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Abstract

A new method is developed for direct real-time visualization of shock generation,
propagation, and convergence in a sample. The approach opens up new possibilities
for controlling the shock parameters and allows one to access pressures in the multiple
gigapascal range. Optical generation of shock waves is followed by optical measure-
ment of sample response during and after shock propagation. In this approach, a
shock wave is generated that propagates laterally in the plane of the sample (perpen-
dicular to the direction of the optical beam) rather than through the sample plane
as in a more conventional approach. The optical configuration and sample geometry
make shock wave formation and propagation directly accessible to optical imaging
and spectroscopic probes with wavelengths ranging from UV to far-IR. With proper
shaping of the optical shock generation pulse, focusing of the shock response can be
initiated to provide increased shock pressure.

The method has been validated through measurements of shock propagation in
liquid water that illustrate some of the possibilities for shock generation, control, and
measurement, and demonstrate the utility and potential of the new technique. The
charge-coupled device (CCD) and streak camera images recorded provide for the first
time a direct dynamic picture of cylindrical shock convergence within the nanosec-
ond time window. This unique technique enables rapid and direct measurement of
the dynamic shock responses of advanced materials and structures to diagnose and
subsequently optimize their readiness in mitigating blast threats.
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Thesis Supervisor: Edwin L. Thomas
Title: Morris Cohen Professor of Materials Science and Engineering
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“ ...The woods are lovely, dark and deep,

But I have promises to keep,

And miles to go before I sleep,

And miles to go before I sleep...”

- Robert Frost
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Chapter 1

Introduction

The nonlinear viscoelastic dynamics and deformation mechanisms in polymers during

and immediately following ballistic or blast events remain obscure because they are

extremely difficult to study experimentally. Polymers are known to exhibit strong

rate-dependent mechanical behaviors. Also, in different frequency regimes, the rate

sensitivities of polymers change as various primary and secondary molecular mobil-

ity mechanisms become operative. Because of the experimental difficulties inherent

in studying blast, there is currently a limited understanding of the mechanisms of

loading, damage and failure of structures, and the mechanisms of injury to humans,

produced by blast events. A detailed understanding of how materials respond to bal-

listic and blast rate shock-loading is critical for the design and development of new

protective materials.

Studying the dynamic mechanical behavior within the shocked region of a ma-

terial during the shock requires specialized techniques and diagnostic equipment [1].

Historically, if one wanted to study materials under ballistic shock loading conditions,

a gas gun apparatus was necessary to generate appropriate high strain rate events.

The mechanical behavior under laser-shock conditions is quite complex, with shock

pulses lasting from less than 100 ps to more than 100 ns, delivering strain rates from

106 to 109 s−1 and pressures exceeding several gigapascals [2]. Recent advances in high

power ultrafast laser amplifier systems have opened the possibility of optically gen-

erating ballistic shocks which reach pressures that are comparable to those in shock
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waves generated by a gas gun apparatus.

Regardless of whether a shock wave is laser-driven or results from being inside the

blast radius of an improvised explosive device (IED), the impacted material still ex-

periences rapid delivery of high mechanical energy density. Accordingly, the response

of a candidate armor material, a biological tissue, or a novel fabric component, tested

on micron size scales, could reveal much about its macroscopic response properties.

The characterization of materials subject to shock loading due to ballistic or blast

impact is germane to the development of high-performance engineering materials that

are optimized for high performance under extreme conditions. This is especially im-

portant for soldier armor for personnel protection, since blunt trauma affects human

tissue, organs, biopolymers, and gels. Yet due to the rapid and destructive nature of

these conditions, direct real-time measurements of time-evolving physical properties

of the materials during the response to shock are a big challenge. While post-mortem

analysis of shocked materials provides useful information about the overall outcome,

it provides little mechanistic insight into how, and on what time scales, the material

response evolved under impact. This makes iterative optimization of materials per-

formance extremely difficult. There is still much to be learned about the response of

soft and hard matter to violent impacts.

Moreover, advanced multicomponent material systems including block copoly-

mers, multilayer assemblies, self-assembled composites, and others may undergo ex-

tremely complex responses to shock including solid-solid phase separation or phase

transitions, plastic deformation and cracking, delamination, chemical degradation,

melting, vaporization, etc. Direct real-time measurement of mechanical responses

during the shock event can reveal failure mechanisms and dynamics that may then

be addressed systematically through optimization of individual component perfor-

mance under impact and optimization of composite phononic properties including

tailored reflection, scattering and damping of shock wave components. The time-

dependence of structural relaxation and dynamic behavior helps to depict modes of

energy dissipation through the material. The dynamics of structural changes induced

by ballistic impact and the dissipation of mechanical energy on the time scale of the
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shock event and thereafter are of obvious concern for the design and effectiveness of

protective materials.

Toward this end, a novel pairing of optical shock generation and optical imaging is

used, providing a powerful tool for studying the time-dependent material response to

large-amplitude short-time mechanical transients. The synergy in their combination

allows for the observation of microstructural changes at fast timescales. This thesis

presents an experimental protocol for the assessment of material performance under

shock loading conditions. The results presented foreshadow more routine measure-

ments of laser shock dynamics in which the shock and the material response to it

are characterized. Such measurements could enable the testing of new blast mitiga-

tion strategies and the design and optimization of protection systems with improved

performance against blast.

This thesis starts off with a description of the use of impulsive stimulated thermal

scattering (ISTS), a laser-based photoacoustic technique, to study the propagation of

bulk and surface in-plane and through-plane acoustic waves in unshocked materials

at ambient temperature and pressure. Chapter 2 presents details of the ISTS set-

up and measurements on a number of samples including a multilayer sample that

shows interesting acoustic properties. A comprehensive set of mechanical properties

including elastic, shear, and bulk modulus are obtained by fitting experimental data

to a model for acoustic dispersion curves.

In Chapter 3, I present an overview of shock theory and methods of shock charac-

terization. I also review some recent advances on generating shock by various tech-

niques as well as different kinds of tools being used for shock measurement. The chap-

ter includes studies done using a gas gun to generate shock but focuses on methods

of laser-induced shock loading. The section on shock wave spectroscopy describes dif-

ferent measurement techniques of probing materials under shock loading like Raman

scattering, fluorescence spectroscopy, infrared spectroscopy, and coherent anti-Stokes

Raman scattering (CARS). The second half of Chapter 3 focuses on shock wave char-

acterization through interferometric techniques like femtosecond time-resolved spa-

tial interferometry with a Mach-Zehnder interferometer, spectral interferometry or
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frequency domain interferometry, ultrafast dynamic ellipsometry, etc. The experi-

mental set-up and data generated through Sagnac interferometry have been shown

to provide detailed information about the dynamic properties and pressure profiles of

laser-generated shocks propagating in thin metal films.

Chapter 4 demonstrates the coupling of ISTS measurements and laser shock gen-

eration in sample structures (polymers sandwiched between aluminum and gold lay-

ers, all on a bulk glass or sapphire substrate). Numerical modeling and preliminary

experimental results indicate that the ISTS measurements under shock loading are

challenging, and the limitations of this technique are discussed.

Chapter 5 introduces a novel method for direct, real-time optical measurement of

mechanical responses to shock loading. This chapter presents a unique technique to

generate laser-induced in-plane shock waves (or cylindrical shock waves) and is a step

forward to understand the non-linear propagation of converging and focusing shock

waves. This chapter provides an introduction to the experimental technique with a

detailed description of the laser system used for the experiments and an explanation

of the method of shock generation. The characterization of an illustrative test sam-

ple composed of a thin confined layer of water loaded with carbon nanoparticles is

conducted to demonstrate the utility and potential of this new technique.

Chapter 6 details the feasibility of single-shot spatially resolved streak photo-

graphic pressure measurements of shock waves in water. Streak camera photography

is used to study dynamics of the shock phenomena with high spatial and temporal

resolution. Numerical simulations are also provided to support the validity of the

experiments.

Finally, Chapter 7 presents a conclusion of this thesis where results are summarized

and future directions of research are suggested.
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Chapter 2

Impulsive Stimulated Thermal

Scattering (ISTS) /

Transient Grating Photoacoustics

2.1 Introduction

The determination of thermal and mechanical properties of thin films is of great

technological significance for polymer, micro-electronics, defense and bio-medical ap-

plications. Elastic properties of a solid are important because they relate to various

fundamental solid-state phenomena such as interatomic potentials, equations of state,

and phonon spectra [3]. Elastic properties are also linked thermodynamically with

specific heat, thermal expansion, Debye temperature, and the Grüneisen parameter.

Most importantly, knowledge of elastic constants is essential for many practical appli-

cations related to the mechanical properties of a solid: load-deflection, thermoelastic

stress, internal strain (residual stress), sound velocities and fracture toughness [4].

Many different techniques have been used including dynamic mechanical analysis

(DMA), heat capacity and thermal conductivity measurement methods, ultrason-

ics, and optical or non-contact methods [5]. These conventional spectroscopic and

scanning probe techniques can determine the chemistry, morphology, and electrical
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characteristics of the upper near surface region of thin films. It is generally difficult,

however, to measure their frequency-dependent mechanical properties. Brillouin light

scattering (BLS) spectroscopy, picosecond laser pulses to excite longitudinal waveg-

uide modes, and impulsive stimulated thermal scattering (ISTS) or transient grating

(TG) photoacoustics are optical methods used to determine transverse and longitu-

dinal acoustic wave properties.

The longitudinal acoustic phonon spectrum is most commonly measured by BLS

spectroscopy [6]. In this technique, a single CW laser beam is incident upon the

sample and this light is scattered from the thermal phonons in the material. By

measuring the frequency shift at a selected angle for the scattered light, energy and

momentum conservation can be used to recover the phonon frequency and wavevec-

tor. Measurements conducted at various scattering angles can thus build an acoustic

phonon spectrum [7]. Typically the signal levels in Brillouin spectroscopy are very

low, and each data point generally requires hours of signal averaging. Extensive

angle-dependent studies are rare, especially since at small angles parasitic scattering

can overwhelm the signal. To overcome this significant experimental disadvantage, I

have chosen the ISTS technique, by which a large, coherent population of acoustic

phonons at a user-selected wavevector can be created in the material of interest and

then subsequently probed. The presence of this large coherent phonon amplitude

boosts signal levels significantly, and the beating of Stokes and anti-Stokes contribu-

tions to the scattered light can become large enough that the scattering may even be

recorded in time domain on a single-shot basis, as opposed to integrated over several

hours in the frequency domain [8]. The ISTS technique is used to generate data from

which bulk and thin film properties of novel materials have been evaluated [9].

ISTS is a time-resolved optical spectroscopy technique in which pulsed laser light

is used to generate coherent acoustic waves whose time-dependent oscillations and de-

cay are monitored in real time. It is a non-contact, accurate, fast and non-destructive

tool for the characterization of acoustic waves in bulk materials and single or mul-

tilayer films. In ISTS, two short excitation pulses (preferably pico or femtosecond)

derived from the same laser via diffraction of +1 and -1 orders of a 1 D linear phase
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Λ

Figure 2-1: Schematic illustration of impulsive stimulated thermal scattering (ISTS)
technique. Two ultrashort pump pulses, shown here in blue, are incident on the
sample with relative angle θE to generate a grating pattern of wavelength Λ, as
formulated in Equation 2.1. A probe beam, designated in green, is incident upon
the grating at the Bragg angle, and exchanges energy and momentum with material
excitations of the grating wavevector. The coherently scattered probe light, shown
here by the dashed line, is recorded in the time domain by an amplified photodetector.
Figure from reference [11].

mask, are crossed spatially and temporally in an absorbing sample to form an optical

interference pattern (see Figure 2-1). The phase mask used in our work is a periodic

grating of grooves etched into silica. Optical absorption at the interference maxima

leads to mild, spatially periodic sample heating, and thermal expansion at the heated

regions launches coherent monochromatic counter-propagating surface acoustic waves

which form a transient diffraction grating [10].

The optical interference pattern lasts for only the duration of the laser pulse, and

given the short duration of the exciting pulses compared to any acoustic oscillation

period, the material is driven impulsively. The excitation so generated shares the

grating character of the optical excitation pattern. Once driven, the evolution of this

excitation in time is probed by coherent scattering of a separate beam. For optimal

scattering to occur, this beam must be introduced at the Bragg diffraction angle set
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by the wavelength of the imprinted grating. In practical terms, this beam may be

a piece of the original driving laser that has been mechanically and incrementally

stepped at regular delayed intervals to build up a time-dependent signal trace of

diffracted light. With the advent of fast digitizing electronics, it may also be a CW

laser whose diffraction off the time-evolving transient material grating is recorded on

a digitizing scope.

The magnitude of the in-plane acoustic wavevector, q, is given by

q =
4 π sin(θE/2)

λE
=

2 π

Λ
(2.1)

where λE is the wavelength of the excitation pump light, θE is the crossing angle

between the two excitation pulses at the surface of the thin film (bulk samples also

may be used, and the signal may be observed in transmission mode for samples that

are not opaque) and Λ is the wavelength of the surface acoustic waves.

The probe beam is coherently scattered or diffracted into the path of the other

beam by the acoustic diffraction grating, and the superposed optical fields are detected

and subtracted, revealing damped acoustic oscillations on nanosecond time scales

(∼ 30 MHz - 3 GHz acoustic frequencies). This diffracted signal is collected by fast

detection electronics comprised of amplified photodiodes and a transient digitizing

oscilloscope to resolve the time-dependent material response.

An acoustic dispersion curve (variation of acoustic frequency with respect to acous-

tic wavevector) is generated by changing the grating spacing through translation of

the phase mask substrate, which contains about 20 patterns that are optimized for

diffraction at the wavelength of the excitation laser [12]. The study of pseudo-Rayleigh

and pseudo-Lamb acoustic waveguide modes in supported and free-standing layered

films has been used to determine the intrinsic mechanical properties of materials in

the particular structure or configuration [13, 14]. There is a strong dependence of the

acoustic frequency on the elastic properties, density, thickness and mechanical bound-

ary conditions (e.g. substrate adhesion or delamination) of each film in a multilayer

stack. Hence, the measurement of multiple acoustic waveguide modes and their dis-
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persion reveal acoustic behavior which is then used to extract the elastic and other

properties of the film. The detailed quantitative theory of ISTS acoustic excitation

and probing processes is well discussed in papers by Yan, Duggal, Rogers and Nelson

[15, 16, 17, 18]. For thin films in a multilayer structure, boundary conditions at the

interfaces lead to coupling between longitudinal and transverse potentials and hence

every surface acoustic mode has both longitudinal and transverse character [19]. In

practice, the study of a relatively soft polymeric sample material can be simplified if

it is surrounded by stiffer impedance boundaries (e.g. sapphire) so that the acoustic

response is well confined within the softer sample.

In what follows, I will first introduce the ISTS or the transient grating technique

from a theoretical point of view. From there, I will describe the experimental set-

up that has been built and used to perform the photoacoustic measurements made

in this thesis. I then proceed with detailed information on materials (fabrication

and characterization) which have been studied for various practical applications and

conclude with the data analysis of these material systems.

2.2 Theoretical Considerations

Let us consider the ith component of the probe electric field Ei
inc incident on an

excited portion of the medium. In the linear response regime, the jth component

of the scattered electric field Ej
sc of the probing laser light is proportional to the

change in refractive index δn. As changes in the magnetic permeability δµij in such

experiments are negligible, the relevant part of the refractive index is the material’s

permittivity, and so δn ∝ δεij. Mathematically, the scattered field is proportional to

Ej
sc(
~k ± ~q, t) ∝ δεij(~q, t)Ei

inc(
~k, t) (2.2)

where ~k is the incident wavevector, ~k + ~q is the scattered wavevector, and ~q is the

transient grating wavevector.

Equation 2.2 states that in order to compute the signal embedded in the time-
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dependence of Ej
sc, I need to compute the time-dependence of the material’s permit-

tivity, or equivalently its polarizability, induced by the pump laser. This quantity

couples to many of the intensive variables of the system. For longitudinal waves,

which create variations in density, the variables that concern us are density ρ and

temperature T . The importance of the former is obvious whereas the latter is rele-

vant mainly for the reason that changes in temperature are usually strongly coupled

to changes in density.

The theory for ISTS has been developed elsewhere for the case of longitudinal

waves and I will review the derivation below [8, 20].

2.2.1 ISTS Theory

The ISTS or the transient grating experiment, as depicted in Figure 2-1, results from

the action of two coherent, polarized pulses of equal field strength incident upon the

sample at an angle θE. The intersection of these two beams results in a modulation

of the overall field with period Λ. The field may interact with the sample through

electrostriction, which instantaneously induces stresses in the material and launches

a longitudinal wave. The second mechanism of longitudinal-wave excitation is by the

absorption of the excitation light into the sample, either into electronic or vibrational

degrees of freedom. In either the electronic or vibrational route, the absorbed energy

is rapidly thermalized, and the result is a grating pattern in temperature. Regions

of higher temperature have a lower equilibrium density, and so the resulting step-

function compressional stress launches longitudinal acoustic waves with force F ∝ δT .

This process of launching acoustic waves via sudden heating is known as impulsive

stimulated thermal scattering (or ISTS).

Using linearized equations of motion, Fourier transformed from real space to the

wavevector domain, representing conservation of mass, momentum and energy, I can

solve the system to get the ISTS response function GρT given by
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GρT (q, s) =
1

∆

{
−κq

2

cv

kBT0

S(q)

}
(2.3)

where κ is the thermal expansion coefficient, T0 is the local temperature, cv is the

specific heat at constant volume, q is the wavevector, s is the Laplace variable, kB is

the Boltzmann constant, S(q) is the static structure factor, and ∆ is the dispersion

relation simplified using the Debye approximation and is given by

∆ = (s+ ΓH) (s+ iωA + ΓA) (s− iωA + ΓA)

[
s+

c2
0

c2
AτR

]
= 0 (2.4)

where ΓH = χq2 is the thermal diffusion rate, χ = ζ/ρ0cp is the thermal diffusivity,

ζ is the thermal conductivity, cp is the specific heat capacity at constant pressure, c0

is zero-frequency longitudinal acoustic speed, ΓA is the acoustic damping rate, ωA is

the acoustic frequency, cA is the acoustic speed, and τR is the Debye relaxation time.

The roots of Equation 2.4 determine the nature of the excitations observed in

the system. Complex roots indicate propagating excitations, and real roots relate to

diffusive ones. The first root is purely real, and provides the thermal diffusion time

ΓH . This represents the decay of the induced grating response via the transport of

heat from the grating peaks to nulls. The other real root is the fourth term which

denotes another dissipative mode. In this case it has a time scale related to the

relaxation time τR, which implies a time-dependent transient grating response due to

structural relaxation.

The second and third terms in Equation 2.4 represent left and right propagating

acoustic waves of frequency ωA and damping rate ΓA. The acoustic frequency is given

by

ωA = cAq = c0q
[
D +

√
D2 + (c0qτR)−2

]1/2

(2.5)
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where

D =
1

2

[
c2
∞c
−2
0 − (c0qτR)−2

]
(2.6)

where c∞ is the infinite frequency longitudinal acoustic speed.

The signal in an ISTS experiment Laplace transformed back into the time domain

is thus given by

GρT = A
[
e−ΓH t − e−ΓAtcos(ωAt)

]
+B

[
e−ΓH t − e−c20c

−2
A t/τR

]
(2.7)

where

A = − κ
cp

c2
0

c2
A

c2
Aq

2τ 2
R + c2

0c
−2
A

c2
Aq

2τ 2
R + c4

0c
−4
A

(2.8)

and

B = − κ
cp

q2τ 2
R(c2

A − c2
0)

c2
Aq

2τ 2
R + c4

0c
−4
A

(2.9)

ISTS signal given by Equation 2.7 is split into contributions due to simple driven

acoustic and thermal responses (proportional to A) and contributions from the struc-

tural relaxation dynamics (proportional to B). In practice, I am able to use this to

recover relaxation dynamics from ∼ 10−7 s to ∼ 10−3 s, limited on the shorter time-

scales by the acoustic response and on longer time scales by thermal diffusion or

the repetition rate of the measurement. The most common information provided by

ISTS is mapping of the structural relaxation spectrum through the measured acoustic

parameters and thermal expansion dynamics.

ISTS response contains a single amplitude term A that multiplies both dynamical

parts, thermal diffusion and acoustic responses. The total response consists of a

steady-state response, the thermal expansion, and a transient response, the acoustic

oscillations, the latter arising because the driving force is sudden and the response

overshoots the steady-state value, by exactly the steady-state amplitude amount, so

34



OPTICAL STUDIES OF THIN FILM ACOUSTICS 121

Figure 3 Temporal behavior of probe light diffracted by motions induced with picosecond
laser pulses crossed at the surface of a thin (∼4.4 µm), free-standing polymer film. The
onset of diffraction coincides with the arrival of the excitation pulses. The oscillations
are associated with acoustic standing waves. The inset shows the signal on microsecond
time scales; the slow decay is associated with the thermal component of the response. The
frequencies and decay rates of the oscillations define the acoustic velocities and attenuation
rates. The rate of decay of the thermal component can be used to determine the in- and
out-of-plane thermal diffusivities.

(b) evaluate intrinsic stresses, (c) measure the thicknesses of transparent and
opaque films, (d) identify and spatially map out film delaminations, and (e) profile
depth-dependent film and substrate properties. Brief descriptions of TG analysis of
films found in microelectronics and surface acoustic wave filters, and of dynamic
changes in these systems, highlight some important existing applications. TG study
of the high-frequency acoustics of optical fiber and planar microfluidic networks,
subsurface defects and synthetic phononic crystals, and of acoustic motions excited
with femtosecond pulses highlight some emerging future directions.

EXPERIMENTAL TECHNIQUES

Measurement Physics

The real-time transient grating photoacoustic or impulsive stimulated thermal scat-
tering technique uses short (relative to the time-scale of the material response of
interest) pulses of light from an excitation laser to stimulate acoustic motions in
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Figure 2-2: Typical ISTS signal showing temporal behavior of probe light diffracted
by motions induced with picosecond laser pulses crossed at the surface of a 4.40 µm,
free-standing polyimide film with an acoustic wavelength of 20.55 µm. The onset of
diffraction coincides with the arrival of the excitation pulses. The oscillations are
associated with acoustic standing waves. The inset shows the signal on microsecond
time scales; the slow decay is associated with the thermal component of the response.
The frequencies and decay rates of the oscillations define the acoustic velocities and
attenuation rates. The rate of decay of the thermal component can be used to deter-
mine the in - and out-of-plane thermal diffusivities. Figure from reference [13].

I have oscillations between the acoustic maximum and zero about the steady-state

amplitude until they are acoustically damped, then on longer time scales thermal

diffusion from grating peak to null removes the steady-state response. Equation 2.7 is

used to extract acoustic parameters, thermal diffusivities and thermal conductivities.

Figure 2-2 shows a typical ISTS signal generated from coherently excited surface

phonons in the time domain.

The precise nature of the displacements in a film-substrate assembly will depend

on important details including the shear and bulk moduli of all the film layers and

the substrate and on where the heat is deposited (e.g. only at the front of a thick
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layer, roughly uniformly throughout a thin layer, throughout many layers and the

substrate surface, etc.). These factors determine the initial, impulsively imposed heat

distribution, the anisotropic compressional and shear stress distributions resulting

from it, and the projection of the overall response along different acoustic waveguide

modes whose displacements relieve the stresses. The key information that I extract

does not come from precise determination of the acoustic amplitude but only from

the dynamics of the response, i.e. acoustic frequencies and decay rates [21].

On the other hand, in some samples there is complex structural relaxation on a

time scale that is long compared to the acoustic oscillation period but shorter than the

thermal diffusion time. This makes it take longer to reach the steady-state thermal

expansion response, and so the steady-state response then consists of a fast part A,

which is still the acoustic amplitude, plus a slow part. The slow part would normally

have some distinct dynamics associated with the slow structural relaxation, at the

very least a single-exponential rise time [13, 22].

