions 

interact throughout the shock formation and wave-breaking. Note: this is 

only a visualization, not a simulation.
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In 2-D, a Gaussian beam traveling in isotropic nonlinear material splits into rings 

that travel in the radial direction.

4.3 Dispersive Shock Wave Formation in the ni-Cresol/Nylon Solution

To generate such an optical shock wave in the strongly defocusing m-cresol/nylon 

solution, the setup in Figure 4.3 was used, similar to that used in [53]. A 532 nm cw laser 

beam was collimated before being focused inside a 2 mm long cuvette containing the m- 

cresol/nylon solution consisting of a 3.5% nylon to m-cresol mass concentration, which 

had a measured Kerr coefficient o f m  = -1.6* 10'5 cm2/W. The beam was focused to 20 ± 1 

jim (FWHM) inside the solution. The input FWHM was 183 |im and the output FWHM 

was 100 (am in the linear condition.

Laser L I  L2 L3 Sample L4

Figure 4.3 -  Shock Wave Experimental Setup. The beam was focused inside 

the nonlinear sample, and the output intensity profile was imaged onto a 

CCD.
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We were able to control the strength o f the nonlinearity by adjusting the input 

power o f the laser since the nonlinear index of refraction depends on the intensity o f the 

beam. To monitor the formation o f a shock and wave-breaking, the beam was imaged at 

the output surface o f the cuvette using a ccd camera.

Figures 4.4 and 4.5 display the transverse intensity plots of the output profile of the 

beam for different input powers after propagating 2mm in the m-cresol/nylon solution. The 

left column displays 2D intensity profiles of the beam, while the right column displays 

plots o f the corresponding normalized intensity.

At an input power of 0.1 mW, the nonlinear effect is negligible and the beam 

experienced linear diffraction, as shown in Figure 4.4 (a-b). In this case, the output profile 

of the beam remained Gaussian. As the input power was increased to 10.0 mW, the 

nonlinear effect caused the output intensity profile of the beam to become less Gaussian 

and more flat-topped [Figure 4.4 (c-f)]. As the power was further increased, the intensity 

at the edge of the beam began to grow due to wave-steepening, eventually forming a shock 

wave at 30.0 mW [Figure 4.4 (g-h)].

As the input power increased beyond 30.0 mW, we were able to observe the 

evolution o f the beam after wave-breaking, as shown in Figure 4.5. The result was an 

oscillatory wave-front in the form of rings around a circular, relatively flat profile.
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Figure 4.4 -  Shock Wave Formation After 2 mm. Experimental data 

showing evolution of a Gaussian intensity profile to wave steepening as 

power is increased, forming a spatial shock wave.
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Figure 4.5 -  Wave-breaking Profiles After 2 mm. Experimental data 

showing as power is further increase passed shock-forming conditions, 

wave breaking occurs in which the wave interferes with itself, resulting in 

an oscillating wave-front.
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Figure 4.6 -  3D Surface Plot of Wave-Breaking. Another visualization of 

experimental data displaying wave-breaking, which resembles waves in a 

liquid.

4.4 Discussion

Interestingly, by adjusting the input laser power we were able to control how the 

beam experienced SPM, which effectively scaled the wave-breaking point on the z-axis. 

By adjusting the power of the laser to 30.0mW and focusing the beam to an input of 20(.im, 

the conditions were set such that the shock wave would form after propagating through 2 

mm of the nonlinear m-cresol/nylon solution. At input powers less than 30 mW, wave-



54

breaking would not occur before 2 mm of propagation. Likewise, at input powers greater 

than 30 mW, wave-breaking would occur before 2 mm of propagation.

Another interesting observation is the center of the output beam as the shock wave 

develops and breaks. The central intensity “flattens out” as the input power is increased to 

a certain threshold [Figure 4.4], However, after that threshold input power is exceeded, the 

central region of the beam intensity begins to increase with input power [Fig 4.5 (c-h)]. We 

believe this is due to the fact that the nonlinearity is directly related to the beam intensity, 

and that the nonlinearity is o f a nonlocal nature. Since the “flattened” beam intensity is 

relatively large, the nonlinear index of refraction is nearly uniform in that region. Small 

perturbations in the beam intensity are dampened due to the nonlocal effect and after a 

certain power is reached, the nonlinearity of the material becomes relatively saturated at 

the center. This explains why after some threshold power is reached, the high-intensity rays 

at the center of the beam are not deflected.

As the output power is increased to a certain threshold, not only can we see a 

relative increase in the central intensity as mentioned above, but we also see a downward 

deflection o f the beam -  the effects of heat convection. This is because as the heat is 

absorbed, the m-cresol/nylon solution becomes less dense, which not only decreases the 

refractive index, the low-density liquid also has an upward trend due to gravity. This 

explains why the outer ring o f Figure 4.5 (g) has more intensity at the bottom of the beam 

(note that the plot is inverted due to the imaging technique).
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Chapter 5

Conclusion

In this thesis, we demonstrated that m-cresol/nylon solutions exhibit a strong 

tunable nonlocal self-defocusing nonlinearity that can be used to study dark soliton 

interactions and optical shock waves.

In chapter 1, we introduce the concepts and effects o f optical nonlinearities. We 

describe the sources o f nonlinearity, particularly the thermo-optic effect, in which the 

absorption o f light causes a change in refractive index. In addition, we introduce the 

concepts o f solitons and dispersive shock waves as results of self-phase modulation (SPM).

In chapter 2, we introduce the strongly defocusing solution consisting of nylon 

dissolved in m-cresol. We demonstrate the isotropic defocusing ability using an amplitude 

mask, and measure the relative nonlinear Kerr coefficient, m,  using the z-scan method. 

This coefficient can be easily tuned across a large range, from m -  -9x 10"8 cm2/W to m= - 

1.6x 10'5 cm2/W, which is orders o f magnitude larger than that of most previously reported 

for other thermal nonlinear media [31]. We also found that the strength o f the nonlinearity 

can be controlled by varying the nylon concentration in the solutions.

In chapter 3, we generated 1 cm long stable dark spatial solitons with milli-Watt 

power levels. In addition, we demonstrated strong dark soliton attraction in the nonlocal 

defocusing thermal solution. At an input laser power of 3.0W, the soliton separation
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reduced from 1 OOfun to 64fun after 5mm o f propagation, showing the strongest dark soliton 

attractions ever reported to our knowledge.

In chapter 4, we experimentally demonstrate the formation of an optical spatial 

dispersive shock wave. In the strongly nonlinear solutions, stable shock waves were formed 

with milli-Watt powers after propagating only 2mm. The formation of the shock wave as 

well as the wave-breaking point can be observed by monitoring the output beam and 

adjusting input power.

Our results bring about many possibilities of using these thermal solutions for 

studying nonlinear wave dynamics, including vortex dynamics, modulation instability, and 

spatial shock waves under highly nonlinear conditions. This provides yet another 

connection between light and particle, even though it’s solely based on the wave-like 

behavior o f light.
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