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Abstract

Energy Coupling and Plume Dynamics during

High Power Laser Heating of Metals

by

Sungho Jeong

Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley

Professor Ralph Greif, Chair

High power laser heating of metals was studied utilizing experimental and
numerical methods with an emphasig on the laser energy coupling with a target and on
the dynamics of the laser generated vapor flow. Rigorous theoretical modeling of the
heating, melting, and evaporation of metals dué to laser radiation with a power density
below the plasma shielding threshold was carried out. Experimentally, the probe beam
deflection technique was utilized to measure the propagation of a laser induced shock
wave.

The effects of a cylindrical cavity in a metal surface on the laser energy coupling
with a solid were investigated utilizing photothermal deflection measurements. A
numerical calculation of_ target temperature and photothermal deflection was performed to

compare with the measured results. Reflection of the heating laser beam inside the cavity



was found to increase the photothermal deflection amplitude significantly and to enhance
the overall energy coupling between a heating laser beam and a solid.

Next, unsteady vaporization of metals due to nanosecond pulsed laser heating
with an ambient gas at finite pressure was analyzed with a one dimensional thermal
evaporation model for target heating and one dimensional compressible flow equations
for inviscid fluid for the vapor flow. Target surface conditions, vapor velocity at the
Knudsen layer, and the gasdynamic flow characteristics of the vapor were investigated.

Lastly, the propagation of a shock wave during excimer laser heating of aluminum
was measured with the probe beam deflection technique. The transit time of the shock
wave was measured at the elevation of the probe beam above the target surface; these
results were compared with the predicted behavior using ideal blast wave theory. The
experimeﬁtal conditions at which the propagation of the laser generated shock wave
agrees with the prediction from ideal blast wave theory were obtained. The propagation

of a gaseous material plume was also observed from the deflection of the probe beam at

later times. -

Rape Sraf

Chairman, Dissertation committee
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Chapter 1

Introduction

1.1 Laser ablation technology: overview

Since the laser was introduced as a new type of light source with unprecedented
light characteristics in the early 1960s, the application of laser technology has received
considerable attention in numerous areas suéh as manufacturing {1], materials processing
[2], chemical analysis [3], high energy studies [4], optical communications [5], medical
and biological applications [6], etc. Despite many useful applications of small power
lasers (typically with a power of a few mili-Watts at most), the major interests through
this thesis lies in the applications of high power lasers. High power continuous wave
(CW) lasers produce laser light with a power of typically a few Watts for.solid-state
lasers and up to several kilo-Watts for carbon dioxide (CO,) lasers. High power pulsed
lasers, most commonly represented by excimer lasers and Nd-YAG (Neodymium-doped
Yttrium Aluminum Garnet) lasers, produce laser pulses with pulse energy from several
hundreds of mili-Joules to a few Joules. However, because the pulse duration of these
lasers are on the order of nanoseconds or shorter, it is easy for these lasers to achieve the
power densities of giga;Watts per square centimeters or higher. When a high power laser
beam is incident onto a solid target, an immediate explosive material removal from the

target occurs, which is termed ‘laser ablation’. If the laser energy is properly selected,



laser ablation technology can be applied to virtually any materials for removal of mass.
Among the high power pulsed lasers, excimer lasers are especially useful because of the
short wavelength of the excimer laser light. The ultraviolet (UV) excimer laser ﬁght
whose wavelength, A, is typically in the range of 0.19-0.35 um delivers to a target
photons with at least 3-4 times higher energy than those from a Nd-YAG laser (A=1.06
um) -and 30-40 times higher than a CO, laser (A=10.6 pm). This high energy photons in
the excimer laser light makes it easier to break the molecular structure of target materials.
For CO, or Nd-YAG lasers more photons are required to do the same processing.
Therefore, there may be less thermal loading on the target when usihg excimer lasers. A
frequency quadrupled Nd-YAG laser (the wavelength of the light is reduced by one-

quarter of the original 1.06 um) can also produce UV laser light.

The advantage and importance of laser ablation technology, especially in science
and engineering, may be better described from the following examples.
i) Laser processing in manufacturing

Until the excimer lasers or pulsed solid-state lasers became available, CO, lasers
were the only high power lasers used in manufacturing processes for cutting, welding,
and heat treatment. Since CO, lasers produce infrared (IR) light with a long wavelength
(10.6 um), metals having high reflectance at this wavelength are difficult to process. With
the UV laser beam from an excimer laser or a frequency quadrupled Nd-YAG laser, these
reflective metals and materials that are transparent to visible or IR lights, for example

glasses, can be ablated easily. Due to the small thermal effect, UV laser ablation also




enables micro_scale processing of materials with suitably designed optical arrangements.
The important applications of pulsed laser ablation in manufacturing include
micromachining [7], rﬁicroelectronics manufacturing [8], laser marking [9], laser surface
cleaning [10], etc.
ii) Thin film processing

When a solid target is ablated by laser heating, the vapor or small particles can be
collected on a nearby solid surface ltov make a thin film. The ability for making high
temperature superconducting film by excimer laser ablation of bulk superconducting
material greatly expedited researches of thin film deposition by pulsed laser ablation,
often called pulsed laser deposition (PLD) [11,12]. The mﬁque advantage of PLD is that
the composition of complex multi-elementary materials can be closely reproduced in the
thin film while conventional methods are more likely to render preferential vaporization
[13]. Even though the principle of PLD process is relatively simple, the detailed
processes including target ablation, vapor flow, and the deposition of vapor on the
substrate are complex and not well understood. The formation of a plasma, clusters, and
particles [14] at high laser power density (typically, > 1 GW/cmz) and the gasdynamic
characteristics of the expanding plume [15] need to be further studied to better utilize
PLD. An increasing number of research papers related to PLD have been published over
the past few years (for example, see [16,17,18,19,20]) and further active research in this
area is expected to continue.

iii) Laser ablation sampling of solids for chemical analysis



Laser ablation of solids can be used as a powerful sampling technique for
chemical analysis [3,21]. Laser ablation sampling can be applied to any solid material
without time consuming and possibly contamingting sample preparation procedures. Also
laser ablation sampling consumes only a small amount of sample material, typically in
the range of ng or pug per pulse. Therefore personnel exposure, sample handling, and
instrument contamination are minimized, which are especially important for toxic or
radioactive samples. In conjunction with an analytical source,.e.g. an inductively coupled
plasma (ICP) [22,23], the laser sampling technique can be used for the analysis of
virtually any sample. However, for all these laser-material interaction apblications, the
ablation mechanisms are not well establishéd and only under ideal cases is stoichiometric
sampling achieved. Further studies of the fundamental mechanisms describing laser-

material interactions must be performed to advance this technology.