Material properties influence the ISTS signal intensity based on thermal expansion

due to laser excitation. Gold produces a strong ISTS signal, since it exhibits a large

amplitude signal A, and this is the reason I have an overlayer of gold on top of polymer

for several samples studied by this technique. A polymer that absorbs the pump or

excitation wavelength strongly and whose ISTS signal can be probed directly would

not need the gold overlayer for signal enhancement.

2.2.2 Homodyne versus Heterodyne Detection

The diffracted intensities in an ISTS experiment can range anywhere from 10−5 at

best to 10−8 of the incident probe intensity depending upon the efficiency of the

pumping as well as diffraction. As the probing field needs to be weak relative to

the pump to avoid further exciting the sample, detection of small signal fields can

present a significant challenge. To overcome this difficulty, I have taken advantage

of the principle of heterodyne detection to boost detectable signal levels. In this

case, the time-dependent signal field Esc(t) is superposed upon a static, coherent

local oscillator or “reference”field ELO which is typically several orders of magnitude
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larger than Esc(t). The intensity registered by the detector is then given by

I = |Esc(t) + ELO|2 = |Esc(t)|2 + |ELO|2 + 2cos(ϕ)Esc(t)ELO (2.10)

where ϕ is the optical phase between the scattered and local oscillator (LO) fields.

In Equation 2.10, Esc(t)
2 is the intensity of the original scattered field. It is called

the homodyne contribution, and its quadratic dependence indicates that a sinusoidal

signal will be detected at twice its frequency. The homodyne signal may be considered

negligible if the LO field amplitude is adjusted properly.

E2
LO is a static quantity and provides a large DC offset; having no time-dependence,

it can also be ignored. Thus, I see that amplification is provided by the cross term, or

heterodyne contribution 2cos(ϕ)Esc(t)ELO, which gives the time-dependence of the

field Esc(t) itself. I note that the optical phase ϕ must be optimized to provide the

largest possible signal, and may be adjusted to provide a positive or negative signal

relative to the baseline provided by E2
LO.

2.3 Experimental System

Figure 2-3 shows the ISTS experimental arrangement in reflection geometry for opaque

samples. The set-up has also been used in transmission mode for transparent materi-

als. The pump and probe beams are focused onto the mask with spherical lenses (not

shown in Figure 2-3). A phase mask is used to diffract the short excitation laser pulse

(250 fs, λ= 400 nm, 500 µJ, from an amplified Ti:sapphire laser system) into multiple

orders. The phase mask or diffraction grating is designed to optimize the diffraction

efficiency of incident pump light into the first (± 1) diffraction orders. These first

order diffraction maxima are recombined by a spherical lens that images the mask

pattern onto the sample using a one-lens imaging system, while all the higher orders

and the zero order beams are blocked by a spatial filter.

The excitation wavevector q can be varied between 1.5×105 m−1 and 1.5×106 m−1

by translating the phase mask to locations on it having etched patterns with different
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Figure 2-3: Schematic diagram of impulsive stimulated thermal scattering (ISTS)
experiment. The pump (i.e., excitation) pulses, shown in blue, are 250 fs in duration
and 400 nm in wavelength, generated using an amplified Ti:sapphire laser system.
The 532 nm continuous-wave probe (i.e., detection) laser beam, shown in green, is
generated by a single-mode Nd:YAG laser. Pump and probe beams are diffracted
into ± 1 orders by a binary phase mask pattern. The two resulting pump beams are
recombined to form the spatially periodic excitation pattern that results in coherent
acoustic wave generation. The two probe beams are used for optical heterodyne
detection of time-dependent signal that is diffracted by the acoustic response. The
phase mask pattern is one of many with different spatial periods on a glass slide, so
the acoustic wave vector may be varied by moving different patterns into the beam
path.
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Figure 2-4: Calibration of transient grating spacing in ethylene glycol using a series
of phase masks with different spatial periods. The imaging ratio for the one lens
focusing system is 1:0.56.

periods. The time-dependent material response is monitored by a CW probe laser

beam (532 nm, 30 mW, Coherent Verdi) that is incident on the phase mask parallel

to and directly above the excitation beam. The reflected part of each probe beam

is collinear with and phase-coherent with the diffracted signal from the other probe

beam, and the collinear probe and diffracted signal superpose to permit optical het-

erodyne detection of the signal. Detection of acoustic waves is performed by a custom-

built differential detector (Cummings Electronics Laboratory, Model 3031-0003 am-

plified avalanche photodiode) whose amplification has a bandwidth of approximately

10 kHz - 3 GHz. The AC coupling allows for measurement of induced gratings with-

out a fluctuating background due to pointing instability and fluctuations in the local

oscillator field ELO. The signal is then averaged by a fast digitizing oscilloscope

(Tektronix TDS 7404, 4 GHz).

The transient grating wavelengths generated by the different phase mask patterns

were carefully calibrated to within 1% accuracy prior to the experiment, by making

ISTS measurements in ethylene glycol doped with 10−3 M Coumarin 515 laser dye at

294 K (room temperature) in transmission mode (See Figure 2-4). Ethylene glycol
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Figure 2-5: Dispersion relation showing acoustic frequency versus wavevector for
ethylene glycol at 294 K. Notice the linear relationship suggesting zero dispersion or
constant acoustic speed independent of wavevector in this range.

has a temperature-dependent acoustic velocity v near room temperature [23] given

by

v (km/s) = 1.658− 2.1× 10−3 (T − 298) (2.11)

where T is the temperature in Kelvin.

2.4 Material Systems

This section will focus on the motivation to study thin films and multilayer struc-

tures of polymers, ceramics and metals. I will present ISTS studies on polymers

(poly(methyl methacrylate), polystyrene, polyimide, polycarbonate, polydimethyl-

siloxane), nanocrystalline materials (titania), multilayer structures, ceramic materials

(boron carbide and aluminum oxynitride).

40



2.4.1 Multilayer Thin Films

The mechanical behavior of multicomponent materials that contain ordered or par-

tially ordered domains can be markedly different from those exhibited by each individ-

ual neat component [24]. This opens the possibility to optimize mechanical properties

of materials for specialized applications based on the manner in which the individual

components are combined and structured. Amorphous polymers such as poly(methyl

methacrylate) (PMMA) and nanocrystalline materials such as titania (TiO2) are par-

ticularly attractive for many engineering applications due to their intrinsic proper-

ties including transparency, relatively high moduli, and ease of processibility, which

enable a wide range of systematically variable multicomponent morphologies to be

produced [25].

In multilayer systems with these components, it should be possible to control the

mechanical behavior, as well as the acoustic properties including phase and group

velocity dispersion and possibly phononic bandgap structure, by controlling the or-

dering and thickness of each individual layer and/or by optimizing the number of

layers [26, 27]. I have used multilayer structures of PMMA and TiO2 nanoparticles as

model systems to understand the mechanical behavior of complex multilayer stacks.

A better understanding of the mechanical properties of these types of systems will be

used in the design of new materials for energy-dissipation applications [28].

2.4.2 Polymer Films

As discussed earlier, non-destructive probing of elastic properties has become a state-

of-art approach in thin film research and applications because of recent advances and

growing popularity of acousto-optical methods, in particular, BLS and ISTS [29].

The ability of these methods to measure acoustic waves propagating along different

directions in a sample can hardly be overestimated for anisotropic films, frequently

found in practical applications (stretched packing films, for example). Mechanical

anisotropy correlates with preferred orientation of structural units in tested material;

this correlation is extensively used to analyze the effect of processing conditions on

41



structure and mechanical stability of films. It should be noted that the other param-

eter widely used for anisotropy characterization is optical birefringence, which shows

much less sensitivity than the elastic modulus tensor in some polymer films.

The study of highly anisotropic supported polyimide films has been reported in

the present work. Polyimide coatings chosen for this investigation are well known for

their directionally dependent properties; both free-standing and supported polyimide

films are often used as model polymer layers with strong uniaxial anisotropy of optical,

mechanical, and thermal characteristics. Moreover, outstanding mechanical proper-

ties, high dimensional and thermal stability, low thermal expansion, and low dielectric

constant of polyimide make it the material of choice for protective coatings and for

interlayer dielectrics and passivation layers in the microelectronic industry. Aromatic

polyimides are the most successful and widely used polymeric high-performance ma-

terial for space applications. The high technological importance of polyimide coatings

calls for adequate directionally dependent characterization tools, and thus application

of ISTS to such films is practically important.

Other materials systems used in the studies were polymer films of polystyrene

(PS), polydimethylsiloxane (PDMS), SU-8 (epoxy-based negative photoresist), poly-

carbonate (PC) and Ceraset R© polysilazanes.

2.4.3 Ceramic Materials

Ceramic materials may have a crystalline or partly crystalline structure, or may be

amorphous (i.e. glass). The two ceramic materials I will focus on are aluminum

oxynitride and boron carbide.

Aluminum Oxynitride

Aluminum oxynitride (AlON) is a polycrystalline transparent ceramic and a premier

armor material. It has excellent mechanical properties and thus is a viable material for

applications requiring high hardness, mechanical strength, and broad electromagnetic

transparency [30, 31]. AlON films are widely applied as protective coatings against

42



wear, diffusion and corrosion, optical coatings, opto-electronics, micro-electronics, and

other fields of technology. This is due to the possibility for a broad combination of the

physical and chemical properties of the oxynitride films with variable concentrations

of aluminum, oxygen, and nitrogen. The film properties can be tailored between

those of pure aluminum oxide (Al2O3) and aluminum nitride (AlN), depending on

the application [32, 33]. AlON has a cubic spinel crystal structure with a melting

temperature, Tm, close to 2150 ◦C, and a mass density, ρ, around 3.69 g/cm3 [34].

Boron Carbide

B4C is the third hardest existing material after diamond and cubic BN with hardness

of 41 GPa and elastic modulus of 540 GPa, and its collection of unique properties

together with its relatively easy fabrication makes it suitable for many diverse applica-

tions such as bulletproof armor, rocket propulsion, neutron absorption, and abrasive

powder [35, 36]. Stoichiometric B4C has a rhombohehral structure with an ultra-

high melting temperature, Tm, close to 2450 ◦C, and a low mass density, ρ, around

2.52 g/cm3 [37].

2.5 Sample Preparation

Fabrication and Characterization

Typically, the sample is a multilayer structure with a substrate, either silica glass

or sapphire, and then adding other material layers as per need using spin-coating

(for polymeric materials) and e -beam deposition for metals like aluminum and gold.

Various fabrication steps are required to build layer-by-layer the final sample and this

needs precision and accuracy. The thicknesses and uniformity of the multilayers are

characterized using ellipsometry, profilometry, and atomic force microscopy (AFM).

On the other hand, some samples have been scanned under SEM or TEM, where a

multilayer film cross section is prepared by focused ion beam (FIB) cross sectioning.
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2.5.1 PMMA -TiO2 Multilayer Structure∗

Inorganic TiO2 nanoparticles and PMMA have been used as high and low elastic mod-

ulus materials, respectively, for constructing multilayer phononic structures. TiO2

nanoparticles were prepared by the synthetic scheme of Sanchez et al. [38]. The

nanocrystalline TiO2 particles were composed of anatase phase (refractive index∼ 1.85

at 500 nm) with an average diameter of about 1 to 5 nm. The TiO2 nanoparticles

attached with an organic surface capping group (acetylacetone) were readily dissolved

in butanol. I estimate the weight fraction of TiO2 nanoparticles in thin film to be

around 90% to 95%. PMMA (Aldrich, St. Louis, MO, Mw: 15,000 g/mol) was used

as received and dissolved in toluene. For fabrication of an organic-inorganic multi-

layer phononic structure, (TiO2-PMMA)5, solutions of TiO2 (in butanol) and PMMA

(in toluene) were alternately spin coated on a glass substrate to target thicknesses,

based on phononic bandgap models [27], of 110 nm (TiO2) and 135 nm (PMMA).

The thicknesses were controlled by concentration of the solution, amount of solution,

and spin speed. A final gold layer (130 nm thick) was deposited by e -beam so that

the ISTS excitation pulses would be strongly absorbed and the probe light would be

highly reflected. The final sample assembly is shown in Figure 2-6.

Soda lime Glass (2.5 mm)

Gold (130 nm)

PMMA (135 nm)

TiO2 (110 nm)Soda lime Glass (2.5 mm)

Gold (130 nm)

PMMA (135 nm)

TiO2 (110 nm)

Figure 2-6: Depiction of sample assembly for PMMA-TiO2 multilayer structure used
in ISTS measurements (not to scale).

2.5.2 Polymer Films

Several types of transparent substrates were used. Type 1, 25 mm diameter micro-

scope cover slides made of optical borosilicate glass (Fisher brand 25CIR-1D) were

used most. Other substrates used were BK-7 glass, sapphire, polycarbonate and

∗Done collaboratively with Jongseung Yoon in the group of Prof. Edwin L. Thomas
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PMMA. All substrates were cleaned before use by plasma surface treatment and

etching system (Plasma Etch).

Polymer films (PS or PMMA) were spin-coated onto the glass substrate to get

desired thicknesses of the samples used in this investigation. The polymer film thick-

ness was a function of the solvent used, the concentration of the polymer solution,

and the rotational speed of the spin-coater. For PS and PMMA, the solvent of choice

was found to be toluene because it readily dissolves both polymers and has a high

boiling point, so it does not volatilize too rapidly [39]. The spin time for all the

samples was one minute, with thirty seconds allowed for deceleration to a complete

stop. To remove the solvent, the films were baked at 90 ◦C, below the boiling point

of toluene, for approximately 30 minutes. To increase thickness uniformity, the films

can be annealed around the Tg of the polymer, but this was not found to be nec-

essary after investigation of surface roughness by AFM. The spin-coating apparatus

used can make a significant difference in thickness uniformity. Films were initially

coated using the Specialty Coating Systems G3P-8 spincoater. This particular model

required a constant nitrogen purge in the spinning chamber. The result is very large

film thickness variation along the radius due to currents caused by the nitrogen flow.

To resolve this, a spincoater from Laurel Technologies, WS400-A 6NPP Lite, was

employed since it operates without needing external gas flow.

Thickness uniformity and accurate measurement of the polymer film thickness

were extremely important in this experiment since either thickness or acoustic veloc-

ity were required to effectively interpret the time-resolved signal. Profilometry and

ellipsometry can be used to measure the polymer film thickness. Profilometry was

best suited for a polymer monolayer on a hard substrate, such as silicon or sapphire.

This technique, while reasonably accurate (±1 nm), was not preferred since it locally

damages the film. Thus, ellipsometry was used to evaluate the thickness of a polymer

film on a substrate such as silicon, though it becomes very difficult for transparent

substrates such as sapphire.

For polyimide films, substrates were primed by a 0.1% solution of DuPont VM-651

(active component is 3-aminopropyltriethoxysilane) in deionized water. The puddle
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of the primer stood on a substrate for 20 s. The substrate was spin dried for 60 s

at 3000 rpm. The thickness of the priming layer was estimated by ellipsometry us-

ing a three-wavelength nulling ellipsometer AutoElII-NIR-3 (Rudolph Technologies).

Measured thickness value of 1.6 nm was in good agreement with literature data [40].

Poly(biphenyl dianhydride-p-phenylenediamine) (BPDA-PDA) polyimide films were

applied on the primed side of glass slides by spin coating at 1000 - 3000 rpm for

60 s. Both DuPont PI-2610 polyamic acid precursor and its solutions in N-methyl-2-

pirrolidone were used. The diluted precursor with concentrations ranging from 40%

and above was used for the thinnest coatings (<1 µm thick). Neat precursor was used

for the fabrication of thicker coatings. Immediately after coating, the slides/wafers

were soft-baked at 130 ◦C for 90 s on a hot plate. To obtain thick (10 - 20 µm) films,

multiple-coating technique after soft-bake were used, and the spin-coating was re-

peated. The final curing was done in a vacuum oven at 350 ◦C for 24 h; the ramp rate

was 1 ◦C/min.

2.5.3 Ceramic Materials

Aluminum Oxynitride and Boron Carbide

Ceramic samples of aluminum oxynitride and boron carbide were provided by Dr.

Dattatraya P. Dandekar from Army Research Laboratory (Aberdeen Proving Ground,

MD). The samples were 25 mm diameter and 2 mm thick solids. A thin (310 nm)

gold layer was deposited by e -beam so that the ISTS signal intensity was enhanced.

2.6 ISTS Data and Analysis

2.6.1 Data Acquisition and Processing

ISTS photoacoustic measurements were made using the experimental setup shown

in Figure 2-3. The acoustic wave-vector magnitude q and corresponding frequency

ω(q) were determined by the angle between the excitation pulses which controlled

the associated optical interference fringe spacing. The detector was attached to a
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Tektronix model TDS-7404 digital oscilloscope which has a bandwidth from DC to

4 GHz. The oscilloscope was externally controlled via GPIB interface and the data

traces recorded on a computer using a home-made Agilent VEE program. The data

were averaged over 25 - 50 repetitive measurements.

2.6.2 Data Analysis

Measurement of multiple (or single) acoustic waveguide modes at various acoustic

wavelengths yields their acoustic dispersion relation, that is acoustic frequency as a

function of wavevector, ω(q), which can be used to extract the elastic properties of the

films. The analysis begins with Fourier transformation of the data which yields the

acoustic frequency of each mode observed at each wavelength. The dispersion curves

are calculated as solutions of the thermoelastic equations of motion for a multilayer

system, using numerical code that allows the measured dispersion data to be fit with

variable material parameters in order to determine the parameter values.

The analysis of the dispersion results was done by iteratively varying parameters

such as layer thicknesses, densities, and longitudinal and transverse acoustic velocities.

Initially, thickness and density of the films were fixed to roughly estimated values and

the fitting was done by varying the longitudinal and transverse velocities of the films.

When the best fit was obtained, the thickness and density were also varied to see if

this give a closer fit or not. The sum of squared differences between the measured

dispersion and calculations provides a metric for the quality of the model. When

the model fit the data well, a set of elastic constants including Young’s modulus E,

shear modulus G, bulk modulus K, and Poisson’s ratio ν could be calculated using

Equations 2.12 - 2.15.

K = ρ (v2
l −

4

3
v2
t ) (2.12)

G = ρ v2
t (2.13)

E =
3K G

K + 1
3
G

(2.14)

ν =
E

2G
− 1 (2.15)
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where ρ is the density, vt is the shear velocity, and vl is the longitudinal velocity.

2.7 Results and Discussion

2.7.1 Multilayer Organic/Inorganic Hybrid Structure

The acoustic dispersion curves of PMMA, TiO2 nanoparticles, and PMMA-TiO2 mul-

tilayers were determined in order to characterize the evolution of mechanical prop-

erties of the multilayer structure. There is a strong dependence of the acoustic fre-

quency on the elastic properties, density, thickness, and mechanical boundary con-

ditions (e.g., substrate adhesion or delamination) of each film in a multilayer stack.

The measurement of multiple acoustic waveguide modes and their dispersion reveal

acoustic behavior that can then be used to extract the elastic properties of the film

by fitting of a multilayer acoustic model to the experimental data [9].

Representative ISTS data from a PMMA-TiO2 multilayer structure (depicted in

Figure 2-6) at 12 µm acoustic wavelength are shown in Figure 2-7. In each case the

substrate was soda-lime glass and there was a 130 nm gold overlayer. The data show

time-dependent acoustic oscillations and their decay. The acoustic frequencies were

extracted through Fourier transformation of the data. Multiple frequencies indicate

several acoustic waveguide modes that were excited and probed in the measurement.

The dispersion curves of the samples investigated are shown in Figure 2-8 (a).

These dispersion curves are derived from acoustic frequencies measured in the multi-

layer structure at different experimentally set wavevectors as displayed in Figure 2-7.

In the case of a thin films, pseudo-Rayleigh and pseudo-Lamb surface acoustic wave-

guide modes are generated. When the acoustic wavelength is long compared with the

film thickness, the effects of the film are small compared with those of the substrate.

On the other hand, when the wavelength is short compared with the film thickness,

the substrate has a small effect on the modes and the mode velocities approach the

intrinsic transverse velocity of the film. There are many Rayleigh modes which can

propagate on a layered medium and for a given system, the number of possible modes
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Figure 2-7: Diffracted ISTS signal from PMMA-TiO2 multilayer film sandwiched
between gold and glass at 12 µm acoustic wavelength. The top inset shows the power
spectrum (i.e., Fourier transform of the diffracted ISTS signal) and clearly illustrates
the presence of two thin-film acoustic waveguide modes. The bottom inset shows a
transmission electron microscope (TEM) image of the PMMA-TiO2 multilayer film
cross section prepared by a focused ion beam (FIB) with the scale shown. There
are five alternating layers of TiO2 (darker layers) and PMMA (brighter layers) with
individual PMMA and TiO2 thicknesses of 135 nm and 110 nm respectively. The
sample assembly is depicted in Figure 2-6.
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Figure 2-8: (a) Lowest-order acoustic waveguide mode frequency dispersion curves of
neat PMMA, TiO2, and PMMA-TiO2 multilayer structure. The dashed lines show
numerical simulations from which dynamic mechanical parameters were determined.
(b) Acoustic waveguide mode frequency dispersion curves of PMMA-TiO2 multilayer
structure. The dashed lines show numerical simulations from which dynamic mechan-
ical “effective”parameters for the multilayer structure were determined, assuming it
was one uniform layer. Note the avoided crossing (near q∼ 0.55× 106 m−1) which
indicates coupling between the acoustic waveguide modes.
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depends only on the product of the acoustic wavevector and the thickness of the film

layer, i.e. on the ratio between the acoustic wavelength and the layer thickness.

Numerical simulation of the lowest-order acoustic waveguide mode frequency dis-

persion curve was performed to extract the physical parameters of PMMA and TiO2

nanoparticle layers that are indicated in Table 2.1. The uncertainties of the multi-

parameter fitting were also estimated by iteratively changing and fixing individual

parameters such as layer thicknesses, densities, longitudinal and transverse acoustic

velocities, and letting the other parameters vary to optimize the fit. When acceptable

fits could no longer be reached by varying the other parameters, the fixed parameter

was deemed to be outside of its uncertainty window. More than 5% variation in any

of the fitted parameters resulted in a serious deterioration of the quality of the fit to

the experimentally observed values. The upper bound on the overall uncertainties of

the extracted parameters was estimated to be 5%.

Table 2.1: Mechanical properties of PMMA, TiO2, and PMMA-TiO2 multilayer struc-
ture, extracted from the recorded acoustic dispersion curves shown in Figure 2-8 using
ISTS technique.

Material Density Young’s Bulk Shear Poisson’s
System Modulus Modulus Modulus Ratio

[g/cm3] [GPa] [GPa] [GPa]

PMMA 1.1 4.9 4.3 1.9 0.31
TiO2 3.6 210 150 80 0.27
PMMA-TiO∗2 2.2 12 12 4.6 0.33

∗Averaged or “ effective ”properties are given for the multilayer structure, determined by assuming
it was a single uniform layer.

The results of our fits are in good agreement with values for the bulk materials

found in literature [41, 42]. The elastic parameters for TiO2 nanoparticles encapsu-

lated in organic surfactant are in proportion to the weight fraction of TiO2 (∼ 90 -

95 wt%) in the matrix. The results suggest that the equivalent parallel spring model

works well for this system of aggregated nanoparticles [43]. The dispersion curve

of the multilayer structure PMMA-TiO2 has been simulated quantitatively with the

parameters extracted from the neat samples. The acoustic phase velocity values,
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Figure 2-9: (a) Acoustic phase velocity dispersion curves of PMMA, TiO2, and
PMMA-TiO2 multilayer structure. (b) Acoustic group velocity dispersion curves of
PMMA, TiO2, and PMMA-TiO2 multilayer structure. Note the near-zero group ve-
locity of the multilayer structure in the high wavevector range. Phase velocity vp = ω

q

and group velocity vg = ∂ω
∂q

.
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which are lower than those of either constituent, are well reproduced. If the multi-

layer structure is modeled as a single equivalent layer, this layer has modulus values

in quantitative agreement with the simplest formula for an equivalent series spring

system [43]. As expected, the modulus of the equivalent layer lies closer to that of

the softer material (PMMA) than the harder one (TiO2 nanoparticles).