Owing to the usefulness of the laser ablation technology in diverse ﬁelds, there
has been an explosive increase of research into ablation mechanisms since the 1980s and
as a result, improvement in understanding the qualitative features of laser-material
interactions. There also have been studies to quantitatively model the ablation
mechanisms [24,25,26]. Even though applications of laser ablation technology have been
improved greatly with advances in lasers and optics technology, understanding the
principles of laser-material interactions has been elusive. High power pulsed laser heating
of solid targets results in a extremely rapid melting, evaporation of the target, and often

plasma formation. The interaction of the laser beam with the target can vary significantly



during these processes. For example, the reflectivity of the target surface changes with
increasing temperature and melting of the target [27]. At high laser power density, the
ionization of vapor becomes significant and plasma shielding may become important [28]
Even a transformation of a metal targét into a dielectric material can occur [29]. The
primary mechanisms responsible for the material removal from the target during high
power laser-solid interactions has not been elucidated. Even though thermal evaporation
of the target material is common, the material removal mechanisms include thermal,
electronic, collisional, thermo-mechanical, and a simultaneous combination of these
mechanisms [30,31].

The difficulty of investigating the mechanisms described above become obvious
when the time and length scales involved in laser-material interactions are considered.
Due to the extremély short time scale during pulsed lager ablation processes (for example,
tens of nanoseconds at most for excimer lasers) and to the small length scale of the heat
affected zone in the target (tens of micrometers at most for the duration of a nanosecond
laser pulse), the direct measurement of temperature or heat flux near the irradiated surface
is virtually impossible. Instead the laser generated gasdynamic flow is most often studied.
One of the widely employed methods is measurement of the propagation of laser induced
shock wave and vapor. Several different techniqués are available to measure the
propagation of the laser induced gasdynamic flow. Probe beam deflection measurement
[25,32], fast imaging [14], and fast photography [33,34] are most often used. For the
probe beam deflection measurement, a probe laser beam is placed above the target and

the bending of this probe beam is measured as it interacts with the flow field. When a



laser induced shock wave reaches the probe beam, the difference in density between the
shock front and the ambient gas produces a refraction of the probe beam and results in a
deflection of the probe beam from its original direction. The time it takes for the shock
wave to reach the probe beam at different distances from the target surface is measured as
the time-of-propagation data. By comparing the measured time-of-bropagation data of a
laser induced shock wave with blast wave theory the energy contained in the gasdynamic
flow can be estimated. However, the characteristics of the laser induced gasdynamic flow
are not exactly consistent with blast wave theory, which assumes one dimensional flow
with negligible mass ablation from the target and a negligible ambient pressurle. For
example, Kelly [35] showed that a strong forward peaking of the particle velocity exists
in the laser induced flow, which is different from the case of spherical expansion of the
blast wave model. As a result, the energy conversion efficiency, defined by the ratio of
the energy contained in the lasef induced gasdynamic flow to the incident laser energy, is
not always consistent among reported results. -For better prédiction of the laser energy
coupling with solid targets_by measuring the propagation of a laser induced shock wave,
it is important to understand the effects of experimental parameters such as laser pulse
energy, ambient pressure, and laser spot size on the propagation of a laser induced

gasdynamic flow.

1.2 Scope of the present study

As stated above, laser energy coupling with the target is one of the most important
subjects in high power laser heating of solids, although it is poorly understood. Good
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theoretical analyses of the laser heating processes and systematic investigation of each
parameter from the target, the heéting laser, and the surrounding ambient are required. As
‘the measurement of shock wave propagation is widely employed for the diagnosis of a
laser induced gasdynamic flow, invesfigation of the shock wave velocity change with
respect to experimental parameters is desirable. To éhallenge these problems,. the
following studies were carried out.

Through this dissertation the main focus of research remains on the high power
laser heating of solids, especially metal targets. However, each chapter includes different
studies to investigate the process. In chapter 2, phase changes of the target is not
explicitly included even though material removal from the target is considered as a
prerequisite to form the cavity studied in that chapter. Also the heating source used in this
chapter is a CW laser while that in the following chapters is a pulsed laser. In chapters 3
, and 4, the heating source, time scale, and length scales are the same in principle. The
fundamental difference between these two chapters is that chapter 3 is a theoretical study
while chapter 4 is an experimental work. Numerical simulation of the pulsed laser heating
of metal targets is carried out in chapter 3 while tﬁe time-of-propagation measurement of
laser induced flow with the probe beam deflection technique is the main subject of
chapter 4. Therefore each chapter can be considered as a complete wbrk by itself. The
contents of each chapter is briefly outlined below.

In chapter 2, the effects of a cylindrical cavity in a metal surface on the energy
coupling of a laser beam with the solid were investigated by using a photothermal

deflection technique. The cavity was artificially drilled in the flat surface of a sample.



The photothermal deflection of a probe beam over the cavity was measured while the
bottom of the cavity was heated with a CW Nd-YAG laser with a wavelength of 1064
nm. Cavities in three different materials and with two different aspect ratios were used for
the experiments. Temperature distributions in the solid and the surrounding air were
computed numerically and used to calculate photothermal deflections for cavity heating
and for plane surface heating.l The importance of multiple reflections of the heating laser
beam inside the cavity was demonstrated. The overall energy coupling between a heating
laser and a solid is enhanced by a cavity.

Chapter 3 presents a numerical model to analyze unsteady vaporization of a metal
target due to nanosecond pulsed laser heating with an ambient gas of finite pressure. A
one dimensional thermal evaporation model is employed for target heating with a detailed
description of the vapor motion inside the Knudsen layer. For the gasdynamic flow of the
vapor, the one dimensional compressible flow equations for an inviscid fluid are solved
utilizing the reflection boundary condition. The effects of surfacé reflectivity on the
overall laser energy coupling with the target and the effects of the ambient pressure on the
velocity of the vapor leaving the Knudsen layer are investigated iﬁ detail. Results for
target surface conditions and gasdynamic properties of the vapor for various laser
fluences are obtained when the vapor velocity at the Knudsen layer is sonic.

Chapter 4 presents an experimental study on laser generated plume dynamics. The
probe beam deflection techniciue was employed to determine the propagation of the shock
wave through the surrounding air. The time-of-propagation of the shock wave was

investigated with respect to important experimental parameters, i.e. laser pulse energy,



ambient pressure, and the propagation distance of the shock. Also the measured shock
wave propagation was compared with blast wave theory. The experimental conditions for
which the measured shock wave propagation agrees w1th blast wave theory were
obtained. The propagation of gaseous target material is observed from the deflection at
later time of the probe beam (after the shock wave has propagated a large distﬁnce).

Chapter 5 includes a sumrhary of the preceding chapters and discussion.
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Chapter 2

Laser heating of a cavity versus a plane surface for

metal targets; A study of energy coupling

2.1 Introduction

In this chapter, the effects of a cylindrical cavity in a metal surface on the energy
coupling of a laser beam with the solid are investigated. For the study, cylindrical cavities
are artificially drilled in metal targets and heated with a continuous wave Nd-YAG laser
without melting or evaporation of the target material. The cylindrical cavities are
assumed to simulate craters which are formed by evaporation or ablation of the target
materials during laser processing of materials [1]. The presence of a crater in a solid
surface during laser heating can change the rate of material removal and the mechanisms
of laser energy transfer to the target. If a crater is developed by laser evaporation, e.g.
during laser drilling, the interaction of the laser beam with the vapor and/or with the melt
within the crater will be different from that which occurs when there is no crater. The
energy coupling between a laser and a target when a crater exists has been investigated by
many researchers. Dowden and co-workers [2,3] analyzed the energy transfer within a
crater as an interaction of the laser beam with the vapor plasma while Trappe et al.[4]
assumed that the laser energy is absorbed directly at crater surfaces and not by the vapor.

Arata and Miyamoto [5] showed that the reflection loss of the laser energy is less for a
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deeper crater. Kar et al. [6] showed that multiple reflections of the laser beam inside a
crater lead to higher deposition of laser energy in the material.

Experimentally, the photothermal deﬂecﬁon measurement technique is utilized to
investigate the change of the energy coupling between the laser beam and the solid due to
the cavity. The photothermal - deflection techniqge has been used for sensitive
measurements of the thermal response of a heated solid surface since the early 1980s [7].
When a solid surface is heated periodically, the temperature of the surface changes
periodically and so does the temperature of the ambient medium adjacent to the surface,
resulting in a change of the refractive index of the medium. A probe laser beam passing
parallel to the solid surface is deflected due to the refractive index change of the medium
and this deflection is studied to investigate the thermal response of the solid. When the
deflection of a probe laser beam is associated purely with the thermal gradient in the
ambient medium, the deflection is called photothermal deflection. The photothermal or
probe beam deflection technique has been utilized in various studies of laser-material
interactions, e.g. heat transfer during the laser heating of solids [8], laser-induced melting

of solid surfaces [9], laser ablation of materials [10], and laser-induced plasmas [11,12].

The photothermal deflection, ¢, during laser heating of a solid surface can be
determined by (see Appendix)

- 1dn ’ -
b= |, VTS | ey

where # is the index of refraction of the surrounding air and V.7T is the gradient of

temperature of the air perpendicular to the path of the probe beam, s. Analytical
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expressions for the photothermal deflection can be found for the heating of a plane
surface (with no cavity) [13,14]. For a plane surface the temperature field decreases
exponentially normal to the surface with the highest temperature at the surface. Therefore
if the surface temperature is increased, the temperature gradient above the surface also.
increases and so does the photothermal deflection amplitude. However, the photothermal
deflection over a surface with a cavity is difficult to predict analytically because of the
complexity of the temperature field.

In this chapter, the photothermal deflection of a probe beam during laser heating.
of mgtal surfaces with and without cylindrical cavities is investigated with experimental
and numerical methods. The effects of a cavity on the energy coupling of the laser with a
target and on the photothermal deflection response are investigated. Results for target
materials with different thermal prbperties and cavities with different aspect ratios are

discussed.

2.2 Experimental system

A schematic diagram of the experimental system is shown in Fig. 2.1. A CW Nd-
YAG laser (Spectra-Physics 3000 series) with a wavelength of 1064 nm is used as the
heating source. The laser beam is modulated with a mechanical chopper. A He-Ne laser
(Electro-Optics) with a wavelength of 543.5 nm is used as the probe beam. The deflection
of the prqbe beam is detected with a linear position detector (United Detector
Techﬁology, Model LSC-5D) and recorded with a lock-in amplifier (Stanford Research

Systems, Model SR530) and a digital oscilloscope (Tektronix, Model DSA 602A).

17



81

chopper

ND-YAG laser

| (A=1064 nm)
lenses '
VA lock-in
. - filter amplifier amplifier
—— O
He-Ne laser . position
(A=543.5 nm) sample detector digital
oscilloscope

Fig. 2.1 Scherhatic diagram of the experimental system



Three materials, copper, lead, and stainless steel, were used in the experiments.
The thermal diffusivities of copper, lead, and stainless steel are higher, about the same,
and lower, respectively, than that of air; typical values at room temperature are given in
Table 2.1 [15]. The exact composition of the stainless steel used in the experiment is
unknown, and thus its thermal diffusivity can vﬁry from 0.4 to 1.0x 107 m%s [16].
However, the thermal diffusivity of the stainless steel is less than one-half of that of air.

The samples were machined into cubes with side-lengths of 1 cm. At the center of
the top surface of each cube a cylindrical cavityv is made using a drill. The diameter of all
cavities are about 1 mm. Depths and aspect ratios of the cavities are shown in Table 2.2.
The aspect ratios of these samples, defined by the depth of the cavity divided by the

diameter, are 0.47 and 0.49 for copper and stainless steel samples, respectively, and 0.32

Table 2.1 Thermal properties of the sample materials (at 293K)

Sample Thermal diffusivity(mz/ s) Thermal conductivity(W/m K)
Copper 10.27x 107 386.0
“Lead 2.06x 107 35.1
Stainless steel 044x10° 160
Air 2.10x 107 2.57x 107
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Table 2.2 Depths (error : £20pum ) and aspect ratios of the cavities

Sample Depth(um) Aspect Ratio
Copper 470 | 0.47
Lead 320 - 032

890 0.89
Stainless Steel 490 0.49

 and 0.89 for two lead samples. The top surface of each cube and the surfaces inside the
cavity are polished to the same condition using silicon carbide powder. To minimize the
deviation of the incident laser beam from the normal at the bottom surface of the cavity,
the bottom surface of each cavit}; is made flat by polishing.

The probe beam, parallel to the sample surface, is focused and its diameter above
the cavity location is about 110 pm at 1/ of its maximum intensity. The heating laser
beam is assumed to have a Gaussian préﬁle and focused on the sample surface. The 1/e®
diameter of the heating laser beam at the elevation of the center of the probe beam is
about 710 um and decreases to about 530 um at a distance 1 mm below this location due
to focusing. All laser beam diameters were measured using a 10 pm pinhole scanned

across the beam with a photodiode. Total power of the heating laser beam is about 1.8 W.
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Posifioning of the probe beam for measurements of photothermal deflection for
cavity heating and for plane surface heating is shown in Fig. 2.2. For cavity heating the
probe beam is located 100 pm above the sample surface so that the distance from the
bottom of the cavity to the probe beam is equgl to the depth of the cavity plus 100 um.
The photothermal deflection response for plane surface heating is measured with the
same normal offset of the probe beam, Z,, as for cavity heating. To minimize alignment
- problems the photothermal deflection response for plane surface heating is measured after
translating the sample with a cavity horizontally by 2 mm so that the heating laser beam

is far from the cavity. The thermal diffusion length for the heating of piane surfaces,
defined by ./a / mtfy , where a is thermal diffusivity and £, is the modulation frequency
of the heating laser, is much smaller than the 2 mm distance between the heating laser

beam and the cavity; thus the influence of the cavity on the temperature distribution and

the photothermal deflection response for plane surface heating is negligible.