The phase velocity dispersion curves for the three samples, along with limiting

values for the substrate and the bulk materials, are shown in Figure 2-9 (a). The

qualitative trends are as expected, namely higher velocities, approaching that of the

substrate, at smaller wave vectors in which the correspondingly longer acoustic wave-

lengths extend farther into the substrate and more closely reflect the substrate prop-

erties. In each case, the shortest acoustic wavelengths are still longer than the film

thickness d; that is, I am always in the qd � 1 regime and so the bulk values that

would be reached in the limit of very short wavelength are never approached closely,

but the trend is toward these values as wavevector is increased.

Figure 2-9 (b) shows the group velocity dispersion curves of PMMA, TiO2 and

PMMA-TiO2 multilayer structure. Of particular interest is the result for the mul-

tilayer sample, in which the group velocity is extremely low in the range of higher

acoustic wave vectors. This means that the speed of acoustic energy transport in the

plane of the multilayer film is unusually slow at these wave vectors. This may have

useful implications for dissipative structures since slow speeds offer longer times for

damping to occur. In this structure, the low group velocity appears to arise from an

avoided crossing between the two lowest-order acoustic waveguide modes. More gen-

erally, acoustic band gap structures might be constructed that would exhibit similar

properties in all directions in selected wavevector ranges.

2.7.2 Ceramic Materials

ISTS measurements on ceramics were conducted to verify that the results could be

compared reliably to ultrasonics results. This is important for anticipated work on

ceramics under static or dynamic high-pressure conditions, in which non-contact

measurements are highly advantageous. Typical diffracted ISTS signal from alu-

53



0 2 0 4 0 6 0 8 0 1 0 0

4 0 0 6 0 0 8 0 0 1 0 0 0

G o l d  3 1 0 n m
A l O N B u l k

G o l d  3 1 0 n m
A l O N B u l k

 

 

Int
en

sity
 (a

.u.
)

T i m e  ( n s )

 

 

F r e q u e n c y  ( M H z )

Figure 2-10: Diffracted ISTS signal in reflection mode from an aluminum oxynitride
disc with an overlayer of 310 nm thick gold at 6.6 µm acoustic wavelength. The top
right inset shows the power spectrum (i.e., Fourier transform of the diffracted ISTS
signal) and clearly illustrates the presence of two acoustic waveguide modes. The top
left inset show a depiction of the sample assembly (not to scale).

minum oxynitride (AlON) is shown in Figure 2-10. The acoustic response consisting

of counter-propagating waves gives rise to damped oscillatory material motion on

a nanosecond time scale and the thermal response gives rise to quasi-steady-state

signal which persists until thermal diffusion washes out the temperature grating, usu-

ally on many nanoseconds or microsecond time scales. The oscillations are associated

with acoustic standing waves. The oscillation frequency depends upon the material’s

acoustic velocity and the decay rate depends upon the acoustic attenuation rate as

discussed earlier.

The acoustic dispersion curves are generated for both AlON and boron carbide as

shown in Figure 2-11. I also performed ISTS measurements on AlON in transmission

mode (as shown in inset of bottom Figure 2-11). The data interpretation is much

simpler as only bulk longitudinal modes are excited and hence, I can directly measure

the longitudinal acoustic speed from the slope of the dispersion curve. The average

longitudinal acoustic speed calculated for AlON is 10.5 km/s.

The acoustic waveguide mode frequency dispersion curves for AlON and boron

carbide were used to extract the physical parameters of these ceramic materials, as
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Figure 2-11: Acoustic dispersion curves of boron carbide (Top) and aluminum oxyni-
tride (Bottom) generated from ISTS experiment in reflection mode. The dashed lines
show numerical simulations through which mechanical parameters are determined.
The inset in the bottom figure shows the acoustic dispersion curve for aluminum
oxynitride from ISTS experiments in transmission mode on the same sample without
the gold overlayer. The longitudinal acoustic speed is 10.5 ± 0.3 km/s, directly given
by the slope of the linear regression curve.
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indicated in Table 2.2. The calculated values of acoustic and mechanical properties

agree well with the ultrasonic wave velocity measurements done at Army Research

Laboratory, Aberdeen [44].

Table 2.2: Acoustic and mechanical properties of aluminum oxynitride and boron
carbide computed by modeling the experimental ISTS data obtained in generating
the acoustic dispersion curves shown in Figure 2-11.

Material Density Longitudinal Transverse Young’s Shear
System Speed Speed Modulus Modulus

[g/cm3] [km/s] [km/s] [GPa] [GPa]

AlON 3.7 10.7 5.5 295 110
AlON∗ 3.7 10.3 5.9 320 130
Boron Carbide 2.5 13.8 8.4 430 180
Boron Carbide∗ 2.5 13.5 8.6 430 185

∗Ultrasonic wave velocity measurements done at Army Research Laboratory, Aberdeen in 2001.

2.7.3 Polymer Films

Polyimide Films

One way to check the independence of elastic properties on thickness for a particular

material and fabrication method is the analysis of dispersion relations for films of

variable thickness, as demonstrated for polyimide free-standing films studied by ISTS

technique [45]. Six BPDA-PDA coatings with thickness in the 0.1 to 0.75 m range

(less than 1 µm characteristic size) were examined in the transmission geometry,

using polarized and depolarized BLS measurements [6], and the observed modes were

combined into the dispersion diagram shown in Figure 2-12. The probed waveguide

modes possess mixed polarization; that is, they have displacement fields in the sagittal

plane. As a result, their phase velocities were functions of both the in-plane and out-

plane shear and longitudinal moduli. Therefore, for the particular case of BPDA-PDA

polyimides, which are known to possess transverse isotropic symmetry (the in-plane

mechanical properties are different from the out-of-plane ones), the dispersion relation
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can be completely described by five parameters (ρ, v
‖
l , v

‖
t , v

⊥
l , and v⊥t ). Lower indices l

and t denote longitudinal and transverse polarizations, respectively and upper indices

‖ and ⊥ denote in-plane and out-of-plane directed excitations, respectively.

Polarized and depolarized BLS measurements [6] showed that Brillouin shift of a

mode is proportional to wavevector, q, and does not depend on film thickness. This

trivial behavior is demonstrated in Figure 2-13 for a 20 µm thick BPDA-PDA coat-

ing for all four combinations of geometry and polarization. Mechanical anisotropy is

clearly seen as the difference in the slope (proportional to phase velocity) of linear ω(q)

functions obtained for orthogonal directions for both longitudinal and shear excita-

tions. 20 µm is much thicker than the acoustic wavelengths at these BLS wavevectors,

so bulk behavior, with the acoustic frequencies independent of film thickness in this

range, is expected.

Table 2.3: Sound velocities and mechanical properties for BPDA-PDA coatings.∗

Wave In-plane Out-of-plane

Longitudinal v
‖
l = 3560 m/s v⊥l = 2340 m/s
c11 = 17.7 GPa c33 = 7.67 GPa

Shear v
‖
t = 1710 m/s v⊥t = 1140 m/s
c66 = 4.09 GPa c44 = 1.82 GPa

∗Relative error is ±1.5%.

Table 2.3 presents sound velocities calculated from the slopes of the Figure 2-13 plots;

standard deviation of the values does not exceed 1.5%, assessed by letting parame-

ters vary and seeing how much that changed the fits, just like with the other samples.

Previous study of elastic properties of BPDA-PDA at hypersonic frequencies was per-

formed by the ISTS technique on free-standing films, reporting v
‖
l = 3580± 150 m/s,

v
‖
t = 2050± 100 m/s, v⊥l = 2330± 100 m/s, and v⊥t = 1130± 50 m/s [11]. All velocities

except the in-plane shear speed, v
‖
t , are in excellent agreement with our measurements.

All model parameters were predetermined: v
‖
l , v

‖
t , v

⊥
l , and v⊥t values for BPDA-

PDA coatings were taken from 10 - 20 µm thick film BLS measurements (Table 2.3);

BPDA-PDA mass density, ρ, 1.40 g/cm3 [46]; vl, vt, and mass density of the substrate
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Figure 2-12: Dispersion diagram of the in-plane elastic excitations in supported
BPDA-PDA films. The plot contains data for six different thicknesses in the 0.1 to
0.75 µm range and for q in the 0.006 to 0.022 nm−1 range. Correspondence between
the symbols and the thickness of coating is given in the inset legend. The red solid
lines represent the transverse isotropic theoretical model with all model parameters
predetermined.
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Figure 2-13: Mechanical anisotropy in 20 µm thick BPDA-PDA film. Acoustic
phonons propagating with longitudinal (solid symbols) and transverse (open symbols)
polarization parallel (triangles) and normal (squares) to the film surface. Figure from
reference [6].

were determined beforehand. Tight correspondence of the experimental data and the

model for the whole thickness range implies that elastic moduli (and mass density)

determined for 10 - 20 µm thick films are valid down to 0.1 µm film thickness; no size

effect is observed.

Polystyrene

Typical ISTS signal for a polystyrene thin film is shown in the top curve of Figure 2-14.

The wavevector-dependent results and the dispersion relations fit to them are shown in

the bottom part of the figure. The results of ISTS characterization of polystyrene yield

elastic and shear moduli values of 3.0 GPa and 1.0 GPa respectively with uncertainties

of 5%, in close agreement with literature values [47, 48, 49].
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Figure 2-14: Experimentally observed acoustic dispersion relation for 1.270 µm thick
polystyrene film on a sapphire substrate with an overlayer of 14 nm gold, along with
theoretical calculations. The bottom part of the figure shows observed ISTS signal,
where the acoustic wavevector was 7200 cm−1 (or 8.727 µm acoustic wavelength) and
the Fourier transform of the signal showed two modes at 235 MHz and 265 MHz.
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Other Polymer Systems

ISTS measurements were carried out on a variety of polymeric systems in different

sample configurations. These measurements were averages of 25 signals recorded

from different spots on the samples so that variations in sample properties could be

homogenized. This was also done to verify that high-quality ISTS data could be

recorded even from samples undergoing irreversible change such as that induced by

shock loading. An array of ISTS signal is plotted in Figures 2-15 and 2-16. It should

be emphasized that these single-shot measurements are applicable to a very wide

range of single-component and composite materials.

2.8 Conclusions

ISTS measurements made on a PMMA-TiO2 multilayer structure suggest that it may

serve as a prototype for acoustic bandgap materials or other designs with substantial

acoustic impedance mismatch between alternating layers. The lowest-order acoustic

waveguide modes have been characterized in samples composed of the individual

materials and the multilayer structure in the sub-GHz frequency range. Throughout

this range, the acoustic phase velocities in the multilayer sample are lower than those

of either of the two components, and the effective modulus values of the multilayer

structure lie between those of its constituents. A regime has been observed in which

the multilayer structure exhibits extremely low acoustic group velocity in the lowest-

order waveguide mode, suggesting possible applications in structures that exploit

the slow sound speed for increased dissipation or, at larger amplitudes, improved

mitigation of dynamic mechanical impact.

The reasons for studying boron carbide are concerned with the observed loss of

shear strength in the material under shock wave compression. It is not clearly un-

derstood whether such a change is intrinsic to crystalline boron carbide or is due to

the associated amorphization of boron carbide above 25 GPa [50]. Measurements ex-

tended to high pressures induced by laser shock would provide the compression curve

and the shear strength of boron carbide at high rates of loading and as a function
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Figure 2-15: Diffracted ISTS signal from variety of polymeric films at different acous-
tic wavelengths Λ. The inset depicts the sample assembly used in each measurement
(not to scale). The frame shows averages of 25 signals recorded from different spots
on the sample so as to minimize variation in film properties over a wide region.
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Figure 2-16: Diffracted ISTS signal from variety of polymer systems sandwiched
between two thick pieces of glass or sapphire. The inset depicts the sample assembly
(not to scale) and the acoustic wavelength Λ of the acoustic waves generated using
ISTS pump beams. The data were recorded by moving to a new sample location for
each of the 25 shots.
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of compression. In the case of aluminum oxynitride, it is hypothesized that phase

transition and associated compression plays a significant role under shock induced

stress [51].

ISTS measurements on polymer samples yielded reliable material parameters and

showed that single-shot signals can be collected from a wide range of materials and

in various geometries that are relevant to shock loading measurements. Single-shot

ISTS measurements will provide valuable information about the evolution of vis-

comechanical properties and physical state including phase transitions under extreme

conditions.
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Chapter 3

Shock Wave Spectroscopy

3.1 Shock Waves

Introduction

When the amplitude of stress waves greatly exceeds the dynamic flow strength of a

material, we can effectively neglect the shear stresses, in comparison with the com-

pressive hydrostatic component of the stress. This leads to a high-pressure state (or

high-amplitude isentropic disturbance) traveling into a material. The disturbance

front will “steepen-up”as it travels through the material because the higher ampli-

tude regions of the front travel faster than the lower amplitude regions. This leads

to a shock wave, which is defined, ideally, as a discontinuity in pressure, temperature

(or internal energy) and density. Thus, shock waves are characterized by a sharp

discontinuity in the thermodynamic variables of the material. Shock can result from

impact: drop shock, ballistic shock, and automotive crashes or from explosives in the

case of pyroshock and blasts. An excellent review on the fundamentals of stress wave

phenomena is given by D. B. Hayes [52].

A shock pulse travels through a material at a speed (Us) approximately equal

to the sum of the particle velocity (Up) and the medium’s acoustic velocity (c), i.e.,

Us ≈ Up + c. The particle velocity is the speed with which the material at the

point of interest is moving, the velocity of material flow behind the shock front.
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Figure 3-1: Schematic showing the formation of a shock wave in an idealized model.
As the disturbance propagates from left to right, the front becomes increasingly steep,
until it becomes instantaneous. This implies a discontinuous jump in pressure (and
correspondingly, density), as shown to the right. Us is the shock velocity, Up is the
material velocity and c is the acoustic velocity. Typically, Us is on the order of several
km/s. The subscript 1 and 2 refer to different position on the moving wave front[52].

Accordingly, the shocked region exhibits higher density than unshocked regions. The

development of the shock results from a material’s property of transmitting sound

faster with increasing pressure (or density). The fundamental requirement for the

establishment of a shock wave is that the velocity of the pulse (Us) increases with

increasing pressure (P ). As shown in Figure 3-1, a high-pressure trailing shock edge

will steepen because higher-pressure shocks travel faster. Thus a compressional wave

will continue to propagate faster until its front exhibits a discontinuous jump in

pressure – the formation of a shock.

The intense compression the shock induces is followed by recoil or rarefaction,

which is rapid expansion of the material. Just as conventional high-rate testing tech-

niques (e.g. split-Hopkinson pressure bar and gas gun testing), laser-induced shock

loading is a thermodynamically irreversible adiabatic process because the compres-

sion is nearly instantaneous, accompanied by an entropy increase [53]. Typical shock

velocities are in the range of 4 - 9 km/s. Compression can be up to 20% in some cases,

with an associated temperature rise of hundreds of degrees – all within tens of pico-

seconds. After the shock passes, cooling occurs at a fantastic rate of few hundred
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Figure 3-2: Pressure-volume compression curve for the passage of the shock wave
through a material. For isentrope and isotherm, the thermodynamic path coin-
cides with the locus of states. For shock, the thermodynamic path is a straight
line, Rayleigh line (shown in dotted red color) to point (P1,V1) on the Hugoniot
curve, which is the locus of available shock states, not a shocking path [55]. Note:
V0 = 1

ρ0
and V1 = 1

ρ1
.

billion degrees per second in the case of single-stage shock compression [54]. In a

typical polymer (e.g., PMMA), shock volume compression is around 20% under peak

pressure of 4.5 GPa, shock velocity is 4 km/s, and temperature rise is 125 Kelvin.

A pressure-volume (P-V) diagram is directly measured during a conventional shock

experiment. A typical P-V compression curve is shown in Figure 3-2, along with the

thermodynamic path for a shock. The quantitative relationship which governs the

behavior of shock waves is derived by using the Rankine-Hugoniot equations. Given

1-D steady flow of a compressible, inviscid (non-viscous) fluid, the following equivalent

expressions of conservation of mass, momentum, and energy all apply:

ρ1 = ρ0

(
1− Up

Us

)−1

(3.1)

P1 − P0 = ρ0 Us Up (3.2)

E1 − E0 =
1

2
(P1 + P0)

(
1

ρ0

− 1

ρ1

)
(3.3)

where ρ is density, U is speed, P is pressure, E is internal energy per unit mass, and
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the subscripts 0 and 1 indicate initial (unshocked) and final (shocked) conditions,

respectively.

In the above conservation equations (3.1)–(3.3), there are five variables: pressure

(P1), particle velocity (Up), shock velocity (Us), density (ρ1), and energy (E1). Hence,

an additional equation is needed if we want to determine all parameters as a function

of one of them. This equation can be expressed as the relationship between shock

and particle velocities, and has to be experimentally determined.

Us = c+ S1 Up (3.4)

where c is the acoustic velocity in the material at zero pressure and S1 is an empirical

parameter. For most materials not undergoing phase transitions, Equation (3.4) is

valid and a linear relationship describes fairly well the shock response of materials.

The free-surface velocity, Ufs, is twice the particle velocity of the shock pulse, Up,

and can be determined by laser interferometry [56]. This allows determination of all

other shock parameters.

The most extreme loads are those that are imposed by high-velocity impact, con-

tact with a detonating explosive charge, or sudden deposition of thermal energy. The

material response to these stimuli is formation and propagation of a shock wave, a

disturbance that provides access to the highest obtainable rates of deformation. The

nature of these loading processes is such that the load is applied only briefly, so the

compression produced by the shock is relieved by a following decompression wave.

The loading event is communicated into the interior of the material by a compres-

sion pulse propagating at approximately the sound speed in the medium. As is well

known, a propagating compression pulse reflects from a stress-free surface as a tensile

pulse. In the absence of fracture, this tensile pulse has magnitude and duration simi-

lar to those of the incident compression pulse. Under typical experimental conditions,

the peak compression stress produced by the loading event falls in the range of 0.1

to 100 GPa (or 10 kbar) and the duration of the compression pulse ranges from a

few picoseconds to a few microseconds. Figure 3-3 shows a typical pressure temporal
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Figure 3-3: Idealized variation in pressure with time behind a shock wave followed
by expansion wave. The shock wave leads to an abrupt rise in the pressure, and the
duration of the compression pulse ranges from tens of picoseconds to a few nanosec-
onds (in laser-induced shock loading) to a few microseconds (in projectile or gas-gun
generated shock).

profile for a material undergoing shock loading. Because of the very large amplitude

of these pulses, the tensile stresses that arise upon reflection can easily exceed the

strength of even the strongest materials. The rate at which this tension develops is

dependent on both the loading conditions and the properties of the material, but it

is usually higher than tensile loading rates obtainable by other means.

Zeldovich applied the theory of non-steady spherical shock waves for studying

detonation waves generated during explosion of a charge [57]. As the radius R of the

shock front increases, the front slows down and the pressure P drops according to the

following relation:

R(t) = κ E1/5 t2/5 (3.5)

P (t) = κ′ E2/5 t−6/5 (3.6)

where E is the fixed amount of energy released during explosion or detonation. The

constants κ and κ′ depend on the fraction of energy converted to work and heat and

are functions of the bulk Grüneisen parameter for a condensed material.

69



3.2 High Strain Rate Measurements

Polymeric materials are known to exhibit strongly time-dependent mechanical be-

havior, as evidenced by rate-dependent elastic moduli, yield strengths, and post-yield

behavior. The ability to tailor molecular-level mechanics through the incorporation

of nano-scale particles offers new opportunities to design polymer-based material sys-

tems with different behaviors (elastic, yield, post-yield) in different frequency or rate

regimes.

The measurement of dynamic properties of materials under extreme ranges of test

conditions requires use of specialized and often sophisticated equipment and tech-

niques to obtain satisfactory data. A variety of test methods have been employed for

studying the strain rate behavior of polymers. Table 3.1 shows typical values of strain

rates observed under various loading conditions. The split-Hopkinson pressure bar

(SHPB) is still the primary method for testing the mechanical properties of materials

in homogeneous deformation at high rates of strain.

Table 3.1: Typical values of strain rates observed under various conditions.

Method Strain Rate
[s−1]

Instron 10−1

Drop-weight 102

Split–Hopkinson pressure bar 103

Blast/Explosion 105

Gas gun/Bullet/Flyer plate 106

Laser–induced shock 108

It has been suggested that a polymer’s macroscopic mechanical response to a

general loading case is governed by its ability to access various primary and secondary

molecular mobilities [58]. The primary process or α-relaxation is associated with

the cooperative segmental motion of approximately 20 to 40 monomers of the main

polymeric chain. It is also known as the glass-rubber transition temperature or simply

the glass transition (Tg). The secondary process or β-relaxation is associated with

rotation or local motion of side groups stemming from the main chain [59]. The
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Figure 3-4: Uniaxial compression stress–strain behavior of polyurea at strain rates
ranging from 10−3 s−1 to 9000 s−1 (each split-Hopkinson pressure bar (SHPB) curve
is labeled by its true strain rate at a true strain of 0.60 [60].

rotation of the entire side group about the main chain normally takes place at a

higher temperature and at a slower rate (or longer relaxation timescale) than the

rotation of a small side group or a portion of the group. Specifically, under conditions

of high strain rate, restricted secondary molecular motions are thought to bring about

enhanced stiffness and strength. The stress-strain behavior of polymers is strongly

dependent upon the strain rate. As the strain rate is increased, both the initial elastic

modulus and the stress level required for plastic flow increase. The true stress-true

strain curves for polyurea at room temperature over seven decades of strain rate are

presented in Figure 3-4 [60]. The temperature dependence of the mechanical behavior

of amorphous polymers is also very closely linked to the strain rate dependence.

It is well known that the viscoelastic behavior of any glassy, amorphous polymer

is governed by multiple activated processes [61]. These different activated processes

generally correspond to different segmental motions of the macromolecules. When

a particular segmental motion becomes restricted, the corresponding process will re-

quire stress-assisted activation, and thus the polymer’s viscoelastic behavior passes
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Figure 3-5: Model prediction of the PMMA elastic modulus curve at six different
strain rates, ranging from 10−6 s−1 to 104 s−1 [58]. The vertical dashed line represents
room temperature (298 K).

through a transition as a function of stress. As is now understood, these restricted mo-

tions also cause transitions in the rate-dependent yield behavior of many amorphous

polymers. However, in that case, it is not as easy to deconvolute the contributions

from different processes.

Figure 3-5 shows the decompose–shift–reconstruct (DSR) model prediction of the

PMMA elastic modulus curve at six different strain rates, ranging from 10−6 s−1

to 104 s−1. The curve not only shifts to the right (increased temperatures) with

increasing strain rate, but it also changes shape due to the different shift factors for

α and β transitions [58].
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3.3 Shock Wave Spectroscopy

Shock waves allow us to study fast structural evolution processes in the higher energy

regions of the energy landscape difficult or impossible to access by conventional tech-

niques. This section reviews work done on generating shock by various techniques as

well as different kinds of tools being used for shock measurement. It presents studies

done using a gas gun to generate shock on one hand and laser-induced shock loading

on the other. Also, different measurement techniques of probing material under shock

loading like Raman scattering, fluorescence spectroscopy, infrared spectroscopy, and

coherent anti-Stokes Raman scattering (CARS) have been discussed.

It is convenient to classify experimental devices according to the energy source

used to drive shock loads [62] -

1. Gun type launchers like powder guns, light-gas guns and ballistic shock tubes

2. Explosive systems based on powerful condensed high explosives

3. Electric and electromagnetic guns

4. Devices using radiation sources like lasers, x-rays, etc.

There are various spectroscopies being used as probes of material response to

shock. The time resolution in most time-resolved spectroscopy is limited by the

optical instrumentation, either the pulse or the detector. In shock wave spectroscopy,

time resolution is limited by the instrumentation as well as the time needed for the

shock to traverse the part of the sample that is monitored by the probe pulse, which

depends on many parameters including the probe absorption strength.