2.3 Numerical Modeling

The temperature field and the photothermal deflection response were computed
numerically for conduction heat transfer in the solid and in the surrounding air for cavity

heating and for plane surface heating. The equations solved are;

Gas temperature
2 2
_1_8 Ty(r,z,t) _ 0 7;,(r£z,t) +16 Ty(r,2,0) N 0 IZg(rz’Z’t) 22)
o ot or r Or Oz

4
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Solid temperature

0Lzt _9°L0nan 10T(rzn , 3Tl | 40.z.0)

1
oc_s ot ar? r Or dz* kg
Initial conditions
Iy(r,2,0) =T, and Ty(r,2,0)= T,
Boundary conditions
I(r,z»o,0)=T,
| Lnzo-on=T,

To(r - w,z,t) =T, and T(r » ,2,t) =1,

0T, (zt) _, OTyl7)

T (r52;58) = Ty(r;, 2;,1) and kg 5y 2 ™

2.3)

(2.4a)

(2.4b)
(2.4¢)

(2.4d)

(2.4¢)

where T(r,z,t) is temperature, with r and z representing the radial and axial directions, and

o and k are thermal diffusivity and thermal éonductivity, respectively. The subscripts, s

and g repreéent the solid and the surrounding air, respectively. Also the subscript i

represents the interface between the solid and the air which is defined by z;=0 for

0<r, < o for a plane surface and z;=0 for 0<r, < R,, r;,=R. for 0<z;< d_, and

z;=d, for R . <r;, fora cavity, where R, and d, represent the radius and the depth of the

cavity, respectively. The coordinate » is normal to the interface between the solid and the

air. The source term, g(,z 1), represents the laser energy absorbed by the' solid and is

expressed by

g(r.z,0)=A(1- R)—I%exp(-r2 ! a*)exp(4 z)f(f) for 0<r< R,
ma

23

(2.5a)



q(r,z,t)=0 for R.<r (2.5b)
where A is the absorption coefficient .of the solid at the wavelength of the heating laser
beam (frl'l), R is the reflectivity of the solid surface, P is the total power of the Gaussian
heating laser beam (W), a is the 1/¢® radius of the heating laser beam at the solid éurface
(m), and f{t) is -the function for the temporal profile of the heating lase;r beam.

In section 2.4. C, reflection of the heating laser beam at the bottom of a cavity is
discussed. When absorpﬁon of this reflected laser energy on the cavity wall is included,

Eq. (2.4e) becomes

0 T;(7;,2:,1)

0T, (r;,z;,1)
+q,(z;,0) =k, —8 2707
FPa 4,(z;,1) = kg

T (r,2;,1) = Ty(1;,2;, 1) and kg (2.6a)

for =R, and 0<z; < d.. The additional heat flux, g¢,(z;,f), represents the reflected

laser energy absorbed on the cavity wall, which is éxpressed by

R
R(1-R) P <

B ; dz; ) a2 f(t) Iexp(—rz /a2 )dF;ir—)dZi,Zi rdr (2.6b)
0

4 1]

qr(zbt)

where dFy, . . is the view factor between an element at the cavity bottom and an

element on the cavity wall with a distance z;.
The following variables are defined to normalize Eqs. (2.2)-(2.6).

_T-T,

c

0

ct=tlt, P=ril, 2=2/1 | Q2.7

where the characteristic quantities are I, =a, 1, = a?/a s-and T, = AQ1-R)P / nk; . The
dimensionless equations are as follows.

Gas temperature
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a, 80,(7,2,0) 629g(r',z’,‘t)+_1_69g(r',z',‘t) +626g(r',z',t)

o, 81 or? roooar oz?

2.8)

Solid temperature

00,(",2,7) _ 8% (.2 1) +la 0,(r,z,1) . 529S(r' ,Z,T)

',z 2.9
ot or? r or 022 *q(r',2.7) (29)

Initial conditions
8,(r',2,0)=0 and Gg(r',z' ,0)=0 (2.10a)

Boundary conditions

04,2 > ®,7)=0 ' (2.10b)
0,(,7 »-0,1)=0 (2.10¢)
8,(F >,2,1)=0 and 0,(r' > ®,2,7)=0 (2.10d)
| g 80, (r,z;,
0,1z 1) =0 07z o) and k, 22eUALT) g VLT ) 10e)
on on
where
q(r',z’,r)=exp(—r'2)exp(A az ) f(z) for 0<r< R/ (2.11a)
q(r',2 ,1)=0 for R'</F (2.11b)
and
f@)=1 for  O<ts "0 (2.122)
fo=0 for  "9f << 1, (2.12b)

where 1, is the period of the modulation. Egs. (2.6a) and (2.6b) become in dimensionless

form:
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(R/A4a)

R ® j P Wy .57 (2.13b)

qr(zi' 51)

2.4 Results and Discussion

2.4.1 Experimental results

Amplitudes of the photothermal deflection response, measured with the lock-in
amplifier for laser heating'of the cavity and the plane surface, are compared for the three
materials. Cavities for these comparisons have aspect ratios of 0.47, 0.32, and 0.49 for
copper, lead, and stainless steel, respectively. These data are shown in Fig. 2.3. For
copper, the amplitude of the photothermal deflection response from heating the bottom of
the cavity is 240-300% higher than for the plane surface over the frequency range of 97-
300 Hz. For lead, the amplitude for the cavity is only about 20% higher than for the plane
surface at low frequencies and the difference decreases at higher frequency over the
frequency range 6f 97-900 Hz. For stainless steel, the amplitudes for both the cavity and
the plane surface are similar over the frequency range of 97-600 Hz.

Amplitudes of the photothermal deflection response from samples with different
aspect ratios were investigated with lead samples. The results for an aspect ratio of 0.32
are shown in Fig. 2.3(b) and for an aspect ratio of 0.89 in Fig. 2.4. For the latter, the

- amplitude from heating the cavity is about 20% higher than for the plane surface at low
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frequencies and, in contrast to the sample of aspect ratio of 0.32, the difference of the
amplitudes increases with frequency.

| The time response of the photothermal deflection with respect to the laser heating
is also examined by the signals obtained on the oscilloscope during the same
measurements. Regardless of the material or the aspect ratio of the samples, cavities

showed faster responses to the laser heating than plane surfaces for the same conditions.

2.4.2 Numerical results

The temperature distributions in the target and in the surrounding air were
computed by using a finite difference method with Egs. (2.8)-(2.12) for cavity heating
and for plane surface heating. The data used for the computation are: modulation
. frequency of the heating laser, f,=50 Hz (correéponds to 1,=5.706, 1.144, and 0.244 for
copper, lead, and stainless steel, respectively); radius of the heatihg laser, a=600 pm;
dimensionless radius of the cavity, R.'=1.67; absorption coefficient of metal surfaces
[17] (assumed to be the same for all materials), 4=1.0 x 10’ m™. The same aspect ratio of
the cavity, 0.5, was used for all materials in the computation.

Dimensionless isotherms at i:=0.7to for the cavity and the plane surface for the
three materials are shown in Figs. 2.5-2.7. For copber, Fig. 2.5, the isotherms in the
surrounding air at the elevation‘of the probe beam (z' =2.0) are very similar near the
center of the heatir;g laser beam (7' =0) for the cavity and the plane surface. However,
away from the center of the heating laser beam (for example, 7 =4.0) the isotherms for

the cavity show higher air temperatures than for the plane surface at the same elevation. -
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At this location the dimensionless distance from the sample surface to the probe beam is
only 0.33 for the cavity while it is 2'0 for the plane surface. Since the rate of conduction
heat transfer is inversely proportional to the distance between two temperatures, the heat
transfer rate between the sample surface and the air at the probe beam elevation for the
cavity increases by a factor of 6 from that of the plane surface for 7> R' due to the

shorter distance. The dimensionless temperatures of the sample surfaces at ' =4.0 at the

time 1=0.7t, are 0.964x10~ and 1.516x107 for the cavity and the blane surface,
respectively. Even though the temperatures of the sample surfaces at ' =4.0 are different
the dominant effect on the heat transfer at this location is still the smaller distance of 0.33
(for the cavity) which results in more heat transfer for the cavity. Therefore the higher
temperatures of air at the probe beam elevation for ' > R for the cavity is mainly due to
the short distance from the sample surf;':lce. For lead and stainless steel, Figs. 2.6 and 2.7,
the isotherms for the cavity and for the plane surface at the probe beam’ elevation are
similar in the region near the center of the heating laser beam as occurred for copper.
However, the isotherms for these materials show smaller heat diffusion in air at the probe
beam elevation for the cavity than for the plane surface. The isotherms for lead and
stainless sfeel also show that little heat is transferred away from the heated region within
the time period of 0.7t due to the smaller thermal diffusivities of lead and stainless steel
as compared to copper. Thus the increase of heat transfer resulting from the short distance

between the sample surface and the probe beam elevation for a cavity for > R' is not

present for these materials. The computed temperature gradients, 90, /07 , at the center
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(a) (b)

Fig. 2.5 Temperature distributions in the target and in the surrounding air for

copper at 1=0.77,, for (a) cavity heating and for (b) plane surface heating

31



QY -
1 4 @65 S Q@“o
QQ\ QQ\
2 - Q Q-
-3
-4 | | T T ]

Fig. 2.6 Temperature distributions in the target and in the surrounding air for lead

at 1=0.71, for (a) cavity heating and for (b) plane surface heating
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(2) (b)

Fig. 2.7 Temperature distributions in the target and in the surrounding air for
stainless steel at 1=0.7t, for (a) cavity heating and for (b) plane surface

heating
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of the heating laser beam at different distances from the heated solid surface appear to be
very close for the cavity and for the plane surface for the three materials. Accordingly, the
smaller heat diffusion for the cavity for lead and stainless steel should yield a smaller
photothermal deflection than for the plane surface (the photothermal deflection, Eq. (2.1),
is proportional to the integral of the temperature gradient).

- The normalized photothermal deflection is defined and computed using the

temperature data as follows.

rs NR .. ..
8(r',2',1) 00, jo +1)—-6(, jo—1)
[y , —_ __'____d '~ -A}" 214
¢ (Z 0 T) (_)[ 82 r ; 2sz ( )

where 7' is the upper limit of the computation domain in the r-direction and Z o 1s the

elevation of the probe laser beam above the surface (j, is the corresponding grid point in
thé same direction). Photothermal deflections computed using Eq. (2.14) for copper, lead,
and stainless steel are shown in Fig. 2.8. For copper, the maximum amplitude of the
computed photothermal deflection for the cavity is about 28% higher thén for the plane
surface. The computed photothermal deflection for the cavity also shows a faster time
response than the plane surface. In contrast, the results for lead and stainless steel show
that the maximum amplitudes of the computed photothénnal deflection for the cavity are
about 30% and 37% less, respectively, than for the plane surface and time responses are

slower for the cavity.

2.4.3 Discussion
The computed photothermal deflections show major differences from the
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Fig. 2.8 Computed photothermal deflections for cavity heating and for plane
surface heating for (a) copper, (b) lead, and (c) stainless steel (z,'=2.17,

solid line: for a cavity, dotted line: for a plane surface)
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measured photothermal deflection responses. In particular, the ratio of the computed
photothermal deflection amplitudes for cavity heating to plane surface heating is much
smaller than that from the experiment. Also the computed phofothermal deflections for
cavity heating show a slower time response than for plane surface heating for lead and
stainless steel, while the experimental results show the reverse of this behavior. The
numerical model only considers conduction of heat in the solid and in the surrounding air
resulting from heating at the bottom of the cavity, but other important energy transfer
mechanisms may also be present. Multiple reflections and absorption of the heating laser
beam inside the cavity may be important. Diffuse view factors between the bottom
surface and the opening of the cavity [18] are 0.38 and 0.17 for cavities of aspect ratio of
0.5 and 1.0, respectively. Assuming that reflection of the heating laser beam at the bottom
surface of the cavity is diffuse, this means that more than 60% of the reflected heating
laser beam is irradiated onto the cavity wall for a cavity of aspect ratio 0.5 and over 80%
for an aspect ratio of 1.0. To estimate the effect of the reflection of the heating laser beam
on the energy transfer, the determination of the temperature of the solid and the
surrounding air was made including irradiation of the reflected heating laser beam on the
cavity wall. For this condition Eqgs. (2.13a) and (2.13b) are used as the boundary
condition at the cavity wall. Only the reflection of the primary heating laser beam at the
bottom surface of the cavity is included in this computation with the assumption of
diffuse reflection. Multiple reflections of the laser beam on the cavity wall are excluded.
Reflectivities of the materials are assumed to be 0.9, 0.8, and 0.9 for copper, lead, and

stainless steel, respectively [19]. The dimensionless isotherms computed with and

36



without absorption of the reflected laser energy on the cavity wall are shown in Fig. 2.9
for copper. The isotherms show larger heat diffusion in the solid and in the air when the
absorption of the reflected laser energy is included. iThe computed photothermal
deflections with reflection of the heating laser enérgy included are shown in Fig. 2.10.
These data show larger computed photothermal deflection amplitudes compared to those
omitting reflection of the heating laser beam. When reflection of the heating laser beam is
included, the maximum amplitude of the computed photothermal deflection for cavity
heating becomes 250% higher than for plane surface heating for copper and about 55%
and 35% higher for lead and stainless steel, respectively. These results are more
consistent with the experimental data although the computed photothermal deflection
amplitudes for lead and stainless steel are slightly larger than the experimental data. For
lead, this difference may be due to the difference of the aspect ratio of the cavity used in
the computation, 0.5, and of the sample in the experiment, 0.32. For stainless steel, the
difference may be related to the unknown thermophysical properties of the experimental
sample. Irradiation of the reflected heating laser beam onto the cavity wall may also be
the reason for the slow decrease of the photothermal deflection amplitude of the lead
sample with an aspect }atio 0f 0.89 in Fig. 2.4. Because the amplitude of the photothermal
deflection response for a plane surface decreases exponentially with distance from the
surface and with the modulation frequency, it decreasés very fast as shown in the figure.
The photothermal deflection amplitude for a cavity, however, drops less sharply possibly

because of the enhanced effect of the reflected heating laser beam.
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(a) (b)

Fig. 2.9 Temperature distributions in the target and in the surrounding air for
copper at t=0.7t, (a) with and (b) without the absorption of the reflected

laser energy on the cavity wall
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Fig. 2.10 Computed photothermal deflections for (a) copper, (b) lead, and (c)
stainless steel when reflection of the heating laser beam is included
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From the above results, it appears that reflection of the heating laser beam inside
the cavity is important in determining the energy transfer and the photothermal deflection
response. A large amount of the reflected heating laser beam is absorbed by the cé;ity
surface, which would be scattered away if there is no cavity. Thus we conclude that a

cavity in a solid surface enhances the energy coupling between a laser beam and a solid.