The primary methods of shock generation are mechanical or projectile-impact

shock loading and laser-induced shock loading [63]. The two realms of shock loading

are similar in principle since laser shocking drives a thin film of aluminum serving as a

battery ram. The major difference between the two approaches is the duration of the

shock pulse. Laser-initiated shocks usually do not last longer than several nanosec-

onds, whereas mechanical shocking leaves the sample in a constant pressure steady

state for microseconds. Because the ensuing stress states last for different lengths
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of time in laser-induced and gas gun shocking, the timescale over which material

behavior is probed is different [64].

3.3.1 Gas Gun Spectroscopy

A gas gun is a projectile-firing gun powered by compressed air. Gupta et al. have

studied the impact responses of polymers such as polymethyl methacrylate (PMMA)

under gas gun loading [65], measuring mechanical parameters similar to those in

impulsive stimulated thermal scattering (ISTS) measurements but under shock load-

ing. Large amplitude one-dimensional compression and shear wave measurements

were made, and shear and longitudinal wave velocities were used to determine the

shear modulus, bulk modulus, and mean stress-volume relations under impact loading

using wave velocity analysis. The reported longitudinal particle velocities, compres-

sional velocities and shear wave velocities on the microsecond timescale are shown in

Table 3.2. Clearly, there is an increased wave propagation speed and transient density

compared to the acoustically measured value of 2.83 km/s for unshocked PMMA [4].

These extremely difficult measurements have not been repeated on any material since

this 1981 study. However, experiments have been done to probe acoustic properties

using ISTS detection under gas gun shock loading in liquid benzene shocked to nearly

1 GPa [66].

Table 3.2: Experimental values for PMMA under gas gun shock loading [65].

Longitudinal Particle Velocity ρ1/ρ0 ccompression cshear

[km/s] [km/s] [km/s]

0.00 1.00 2.83 1.10
0.13 1.04 3.31 1.48
0.18 1.06 3.40 1.51
0.22 1.07 3.45 1.52
0.27 1.09 3.61 1.51
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3.3.2 Laser Shock Spectroscopy

Laser ablation has a wide range of technological and practical applications in micro-

fabrication, surface treatment of polymer thin films, vaporization of refractory or

nonvolatile materials for chemical synthesis or analysis, and surgical ablation of hard

and soft tissues. The broad areas for investigation include time and space-dependent

optical properties of materials under intense laser irradiation, the nature of very

fast decomposition reactions in complex materials such as polymers or bio-polymers;

and physical properties such as viscosity, acoustic velocities, heat capacity, tensile

strength, cohesion, adhesion, etc., of materials under the extreme conditions induced

by ablation [67].

3.3.2.1 Laser Shock Generation

Laser generated “nanoshocks”allow controlled, high repetition rate, time-resolved

examination of dynamic high-pressure physical phenomena on small spatial scales.

Shock waves are generated in thin metal films using frustrated laser ablation. The

sample for creating the shock waves usually consists of thin metal films deposited on

dielectric substrates, most commonly aluminum on thick amorphous glass or crys-

talline sapphire cover slips. Typically, a femtosecond or picosecond laser pulse is

focused through the dielectric substrate onto the metal film, where the laser energy

heats the electrons in the skin depth of the metal, and the hot electrons travel ballis-

tically through the cold metal lattice to approximately the electron-phonon coupling

length of the metal [68]. The thermal energy in the electrons is coupled into the metal

lattice via electron-phonon interactions, heating the metal lattice, which expand in

response to the temperature jump to create the shock wave in the metal. The di-

electric substrate act as a tamper, preventing rapid expansion of the material back

toward the incident laser pulse and forcing the expansion into the metal film.

The four key steps in the frustrated laser ablation method of shock wave generation

in thin metal films are -

1. Laser pulse focusing and absorbtion through a dielectric substrate onto the

metal film, heating electrons in the material to a temperature of 100 - 1000 eV
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creating a hot electron gas.

2. The hot electron gas traveling through the material to the electron-phonon

coupling length.

3. The energy transferring from the electrons to the metal lattice.

4. A supersonic heat wave propagating in the bulk of the target material, driven

by thermal conduction. The shock wave overtakes the heat wave when the

conduction front has slowed down to approximately the sound velocity. In

other words, the hot lattice expands to generate a shock wave in the metal film

(and in the dielectric substrate).

A long duration of the laser pulse is required to generate a supported shock wave

that can travel through several microns of material without being eroded by release

waves from the laser heated expansion region. The compressed mechanical pulse

creates a shock wave in the same way as the laser pulse; however, since the laser

did not continue to drive the shock wave, a release wave is formed behind the shock.

The release wave travels faster than the shock wave through the material that is

compressed from the shock wave and has a higher sound speed. The release wave

overtakes the shock wave, at which point shock propagation ceases.

3.3.2.2 Laser Shock Spectroscopy

Pulsed high irradiance laser induced shock waves are being used for assessing the

dynamic mechanical behavior of materials at extreme conditions. There are several

research groups that have investigated polymeric materials under laser-induced shock-

loading with different experimental techniques. In principle many linear and nonlinear

optical techniques can be used to probe the shocked sample. A discussion and brief

illustration on several of the approaches used has been presented in this section.

The detailed behavior of molecules and materials under shock compression has

been studied using a number of different spectroscopic techniques, including fluores-

cence (or photoluminescence) (Leung et al. [69]; Lu et al. [70]; Shen and Gupta [71]),

absorption (Gruzdkov and Gupta [72]), Raman (Holmes et al. [73]; Kobayashi and
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Sekine [74]; Nicol et al. [75]; Pangilinan and Gupta [76, 77]), infrared (IR) (Ren-

lund et al. [78]) and coherent anti-Stokes Raman Spectroscopy (CARS) (Dlott et al.

[53, 54, 79]; Franken et al. [80]; Hambir et al. [81]).

A main problem associated with probing shock fronts is that shock waves moving

at a velocity of a few nm/ps are very slow compared to light moving a few hundred

µm/ps. The time or spatial resolution in laser-driven shock experiments is ultimately

limited by sample thickness (or configuration) or the probe light penetration depth

and the laser pulse duration. The resolution cannot be achieved merely by focusing

laser pulses tightly because the shock front is much smaller than a wavelength of

visible light. In most shock experiments, the time resolution is generally limited

by the shock transit time across the sample layer being probed, and hence, samples

of nanometer thicknesses are preferred. However, the sample must also be thick

enough to yield a detectable ultrafast signal with good signal-to-noise ratio, which is

determined by the sensitivity of the apparatus to small signal changes and increases

with sample thickness [82].

Because chemical reactions represent drastic changes in electronic structure with

corresponding large spectroscopic changes, time-resolved UV-visible absorption ex-

periments were the first to be used to probe shock-induced chemical changes. Time-

resolved absorption experiments have been used to probe shock-induced chemical

changes in CS2 by Duvall and co-workers [83].

Infrared spectroscopy has been used to look at reactivity in shocked materials by

probing specific vibrational modes [84]. It is sensitive to molecular configurations

but provides little if any information about the electronic states of the materials.

Reflectivity provides information regarding electronic structure, and the reflectivity

of shocked materials has been previously measured, yielding information about the

materials electronic changes [85].

Time-resolved Raman scattering has proven valuable in the microscopic character-

ization of structural and symmetry changes in the shocked state [86]. Raman work on

quartz has emphasized the role of non-hydrostatic stresses on compression and tension

at the microscopic level. Time-resolved Raman spectroscopy studies were performed
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on benzene derivatives under laser-driven shock compression up to a few GPa using

a pump-probe technique, in order to investigate the effects of steric hinderance and

chemical structure on the molecular dynamics of shock compression [87]. Under shock

compression at 1.3 GPa, the ring-breathing mode of benzene showed a high frequency

shift of 10 cm−1 which corresponded to a ring reduction of 0.7%. The magnitude of the

frequency shift showed a systematic dependence on intermolecular distance; the ring-

breathing mode is decreased, while the ring-vibrational is increased, as molecules are

forced to come close together. Nanosecond time-resolved Raman spectroscopy is also

used to investigate the structure and bond strength of molecules and crystals under

shock compression using a pump and probe technique [88]. Polytetrafluoroethylene

(PTFE) was studied under laser-driven shock compression at 2.3 GPa (laser power

density of 4.0 GW/cm2). A new vibrational line at 1900 cm−1 appeared only under

shock compression and was assigned to C=C stretching in transient species produced

by shock-induced bond scission.

Dlott et al. used coherent anti-Stokes Raman scattering (CARS) as a probe to

study shock wave phenomena [89, 90]. CARS is a form of time-resolved nonlinear

vibrational spectroscopy in which a pair of optical fields drives a coherent vibra-

tional response. Shock-induced changes in the selected vibrational frequency can be

measured as a function of time. Figure 3-6 shows polycrystalline anthracene CARS

spectra near 1400 cm−1 before and after shock over a total time duration of 175 ps.

The CARS spectra showed that the Raman transition blue-shifts about 16 cm−1 and

almost doubles in width during shock loading. The shift is mainly a function of den-

sity (or pressure) and the width is a function of temperature [81, 91]. Tas et al. have

characterized the nanoshock waveform by measuring the shock front rise-time, shock

fall-time, peak pressure, and velocity using CARS [92].

Lagutchev et al. have used laser-driven shock waves close to 1 GPa to dynam-

ically compress self-assembled monolayers (SAMs) [93]. They have shown evidence

of a complicated viscoelastic response of the materials under shock loading and that

the SAM response to shock is dependent on both the molecular structure and on the

lattice structure as determined by the metal substrate. In viscoelastic shock compres-
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Figure 3-6: Coherent anti-Stokes Raman scattering (CARS) spectrum of a 700-nm
layer of polycrystalline anthracene in a micro-fabricated shock target array (optical
nanogauge) near 1400 cm−1 transition [79, 81]. The frequency shift which happens
over a time duration of 175 ps can be used to estimate the shock pressure Ps and the
spectral width can be used to estimate the shock temperature Ts (Ps ≈ 4.2 GPa and
Ts ≈ 350 ◦C).

sion the shock front consists of two parts, a faster elastic part and a slower plastic

deformation part. As the front propagates, the elastic part moves ahead and disperses

whereas the plastic part lags behind and remains steep. The time lag is a measure of

the rate of mechanical deformation or shape change at high strain rates.

Ultrafast laser-driven shock waves generating 5 GPa pressure were used to study

molecular orientational processes occurring in a thin layer of polycrystalline energetic

material [94]. It was observed that there is an orientational sensitivity of energetic

materials to the direction of shock front propagation.

Recovery experiments, where the shocked material sample is examined after the

shock, are ordinarily limited to refractory materials, which can withstand high pres-

sure conditions. It is difficult to recover molecular energetic materials at substantial

shock loads, since long-duration shocks usually explode the energetic material. The

nanoshock technique is uniquely suited for recovery measurements of high explosives

where the duration of the shock pulse is short enough (few nanoseconds) that there

is little time for thermochemical decomposition reactions to take place [80].
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3.4 Shock Interferometry

3.4.1 Introduction

As mentioned earlier, shock waves in materials are characterized by a sharp discon-

tinuity in the thermodynamic variables of the state. A well-characterized shock is

desired, with a steeply rising planar shock front running at a constant velocity. Typ-

ically, a shock wave propagating through a material at a velocity around 6 km/s

causes particles in the material to jump to a velocity of 1 or 2 km/s. There are many

diagnostics available to probe shock induced material dynamics. The most common

methods used to determine shock rise times measure the free surface particle velocity

as a shock wave exits a target material.

The ablation-induced shock wave pressure is related to the laser pulse intensity

and can be calculated by hydrodynamics codes or analytical models [95, 96]. However,

laser interferometry is a more accurate and frequently used way of estimating shock

pressure.

Conventional shock experiments typically involve high-speed projectile impact,

producing step-function shock compression which can be probed by a fast strain-

gauge or by fast streak cameras. Various forms of interferometry (e.g., velocity in-

terferometer system for any reflector (VISAR), Fabry-Perot, and optically recording

velocity interferometer system (ORVIS)) with time resolutions from a few nanosec-

onds down to a few picoseconds have been used, depending on the system dynamics.

The interferometric techniques help to clarify the mechanistic details that lead to the

formation of shock waves, band structure collapse, and phase transitions in shock-

loaded or laser-heated materials.

The most commonly used diagnostic in shock physics is VISAR, which uses fiber-

coupled continuous-wave laser light to measure the velocity of a free or windowed

surface of a shocked material [97]. The probe light is reflected from a sample at nor-

mal incidence to the sample surface and then recombined with light that has been

optically delayed. The oscillations in the intensity of the superposed signal provide

a measurement of the velocity of the sample surface. Recently, photon Doppler ve-
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locimetry (PDV) has been developed, a technique that also probes the sample surface

at normal incidence (most frequently) to extract velocities [98]. These diagnostics are

unable to discriminate between shock induced optical refractive index changes and

material motion. Changes in the optical properties of the shocked material can im-

pact the measured velocity as shock compression causes an increase in the refractive

index, which changes the optical path length.

Although velocity is the most common property measured during a shock ex-

periment, x-ray diffraction (XRD) has been used to probe both shock compression

[99, 100] and shock-induced phase changes [101, 102]. Its sensitivity to nuclear posi-

tion provides important and definitive information about lattice structure, but its use

has been limited to materials with simple crystal structures, with readily available

single crystals, and with low x-ray absorption cross-sections. Despite the definitive

nature of XRD data, it cannot be used alone as a shock diagnostic because velocity

information is still required to relate the XRD data to a shock pressure.

More recent spectroscopic method, frequency-domain interferometry, promises

sub-picosecond time resolution [103, 104]. Evans et al. have employed this method

to measure the average shock velocity and final free surface velocity of aluminum

films for laser-driven Mbar shocks [105]. Fourier domain interferometry [106, 107]

has produced both space and time resolved measurements of materials subjected to

laser driven shocks and plasmas [108, 109].

Ultrafast time-resolved interferometry has been used to measure shock wave break-

out and is a powerful means of investigating shock dynamics in a variety of materials.

It provides detailed information about the dynamic optical properties and pressure

profile of laser-generated shocks propagating in materials [110, 111, 112].

Interferometric data have been well-modeled using bulk Hugoniots, and the use of

direct laser drive does not lead to a thermodynamic state significantly different from

the Hugoniot, allowing us to make the assumption that on these timescales (hun-

dreds of picoseconds), the states are well-approximated as the same states obtained

with gas-gun systems [113]. Moreoever, interferometric results as a function of shock

strength suggest that sub-micron films have essentially the same material response
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to shock loading as macroscopic samples [114, 115] and the Hugoniot (locus of final

states reachable in a single shock) of the thin film material is indistinguishable from

that of bulk material. The similarity of the thin film and bulk Hugoniots supports the

use of thin film shock dynamics measurements, which allow the temporal and spatial

resolution necessary to characterize molecular properties, to contribute to a detailed

understanding of larger-scale shock phenomena [116].

3.4.2 Types of Shock Interferometry

The time profile of the shock breakout event is built up from many repeated single

shot interferometry measurements on different nearby sample regions, over a range

of time delays between the shock generating pulse and the probe pulses. Two types

of femtosecond time-resolved interferometry are used to characterize the shock. Both

utilize a modified Mach-Zehnder interferometer with the sample in one arm and a time

delay in the reference arm. The optical synchronicity is simply obtained by changing

the optical path lengths with translation stages, and the time resolution results from

the pulse duration which gives the duration of the frames that are recorded as a

function of delay.

In spectral interferometry or frequency domain interferometry, the reference arm

is slightly longer than the sample arm and the beams are recombined collinearly and

focused into a spectrometer, as shown schematically in Figure 3-7. The two probe

pulses are stretched in time by the spectrograph, so that they overlap in time and

space at a charge-coupled-device (CCD) and produce an interference pattern along

the wavelength axis. The resulting CCD image for each experiment is analyzed using

Fourier transform methods to extract the difference in phase between the two probe

pulses caused by changes in the film surface position or the optical properties of the

sample [117].

Geindre et al. determined the relative phase shift between the probe pulses caused

by motion of the free surface and/or transient changes in the optical properties of the

surface during shock breakout, by performing an inverse fast-Fourier transform on

the spectral intensity interferogram recorded on the spectrograph CCD [103]. If the
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Figure 3-7: Schematic diagram of the femtosecond laser-driven shock frequency do-
main interferometric experiment [113].

shock arrives at the metal surface after both probe pulses, the surface is essentially

unchanged, giving zero phase shift. If the shock arrives between the two probe pulses,

the measured phase shift is proportional to the fraction of the time between probe

pulses that the surface is moving. If the shock arrives before both probe pulses, a

maximum phase shift is reached [118].

In femtosecond time-resolved two-dimensional spatial interferometry, the refer-

ence and sample arms of the interferometer are made the same length to adjust the

temporal overlap between the two arms and maximize fringe contrast and the beams

are combined non-collinearly, so that an interference pattern is produced at the CCD

(no spectrograph is used). Two dimensional spatial information about material mo-

tion and/or sample optical properties is obtained from the interference patterns using

2-D Fourier transform methods [116]. Gahagan, Funk and Moore have demonstrated

2-D spatial interferometry, using thin metal films (250 nm to 2 µm nominal thick-

ness) vapor deposited onto thick glass as target samples [119, 120]. The experimental

arrangement is shown schematically in Figure 3-8.
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Figure 3-8: Schematic diagram of laser shock generation as probed using spatial
interferometry to measure the motion of the metal at the free surface. The probe
pulse shown above was variably delayed with respect to the pump pulse and was sent
into a Mach-Zehnder interferometer that probed the free surface of the sample. The
two legs of the interferometer were recombined at a small angle on a CCD camera,
which recorded interferograms before, during, and after each event [68].

More recently, ultrafast dynamic ellipsometry (UDE) has been developed which

is sensitive to changes in the electronic structure as manifested through changes in

the material’s index of refraction, and may be used in some cases as a non-invasive

probe of the phase of a material or its chemical reactivity [121]. UDE measures

the space and time resolved phase shift and reflectivity of laser light incident at two

different angles to the shocked surface, to extract the relative contributions of the

shock-induced optical and material motion effects.

3.4.3 Experimental Methodology

Laser System

A Ti:sapphire femtosecond laser oscillator (Kapteyn-Murnane Laboratories) produces

the seed pulse that is centered at 800 nm with a bandwidth full width at half maximum

84



(FWHM) of 10 nm. A femtosecond Ti:sapphire amplifier (Titan Quantronix) utilizes

a grating based pulse stretcher and compressor, with a regenerative and multipass

amplifier, to produce up to 4 mJ per pulse at 1 kHz repetition rate and down to

100 fs pulse duration. Typically, the laser system is run at 60 Hz repetition rate and

250 fs pulse duration (FWHM). Femtosecond pulses can generate shock waves in bare

aluminum thin films that exhibit sustained pressures from hundreds of femtoseconds

to a few hundred picoseconds. The pressure is easily tunable by altering the energy

of the laser pulse.

Material System

The targets used in experiments are polycrystalline aluminum films of 200 nm thick-

ness produced by vapor deposition onto 250± 20 µm thick BK-7 microscope cover

slips (Fisher Scientific) and PMMA substrates (GE Plastics). The samples are ex-

amined both with a spectroscopic ellipsometer (M-2000D, J. A. Woollam Co., Inc.)

and an atomic force microscope. The best films produced have metal layer thickness

variations of 1% across most of a 1-inch diameter sample.

Optical Technique & Setup

Sagnac Interferometry – Sagnac interferometry is used for monitoring ultrafast

phase changes that are due to surface displacement and for the shock pressure charac-

terization. The particular advantages of this interferometer are its simple “common-

path”design and operation at normal incidence. The common-path design obviates

the need for active stabilization and renders the interferometer less sensitive to par-

asitic fluctuations from thermal and acoustic fields.

The Sagnac interferometer, as shown in Figure 3-9, relies on the interference be-

tween a signal pulse (that arrives at the sample after a pump pulse) and a reference

pulse (that arrives before). A nonpolarizing beam splitter (NPBS) samples a por-

tion of this beam for differential detection. The remaining half of the input beam is

split into vertical and horizontal polarizations, the signal and the reference beams,

respectively, by the first polarizing beam splitter (PBS). The beams are recombined
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Figure 3-9: Optical design of the Sagnac interferometer. PBS, NPBS and λ/4 stand
for polarizing beam splitter, non-polarizing beam splitter, and quarter-wave plate
respectively. The detection is done interferometically by probe beams (signal beam
and reference beam) of wavelength 800 nm, generated by using PBS and temporally
separated by 1 ns from one another. The two probe beams are focused at normal
incidence through an achomatic converging lens onto the front surface of the film and
are counter-propagating (travel in opposite directions inside the interferometer), but
cover the same total optical path. The signal and reference beams are superposed
collinearly on either a CCD (not shown in the schematic) or a photodiode. The inset
at the lower left corner shows the optical microscope image of a 200 nm aluminum
layered sample that is vapor deposited on a 250 µm glass substrate. The holes in the
metal film are generated by laser shock pulses of varying energy which are used to
tune shock pressure. The CCD image shows an interferogram of the surface of the
sample during shock breakout. The pump and probe wavelength are 800 nm. By
changing the optical path of the pump beam with an optical delay line, I can obtain
a scanning time range of 0 - 1 ns and femtosecond temporal resolution (determined by
the optical pulse duration).
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at the second PBS, pass through a λ/4 plate (oriented at 45◦), and are focused at

normal incidence onto the sample using an achromatic convex lens. When they are

reflected the beams reverse paths and are combined at the first PBS, and half the

interferometric beam is reflected by the NPBS. The two probe pulses travel in oppo-

site directions inside the interferometer, but cover the same total optical path termed

“common-path”, and so the interferometer is relatively insensitive to alignment error

and mechanical vibration. At this point the probe and the reference beams have

perpendicular polarizations and are made to interfere with the aid of a second λ/4

plate and a PBS with the transmission axis aligned at 45◦. The λ/4 plate and PBS

combination are used to achieve maximum phase sensitivity and this also makes it

possible to obtain the optical phase change signal directly.

Experiment – The pump and probe pulse trains are derived from the same seeded

amplified Ti:sapphire femtosecond laser system. The shock generating pump pulse

(0.1 - 4.0 mJ) is passed through a time delay and then focused through a borosilicate

glass or PMMA substrate onto the glass/Al or PMMA/Al interface respectively to a

diameter of 100 µm (backside of the target). After the shock drive pulse strikes the

substrate/metal film interface, laser ablation processes launch a shock, which travels

through the metal film and arrives at the free metal surface. The shock wave pro-

duced in this manner has been shown to have a nearly planar spatial profile instead

of Gaussian due to optical limiting and self-focusing Kerr effect in the substrate [122].

A small portion of the main laser pulse (∼ 30 µJ) reflected from a beam splitter

is passed through the Sagnac interferometer, generating two probe beams - signal

pulse and reference pulse. The full temporal window of measurement is tuned to

1 ns by adjusting the interferometer “common-path”length. Thus, two probe pulses

(temporally separated by 1 ns from one another) are focused onto the frontside of

the target (the aluminum/air interface) at normal incidence. An imaging lens is

used either to image the surface onto a CCD camera (Cohu, Inc.) or to collect

integrated interference signal through a photodiode. The probe pulses arrive at some

time near when the shock arrives. Each pulse effectively probes the outward surface

displacement of the sample and I obtain a signal proportional to the out-of-plane
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surface velocity of the sample at the probed point.

In a typical measurement, a time history of the shock breakout event is built up

from many repeated measurements, while precisely adjusting the optical time delay

(or optical path) between the shock generating pulse and the probe pulses through an

optical delay line. The signal from the photodiode or the interferogram from the CCD

is transferred to and stored on a computer, and all signals or interferograms from a

time series, built up by adjusting the time delay in the excitation (or pump) laser

arm. In all experiments, the target is mounted on a GPIB computer-controlled x-y

translation stage (where z is the normal to the target surface). The target is rastered

400 µm between pump pulse shots (conducted at 1 Hz using an optical shutter to

block unwanted laser pulses) so that each ‘experiment’ involves undisturbed material.

The experiment reported here measures the relative phase shift between a pair

of probe pulses initially produced by the Sagnac interferometer. Reflection of these

pulses from an accelerating metallic surface (due to the emerging shock wave) will

yield a phase shift that depends on time and the relative positions of the probe beams

with respect to the onset of acceleration. Very small changes in phase (10−3 rad) can

be measured using the Sagnac interferometer. From the onset of the phase shift and

a good knowledge of the time zero, which is obtained with a very thin tracer (10 nm)

layer on each target, it is also possible to measure the shock transit time across the

aluminum layer very accurately.