2.5 Conclusion

Using the photothermal deflection technique, the effects of a cylindrical cavity in
a metal surface on the energy coupling of a laser beam with a solid during laser heating -
were investigated. The amplitude and time response of the measured and computed
photothermal deflection responses were examined for copper, lead, and stainless steel,
and for cavities with different aspect ratios. Reflection of the heating laser beam inside
the cavity is found to increase the photothermal deflection amplitude significantly and the
increase becomes larger when the thermal diffusivity of the solid is larger. Also the
numerical model which was used to compute temperature and photothermal deflection
predicted the experimental results more closely when reflection of the heating laser beam
inside the cavity was included. The overall energy coupling between a heating laser beam

and a solid is enhanced by a cavity.
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Chapter 3

Numerical analysis of the pulsed laser heating of metals

3.1 Introduction

The increasing importance of laser ablation technology in numerous applications
have prompted extensive theoretical and experimental study of the phenomena. While
experimental measurements can provide the most direct information that possibly reveal
the actual phenomena, it is possiblé that the measurement of physical quantities during
the extremely rapid laser ablation process maybe either impossible or severely limited by
experimental conditions. On the other hand, a numerical simulation with rigorous
mathematical modeling of the actual process can be very useful to investigate both the
quantitative and qualitative features of the process with great flexibility in simulation
conditions. With a well established numerical model, a systematic approach for time or
space resolved parameters is readily available. A mathematical model based on
reasonable assumptions can provide useful information about the fundamental behavior
and qualitative features of the laser ablation process. Therefore, numerical studies have
been an important method for investigating the laser ablation process. However, a
complete mathematical representation of the laser ablation process, which is fully
nonlinear, has not been developed, hence a numerical modeling also has its limitations

and requires further improvement.
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In this chapter, pulsed laser heating of metal targets is studied numerically.
Because of the inherent complexity of the rapid laser heating problems, analytical
modeling of laser heating of solids is mostly limited to predictions of temperature rise of
the target for simple geometries [1-4]. Therefore numerical modeling is more often
employed for most of the transient, multidimensional, phase change, and/or variable
property problems [5-7]. Theoretical studies of pulsed laser heating of solids are mostly
interested either in the basic processes of material removal from the target or in the
characteristics of the laser induced gasdynamic flow of the vapor. Possible mechanisms
of material remdval during laser heating of solids include thermal evaporation, electronic
excitation, or thermomechanical expuléion of droplets or large particles [8].
Understanding the dynamics of laser induced vapor flow has been one of the key issues in
laser-matter interaction studies [9;13]. For example, the time-of-flight of individual
species in the laser generated vapor or the propagation of a laser induced‘ shock wave is a
direct consequence of the gasdynamic flow. The correct understanding of the
characteristics of the gasdynamic flow is critical for the interpretation of the expgrimental
data [8]. While laser heating of metal targets under vacuum or gaseous environments is
equally important, theoretical work which includes the effects of the ambient gas on the
vaporization process are limited. Knight [11] developed an approximate one dimensional
model for laser-induced evaporation of a metal surface with ambient préssures ranging
from vacuum to 1 atm. He showed that the flow and target conditions during laser
evaporation can be described as a function of metal vapor velocity for a steady constant

material removal from the surface. Transient evaporation with temporally non-uniform
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laser energy was qualitatively ‘described. Igoshin and Kurochkin [14] investigated the
influence of ambient pressures ranging from 1-125 atm on the vapor properties for laser
evaporation. Aden et al. [15] presented a one ‘dimensional model that treated the
expansion of the vapor into the surrounding gas as a Riemann problem. A threshold laser
intensity was defined where the evaporation process is independent of the ambient
pressure. Ho et al. [16] made a detailed study of target phase change and vapor expansion
into an ambient gas for pressures frorﬁ 10% to 1 atm. In subsequent wofk, Ho et al. [17]
solved the equation of radiative transfer coupled to the equations of gasdynamic flow.
The formation of a thin vapor layer above the target surface and the importance of
thermal radiation for plume cooling were demonstrated. Kelly and co-workers performed
extensive studies of the laser induced gasdynamic flow in vacuum and in gaseous
environment [13,18-22]. In their studies, the gasdynamic flow is described by three
possible models, i.e. effusion model, recondensation model, and outflow model [19].
Their results emphasize the importance of the gasdynamic flow in the interpretation of
the measured data, such as time-of-flight of the angular distribution of particles.

In the present work, the main features of unsteady vaporization of a metal target
and the subsequent motion of the vapor are investigated. The effect of the ambient gas
pressurern these processes is addressed. A one dimensional numerical analysis of the
heating of the target aﬁd the motion of the vapor is carried out. For short laser pulses with
laser spot sizes of the order of a few mm, thermal penetration into the target is much
smaller than the laser heated region on the surface, which is consistent with the one

dimensional analysis for the uniform target heating of the present study. The effect of the
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ambient pressure on the velocity of the vapor leaving the non-equilibﬁum regime close to
the target surface, the Knudsen layer, is studied. Conditions are obtained when the
velocity of the vapor leaving the Knudsen layer is equal to the sound velocity. The vapor
and the surrounding gas are assumed to be transparent to the incoming laser radiation,
which is valid for low léser power densities. For high laser power densities, vapor from
the target interacts with the laser radiation and plasma shielding bécomes important [23-
25]. Mao and Russo [25] showed that the power density at which plasma shielding begins
is about 0.3 GW/cm®. The present study is for laser power densities below this value and
thus the vapor is assumed to be transparent to the incoming laser light.

A schematic diagram for laser induced evaporation is shown in Fig. 3.1. All of the
vapor molecules leaving the liquid-vapor interface during laser evaporation have velocity
components away from the surface at the interface and develop an equilibrium normal
velocity distribution as they move away. The distance over which the normal velocity
distributibn of the vapor molecules transforms from a non-equilibrium to an equilibrium
distribution is called the Knudsen layer. A Knudsen layer forms in a laser induced
gasdynamic flow regardless whether the evaporation is into a vacuum or into a gaseous
environment. The importance of the Knudsen layer is well described by Kelly [13]. The
~ vapor flow above the Knudsen layer is considered to be a gasdynamic flow where the
continuum approximation can be made. The Knudsen layer is treated as a discontinuity
for the gasdynamic flow and provides boundary conditions for the gasdynamic flow. Note
that the relative scale of the Knudsen layer in Fig. 3.1 is extremely exaggerated. The

shock wave and the contact surface propagate to the right in Fig. 3.1.
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Fig. 3.1 Schematic diagram of the laser induced evaporation
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3.2 Theoretical Modeling

3.2.1 Solid Heating

A thermal evaporation model is used for the present study as the primary
mechanism of material removal from the target. Droplets or bulk material are ‘not
assumed to leave the target surface. For metal targets, the absorption length of the laser
light is on the order of 10 cm [26] and thus it is assumed that the laser light is absorbed
completely at the target surface. The one dimensional form of the energy equation,
Eq.(3.1), is solved for the target temperature. The detailed progress of melting and the
temperature distribution within the melt regime are not explicitly solved. The thermal
conductivity and the thermal diffusivity are functions of temperature in Egs. (3.1) aﬁd
(3.2) but other properties are considered to be independent of temperature.