3.4.4 Data Analysis

Figure 3-10 shows the relative phase shift as a function of delay time between the

shock generation pump pulse (130 µJ) and the probe pulses measured using Sagnac

interferometry in 200 nm thick samples of aluminum over glass and PMMA substrates.

The slope of the best fit linear curve for data points between 0 ps to 110 ps is

identical for both glass and PMMA substrates (as depicted in red and blue dotted

lines respectively). Thus, it is clearly evident that there is no inherent effect of the

substrate properties (density or refractive index) on the shock generation mechanism

(or pressure profile) and the shock dynamics. Furthermore, the shock rise time is less
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Figure 3-10: Phase shift measured by the Sagnac interferometry as the shock wave
exits the free surface of a 200 nm thick aluminum layer on glass and PMMA sub-
strates. The vertical axis represents the phase difference (that is, signal beam phase
minus reference beam phase) between the two optical pulses reflected from the film
surface at different moments in time. The phase shift is due to movement of the
aluminum free surface, generated by focusing a 130 µJ pump pulse to a spot size of
100 µm (incident laser fluence is 1.65 J/cm2). The probe used is 800 nm, derived from
a seeded, mode-locked, amplified Ti:sapphire femtosecond laser system. The red and
blue dotted lines are the best-fit linear curves for phase shift data points measured
for glass and PMMA substrates respectively. The slope of the linear fit is identical for
both substrates (0.005 rad/ps) and hence so is the time-dependent pressure profile.
Using the phase shift versus time to find the free surface velocity, the pressure is
calculated to be 2.5 GPa.
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than 10 ps as the curve becomes linear afterwards suggesting constant pressure for

the rest of the time history.

There are sources of noise caused by shot-to-shot beam pointing instability, inten-

sity, and air density fluctuations along with the instrumental function of the interfer-

ometer setup that also introduce some background noise.

Shock Pressure Characterization

The final pressure achieved in the aluminum is determined from the corresponding

shock and particle velocities in the bulk film derived from the free surface velocity

measurements.

A measurement of the reflected light from a bare Al surface as a shock wave

emerges yields a phase shift that is primarily a result of the movement of the free

surface. Funk et al. measured phase shifts due to Al optical properties at the peak

of the pressure wave in Al, but they are orders of magnitude smaller than the phase

shifts due to surface motion discussed here [110].

The one-dimensional surface displacement, ∆δ, is related to the phase shift, ∆φ,

geometrically by the equation

∆δ =
λ

4πcosθ
∆φ (3.7)

where λ is the probe wavelength and θ is the angle of incidence.

The free surface velocity, Ufs, is calculated using the change in the phase shift,

∆φ, and the change in time, ∆t, as given by

Ufs =
λ

4πcosθ

∆φ

∆t
(3.8)

The slope of phase shift versus time, ∆φ/∆t, in Figure 3-10, as measured by

Sagnac interferometer, is 0.005 rad/sec, λ is 800 nm and θ is 0◦. Thus, Ufs, calculated

using equation 3.8, is 0.32 nm/ps (or 320 m/s).
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For a free surface at low shock pressures, the particle velocity, Up, is well approxi-

mated as half of the free surface velocity [1]. In other words, Up ≈ Ufs/2 is 0.16 nm/ps

in our experiments. The shock speed Us and pressure P in the initially unshocked

aluminum can be determined from Up, the aluminum Hugoniot (experimental Us ver-

sus Up relation), and the Hugoniot-Rankine equations that account for conservation

of mass, energy, and momentum across a shock discontinuity [123]. A more extensive

discussion of free surface velocity measurements in thin metal films is available from

Gahagan et al. [106].

The shock speed, Us, is calculated from the aluminum Hugoniot [56]

Us = 1.34 Up + c (3.9)

where c = 5.38 nm/ps, approximately the longitudinal sound speed.

Shock Pressure, P1 is calculated using the relation

P1 = P0 + ρ0 Up Us (3.10)

where P0 is the initial pressure and ρ0 is density of unshocked aluminum, 2.712 g/cm3.

Us and P1 for the aluminum shock shown in Figure 3-10, calculated using equations 3.9

and 3.10, are 5.6 nm/ps and 2.5 GPa respectively.

On the timescale of this experiment, the acceleration of the material at the shock

front is not instantaneous. This acceleration has been studied in aluminum and other

metals [124], in which the free surface position of the metal fit very well to a function

of the form

x(t) =

∫
1

2

[
1 + tanh

(
t− t0
τfs

)]
Ufs dt (3.11)

where x is the surface position, t is time, t0 is the time of maximum material acceler-

ation, and τfs is the time constant of the rise. Here, t0 and τfs are fitting parameters

characterizing the free surface velocity profile.

To obtain a particle velocity and shock wave rise time, I assume a hyperbolic tan-
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gent form for the free surface velocity as given in equation 3.11. The final free surface

velocity is taken to be twice the final particle velocity of the shock state, and assumes

a reflected Hugoniot or Walsh equation of state for the rarefaction wave. Thus, the

free surface velocity, particle velocity and shock velocity are all characterized by the

single time constant τfs. Defining the shock wave rise time as the 10 - 90% width

of the hyperbolic tangent rise gives τsh = 2.3 τfs. The pressure rise time of less than

10 ps is determined by fitting free surface velocity to the hyperbolic tangent function.

3.4.5 Results and Discussion

Sagnac interferometry has been shown to provide detailed information about the dy-

namic properties and pressure profile of laser-generated shocks propagating in metal

thin films. No effect of the substrate on the shock pressure has been observed. The

peak pressure is 2.5 GPa for a 250 fs 130 µJ pulse focused to a 100 µm spot (incident

laser fluence 1.65 J/cm2), and the pressure is easily tunable by altering the energy of

the laser pulse. The rise time is less than 10 ps and a constant sustained pressure is

maintained for a few hundred picoseconds. Sagnac interferometry allows characteri-

zation of laser driven shock waves in a more elegant and precise manner than other

interferometric methods. The stability, sensitivity and data collection time in the

Sagnac interferometer are better than Michelson, Mach-Zehnder and other interfer-

ometers, especially for laser shock experiments.
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Chapter 4

Single-shot ISTS-Shock Studies

4.1 Introduction

Shock compression of soft condensed matter represents an area of considerable sci-

entific interest because the data from shock loading experiments provide a real-time

probe of physical and chemical changes at extreme conditions [125, 126]. This chapter

involves design of a unique experiment to probe the change in mechanical properties

of a thin film subject to laser-induced shock-loading. The technique combines two

proven methods, ISTS and conventional laser of a shock wave that propagates through

the plane of a thin sample, and is capable of optical shock generation and optical de-

tection of acoustic waveguide modes in the sample at high repetition rates. The data

obtained from this experiment are intended to be complementary to results of con-

ventional dynamic mechanical characterization, imposing large compressive strains at

very fast loading rates. The response of the sample after as well as during the initial

shock loading is probed, permitting assessment of complex structural evolution under

highly non-equilibrium conditions.

This chapter describes an early attempt at ISTS measurements on samples under

laser-induced shock loading, using ISTS as a technique for monitoring the dynamically

evolving physical properties of shocked materials. It demonstrates that material can

be probed on a single shot basis under laser shock loading, which has never been

achieved in the past. ISTS measurements go beyond measurements like Hopkinson bar
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Figure 4-1: Experimental configuration for single-shot ISTS measurements under
shock wave compression. The projectile is incident from left, precluding the placement
of optics on that side of the sample. A mirror incorporated as part of the sample cell
serves to return the beams to the same side from which they are delivered [66].

or shock interferometry because they permit monitoring of the sample as a function of

time following shock loading, not just measurement of the shock speed as the wave is

passing through. Moreover, the portion of the phase diagram reached through shock

loading is generally inaccessible by other means, due to its unique combination of

density, stress, and temperature. Due to the rapid and destructive nature of these

conditions, direct real-time measurements of time-evolving physical properties during

the response to shock is almost never attempted.

4.2 Previous Studies

Experiments have been done to probe material properties using ISTS detection under

gas gun shock loading in liquid benzene shocked to nearly 1 GPa [66]. The setup

used for this experiment is shown in Figure 4-1 where ISTS measurements from

the shocked benzene are obtained using a four beam pump-probe configuration. A

transient thermal and acoustic grating (24 µm acoustic wavelength) is formed in the
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530 µm thick benzene sample using the interference pattern from two crossed pump

beams. Figure 4-2 shows distinct, large changes in acoustic frequency under shock

loading. The peaks at 91 MHz and 108 MHz are from the shocked benzene behind

the shock wave and correspond to reported sound speeds of 2165 m/s and 2607 m/s

at 0.42 GPa and 0.85 GPa shock pressure, respectively. The measured ambient sound

speed for benzene is 1306 m/s. It is also observed that benzene appears to not undergo

a transition into crystalline or even glassy state for a considerable time after the shock

passes through, even though under the same static pressure it would do so. So far,

this is the only experimental data in the literature concerning ISTS measurements

during shock conditions. The conventional gas gun destroyed the entire sample and

the mounting and focusing optics around it each time a measurement was made, i.e.

each laser shot. The repetition rate of the measurement was never greater than two

shots per week.

4.3 Simulations

Simulations were done to predict the shift in acoustic frequency for a polymer film

undergoing laser-induced shock loading. The results are shown in Figure 4-3, where

shock waves were assumed to cause 10% variation in density and bulk acoustic lon-

gitudinal and shear acoustic velocities of a 1 µm thick PMMA polymer film. The

pressure in the shocked state is less than 1.5 GPa, calculated using the Hugoniot

data for PMMA generated using static-loading conditions through mechanical im-

pact. The result was that the lowest-order acoustic waveguide mode velocity in the

film is 10% higher. There is a clear cut difference in the acoustic frequency through-

out the whole range of wavevectors, suggesting the usefulness of ISTS under these

conditions to obtain real-time experimental data.
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Figure 4-2: Top: ISTS signal in benzene under gas gun shock loading at 0.85 GPa at
24 µm acoustic wavelength. The blue trace is from the unshocked/ambient sample,
and the red trace is the one taken during a shock experiment. At 0 ns, the laser
pump pulses arrived at the benzene sample. The shock wave arrived at the front
of the benzene sample at 60 ns. After the arrival of the impactor, there is a jump
in the signal, likely due to a change in alignment. The liquid gradually shifts from
unshocked to shocked as the shock front progresses through the sample. This is made
evident by the diminishing of the original signal frequency and the growing in of the
shocked signal frequency. Bottom: Fourier transform of signal from shocked benzene
at 0.42 GPa and 0.85 GPa. In both instances, there are two distinct frequencies that
appear in the shock experiment. The lower (at 55 MHz) is due to the signal at
ambient conditions, while the higher ones (91 MHz and 108 MHz) are in the shocked
state [66].
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Figure 4-3: Simulations showing acoustic dispersion curve for a typical polymer film
(e.g., PMMA) of a 1 µm thickness through ISTS measurements under ambient (un-
shocked) and shock wave compression. The shock waves are assumed to cause 10%
variation in density and acoustic velocities of the unshocked material. The solid blue
curve represents material behavior in the unshocked state and the dotted red curve is
the response of the same material under moderate shock loading of less than 1.5 GPa
(easily achievable with our femtosecond laser system). Notice the clear cut differ-
ence in the acoustic frequency at higher wavevectors. The inset shows the sample
configuration with underlying layers of aluminum (200 nm) for laser shock genera-
tion, borosilicate glass substrate (125 µm) and an overlayer of 130 nm gold for good
signal-to-noise ratio in the reflection mode geometry.
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4.4 Experimental Studies

Until now, ISTS measurements and shock generation have been discussed separately.

This section presents their integration and shows a first attempt at measurements on

samples under laser-induced shock loading using ISTS as a monitoring technique.

4.4.1 Material System

The materials studied are mostly amorphous polymer systems, with a few samples

consisting of multi-domain systems such as block copolymers and nanocomposites.

Studies were conducted to probe the effects of varying shock pressure and sample

geometries.

The materials of initial interest are ones which can sustain shock pressure for

sufficiently long times that their compressed states can be probed using ISTS mea-

surements, which require sufficient time for at least a few acoustic oscillations to be

observed. Conventional laser shock generation begins with ablation of a thin metal

layer, launching a shock wave that is relatively short in duration. Its duration may

be lengthened by propagation into a material with a slow sound speed. Therefore,

materials having slow acoustic speeds are the best candidates for such measurements.

However, slow sound speeds allow longer times for acoustic damping, and hence, ma-

terials with good ISTS signal to noise ratio are needed. Most polymers like PDMS,

PC, PMMA, SU-8 (epoxy-based photoresist), polyimides, polyurethanes, etc. are

good candidates for such measurements.

Recent research interest has also included the use of nanomaterials to further ex-

plore and enlarge the property space of polymers. The incorporation of nanoparticles

into the polymer matrix can potentially alter the local microscopic and mesoscopic

structure and thus offers an opportunity to tailor the rate-dependent mechanical de-

formation and failure behavior of the polymer [127]. Nanomaterials can be introduced

into a polymer system by blending or chemical attachment. Blending is simple and

can be done by physical means, but there may be solubility limits resulting in phase

separation. Polymeric samples doped with aluminum nanoparticles (∼ 100 nm dia-
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meter) are also investigated, where the nanoparticles are used for creating miniature

blasts in the bulk of the sample and launching shock waves in their vicinity. The

incorporation of nanoparticles into the polymer has another advantage of maintain-

ing the shock pressure in the polymer for longer (i.e. a couple of nanoseconds), and

this gives us enough time window to probe the dynamic material response under

shock loading using the ISTS technique. A more detailed discussion on the use of

nanoparticles in shock generation is presented in the next chapter.

4.4.2 Sample Fabrication and Characterization

Sample design and fabrication is a big challenge for an experiment done on a single-

shot basis and requiring sustainance of shock pressure for long time intervals. Typi-

cally, the sample is a multilayer structure with a substrate, either glass or sapphire,

and other material layers fabricated as per need using spin-coating (for polymeric ma-

terials) and e -beam deposition for metals like aluminum and gold. The thicknesses

and uniformity of the multilayers are characterized using ellipsometry, profilometry

and AFM. Some samples can be scanned under SEM or TEM, where a multilayer

film cross section is prepared by a focused ion beam (FIB).

4.4.3 Optical Set-up

The two main components of the experiment are laser shock generation, achieved

through intense pulsed ablation of a metal film at the backside of the sample, and

ISTS photoacoustic measurement of mechanical properties, achieved through mild

spatially periodic heating and time-resolved observation of acoustic waves at the front

side of the sample. Figure 4-4 shows a schematic illustration of the ISTS measurement

with the excitation and probe beams and the signal on one side of a sample (right-

hand side excitation pulses, probe, and diffracted signal) and laser shock generation

at the opposite side (left-hand side shock pulse). The sample of interest is typically

a polymer layer surrounded by metal layers that are irradiated for shock generation

(aluminum layer) and for acoustic wave generation and probing (gold layer). The
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time-dependent acoustic response yields the sample dynamic mechanical properties

before, during, and after shock loading.

In our case intense shock generation pulse (800 nm, ∼ 1 ps, 0.1 - 5.0 mJ focused to

100 µm spot diameter) strikes an aluminum film and creates a plasma. The expansion

of the aluminum film drives a mechanical shock wave into the adjacent polymer layer

[128]. For laser generated planar shock waves, the diameter of the spot must be at

least ten times the run distance [129].

The excitation and probe laser light used for the ISTS measurement strike a gold

film on the opposite side of the sample. Although the light pulses do not penetrate

the top gold film layer, the acoustic response that they generate persists throughout

this layer and the sample of interest beneath it, and the acoustic properties therefore

reveal the mechanical properties of the sample. If a shock wave is launched, then

changes in the acoustic behavior may be observed as the sample undergoes time-

dependent changes due to shock loading. The entire time-dependent signal can be

recorded in a single laser shot, so even if the sample is damaged permanently by

shock, data can be collected reliably.

Laser-driven shocks are generated at a rate of 1 shot/sec, and the sample is

rastered in the plane to ensure that an undamaged region is irradiated each time.

In a sample of 1-inch diameter, over a thousand shots can be conducted in a few

minutes. This presents a huge advantage over ISTS measurements on samples under

gas gun shock loading, in which the entire sample, not just a small region, is de-

stroyed in a single shot and at most a few shots per week are practical. Moreover,

the parameters of the laser pulse used to launch the shock wave, including beam size

and shape, pulse duration, and intensity, are fully controllable, yielding considerable

control over the shock wave that is generated.

Each of the ISTS traces recorded from a single shot contains the entire time-

dependent response, typically showing acoustic oscillations that continue for several

tens of nanoseconds. A translation of a phase mask changes the acoustic wave vector,

enabling the acoustic dispersion relation to be determined.
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Excitation Pump Pulse

400 nm, 150-250 fs, 
500 µJ

Probe Pulse

532 nm, Continuous, 
30 mW

Spherical lens

Cylindrical lens

Phase Mask
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Optical Shock Pulse
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Figure 4-4: Schematic illustration of the ISTS-Shock experiment in reflection mode
using conventional “front-back”approach. The schematic shows the sample assembly,
shock laser pulse and shocked region, ISTS pump and probe beams and ISTS mea-
surement region. An intense laser ‘shock’pulse (shown by red arrow) irradiates a thin
layer at the back of the sample assembly to generate a shock wave that propagates
into the polymer sample layer of interest (shown in red square). The shock response
is probed from the front through ISTS measurements, in which crossed excitation
pump pulses (shown in blue color) generate an acoustic response in the sample and
probe laser light (shown in green color) is diffracted by the acoustic wave to reveal
time-dependent acoustic oscillations and damping. The acoustic wave is generated by
ISTS in the top layer but extends throughout the multilayer sample into the material
of interest, whose time-dependent response to the shock can therefore be monitored.
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Figure 4-5: ISTS signal from samples during shock propagation. The sample config-
uration and ISTS acoustic wavelength Λ are shown in the inset of each figure. The
data are recorded on a single-shot basis from different shocked regions of the sample
since each sample region that is irradiated by the laser shock pulse is permanently
damaged. The data shown are obtained by averaging of signals from 25 single shots.
The arrival of the shock front is marked by red dotted line and an arrow on the time
axis. There is no marked change in the acoustic frequency before and during shock
loading.

4.5 Data Analysis and Results

The first ISTS measurements on polymer samples subjected to laser shock loading

have been conducted. The samples studied were polymer (PMMA or PDMS) layers

that were spin-coated onto a glass substrate. The optical shock pulse was focused to

a 100 µm spot size and the ISTS acoustic wavelength was either 2.5 µm or 4.3 µm.

Figure 4-5 shows data recorded from the samples during shock loading (generated

using 700 µJ laser pulse energy). The ISTS measurement was made on a single-shot

basis and the data shown are averages of 25 measurements. Since the sample region

that is irradiated by the shock pulse is destroyed, the measurements of shocked mate-

rial were made at different sample locations. The results are sufficiently reproducible

to permit effective signal averaging. There was no substantial effect of the shock

pressure on the acoustic frequency, clearly revealing that the material is under small-

amplitude shock loading and below the single-shot threshold for irreversible sample

damage.
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Similar measurements done at high laser fluence results in no measurable time-

domain signal during shock loading. Many different sample configurations and mate-

rial systems (as shown in Figures 2-15 and 2-16) have been tried, but with no success.

The “front-back”approach – shock initiation at the back of the sample and mea-

surement of the shock wave and its effects at the front – poses key limitations that

have frustrated direct ISTS characterization of sample responses to shock. First, the

duration of the shock pressure is typically short (subnanosecond) compared to the

acoustic oscillation period (typically > 1 ns) observed in ISTS measurements, so the

acoustic frequency of the sample can be determined after but not during elevated

shock pressure. Second, the violent destruction of the shock layer that lies directly

behind the sample layer of interest causes distortion of the ISTS measurement setup

including movement of the signal beam. Strategies have been developed to circum-

vent these limitations, but ISTS measurements of shocked sample responses remain

difficult in the “front-back”configuration.

4.6 Concluding Remarks

Single-shot ISTS measurements were successfully carried on polymer samples that

underwent significant perturbations resulting from laser shock excitation behind the

samples. However, the short duration of the shock pulse and the violent disturbance

of the shock layer behind the polymer sample layer frustrate ISTS characterization of

shocked samples in the “front-back”sample configuration. The limitations of this ap-

proach motivated the developments discussed in the following chapters of this thesis.
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Chapter 5

Converging Shock Waves

5.1 Introduction

Cylindrically or spherically converging shock waves have been an attractive topic of

research in the field of applied physics and engineering for the past several decades.

Applications include hypervelocity launchers, behavior of materials under extreme

conditions, synthesis of materials, and the production of high-temperature and high-

density plasma fields [130, 131]. Furthermore, applications in the field of nuclear

engineering (controlled thermonuclear fusion), cavitation and blast waves have been

also considered [132].

Shock wave research was traditionally developed as an element of high-speed gas

dynamics supporting supersonic flights and atmospheric re-entry of space vehicles

as well as applications to planetary physics [133]. Recently shock wave dynamics

have been used for various state of-the-art scientific and engineering interdisciplinary

studies in the fields of geophysics and medicine. Many aspects of explosive volcanic

eruptions, asteroid impact events, underwater shock waves, and tsunami waves in

oceans are closely related to shock wave phenomena. Shock waves have been success-

fully applied to medical therapy including lithotripsy (non-invasive removal of urinary

tract stones by use of micro-explosives), destruction of kidney stones, revasculariza-

tion of cerebral embolism, drug delivery, and various other interesting therapeutic

methods [134].
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Many theoretical and experimental studies have been performed on converging

cylindrical shock waves to produce an extreme condition of ultra-high pressure, tem-

perature and density [135, 136]. Guderley was the first to analytically investigate

the convergence of cylindrical shock waves using a similarity power law assumption

for the radius of the converging shock as a function of time [137]. Time-space rela-

tions of shock propagation obtained through numerical methods are represented in

equations 5.1 - 5.3.

Rs

R0

=

(
1− t

tc

)α
(5.1)

where R0 is the radius of the initial excitation ring, Rs is the position of the shock

front, tc is the time when the converging shock arrives at the center and α is the

similarity exponent. Lower values of the similarity exponent give higher values of

the shock acceleration and thus higher velocity as the shock approaches the center of

convergence. Numerical calculations indicate that the most favorable shape in terms

of shock velocity and acceleration is the circular one. The value of α depends on the

ratio of specific heats γ and the shock propagation geometry. Numerical integration

as well as experimental analysis have found that α for air (where γ is 1.4) is 0.834 for

cylindrical shocks [137, 138].

Alternatively, dimensionless time τ and coordinates ξ are defined as

τ =
a0t

R0

& ξ =
R0 −Rs

R0

(5.2)

where t is the time (taken as zero at the instant of collapse and negative in the process

of convergence) and a0 is the sound speed in the undisturbed fluid. ξ = 1 represents

the center of implosion. The trajectories of the converging cylindrical shock waves

are then given by

ξ = 1− A (−τ)α (5.3)

where A is a constant and α is the similarity exponent (as described above).
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These theoretical classical self-similar type solutions for the propagation of con-

verging cylindrical shock waves are only valid for the final phases of collapse, where

the shock front can be assumed to be of infinite strength. Matsuo obtained a global

solution, that is a solution which describes the whole history of the fluid motion from

the initial stage near the wall to the convergence near the axis [139]. Perry and

Kantrowitz were the first to experimentally produce a converging cylindrical shock

generated in shock tube [138]. It has been observed that there is considerable lumi-

nescence during the final stages of the shock collapse when moderate strength shock

waves with Mach number M = 1.7 (Mach number is the ratio of shock velocity to

velocity of sound in the undisturbed fluid ahead of the shock) converge at the center.

Various methods of producing converging shock waves were proposed and measure-

ments of propagation of shock fronts, pressure and temperature were performed [140].