The energy equation for the target is;

oT(x,t) _ OT(st)_ 8
ot Pox Ox

(a(T)Q%XQLQ) 3.1)

And the boundary condition at the target surface becomes;

oT(0,1)

KT) =pLly,-(1-R)I©® (32)

where T(x,?) is the temperature of the target, a(7) is thermal diffusivity, k(T) is thermal
conductivity, p is density of the liquid, L,, is the sum of the heat of fusion and the heat of
vaporization, and R is the reflectivity of the target surface at the wavelength of the laser

light. Also x=z-v,t is the moving coordinate relative to the phase interface, ¢ is time, and
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v, is the velocity of the liquid-vapor phase interface. The laser energy incident on the
target surface, 1(?), is assumed to have a temporally changing profile.

In order to determine the velocity of the liquid-vapor phase interface, the vapor
flow inside the Knudsen layer should be considered. A simple expression for the mass
flux of vapor leaving the surface in thermal equilibrium [27,28,29] is the Hertz-Knudsen

formula [30];

. m 2 ,
meo = o) 57 (33)
B+0

where m,, is the atomic mass of the target material, £ is the Boltzmann constant, 7}, is the
temperature of the target surface, and Py(7,) is the saturation pressure of the vapor at the
temperature 7,. The saturation pressure of the vapor, Py(7,), is obtained from the

Clausius-Clapeyron equation;

Hev _ T;v,oo
P(T)=P, exp[ % Q(l 2 ]] (3.4)

where P, is the atmospheric pressure, R, is the gés constant of the vapor, T,,,, is the
vaporization temperature of the target material at P,,, and H,, isvthe heat of vaporization.
The velocity distribution function of the vapor molecules leaving the liquid-vapor
phase interface can be assumed to be half-Maxwellian if the liquid is near thermodyna}nic
equilibrium and transforms into a Maxwellian distribution at the edge of the Knudsen
layer due to collisions [13,18]. Since the molecules scattered back by collisions are
returnihg to the interface, not all of the vapor molécules given by Eq. (3.3) leave the

surface. The mass flux of the back scattered molecules is obtained by solving
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conservation equations for the Knudsen layer with a properly selected velocity
distribution functions. The following method was originally employed by Anisimov [31]
and also used by Knight [11] and Ytrehus [32]. The conservation of mass, momentum,

and energy within the Knudsen layer can be written as;

I);de = mass flux

I&,Z fdV = momentum flux (3.5)

H(Z:,z +n* +EEMV = energy flux
where &, 1, and  represent the velocity components of the vapor particles with & equal to
the velocity component normal to the vaporizing surface and dV=dtdnd(, the volume

element in velocity space. The Maxwellian velocity distribution at the outer edge of the

Knudsen layer where local equilibrium is assumed to be established is written as

§-u)’ +n’ +c2] 36)
2R, "

fi=p,2rR,T)™ eXP[—
where p,, u;, and T, are the local density, velocity, and temperature, respectively. The
subscript 1 denotes the outer edge of the Knudsen layer. At the liquid-vapor phase

interface, denoted by the subscript 0, the distribution function is assumed to have the

following form:

( 2 2 2
2R T,) " ex - , >0
Po( .15) p[ R T, €

3.7
B, . E<0 G-D
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~ In the second expression of Eq. (3.7), the velocity distribution function of the particles
scattered toward the phase interface is assumed to be proportional to that at the outer
boundary. By solving Eq. (3.5) with Eqgs. (3.6) and (3.7), the mass flux of the back

scattered vapor molecules to the interface is given by
. RT _»
m-o=Bp; | 7”—'[6"" —~nmerfc(m)] (3.8)
v - :

where m=(yv/2)1/2Ml, erfc(m)=Q2 /1 )J:e"‘zds is the complementary error function,

and v, is the specific heat ratio of the vapor. The Mach number of the vapor at the edge of
the Knudsen layer is

U,

M =— (3.9)

'R

With Eqgs. (3.3) and (3.8), the velocity of the phase interface can be expressed as

_ (I;1+,o— n.'l-,o)
P

Vp

(3.10)

where p;=p,, ,-A(Ty-T,,,) is the density of the liquid at the surface. In the expression for
p;, A 1s a constant and the subscript m.p. denotes the melting point.

~In the conservation equations, Eq. (3.5), there are four unknowns, p,, ¥, T}, and
B, with three equations. To obtain an additional condition, Anisimov [31] assumed that u,
isv equal to the local speed of sound. On the other hand, Knight [11] and Ytrehus [32]
selected one variable as a parameter and solved the equations in terms.of the selected
parameter. Knight treated M, as the free parameter while Ytrehus chose the pressure ratio

defined by p,/p, as the variable parameter. The solution for Knudsen layer obtained by
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Knight [11, Eq. (6)] is adopted in this study. These equations are rewritten below without

the derivation;

3|

3 2
_ m(v_:_lﬁ) _rolim
- \y+12 Yy +12

Pi_ E[(mz + %) exp(m®)erfc(m) - _\/n%}

Po I
1% 2
+—2 1~ Jnmexp(m?®)erfc(m : -
27;[ p(m*Jerfe(m) ] (3.11)
po_ P
Py Pl

~lom+)-m |"o 2P [T
B-|i(2m +1) m\/?l}exp(m)pl\[;

3.2.2 Gasdynamics of the Vapor

The major properties of interests in laser induced gasdynamic flow are the
density, velocity, temperature, and pressure of the vapor. The variation of these properties
are obtained by solving the one dimensional compressible flow equations for an inviscid

fluid, the Euler equations [33]; .

o 9lpw) _,
ot Ox

2
olpw) , O(pu” +p) _, (3.12)
ot Ox

OE , OI(E + pyu] _
ot Ox -

0
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where p and u are the density and the velocity of the vapor in the direction normal to the

target surface, respectively. E is the total energy per unit volume described by
E=pe+ipd : : (3.13)

where e is the internal energy per unit mass. The vapor and the ambient gas are assumed

to be polytropic gases and hence the pressure term can be written as
p=( —Dpe (314

Eq. (3.12) can be rewritten in vector form as

ou oFU) _, (3.15)
ot Ox
where
p pu
U=|pul, FU)=|pu’+p
E (E+pu

The boundary conditions at x=0 while e\}aporation of the target material continues
are taken from the solutions of the solid heating and Knudsen layer analysis. When
vaporization ceases, th;e reflecting wall conditions [16,22] are applied at the solid
boundary, i.e. 0p/0x=0p/0x=0 and »#=0. The gasdynamic flow described in this section is

in principle similar to the effusion model of Kelly and Braren [19].

3.3 Numerical Methods

~ 3.3.1 Solid Heating

Eq. (3.1) is solved for the target temperature utilizing a finite difference method
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with non-uniform grids. For the region where temperature is over the melting
temperature, thermophysical properties for the melt are used without explicitly solving
equations for the melt region. The velocity of the liquid-vapor phase interface in Eq.
(3.2), v,, remains zero until the surface temperature of the target reaches its vaporization
temperature. When the temperature of the target surface rises above the vaporization
temperature of the material, equations (3.1), (3.2), and (3.10) are solved iteratively. The
additional condition to solve the conservation equations for the Knudsen layer, Eq. (3.5),
is found for the Mach number of the vapor at the edge of the Knudsen layer, M,. As the

surface temperature, 7, drops below the vaporization temperature, v, is again set to zero.