Takayama and Watanabe also studied the convergence of cylindrical shock waves

in shock tubes with an annular section [141, 142]. Typical images are shown in

Figure 5-1 for convergence of strong cylindrical shocks with Mach number M = 2.3.

It was concluded that the converging cylindrical shock waves are always unstable and

sensitive to the structure of the annular shock tube [143]. It was also found that

for stronger shock waves, the instability pattern became catastrophic at the center

of convergence [144]. Some attempts were made to treat the stability of converging

shock waves by Fong and Ahlborn [145], Wang [146], and Lazarus [147]. Stability of

converging cylindrical shock waves is still one of the unsolved problems of shock wave

dynamics associated with shock wave focusing.

Experimental studies have shown that cylindrical converging shock waves first

decelerate until they arrive at an intermediate point between the origin and the center

of convergence, from that point on they begin to accelerate, and finally, in the very

vicinity of the center of convergence, they increase in strength without limit [139, 149].

Numerical simulations have been performed for cylindrical focusing of shock waves

by Kelly and Matsuo [150, 151, 152].

Recently, studies on converging shock waves have been revived in order to interpret

the shock implosion phenomenon applied to the laser fusion technique. Converging
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Figure 5-1: Shock wave images (with CCD camera) at different time instants in a
gas-filled circular shock tube, depicting the focusing of strong cylindrical shocks with
Mach number M = 2.3. The visualized area is 70 mm in diameter, and each image is
of a different shock wave [148].

cylindrical and spherical shock waves can produce high temperatures, pressures and

densities at the center of convergence [153]. This feature in connection with various

technological applications mentioned at the beginning of this section is one of the

main reasons for continuing interest in the problem of shock focusing. The highly

nonlinear nature of the process still presents a major challenge to its study.

The application of a laser to excite shock waves has considerably widened the

possibilities to study dynamic properties of materials. It is necessary to obtain real-

time information of matter under shock compression in order to understand shock-

induced phenomena. I have developed a novel method for direct, real-time optical

measurement of mechanical responses to shock loading. The method may be applied

to individual material components of complex assemblies to assess their intrinsic

behavior under extreme conditions and to study the assemblies themselves in order

to assess their collective performance. This chapter presents a unique technique to

generate laser-induced in-plane shock waves (or cylindrical shock waves) without any

instability. The method is a step forward to understand the nonlinear propagation

of converging and focusing shock waves. This all-optical characterization uniquely
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extracts relevant information during the time materials are subjected to an ultrafast

shock at hyperballistic strain rates.

5.2 Experimental Approach

An entirely new approach to optical shock generation and observation has been de-

veloped and demonstrated successfully, that alleviates the problems associated with

“front-back”configuration as mentioned in the previous chapter. There are three main

components – a “sandwich”sample structure (to launch in-plane propagating shock

waves), an axicon-lens optical arrangement (to generate cylindrical geometry), and

the use of nanoparticles (to create miniature explosions) in the sample. Each of these

will be discussed in detail in this section.

5.2.1 The Sandwich Structure - Planar Shock Propagation

In almost all laser shock research conducted to date, an intense laser pulse irradi-

ates a thin layer of material (typically aluminum) which, through ablation or chem-

ical decomposition, acts like a shock transducer and launches a shock pulse into

an underlying material layer or substrate that includes the sample of interest [53].

The shocked sample is typically probed optically from the opposite side as shown in

Figure 5-2 (A). In most cases, interferometric measurements are performed to charac-

terize the time-dependent shock amplitude profile, from which the shock pressure can

be inferred. This “front-back”approach - shock initiation at the back of the sample

and measurement of the shock wave and its effects at the front - poses key limita-

tions that have limited direct spectroscopic characterization of sample responses to

laser-induced shock loading [124].

A novel approach has been devised that addresses the problems associated with the

“front-back”configuration for spectroscopic measurements of shocked samples. The

new approach also opens up new possibilities for control over the shock parameters

and for a wide range of additional measurements of shock propagation and sample

responses to it. In this approach, the shock wave propagates laterally in the plane
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Figure 5-2: (A) Laser shock measurement using conventional “front-back” ap-
proach. An intense laser “shock”pulse (shown with red arrow) irradiates a thin layer
at the back of the sample assembly to generate a shock wave (shown with blue arrow)
that propagates through-plane into the polymer sample layer of interest. The shock
response is probed from the front, typically through interferometric measurements.
(B) Novel method of laser shock generation using a “sandwich” approach. The
impedance mismatch between the stiff substrates and the thin sample layer confines
a shock wave laterally in-plane of the sample (perpendicular to the direction of the
optical beam). This approach opens up new possibilities for controlling the shock
parameters and for a wide range of spectroscopic measurements of shock propagation
and sample response.

of the sample (perpendicular to the direction of the optical shock pulse) rather than

through the sample plane (parallel to the direction of the optical shock pulse), as

shown in Figure 5-2 (B). The sample assembly includes the liquid or polymer sample

layer sandwiched between two transparent glass or sapphire windows, with no need

for an opaque shock layer or other components. The shock wave is generated directly

within the liquid or polymer sample layer. In our case, the intense shock pulse is

focused into a ring pattern (using an axicon-lens arrangement, as discussed in the next

section) at the sample, where it is absorbed by aluminum or carbon nanoparticles that

are dispersed within the irradiated region of the liquid or polymer sample layer. This

interaction results in the rapid heating and explosion of the nanoparticles, launching

a shock wave that propagates laterally away from the irradiated region and toward a

well defined region where the measurements are made.
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Shock-induced changes in the acoustic properties can reveal the time-dependent

mechanical and viscoelastic responses of the sample to shock loading. In the new geo-

metry, the measurement is not disrupted by the destruction of the sample region that

is irradiated by the shock pulse. The shock wave duration is given by the temporal

and spatial characteristics of the shock excitation process, and can easily be extended

to many nanoseconds so that real-time measurements including visible, infrared (IR),

and terahertz (THz) spectroscopy of sample electronic and vibrational modes can be

conducted to determine both molecular and collective material responses to shock.

The shock profile can be visualized interferometrically to characterize shock propaga-

tion as well as shock-induced sample responses. The optical configuration and sample

geometry make shock wave formation and propagation directly accessible to optical

imaging and spectroscopic probes with wavelengths ranging from the UV to far-IR.

5.2.2 The Axicon-Lens Arrangement - Ring Shock

Traditionally, a converging wave is generated either by a spherical piston moving into

a gas, imparting to it a certain amount of energy, or by an instantaneous release of

energy (explosive) on a rigid cylindrical wall, respectively. For laser generation of

cylindrical converging shock waves, an axicon and a lens can be combined to form an

optical system producing a ring-shaped pattern [154, 155].

The propagation of a collimated beam through a lens-axicon doublet is depicted

in Figure 5-3. The radius of the focal ring R and the width of the ring pattern ∆ are

given by the equations

R = (n− 1)αF (5.4)

∆ = 3.3
λF

2πa
(5.5)

where F is the focal length of the lens, α is the angle of the axicon, n is the refractive

index of the axicon, a is the FWHM radius of the input beam (or spot size) and λ is

the wavelength of the laser pulse.
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Figure 5-3: Path of the collimated light beam for a lens-axicon (convergent) combi-
nation with angle α and refractive index n to form a ring-shaped pattern (shown in
red color). The values of R and ∆ are calculated using equations 5.4 and 5.5. The
shaded region between the axicon and focal ring pattern is a dark region.

5.2.3 The Laser Shock Generation - Use of Nanoparticles

Nanomaterials offer the possibility of faster energy release, more complete combustion

and greater control over performance than organic dyes or other nonreactive materials

that absorb the pump laser light. The nanoparticle absorption is generally similar to

the spectra of bulk materials, but the absorption strength is size-dependent and the

response can be up to ten times more intense [156]. Nanoparticles including carbon

black and nanometric aluminum can be heated almost adiabatically with shorter

duration (< 1 ns) laser pulses, allowing nanoparticles to temporarily become much

hotter than their surroundings [157, 158]. These nanometer hot spots (104 - 106 K)

can result in efficient ablation as a result of the combined action of a large number of

tiny powerful nanoexplosions.

Mechanism of Shock Generation in Nanoparticles

Typically, nanoparticles are chosen to absorb significant amounts of energy from the

laser pulse, while the matrix material is transparent to the excitation wavelength. The
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laser heats each nanoparticle uniformly throughout its bulk because the optical pen-

etration depth exceeds the particle size and in any event thermal conduction within

the nanoparticle is faster than the laser pulse duration [159]. Thus, the nanopar-

ticles are flash heated past their vaporization temperature almost adiabatically and

isochorically by the picosecond laser pulse. The energy in the hot vapor (hydrody-

namic expansion) includes a thermochemical contribution from the energy released

by ultrafast oxidation and creates a hot spot of high pressure gas that drives a spher-

ically expanding shock wave through the surrounding medium. This combination of

laser and chemical energy fuels the expansion of a spherical shock front into the sur-

rounding medium [160]. For picosecond time-scale heating, the optical pulse duration

is shorter than the characteristic time for material pressure relaxation, producing a

sudden jump in both temperature and pressure. The mechanism of pressure genera-

tion is a temporary frustration of thermal expansion, termed thermophysical pressure

generation [161].

5.3 Material System

This work will mainly focus on the study of converging shock waves in colloidal so-

lutions of carbon nanoparticles in water (Ink). The commercial brand of ink used is

Encre de Chine (China Black Ink, Majuscule). The ink is diluted 10 times with dis-

tilled water so that nanoparticle loading is around 2 wt% and the acoustic properties

of the system are close to those of pure water.

There are a number of studies on shock wave propagation in water and so its prop-

erties are well documented [162]. Water has several exceptional physical properties.

It has a large slope in its shock velocity-particle velocity (Us - Up) Hugoniot curve,

indicating a very strong nonlinearity in its mechanical properties with increasing am-

plitude of the shock wave pressure [163]. Shockwave behavior as well as the acoustical

properties of water have long been studied by various researchers [164, 165]. Moreover,

properties of biological tissues are commonly assumed to have a close resemblance to

those of water. Water is also known to undergo various phase transformations un-
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der compression even at low pressure, around 2 GPa [166]. Measurement of shock

velocity in water is of prime importance for determining scaling laws of underwater

explosions, the shock wave attenuation in water, the equation of state of water under

dynamic loading, and the yields of both nuclear as well as chemical explosions.

The near-IR pulse is absorbed only by carbon nanoparticles because water is

transparent in this regime. There are three distinct time scales for heat flow: the time

for heat to spread uniformly throughout the nanoparticle (100 ps), the time for heat

to spread through the water (a few microseconds), and the time for heat to escape

into the glass substrate (70 µs). Thus a 300 ps laser pulse heats the nanoparticles

almost uniformly [161].

5.3.1 Characterization of Nanoparticle Solution

Determination of the optical properties of ink is an important task [167, 168, 169]. The

amount of energy absorbed by nanoparticle solutions is described by the absorption

coefficient α as determined by UV-VIS spectra shown in Figure 5-4. The spectrum

was collected using a Cary 6000i UV-VIS-NIR Spectrophotometer (Varian Inc.). The

solution was optically thin with nanoparticle loading around 2 wt%, thus Beer’s law

was obeyed. The absorption coefficient α at the excitation wavelength (800 nm) is

0.176 µm−1 and hence, 90% of the incident fluence is absorbed by a 5 µm thick sample

layer.

The cluster size (or aggregation) and size distribution of the ink particles was

determined by electron microscopy and zeta potential respectively. A typical SEM

image of the carbon nanoparticles is presented in Figure 5-5. For SEM imaging,

each dispersed sample was deposited onto a silicon wafer and coated with less than

3 nm of sputtered gold-palladium. A JSM-6700F Field Emission Scanning Electron

Microscope (JEOL Ltd.) was used for imaging in secondary electron mode. A Zeta

potential analyzer (Zeta PALS, Brookhaven Instruments Corporation), which is based

on the principle of dynamic light scattering, was used to extract the size distribution

of the particles in solution/suspension which ranges from 45 to 75 nm (with mean

particle size around 55 nm) as shown in Figure 5-4. No significant variation in particle
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Figure 5-4: (Top) Visible absorption spectra of carbon nanoparticles in water under
normal conditions. The inset shows UV-VIS-NIR absorbance spectra of the diluted
solution in the wavelength range from 200 to 1600 nm. The peak at 1450 nm is due to
molecular vibrations of water. (Bottom) Zeta potential analysis of carbon nanopar-
ticles dispersion in water to determine particle size distribution. The vertical axis
represents scattering intensity distribution (or frequency distribution of nanoparti-
cles in percentage). The mean size of particles is determined by number average
methodology.
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Figure 5-5: SEM image of carbon nanoparticles from a diluted dispersion in water.
SEM imaging of carbon nanoparticles deposited from aqueous dispersions provided in-
formation about particle and cluster size. The background represents polycrystalline
gold-palladium sputtered on a silicon wafer, used for preparing the SEM sample.

dispersion has been observed over a period of several weeks for a given ink solution.

5.4 Experimental Apparatus

5.4.1 Sample Configuration

The sample consisted of a 5 µm thick water layer with embedded carbon nanoparticles

that was sandwiched between two 100 µm glass substrates using a polymer spacer,

as shown in Figure 5-6. The shock pulse was focused to make a 200 µm diameter

ring pattern using a lens and axicon arrangement. The shock rise time and duration

were given by the spatial distribution of shock pulse light. A sharp edge (several

microns) will yield a fairly sudden rise (about 1 ns) while a broad width yields a total

shock duration of tens of nanoseconds. The Gaussian spatial profile of optical shock
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pulse can be converted to the temporal profile through the speed of sound in water

(∼ 1.45 km/s). For example, a 10 µm FWHM spatial distribution will give around

7 ns FWHM temporal profile. The total shock duration depends on the sharpness

of edge as well as the spatial profile. Each irradiated sample volume of 104 µm3

(typically 200 µm ring diameter, 10 µm width and 5 µm thickness) contains many

nanoparticles. Each particle sends a shock wave radiating outward spherically, but

the large number of particles in the irradiated region ensures that the overall (far

field) shock wave follows the geometric pattern of the pump light.

5.4.2 Optical Setup

An uncompressed output of an amplified femtosecond Quantronix laser with 800 nm

wavelength, varying pulse energies ranging from 0 - 4 mJ and 300 ps pulse duration is

directed onto an axicon (Doric Lenses Inc., α= 0.5◦) and then focused by a lens with

a focal length F of 3 cm into a ring (or circle) between the sandwich structure, inside

the liquid layer. Using equations 5.4 and 5.5 and considering refraction phenomena

(beam has to go through 100 µm glass before making ring-pattern), the lens-axicon

arrangement provided the ring in the liquid layer with a 200 µm diameter and a width

of ∼ 10 µm. The actual size and width of the ring was confirmed using a laser beam

profiler (LBP-2-USB, Newport Corporation). A typical result is shown in inset of

Figure 5-7.

A variety of techniques such as high-speed framing, streak cameras, shadowgraphs

and Schlieren photographs can used to image the propagation of shock waves in

various media. A charge-coupled device (CCD) camera has been used for shock

wave imaging in the current experiments. The CCD camera (Cohu Inc., 7700 Series

Progressive Scan Camera, 10 - bit, 1004× 1004 pixels, pixel size: 7.4 µm× 7.4 µm) is

placed so as to image the sample plane using a conventional two lens imaging system.

A femtosecond laser operated on a single shot basis, with fundamental wavelength

of 800 nm and 200 fs long light pulses was used as the light source for the imaging

optics. This beam was frequency doubled with a 500 µm thick BBO crystal to produce

a 400 nm beam to be used a probe. The camera was triggered by the same signal
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Figure 5-6: Schematic illustration of the sample geometry showing side view (Left)
and cross-sectional view (Right) where the shock wave propagates laterally in the
plane of the sample (not to scale). The shock wave is generated directly in the water
layer in the form of the ring pattern using a lens and an axicon arrangement. The ring
irradiation pattern (as shown in red) launches a response that propagates laterally
within the water layer both inwards and outwards (as shown in blue rings). The
outward propagating ring diverges and there is a decrease in its amplitude. The
inward propagating ring converges and creates a shock of higher amplitude at the
center of the ring. Many types of real-time measurements of the shock wave and the
sample responses to it are possible since shock generation and propagation and the
sample responses to shock are in direct view at all times.
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as the optical shock pulse. A signal generator (Stanford Research System, Model

DG535) was used to control the shutter for optical pulses (both excitation and probe

beams) and the CCD camera to enable exposure of the shock wave at a predetermined

time in the test specimen. The optical path of the probe beam was varied using an

optical delay so that the time history of the shock event could be created. Shock

imaging could be realized by the change in optical path length at the propagating

shock wave due to the change in the refractive index induced in the sample with shock

pressure.

Figure 5-7 illustrates the complete experimental set-up detailing the focusing shock

generation and imaging. An imaging pulse with 400 nm wavelength was used to build

a Mach-Zehnder interferometer (imaging and reference pulses make an optical

interference pattern) so that the shock phenomena could be imaged on a CCD. The

positions of lenses were optimized for sharp imaging of both converging and diverging

shock waves. A 400 nm bandpass filter together with some neutral density filters

was used to block the residual or scattered 800 nm light in the probe beam and

the fluorescence and white light generated during the pumping from entering the

CCD camera. The images were recorded at different times by varying the time delay

between the arrival of the optical shock pulse and the imaging pulse at the sample as

shown in Figures 5-8, 5-9, and 5-10.

5.5 Results & Image Analysis

5.5.1 Shock Visualization

The first measurements of liquid water samples under shock loading (converging in-

plane shock propagation) were successfully conducted in the new experimental con-

figuration as shown in Figure 5-7. The present imaging setup allows one exposure

at each time delay, thus a time history is builtup by single exposures taken at dif-

ferent time delays. For each experiment times t1 and t2 when the shock wave and

imaging pulse arrives at the sample respectively are recorded using a photodiode.
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Figure 5-7: Schematic illustration of the experimental set-up showing focusing shock
generation and imaging. PBS, QWP, HWP and BS stand for polarizing beamsplit-
ter cube, quarter-wave plate, half-wave plate, and plate beamsplitter respectively.
The shock wave generated directly in the sample layer propagates laterally within
the sample layer, and the Mach-Zehnder interferometer is used as a probing tool to
record images on the CCD. The shock position is evaluated from CCD images which
are produced through illumination by the frequency-doubled laser pulse. The optical
shock pulse (wavelength 800 nm) is shown in red and the imaging pulse (wavelength
400 nm) is shown in blue color. The inset shows both normal and interferometric
images of ringpatterns generated within a 5 µm water layer (with carbon nanoparti-
cles) sandwiched between two 100 µm thick glass substrates. The incidence energy
of the optical laser shock pulse can be tuned from 0 - 4 mJ. After each CCD image is
recorded at a specific time delay, the target is shifted to a new position with a fresh
area before the next image is taken. By changing the optical path of the probe beam
with an optical delay, I can create a time history from 0 to 65 ns.

120



The recorded images can be used to extract propagation distance and together with

time delay ∆t = (t2 - t1), I can easily determine the shock speed Us. Figure 5-8 shows

a typical sequence of time-resolved CCD images of shock wave propagation after a

300 ps laser pulse irradiates the sample layer.

These measurements have a high repeatability, giving a low uncertainty level for

the extracted shock speeds (i.e. less than 2.5%). To estimate the uncertainty in the

shock wave position, the time delay was set to ∆t = 25.3 ns and a series of runs were

performed for the same sample at different locations. The possible sources of errors

include fluctuations in the density of nanoparticles and variations in the light pulse

energy from the laser.

The CCD images in Figures 5-8 and 5-9 clearly demonstrate how the waves prop-

agate in the inner and outer rings as a function of time in the linear acoustic response

limit when very low input laser pulse energy (0.08 mJ) is imparted. Figure 5-10 shows

the time history of wave propagation in the shock regime with the input energy in-

creased to 0.33 mJ. The inner ring reaches the center of convergence in less than 40 ns

as compared to around 65 ns in the acoustic limit.
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5.5.2 Interferometric Shock Visualization

Interferometric images are better for quantitative data analysis as I can accurately

measure the inner and outer shock wave positions through the induced phase shifts.

Figure 5-11 shows a typical set of interferometric images for two different time delays

of 13.8 ns and 25.3 ns at two different input energies of 0.08 mJ and 0.33 mJ for

the optical shock pulse in liquid water. There is a clear difference in the distance

propagated by the inner ring for the two different energies because the shock wave

velocity increases with increasing shock pressure. The distances traveled by the inner

and outer rings versus the time delay at two different input optical pulse energies

(i.e. 0.08 mJ and 0.33 mJ) are plotted in Figure 5-12. It is evident that the inner

ring is propagating greater distances with increasing shock laser pulse energy at any

selected time delay (i.e. shock velocity is increasing). On the other hand, the outer

ring propagates the same distance at different time delays irrespective of the input

pulse energy.

CCD images at different time delays after a 300 ps laser pulse irradiated the

sample layer were recorded with a time-resolved Mach-Zehnder interferometer. It

was convenient to study the pressure-dependent variation of shock wave velocity in

water by recording interferometric CCD images for a fixed time delay with different

input pulse energies. Figure 5-13 shows the effect of input optical shock pulse energy

at a fixed time delay of 25.3 ns. The inner ring gets smaller in diameter with increasing

shock pulse energy. In other words, the inner ring is propagating at faster speeds with

increased shock pulse energies from 0.33 mJ to 2.0 mJ.

The results for calculated shock wave velocity as a function of input laser pulse

energy are depicted in Figure 5-14. The plot shows the average energy calculated as

the total distance traveled divided by the time of travel at the latest time measured,

neglecting the increase in speed during convergence. There is clear indication that

the inner ring is propagating at a much faster speed than the outer ring at all energy

settings. It can also be seen that the inner ring propagates at a faster speed as

the input pulse energy increases, which is in good agreement with the images shown
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13.8 ns13.8 ns 100 µm

25.3 ns25.3 ns

Energy 0.33 mJ
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Figure 5-11: Interferometric images showing two different time delays of 13.8 ns and
25.3 ns at two different input energies of 0.08 mJ and 0.33 mJ for the optical shock
pulse in liquid water. There is a clear difference in the distance propagated by the
inner ring for the two different energies because the shock wave velocity increases
with increasing shock pressure.
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Figure 5-12: Plot of distances traveled by the inner and outer rings as a function of
time. It is evident that for any selected delay time, the inner ring that is launched by
the higher laser pulse energy propagates farther because of its higher shock pressure.

in Figures 5-11 and 5-13. The plot in Figure 5-15 shows the empirical Hugoniot

relationship between shock wave velocity and shock wave pressure in liquid water

[170]. For a shock laser pulse energy of 2.0 mJ, the shock pressure of the inner

ring at 25.3 ns time delay is around 1.5 GPa. After the high-pressure shock wave in

water is generated, the refractive index of the shocked water also increases due to a

density increase by shock compression, studied quantitatively through phase analysis

of interferometric images.
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Figure 5-14: Plot of average shock speed in water of the inner and outer rings as a
function of input optical pulse energy. There is clear indication that the inner ring is
propagating at a much faster speed than the outer ring at all energy settings.
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Figure 5-15: Estimate of shock wave pressure in water as a function of shock wave
velocity using the empirical Hugoniot relationship relating shock wave speed (Us

in km/s) and shock pressure (P in GPa). ρ0 is the density of unshocked water
(1.00 g/cm3). The pressure reached for 2.0 mJ pulse energy at a delay of 25.3 ns
is around 1.5 GPa. The pressure at the center of the ring will be greater than this
value.
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The interferograms were analyzed with a 2 D fast Fourier transform (FFT) method

as described by Takeda et al. [171]. Figure 5-16 shows the phase shift profile for an

interferometric image recorded at 25.3 ns and 0.83 mJ input laser pulse energy (as

shown in Figure 5-13). The phase shift was used for measurement of the change in

refractive index of water given by

∆φ =
2π

λ
d ∆n (5.6)

where φ is phase in radians, λ is probe wavelength in microns, d is liquid thickness in

microns and n is the refractive index of the liquid layer.

The Gladstone-Dale relation has been used to describe the change in refractive

index with the change in density due to shock compression for many materials. The

Gladstone-Dale relation [172] can be simply stated as

n− 1

ρ
= constant (5.7)

where ρ is density and n is refractive index of the material.

For water, the Gladstone-Dale relationship [173] is given by

n = 1.332 + 0.322 (ρ− 1) (5.8)

Using equations 5.6 and 5.8, change in density can be related to phase shift. In our

experiments, λ= 0.4 µm and d= 5 µm, thus for a phase shift of 5 radians (calculated

for the inner converging ring from Figure 5-16), the change in refractive index is

0.064 and the change in density is 0.20 g/cm3. The shock pressure calculated using

the Hugoniot curve for water (shown in Figure 5-17) is 0.77 GPa. On the other hand,

the pressure reached for 0.83 mJ input laser pulse energy at a delay of 25.3 ns using

speed analysis through CCD images (calculated from Figures 5-14 and 5-15) was

around 0.73 GPa. The phase analysis yielded pressures in good agreement with those

calculated from the shock velocities and the Hugoniot curve.

CCD images were also recorded after the sample was damaged by the convergence
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Figure 5-16: Optical phase shift profile calculated from interferogram shown in
Figure 5-13 recorded at 25.3 ns and 0.83 mJ input laser pulse energy.
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Figure 5-17: Estimate of shock wave pressure (P in GPa) in water as a function
of density (ρ in gm/cm3) using the empirical Hugoniot relationship. The pressure
reached for 20% change in density is 0.77 GPa.
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of the cylindrical shock shock waves. A typical set of images is shown in Figure 5-18

for the input optical shock pulse energy of 1.5 mJ. There are clear signs of visible

damage at the center of convergence and crack formation in the glass substrates.

There are still some phenomena which are not fully understood in the present

experiment. A theoretical collaboration with the group of Prof. R. Radovitzky at

MIT has begun in order to provide further insight. At high input optical shock pulse

energy, Scholte waves [174] at the solid-liquid interface and bulk waves in the glass

substrates are experimentally observed, signifying additional components of nonlinear

propagation and evolution of shock. The right-most CCD image at input optical shock

pulse energy of at 2.0 mJ in Figure 5-13 clearly shows these phenomena. There is

a wave propagating outward with a speed higher than 6 km/s indicating bulk wave

propagation in glass. There is possibility of mode coupling between Scholte wave

and bulk wave in the liquid due to the short shock formation distance and large

coherence length of their interaction in our experimental configuration. The role of

acoustically induced turbulence in the liquid is also an important factor to consider.

It has been reported that focused waves experience some phase change between the

waves going into and moving away from the focus. Jen et al. studied the phase

variation of focused surface acoustic waves which can provide insight to the shock

wave propagation phenomena, especially useful for numerical modeling [175]. The

shock waves going toward the focus have a unipolar pulse shape, and waves having

passed through the focus and diverging have a bipolar shape with equal positive

and negative displacements. Our images do not show clear signatures of shock or

acoustic waves emerging from the center, perhaps due to turbulence in the region of

convergence.

132



5
0

 µ
m

1
0

0
 µ

m
1

0
0

 µ
m

1
.5

 m
J

F
ig

u
re

5-
18

:
Im

ag
es

of
sh

o
ck

ed
re

gi
on

s
lo

n
g

af
te

r
th

e
co

n
ve

rg
en

ce
of

cy
li
n
d
ri

ca
ll
y

p
ro

p
ag

at
in

g
sh

o
ck

w
av

es
h
as

d
on

e
si

gn
ifi

ca
n
t

d
am

ag
e

at
th

e
ce

n
te

r
of

co
n
ve

rg
en

ce
.

C
ra

ck
s

ar
e

cl
ea

rl
y

v
is

ib
le

an
d

ru
n

50
0

-7
00
µ

m
in

le
n
gt

h
in

ra
d
ia

l
d
ir

ec
ti

on
s.

T
h
e

le
ft

im
ag

e
is

a
C

C
D

im
ag

e,
w

h
il
e

th
e

tw
o

ri
gh

t-
m

os
t

im
ag

es
ar

e
ta

ke
n

u
si

n
g

an
op

ti
ca

l
m

ic
ro

sc
op

e
at

d
iff

er
en

t
m

ag
n
ifi

ca
ti

on
s.

T
h
e

in
p
u
t

op
ti

ca
l

sh
o
ck

p
u
ls

e
en

er
gy

w
as

1.
5

m
J
.

133



5.5.3 Preliminary Study of Complex Samples

The validation of the experimental approach demonstrated here opens the door to

study of complex materials and structures. In this section I present preliminary

observations of lateral shock propagation in several polymeric and metallic samples.

Continued study of complex samples will be the next phase of our ongoing research

on shock effects and mitigation. Preliminary observations are presented here in order

to illustrate the range of sample possibilities.

5.5.3.1 Shock Studies in Epoxy Nanoframe System∗

Periodic nanostructures fabricated by interference lithography can be precisely de-

signed to have a specific cell geometry, topology and porosity in contrast to typical

stochastic cellular materials.

A relatively new class of cellular materials, holographically defined nanoframes,

have been fabricated by light-induced crosslinking of photoresists using a 3D pattern

of light intensity produced by the interference of multiple laser beams (interference

lithography) [176, 177]. The nanoframe structures show large mechanical energy

dissipation/volume (up to 4.5 MJ/m3), comparable to the highest values achieved

in conventional polymer foams but at a far smaller strain. Counter-intuitively, a

nanoframe of smaller relative density can dissipate more energy per volume because

the geometry of the nanoframe evolves during deformation to engage more of the

material in plastic deformation [178].

Thus, nanoframes made by interference lithography may lead to improved me-

chanical properties beyond specific stiffness including enhanced energy absorption

and fracture toughness, both of which are properties in demand to develop smart

structures for response to specific stress conditions (e.g. advanced personnel protec-

tion armor).

A photo-crosslinkable epoxy resin (SU-8, Microchem) is chosen to fabricate epoxy

nanoframes using multiple beam interference lithography [179] because SU-8 allows

∗Done collaboratively with Jae-Hwang Lee in the group of Prof. Edwin L. Thomas
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Figure 5-19: (Left) Schematic illustration of the nanoframe structure fabricated by
interference lithography to study shock mitigation. A SU-8 monomer is spin-coated
onto a pre-crosslinked SU-8 buffer layer film supported by a glass substrate. A 3D
latent chemical image is then formed within the top SU-8 layer by interference lithog-
raphy using four ultraviolet (UV) laser beams (λ= 355 nm) from a frequency-tripled
Nd:YAG laser (Quanta Ray Lab 150, Spectra-Physics). The nanoframe structure is
infiltrated with glycerol doped with 2 wt% IR-140 dye so as to absorb the optical exci-
tation energy. (Right) A cross-sectional SEM image of the SU-8 nanoframe structure
on a glass substrate.

for a relatively uniform dose to be delivered throughout a relatively thick film due

to its very low absorption in the near-UV range. Figure 5-19 shows a schematic of

the nanoframe structure with the sample geometry used in the laser shock exper-

iment to investigate the enhanced energy absorption and dissipation effects of the

nanostructured material. Preliminary results from the shock experiments are shown

in Figures 5-20 and 5-21. Figure 5-21 shows an SEM image of a destroyed nanoframe

structure which clearly depicts the extent of damage induced by propagating shock

waves as well as the effects of the nanoframe structure in shock mitigation.
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100 µm

Figure 5-20: CCD image of shock-wave propagation through a glycerol-nanoframe
composite at time delay of 40 ns. The dotted red circle marks shock origin. There
are several interesting points in the image - a dark band behind the shock-front for
glycerol-epoxy nanoframe, brighter rings following the dark band, which are symmet-
rically observed inside of the shock origin, and disappearance of the dark bands.

Shock 
Origin

10 µm

Figure 5-21: SEM image of the nanoframe structure destroyed by laser shock. The
dotted red line marks initial excitation by the laser in the form of a ring using an
experimental setup consisting of an axicon and a lens. The post-mortem analysis
through SEM clearly depicts effects of the nanoframe structure in shock mitigation.
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5.5.3.2 Shock Studies in Gold

Shock measurements were performed on a 25 nm thick gold layer sandwiched between

two 100 µm thick glass substrates in the sample configuration similar to the one

shown in Figure 5-6 with the current optical setup. The CCD images are shown in

Figure 5-22 for different time delays varying from 2 ns up to 9 ns for an input laser

pulse energy of 0.50 mJ. The average shock wave speed in gold extracted from these

images is in the range 5.0 - 5.5 km/s (Note that longitudinal acoustic speed in gold is

around 3.2 km/s).

100 µm

2.0 ns 7.5 ns

8.9 ns 1.0 s

Figure 5-22: Time-resolved CCD images after target (25 nm thick gold layer sand-
wiched between two 100 µm thick glass substrates) was irradiated by an optical shock
pulse. Raw images recorded on the CCD showing the time history at the indicated
time delays - 2.0 ns, 7.5 ns, 8.9 ns during which shock wave propagation occurred
in the gold layer, and 1.0 s. The images were recorded on a single-shot basis from
different shocked regions of the sample since each sample region that was irradiated
by the laser shock pulse was permanently damaged. The input optical shock pulse
energy was 0.50 mJ.
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5.6 Conclusion

A new method has been developed for direct observation of shock generation, propa-

gation, and convergence in a sample. The method has been validated through mea-

surements of shock propagation in liquid water. This unique technique enables rapid

and direct measurement of the dynamic shock responses of advanced materials and

structures. The CCD images recorded provide for the first time a direct dynamic pic-

ture of cylindrical shock convergence within the nanosecond time window. Since the

shock is delivered to a submillimeter target spot by a high-power ultrafast laser pulse,

novel sample designs can be quickly and effectively surveyed to diagnose and subse-

quently optimize their readiness in mitigating blast threats. This can be done with

extremely small volumes (<< 1 mm3) of material, long before high-volume processing

is undertaken.

Our approach opens up new possibilities for controlling shock parameters and

for a wide range of spectroscopic measurements of shock propagation and sample

response. The optical configuration and sample geometry make shock wave forma-

tion and propagation directly accessible to optical imaging and spectroscopic probes

with wavelengths ranging from UV to far-IR. For example, IR spectroscopy of sam-

ple vibrational modes can be conducted to determine both molecular and collective

material responses to shock.

One of the main limitations of this technique is that it is not feasible to continue

the study of the converging shock as it approached the center of the ring due to

increased turbulence. This is unsatisfactory since the main nonlinear focusing effects

become more pronounced as the strength of the shock increases in the vicinity of the

center.
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Chapter 6

Single-shot Streak Camera

Measurements of Laser-Driven

Lateral Shock Propagation

6.1 Introduction

Researchers have investigated many different optical methods for the characterization

of shock waves [180]. These include, but are not limited to, methods based on the

use of interferometers such as the Mach-Zehnder and the Michelson interferometers

[181, 182, 183]; digital holographic methods based on capturing shock phenomena

with a photoelectric camera (for example, a charge coupled device, CCD) and subse-

quent image processing [184]; speckle photography based on tracking the movement

of speckle patterns, recorded on photographic plates [185] or a CCD [186]; shadowgra-

phy based on deflection of light due to gradients in the refractive index of a material,

leading to pattern with characteristic bright and dark zones which can be recorded

photographically [187]; and schlieren photography based on the use of an image form-

ing system with a spatial filter at its Fourier plane to detect the change of direction

of rays due to phase disturbances [188]. Some less common techniques include Talbot

and Moiré methods [189], the probe beam deflection method [190], combined methods
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[191] and optical sensors [192] employed to study shock wave dynamics.

Photography has been used widely for shock wave research [193, 194]. For record-

ing fast phenomena, photographic plates combined with short pulse laser beams,

streak cameras and fast CCD cameras have been used.

Pecha et al. used a streak camera with high spatial and temporal resolution

for imaging the dynamics of the violent collapse in single-bubble sonoluminescence

[195]. The signal-to-noise ratio was increased by integrating over about 105 streak

images. The sonoluminescence pulse initially appears as a dark spot. Before the

sonoluminescence pulse was emitted, the radius and thereby the scattered light from

the collapsing bubble decrease rapidly, leading to a single line in the streak image

with fast intensity decay. The two outer lines were caused by the outgoing shock wave

which is emitted simultaneously with the sonoluminescence pulse from the bubble.

Most of the light seen in top image of Figure 6-1 was scattered at the strong gradient

of the refractive index at the shock front. The curvature of the outer lines clearly

demonstrated the strongly nonlinear propagation at the beginning of the emission.

The distance of the shock front from the collapse center was determined from the

streak image at different times, forming the complete trajectory of shock propagation.

The shock velocity was determined from the derivative of the fitted curve. The bottom

image of Figure 6-1 depicts the trajectory and the velocity in the full time frame. At

the beginning, the shock wave propagated with a velocity of almost 1.43 km/s and

ended up with a velocity of 6.0 km/s. The increased shock front velocity was modeled

by the non-linear equation of state of water which was used to estimate the shock

wave amplitude or pressure.

In the previous chapter I demonstrated an optical method for spatially and tem-

porally resolved shock-wave velocity and pressure measurements. Cylindrically con-

verging shock waves are produced by laser-induced irradiation in a sandwich sample

configuration using an axicon-lens combination. While interferometric imaging us-

ing a CCD provides comprehensive information at selected time instants. The time

period of many nanoseconds makes it impractical to record 2D CCD images on a

near-continuous basis. However, once it is established that the response is cylindri-
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Figure 6-1: (Top) Streak image of an outgoing spherical shock wave emitted by a
sonoluminescence bubble into water. Laser light is scattered at the bubble as well
as at the emitted shock wave. The spatial and temporal resolution are 2 µm and
500 ps respectively. The dark parts of the image correspond to high light intensity.
(Bottom) Distance of the shock wave from the bubble is determined from the streak
image (open symbols) and corresponding fit (solid line). The shock wave velocity
shown with smooth curve, is the derivative of the fit.
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cally symmetric, a single spatial dimension is sufficient and the second dimension can

be used for time in a streak camera recording, as in the example presented above from

a three-dimensional rather than planar propagating disturbance. The streak camera

recording provides a continuous time-resolved picture of the entire shock event.

This chapter will present single-shot time-resolved characterization of laser-induced

shock waves in water using streak camera imaging, as well as numerical simulations

to estimate the shock pressure.

6.2 Experimental Setup

The time-resolved responses were observed by a Hamamatsu C5680-21 streak camera

with a N5716 (S-20) streak tube, M5677 slow sweep unit, A1976-01 input optics,

A2886-06 output lens assembly, A1471-14 CCD mount adapter and C4742-95-12NR

digital CCD camera (Orca 100). The typical time resolution of a streak camera is

better than 150 ps in the 50 ns time window, limited mainly by the slit width of

the streak camera and the camera pixel size. The streak camera was triggered by a

pattern generator (Stanford DG535) and all electronics were controlled by a computer

via GPIB (IEEE-488).

Figure 6-2 shows a schematic illustration of the target assembly for the shock

parameter measurement in water together with the focusing shock generation and the

streak camera recording system. The experimental setup consists of two parts: the

first part is used to generate the shock, whereas the second part is used to measure the

speed of the shock waves emitted by streak camera. For shock generation, laser pulses

with 300 ps duration emitted from a Ti:sapphire laser and amplifier (Quantronix

Titan, λ= 800 nm, emitting pulse duration of 300 ps) are focused through an axicon

and a lens to form a ring pattern inside the liquid layer sandwiched between two

100 µm thick optical glass windows. The liquid layer has two flat windows of high

optical quality on opposite sides to enable undisturbed imaging of the ring. The setup

is identical to the one used previously to investigate shock-wave phenomena by CCD

imaging. The pulse energies delivered into the sample can be varied up to 4.0 mJ.
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Figure 6-2: Schematic illustration of the experimental set-up showing focusing shock
generation and streak camera imaging. The shock wave generated directly in the
sample propagates laterally within the sample layer and the streak camera is used as
a probing tool to record images. The complete time history of the shock propagation
is observed by the high-speed streak camera in a single shot. The use of a Q-switched
second harmonic Nd:YLF green laser provides bright homogeneous illumination over
the entire streak window. The optical shock pulse (wavelength 800 nm) is shown in
red and the imaging pulse (wavelength 527 nm) is shown in green color. The inset
shows a single shot streak image of a converging shock wave generated within a 5 µm
water layer (with carbon nanoparticles) sandwiched between two 100 µm thick glass
substrates for input pulse energy of 0.15 mJ, where the horizonal axis is distance (µm)
and the vertical axis is time (ns). The shock wave appears as a dark line in the streak
images, illustrated further in the top image of Figure 6-3. The incident energy of the
optical laser shock pulse can be tuned from 0 to 4 mJ.
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Earlier investigations found significant deviations of the shock-wave velocity from

the acoustic velocity during the last few tens of microns close to center of convergence

of the shock wave [195]. The time window of the streak camera must therefore cover

this time regime, requiring very intense illumination with nearly constant brightness

for the entire period of time. This is achieved by the use of a Falcon 527 Series

Q-switched green laser (Quantronix Falcon-527 series, high-power second harmonic

Nd:YLF laser, λ= 527 nm) emitting pulses with a duration of 150 ns. Light from

the Q-switched green laser is scattered by the propagating shock wave and is then

focused onto the entrance slit of the streak camera with a two-lens imaging system.

A bandpass filter (centered at 527 nm, ∆λ= 10 nm) is placed before the slit of the

streak camera to eliminate any stray light. The spatial resolution is 1 µm, limited

mainly by the aberrations of the optical system and by instabilities of the propagating

shock itself.

6.3 Image Analysis

In all the streak images, two distinct dark crossing lines with gradually increasing

slopes can be observed. These lines correspond to the shock wave. At the shock front

the refractive-index gradient is large and this leads to a deflection of the illuminating

light from the imaging aperture, resulting in the dark appearance of the shock waves.

The straight lines at the edges appear dark due to the sample response to initial

excitation rather than wave propagation. The exploded nanoparticles might result

in changed optical absorption at the probe wavelength. Basically the probe light is

either absorbed or refracted differently (there is a change in the imaginary or real

part of the refractive index). For the shock wave, it’s a change in refraction.

The streak images are processed using ImageJ and the image processing toolboox

in MATLAB to extract the shock-wave trajectories. On the streak images, the shock

wave appears as a dark shadow on a bright background with an abrupt transition

between bright and dark. Detecting the shock front is thus equivalent to finding the

location of the sharp initial intensity transition between the bright background and
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the dark shock-wave image. The shock position r(t) as a function of time t is extracted

from the streak images. The resulting r(t) curves are differentiated with respect to

time to yield shock-wave velocities that are then converted to shock pressures with

the aid of the equation of state of water.

The exact functional relationship of the increase in velocity (or pressure) with

respect to time or radial distance is not known. For any sample, it will be influenced

by the dependence of both attenuation and velocity on shock pressure, which changes

as the shock wave converges. Attempts were made to fit the experimental data

for the converging cylindrical shock wave radius (i.e., shock-wave position r(t) as

a function of time t) obtained from the streak camera recording to a power and a

nonlinear polynomial trajectory through the least square fit method. Figures 6-3,

6-4, 6-5, and 6-6 show streak images at 0.15, 0.65, 1.25, and 2.50 mJ input excitation

energies respectively as well as the corresponding trajectories extracted through image

analysis.

6.4 Results & Discussion

6.4.1 Accuracy and Reproducibility

The shock wave peak pressure is determined from the shock-wave speed, which is

obtained as the temporal derivative of the shock-wave position. Therefore high accu-

racy in shock position detection is essential for accurate measurements of shock peak

pressure. The measurement accuracy of the method presented depends on the spatial

and the temporal resolution obtained in the images, the accuracy of the shock-wave

extraction during image analysis, and the accuracy of the analytic fit through the

extracted data.

The uncertainty in determination of the shock front position was estimated to be

around 1 µm and was limited primarily by the spatial resolution of the streak camera

and the width of the propagating shock wave front. The temporal resolution was

determined by the streak rate (or time window) and the width of the slit image on
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Figure 6-3: (Top) Single-shot streak image of a cylindrically focusing shock wave prop-
agating in water at an input laser energy of 0.15 mJ. (Bottom) Shock wave trajectory
of the converging waves extracted from the streak image by a best fit polynomial
equation showing nearly a linear speed of 1.8 km/s (blue dotted line) until the center
of convergence and a speed of 1.4 km/s (red dotted line) after passing through the
center of convergence, which is equal to the acoustic speed in water. The radial dis-
tance on the vertical axis is measured from the center of convergence and extends on
both sides for the two propagating right and left lobes at any given instant of time.
Both right and left lobes have similar trajectories showing symmetry and identical
shock propagation speed.
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Figure 6-4: (Top) Single-shot streak image of a cylindrically focusing shock wave
propagating in water at an input laser energy of 0.65 mJ. (Bottom) Shock wave tra-
jectory (shown in the blue dotted line) extracted from the streak image by nonlinear
polynomial least squares fit to the experimental data.

147



D
is

ta
n
ce

Time

2
5
 µ

m

10 ns

0 5 1 0 1 5 2 0 2 5 3 0 3 5

2 0

4 0

6 0

8 0

 

 

Ra
dia

l D
ista

nc
e r

 (µ
m)

T i m e  t  ( n s )

 E x p e r i m e n t a l  D a t a
 B e s t  F i t  T r a j e c t o r y

Figure 6-5: (Top) Single-shot streak image of a cylindrically focusing shock wave
propagating in water at an input laser energy of 1.25 mJ. (Bottom) Shock wave tra-
jectory (shown in the blue dotted line) extracted from the streak image by nonlinear
polynomial least squares fit to the experimental data.
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Figure 6-6: (Top) Single-shot streak image of a cylindrically focusing shock wave
propagating in water at an input laser energy of 2.50 mJ. (Bottom) Shock wave tra-
jectory (shown in the blue dotted line) extracted from the streak image by nonlinear
polynomial least squares fit to the experimental data.
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the photocathode and was better than 150 ps. To check the reproducibility of the

method, shock waves from several laser shots at equal excitation pulse energies were

investigated. The uncertainty in shock front position was around 5 µm close to center

of convergence since the shock front was very broad, and it was not possible to decide

on its position with precision better than 5 µm. Hence, the uncertainty in shock front

position really start out around 1 µm and got bigger, reached 5 µm, as the shock got

close to the center.

6.4.2 Determination of Shock Speed

The shock wave is visualized by the refractive-index change arising from the shock-

wave-induced compression of water by means of a streak photography, which then

allows the position of the shock to be followed through time, and the speed of the

shock to be determined directly by differentiation of the trajectory of the shock wave.

There is the appearance of a discontinuity in the propagation distance as the shock

waves moves through the focus. This phenomenon is clearly observed in Figure 6-3.

The slope of the trajectory (or shock velocity) before the focus is 1.8 km/s and then

it becomes 1.4 km/s after the waves diverges away from the focus. However, the

propagation distance is greater for diverging waves at any time instant (as shown in

red dotted lines) than what would have been predicted using extrapolated values for

the waves converging towards the focus (as shown by blue dotted lines after 50 ns

time delay). This is likely due to the Gouy phase shift, a well known occurrence for

converging waves that has been observed through imaging of both terahertz waves

and acoustic waves [196, 197]. Note that this is distinct from the appearance of a

sudden jump of the transition from light to dark at each shock front as the waves

from opposite sides meet at the center, due to the finite width of the shock waves.

The derivative of the best fit function provides shock velocity Us which rapidly

increases and approaches super-sonic velocity close to the center of convergence, sug-

gesting strongly nonlinear propagation. A master curve depicting dependence of shock

wave velocity on the radial distance for different input excitation energies is shown in

Figure 6-7. A speed of about 3.4 km/s, more than twice the sound speed, is reached

150



0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0
2 . 0
2 . 2
2 . 4
2 . 6
2 . 8
3 . 0
3 . 2
3 . 4
3 . 6

 

 

Sh
oc

k S
pe

ed
 U S (k

m/
s)

R a d i a l  D i s t a n c e  r  ( µm )

 0 . 6 5  m J
 1 . 2 5  m J
 2 . 5 0  m J

Figure 6-7: Master curve depicting dependence of shock wave velocity on the radial
distance for different input excitation energies.

at a point 12 µm away from the focus for an input energy of 2.50 mJ.

6.4.3 Determination of Shock Pressure

The shock-wave peak pressure P (in GPa) in water is related to the propagation speed

Us (in km/s) of the shock through the equation of state and the jump conditions [162]

at the shock front by

P = ρ0 Us
Us − c0

1.99
(6.1)

where c0 = 1.43 km/s and ρ0 = 0.998 g/cm3 denote the acoustic velocity and the den-

sity of the undisturbed water, respectively. This is the same relationship used in the

previous chapter (see Figure 5-15) for estimating shock pressure for data generated

using CCD imaging.

Other relationships between the shock pressure P and the shock velocity Us are
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given by Cole [198] in equations 6.2 and 6.3

P = A ρ0 Us
[
10(Us−c0)/B − 1

]
(6.2)

where A= 5.190 km/s and B= 25.306 km/s are empirical constants determined from

Rankine-Hugoniot data.

P = C

[
2

(
n− 1

n+ 1

)(
Us
c0

− 1

)
+ 1

] 2n
n−1

− C (6.3)

where n and C are parameters of the Tait equation of state. For water, C = 0.275 GPa,

and n= 7.44.

The estimated shock pressure P determined from equations 6.1 - 6.3 are in good

agreement with each other. Equation 6.3 is preferred for its versatility in the present

work so as to compare the shock pressure values with those obtained through numer-

ical modeling. Figure 6-8 shows the shock wave pressure P in water as a function

of radial distance for different input excitation energies using the empirical relation-

ship given in equation 6.3. An excitation input energy of 2.50 mJ is able to reach

a substantial pressure of 3.5 GPa at a radial distance of 12 µm from the focus. The

pressure is expected to be even higher as the shock fronts converge and focus at the

center.

6.5 Numerical Modeling∗

6.5.1 Methodology & Formulation

A numerical simulation of the laser shock experiment was performed using a finite

element code developed and used by “Radovitzky Group”at MIT [199]. This code

uses an explicit integration, Lagrangian finite element formulation to solve the finite

elastodynamics problem, with the unknown variable being the displacement of the

∗Done collaboratively with Piotr Fidkowski in the group of Prof. R. Radovitzky
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Figure 6-8: Estimation of shock wave pressure in water as a function of radial distance
for different input excitation energies using the empirical Hugoniot relationship given
in equation 6.3.

mesh. Using a Lagrangian formulation for modeling a fluid is slightly unusual, but

will allow us to use the same framework for shocks in solids.

To model the constitutive response of the water, we use a Newtonian fluid with

an equation of state. Given a deformation field

x = φ(X) (6.4)

where x are the spatial coordinates and X are the material coordinates, we can

calculate the stress tensor in the water via

σij = 2 µ ddev
ij + pδij (6.5)

where µ is the usual fluid viscosity and ddev
ij is the deviatoric part of the rate of
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deformation tensor

dij =
1

2
(vi,j + vj,i) (6.6)

with

vi = φ̇iφ
−1 (6.7)

representing the components of the velocity vector. The pressure p derives from an

equation of state for the material, and is assumed to depend only on the volumetric

part of the deformation. For water, a particularly stable equation of state for shock

problems is the Tait equation of state [199], which derives from an energy of the form

e = e0 −
p0 + pc
Γ0 ρ0

+
p+ pc
Γ0 ρ

(6.8)

where e is the internal energy, p the pressure and ρ the density and e0, p0, ρ0 the same

quantities at their reference or initial state. The Tait parameter Γ0 is a constant and

the computed pressure pc (which is purely a material property) is given by

pc = ρ0 a
2
0 − (Γ0 + 1) p0 (6.9)

where a0 is the speed of sound in the reference state.

If we assume an isentropic process, then the partial derivative of internal energy

with respect to the specific volume v = 1/ρ gives

∂e

∂v

∣∣∣
s

= −p (6.10)

After some substitution and integration we derive the dependence of pressure on

density

p =
pc

Γ0 + 1

[( ρ
ρ0

)Γ0+1

− 1
]

+ p0

( ρ
ρ0

)Γ0+1

(6.11)

We can assume that the change in the second term in the above equation is small

and reform the equation as

p = B
[( ρ
ρ0

)Γ0+1

− 1
]

+ p0 (6.12)
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where B is a constant, known as second Tait parameter, and p0 is the reference

pressure of the water.

For water, we use the parameters ρ0 = 998 kg/m3, Γ0 = 6.15, B= 3.042×108, and

µ= 1.002×10−3 Pa-s. This yields a theoretical acoustic wave speed of 1476 m/s and

reference pressure p0 of 1.014×105 Pa. The above equation also indicates how we can

apply our initial conditions. The energy from the laser impulse goes into heating of

the water. Given the very short time scale of the laser impulse, this heating causes an

increase in pressure, which we apply via the reference or initial pressure p0. Currently,

this pressure increase is applied as a step increase in the concentric ring of the laser

pulse.

The numerical formulation as it is will not be very good at handling shock con-

ditions since the very thin shock cannot be resolved by a finite discretization.“Shock

Capturing”refers to additional techniques used to allow the numerical code to han-

dle a discontinuous shock. Artificial viscosity is one such technique, that essentially

smears the shock across several elements while trying to maintain the proper rela-

tionships across the shock. We use the formulation of artificial viscosity employed by

Lew et al. [200]. In this formulation, we define a modification of our fluid viscosity,

µh = µ+ ∆µ (6.13)

where µ is the physical viscosity coefficient and ∆µ is the added artificial viscosity.

At any integration point within the element, the artificial viscosity can be calculated

by

∆µ =

max(0,−3
4
hρ(c1∆u− cLa)− µ) ∆u < 0

0 ∆u ≥ 0

(6.14)

where h is the element size, c1 and cL are parameters, a is the acoustic wave speed and

∆u is a measure of the velocity jump across the element. This artificial viscosity will

smear the shock out over several elements, which allows our discretization to capture

the essentially discontinuous shock.

The simulation was run over a variety of initial reference pressures using a 3-D
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mesh with 214684 2nd order tetrahedral elements. This explicit simulation is parallel-

ized, and simulations are generally done on 64 processors available in the group clus-

ter. Pressure data was averaged around the ring and then post-processed to extract

the peak location, which was defined as the average of the 95% crossover locations.

6.5.2 Simulations

The numerical simulations for input energies of 0.15 mJ and 0.65 mJ are shown in

Figure 6-9. The experimental data and the simulations are in good agreement for the

shock wave trajectories and thus, the model can be used to estimate shock pressure

close to the focus.

The numerical simulations are helpful to determine shock pressure close to the

focus where resolution becomes poor in streak camera images. Figure 6-10 shows a

plot of radial pressure values derived through numerical simulation for different input

energies. The pressures were around 1.25 GPa and 6.5 GPa close to the focus for

input energies of 0.15 mJ and 0.65 mJ respectively. In contrast, estimation of shock

pressures from streak camera images using the empirical Hugoniot relationship on

the extracted trajectories (as shown in Figure 6-8) is a big challenge and there are

inherent problems associated with spatial resolution of the streak images, especially

close to the focus where interesting shock dynamics come into play.
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Figure 6-9: Simulated trajectory (represented by blue dotted line) for a cylindrical
focused shock wave propagating in water at an input laser energy of 0.15 mJ (Top)
and 0.65 mJ (Bottom). The open circles represent the experimental data extracted
through streak camera imaging.
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Figure 6-10: Plot of radial pressure values derived through numerical simulation for
input energies of 0.15 mJ and 0.65 mJ, indicating the higher pressure of the shock
close to the focus.
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6.6 Conclusion

The feasibility of single-shot spatially and temporally resolved streak camera pres-

sure measurements of shock waves in water has been demonstrated. The CCD images

shown in the previous chapter were recorded during separate events, with an increas-

ing time delay between the shock generation and the photograph of the shock wave,

and the shock trajectory was then reconstructed from collected CCD images at dif-

ferent time delays. The complete shock wave trajectory is obtained from the streak

image in a single shot, and the shock position is also determined much more accu-

rately which is of particular importance close to the focus where the propagation and

the intensification of the shock wave is very rapid.

In conclusion, the results show that the dynamics of the shock phenomena can be

studied with high spatial and temporal resolution by direct imaging using a streak

camera as a detector. Furthermore the relative ease and the speed of obtaining

spatially resolved pressure amplitudes allows parametric studies such as investigations

of the pulse energy and pulse duration dependence of shock-wave emission during

laser-induced breakdown. Numerical simulations have been performed to estimate

shock pressure, and a considerably high pressure is reached close to the focus.
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Chapter 7

Conclusions and Future Directions

7.1 Summary and Conclusions

Firstly, impulsive stimulated thermal scattering (ISTS) photoacoustic measurements

were conducted with a range of acoustic wavelengths and corresponding frequencies

in order to extract the full set of acoustic and modulus parameters for novel struc-

tures. These measurements were performed on complex materials including block

copolymers, multilayer polymeric films, nanocrystalline and metallic materials, and

ceramic structures. The results illustrate the general value of ISTS measurements in

revealing the mechanical behavior of nanostructured polymeric materials. The acous-

tic properties of a multilayer structure produced by sequential spin coating of PMMA

and nano -TiO2 showed a very low group velocity in the high-wavevector range and

a strong dispersion in the group velocity at higher frequencies. These results suggest

that this type of material could be used in the future for shock mitigation applications.

Subsequently, a novel method for optical cylindrical shock focusing was developed

in a manner that permits direct real-time visualization of the shock front and the

shocked material using either a charge-coupled device (CCD) camera or a streak

camera. This approach opens up new possibilities for controlling the shock parameters

and allows access to pressures in the multiple gigapascal range. The optical generation

of a shock wave is followed by time-resolved optical measurements of sample properties

both during and after shock propagation. Furthermore, the optical configuration and
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sample geometry make shock wave formation and propagation directly accessible to a

wide variety of real-time spectroscopic probes of molecular and collective responses.

The characterization of an illustrative test sample composed of a thin confined layer

of water loaded with carbon nanoparticles was described to demonstrate the utility

and potential of this new technique.

Single-shot streak camera measurements were conducted to investigate the dy-

namic properties of water under shock loading. Combined with numerical simulations,

it was demonstrated that there was considerable amplification in shock pressure close

to the focus and shock pressures close to 10 GPa were reached in and around the

focus.

The parameters of the laser pulse used to launch the shock wave, including beam

size and shape, pulse duration, and intensity, are fully controllable, yielding consid-

erable control over the shock wave that is generated. The mechanical response of

newly fabricated advanced materials and structures to ballistic shock loading can

now be measured directly and rapidly even with an extremely small sample volume

(<< 1 mm3).

7.2 Future Directions

The power spectrum of a typical blast is broad, with spectral components (with

most destructive energy) present between 1 and 20 kHz [201]. Efforts to mitigate the

harmful effects of blast waves could involve attempts to attenuate, reflect, or generally

control the most damaging parts of the power spectrum. In an attempt to address

this problem, methods of fabricating two-dimensionally periodic phononic crystals –

band gap structures designed to forbid the propagation of specific acoustic modes,

are being developed [202, 203]. Examining the response of such structures with band

gaps in the spectrum of shock frequencies will provide important information toward

developing materials for blast mitigation. In laser shock measurements described in

this thesis, the power spectrum of the induced shock lies at far higher frequencies

and correspondingly shorter wavelength ranges than mechanically generated shocks.
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However, the mitigation principles learned from laser shock measurements are scalable

to the ranges appropriate for blast mitigation.

The method of optical shock generation may be applied to individual material

components of complex assemblies to assess their intrinsic behavior under extreme

conditions and to assemblies themselves to assess their collective performance. Trac-

ing the changes in the values of the mechanical properties of the components details

the energy propagation and dissipation modes following nonlinear viscoelastic com-

pression. The generated data can be correlated with important physical processes in-

cluding viscous flow, thermal diffusion, phase transitions, phase separation, chemical

reactions, and plastic changes in microstructural morphology induced by the propa-

gation of shock waves through the material. Direct observation of shock propagation

through periodic and other heterogeneous structures will help to guide optimization

of such structures for shock mitigation. Since the shock is delivered to a submillime-

ter target spot by a high-power, ultrafast laser pulse, novel samples designs can be

quickly and effectively surveyed to diagnose and subsequently optimize their readiness

in mitigating blast threats.

The developed method is also useful for the characterization of phononic bandgap

materials and other structures with tailored acoustic properties, and for the assess-

ment of the mechanical properties of multicomponent polymer systems and the de-

pendences of their properties on composition and processing variables. The developed

technique can be applied to the characterization of dynamic mechanical properties

and shock response of complex materials and nanostructures, human tissue models,

and specially fabricated periodic structures that may show exceptional shock mitiga-

tion properties. The shock responses that will be determined for various materials

and structures include changes in viscomechanical properties, phase transitions or

vitrification, and potential loss of mechanical integrity (in particular delamination)

for multilayer structures. Shock propagation through the materials, and in particular

through tailored nanostructures, will be measured and assessed. This characterization

is essential for the optimization of new materials and structures for high performance

shock mitigation.
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Most of the performance parameters of materials and assemblies under ballistic or

blast impact can be measured using the current technique with some modifications

which support the multi-dimensional utility of the developed laser shock spectroscopy

technique.

7.2.1 Shock Measurements in Polymeric Systems

The extension of the developed technique to polymeric systems will further the under-

standing of the shock responses of these materials to dynamic conditions. Specifically,

it will enable the quantitative evaluation of the temporal evolution of mechanical prop-

erties in the nanoseconds to milliseconds ranges following shock loading. The ability

to measure these changes as a function of shock parameters will produce important

information regarding the interaction of ultrafast mechanical impact and material

behavior. This will require understanding and analysis of non-linear viscoelastic and

non-linear acoustic responses [204].

The rate-dependence of the elastic, plastic and failure behavior of polymers is

well known under quasi-static and low rate deformation; however, the behavior under

very high rates of deformation is still not well understood. The present spectroscopic

technique can help to provide such an understanding for polymers, from molecular

mechanisms of deformation resistance up to the elastic-viscoplastic stress strain re-

sponse. This understanding can then be used in the development of a constitutive

model that is accurate at these deformation rates.

A wide variety of complex materials including energy-absorbing and heterogeneous

polymeric nanocomposites can be characterized using this technique. Research has

shown that the physical properties of a given polymer may be dramatically altered by

the introduction of a secondary nanoscale particulate phase, even at very low weight

percentage loading [205]. Typical materials for future investigations include systems

that show promise of heightened energy absorption and acoustic wave deflection and

reflection under shock-loading conditions. Systems will be selected to take advantage

of mechanisms such as filler-toughening, amorphization, chain scission, activated flow,

and pressure-induced melting. Being able to directly measure the temporal develop-
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ment of the mechanical properties of a polymer will indicate transitions and dynamical

behavior within the material. Depending on the characteristic material behavior, the

moduli may increase or decrease. Some viscous materials jam under high strain rate,

whereas others can exhibit flow.

7.2.2 Thermal Curing Effects of Shock Waves on Polymers∗

Laser-induced shock loading creates a lot of heat, which then dissipates by diffusion.

The moving shock wave carries substantial energy and can induce thermal curing

in photoresist polymers (e.g. SU-8) on a faster time-scale than diffusion. This phe-

nomenon has been observed and further investigated using laser-induced shock loading

on SU-8 samples. The usual procedure for writing in SU-8 involves exposure to UV

light to activate photoacids followed by baking at elevated temperature to accelerate

crosslinking and then a development step through solvent immersion. The sample if

exposed to UV light and immediately developed without baking will completely wash

away.

A sample produced with a two-photon direct write system in 5 micron thick SU-8

was used for preliminary experimentation. The axial resolution of the voxel was com-

mensurate with thickness, so exposure was uniform through the thickness of the film.

Figure 7-1 shows a SEM image of a baked/cured SU-8 film after laser shock loading.

A 200 micron square was drawn in a film by rastering the low energy two-photon

laser horizontally with vertical steps of 1 micron with an intensity picked so as to not

heat the sample to the point of cross-linking. After the square was drawn, the high

energy laser spot was focused at the center of the patterned area creating a shock and

the sample was developed immediately afterwards. The explosion exposed (or cross-

linked) some area directly around it, but otherwise only appears to have developed

the pattered region as can be seen by the horizontal lines. This is expected to be

due to the heat wave that the shock wave creates. Further study of this phenomenon

could elucidate the possibilities for 3D ultrafast curing of photoresists and could also

provide information about the temperature of the heat wave generated by a shock.

∗Done collaboratively with Jon Singer in the group of Prof. Edwin L. Thomas
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25 µm

Laser Spot

Figure 7-1: SEM image of a cured SU-8 film by laser shock that induces local heating.
The high energy laser is focused to a 1 micron spot size at the center to create shock
wave which potentially heats the surrounding SU-8 film at a rate faster than that
predicted from thermal diffusion phenomena. Only the top half of the SEM image is
shown here.

7.2.3 ISTS-Shock Measurements

Laser-induced shock loading can be synchronized with an additional laser pulse in or-

der to generate and measure acoustic waves. ISTS measurements are therefore possi-

ble that track the dynamical evolution of mechanical properties in shocked materials.

ISTS measurements of sample evolution will be conducted during the time period

following the formation of the initial shock front. In this way the time-dependent

evolution of the sample viscomechanical properties can be followed. This is of crucial

importance in understanding the performance of protective materials under shock

loading conditions, and is possible to carry out with small quantities of materials

that are still under development in order to guide their optimization. These mea-

surements will be of fundamental interest and will provide the static and dynamic

material parameters for nanostructured polymeric systems.

Figure 7-2 shows a new experimental geometry that may permit shock pressure to

be maintained for several nanoseconds. In this geometry, as described in Chapter 5,

the sample is sandwiched between two sapphire or glass plates and the shock is excited

directly within the sample. The shock wave propagates laterally in the plane of the
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Figure 7-2: Proposed sample geometry for ISTS-Shock measurements. The sample
(polymer with nanoparticles) is sandwiched between two sapphire or glass plates and
the shock is excited directly within the sample using a cylindrically focused optical
laser pulse.

sample, rather than through the sample plane, and the shock wave duration can

easily be extended to many nanoseconds so that the ISTS acoustic wave frequency

can be determined under shock loading conditions. The shock rise time is given by the

duration of the shock wave, which is given by the temporal and spatial characteristics

of the shock excitation process. A sharp edge (several microns) will yield a fairly

sudden rise (about 1 ns) while a broad width could yield a total shock duration of tens

of nanoseconds. Moreover, ISTS measurements are not disrupted by the destruction

of the sample region that is irradiated by the shock pulse.

7.2.4 Shock Dynamics in Air∗

Gas expansion is a very complex process which may be understood as a combination

of elementary gas dynamic processes where the details of the specific processes and

the order in which they occur depend on the chemical and physical nature of the

material being ablated [206]. Although the details of each ablation event may vary,

∗Done collaboratively with Kit Werley, Johanna Wendlandt Wolfson and Taeho Shin
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Figure 7-3: Sketches of the ablation process (a) and the corresponding pressure (b)
and density (c) distributions [207]. Pa and ρa refer to ambient pressure and density
respectively at room temperature (298 K) and normal pressure (1 atm).

certain fundamental processes are well known, such as the formation of a shock wave,

the propagation of the shock wave into the environment, and the expansion of the

newly formed gas into a mushroom-shaped plume that is bounded by the contact

surface behind the shock wave (see Figure 7-3).

Future studies will focus on characterization of laser ablation process in air and the

expansion of the newly formed gas into the environment. It would be interesting to

study this phenomenon as a function of substrate material (e.g. aluminum, gold, etc.)

and surrounding gas and laser power to get a better idea of what controls the shock

dynamics. Preliminary work has been done and time-resolved raw images have been

recorded (as shown in Figure 7-4) to provide a direct dynamic picture of the interesting

hybrid ablation process within the 300 ns time window associated with laser-matter

interaction. Each time after a image is recorded at a specific time delay, the target is
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Figure 7-4: Time-resolved raw images of shock wave propagation in air at the indi-
cated time delays after a 200 nm thick aluminum target on the edge of 500 µm thick
lithium niobate (LN) crystal is ablated by a 10 ns laser pulse with 100 mJ energy,
focused to a 30 µm× 500 µm spot.

Glass Air

Compression Wave
500 µm

Shear Wave

Point Source

Shock Wave

Figure 7-5: Processed image at 300 ns time delay of shock wave propagation. The
compression and shear waves are propagating at the speed of 6.0 km/s and 3.5 km/s
respectively within 1 mm thick borosilicate glass. The point source refers to the spot
where the laser pulse is cylindrically focused to generate shock waves in both glass
and air.
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shifted to a new position with a fresh area before the next image is taken. The raw

images can be processed so as to do background and dark current substraction, and

one of the refined image at 300 ns time delay is shown in Figure 7-5. It is obvious

that there are compressional (or longitudinal) and shear waves propagating within

the glass as well as a shock wave propagating in the air. The direct visualization

of waves in solids and air can be exploited to study interesting phenomena of wave

propagation and shock dynamics in hybrid environments.

7.2.5 THz Interaction with Shock Fronts∗

The portion of the phase diagram reached through shock loading is generally in-

accessible by other means, due to the unique combination of density, stress, and

temperature. An insulator-to-metal phase transition can occur when the structure of

a sample changes due to a change in pressure, temperature, or stress. Because shock

waves generate such extreme pressures and stresses, they are capable of introducing

metallization in many materials. In silicon, for instance, shock pressures in the range

of 10 - 20 GPa can induce metallization [208].

In addition it has been proposed that metallization can be induced at a shock

front even for materials that do not undergo a metal-to-insulator phase transition at

high static pressures. For a visible probe, a change in reflectivity could result from

metallization or band gap narrowing, an effect that is quite possible at these high

pressures. To distinguish between metallization and band gap narrowing, we propose

to monitor THz reflection off the shock front. Because the THz energy is so low,

a large change in reflectivity would only result from complete metallization. The

experimental geometry is shown in Figure 7-6. Lithium niobate (LN) crystals are

an ideal material to generate terahertz (THz) radiation through impulsive stimulated

Raman scattering (ISRS) and to visualize propagating THz waves through a phase-

contrast method. Because of these capabilities, the geometry in Figure 7-6 makes it

possible to launch the shock wave and the THz and detect them both in a single laser

shot.

∗Done collaboratively with Kit Werley, Johanna Wendlandt Wolfson and Taeho Shin
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Figure 7-6: Proposed schematic for studying the interaction of terahertz (THz) waves
with shock fronts. THz generation is done through impulsive stimulated Raman
scattering (ISRS) and THz visualization is done through a phase-contrast method.

Because details at the shock front are not well understood (e.g. thickness of

the metallic region due to metallization, change in conductivity which controls the

penetration depth of the THz into the metallic region, etc.) it would be wise to

initially use some material known to undergo an insulator-metal phase transition at

static pressures lower than the shock pressure. Because there is a relatively thick

region at this high pressure, it should be relatively easy to visualize the effects with

THz, even on a single shot basis. This experiment could provide a proof of principle

test for the experimental technique of looking for metallization in the very thin region

that is the shock front itself.

7.2.6 Integration with Other Shock Spectroscopies

The optical configuration and sample geometry make shock wave formation and prop-

agation directly accessible to optical imaging and spectroscopic probes with wave-

lengths ranging from UV to far-IR. The measurement is not disrupted by the de-

struction of the sample region that is irradiated by the shock pulse. The shock

wave duration is given by the width of the ring-focused shock beam, and can easily
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be extended to many nanoseconds so that real-time measurements including visible,

infrared (IR), impulsive stimulated Raman scattering (ISRS) and terahertz (THz)

spectroscopy of sample electronic and vibrational modes can be conducted to deter-

mine both molecular and collective material responses to shock. The shock profile can

be visualized interferometrically to characterize shock propagation as well as shock-

induced sample responses. Pressure and temperature measurements at the focus of

shock waves can be conducted by direct optical imaging, black body radiation (IR

light emission) and molecular probe using pressure- and temperature-sensitive dyes.
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