3.3.2 Gasdynamics of the Vapor

Eq. (3.12) (or equivalently Eq. (3.15)) represents a set of nonlinear hyperbolic
equations and the solution of these equations contains discontinuities, such as shock
waves and contact surfaces. An effective numerical technique to solve these types of
equations is Glimm’s method [34].

In order to use Glimm’s méthod, a nﬁmerical technique for solving a Riemann
problem is necessary [35,36,37]. Riemann problem is a simplest type of initial value
| problem for which a discontinuity appears and can be described for U(x,f) in Eq. (3.15)
as;

Slz(plaulspl) s . x<0

, 3.16
Srz(pr’ur’pr) ’ XZO ( )

U(x,0)= {
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A échematic diagram of the solution of Eq. (3.16) is represented in Fig. 3.2, where 4 is a
shock wave and the region between 4 ¢ and 4, is a centered rarefaction wave. S which
extends from 4 to 4; is a steady state region. The contact discbntinuity dx/dt=u’
separates the state S” into two pairts with possibly different values of p*, but equal values
of 4" and p*. With the Riemann problem solver, Eq. (3.15) can be solved by Glimm’s
method as follows. Let the time and space increments be Af and Ax. We assﬁme that at

time nAt, n = 0, the approximate solution is constant on intervals of Ax and is denoted by

U(x,nAt)=w,,, x> (i+4)Ax

x <(i+1)Ax (317)

=w
The solution at time step (n+I)Af, U(x,(n+1)At)=w,-"+1, is obtained by solving a
succession of Riemann problems represented by Eq. (3.17). If the time step Ar is
sufficiently small the waves (see Fig. 3.2) generated from adjacent Riemann problems
will not intersect. The maximum time step satisfying this condition is determined by the

Courant-Friedrichs-Lewy condition [34,35];

At < Ax (3.18)
2(maxjy,| + a,) | ,

where q; is the local speed of sound at the location x;. When the solutions of the Riemann
problems along the whole x coordinate are combined, they form an exact solution for the
initial data given by Eq. (3.17) within the time interval At. Denoting this exact solution to

be v(x,7), Glimm’s method defines the solution at (n+1)At to be
w = v((i -1+ 5" Ax, (n+ 1)Ar) (3.19)

7

where the coefficient 5" lies in the interval [0,1) [34].

56



Fig. 3.2 Schematic diagram of the solution of a Riemann problem (p; > p, in this

figure).
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3.4 Results and discussion

Aluminum is selected as the sample material for the calculation. Thermal
properties of aluminum are given in Table 1 [38,39,40]. The constant, A, in the equation
for the density of liquid aluminum is 0.35 [41]. The specific heat ratios of aluminum

vapor which is assumed to be a monatomic gas and the ambient gas, air, are taken to be

Table 3.1. Thermophysical properties of Aluminum

Property Unit

density (Solid) kg/m’ 2700.0

density (Melt) kg/m3 2370.0

thermal conductivity (Solid) W/mK 258.8-4.9x107°T

thermal conductivity (Melt) W/mK 56.96+4.98x107°T~1.25x107T*
+7.03x107°T°

thermal diffusivity (Solid) ~ m%/s 1.12x107-4.72x107°T

thermal diffusivity (Melt) m?s 1.53x107°+2.65x107°T—5.63x107"*T>
+3.18x107°T°

enthalpy of melting Jkg 396.30 x10°

enthalpy of vaporization J/kg 10.52 x10°

melting temperature K 933.0

boiling temperature (1 atm) K 2793.0

atomic mass ~ kg/molecule  4.483 x1 0>
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5/3 [11,2’/"] and 1.4, respectively. The initial temperature of the target is 300 K. The
determination of the reflectivity requires careful consideration. First of all, the reflectivity
of a metal surface during laser heating, in which the surface temperature varies easily
over 3000 K, is not temperature independent. The reflectivity of metal surfaces is
considered to decrease with temperature, especially at temperatures high enough to
induce melting or evaporation [27,42]. The reflectivity of an aluminum surface at high
temperature is not readily available. The values at low temperatures vary from 0.92 to
0.98 for laser beam wavelengths from 0.25 to 10.6 um, respectively [43]. In this study the
reflectivity of an aluminum surface is assumed to be equal to 0.9. |
The sample surface is assumed to be heated by a single laser pulse of triangular
shape [16,27]. The laser pulse duration, #,, and the time at which the laser fluence reaches
its maximum are assumed to be 30 and 10 ns, reépectively. The corresponding laser

power density, I(f), can be represented by the following equation

27 O<t<u,
tltm
I(t) = 28 -0 t <t<t, . (3.20)
tl(tl _tm)
0 L, <t

where F is the laser fluence ranging from 6.5 to 8.5 J/cm®. The area of the laser heated
region on the target surface is 1 mm”. For the selected ranges of laser fluence, the laser
power density becomes 2.2-2.8x10® W/ecm?, which is below the threshold power density

for plasma shielding, 3x10® W/em?, reported by Mao and Russo [25].
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For the present calculations, laser fluence of 6.1 J/cm® and a corresponding laser
power density of 2x10° W/em? appears to be the threshold for evaporation of the target.
The threshold laser fluence calculated by Peterlongo et al. [27] and Ho et al.t16] for an
aluminum targets was about 3.2 J/ecm’ for 30 ns laser pulse and 10 J/cm? for 26 ns pulse,
respectively. In those studies, Peterlongo et al. used a constant reflectivity value of 0.79
while Ho et al. used also a constant value of 0.92. It can be shown that the difference .
among the calculated threshola values for evaporaﬁon is largely attributed to the
reflectivity values selected for the computatidn. The variation of the threshold laser
fluence for evaporation with respect to the surface reflectivity is shown in Fig. 3.3. Since
the laser energy absorbed by the target is representgd by (1- ® ){() in Eq. (3.2), the
computed threshold ﬂuenpe changes by a factor of 3 for the increase of surface
reflectivity from 0.79 to 0.93. When the reflectivity is 0.79, the threshold fluence from
the current model becomes 2.8 J/cm®, which is close to the result by Peterlongo et al [27],
i.e. 3.2 J/om®. Therefore it is confirmed that the threshold fluence for evaporation during
laser heating of metal targets is strongly dependent upon the surface reflectivity,
especially when the reflectivity is high.' On the other hand, experimental results showed
that the evaporatipn of aluminum target was observed ‘for laser fluences much smaller
than the above numerical values. As will be discussed in Chapter 4, the evaporation of
aluminum targets was experimentally observed for laser fluence of about 2 J/em® for
excimer laser heating with pulse duration of about 30 ns. Evaporation of aluminum
targets at this laser energy or lower was also reported by other reseafches [44,45]. Two

possible reasons for the difference between the numerical and the experimental results
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are postulated. First, the surface of aluminum targets used in experiments may have
decreased reflectivity compared to pure aluminum. Surface oxidation or melting of the
target may results in a decrease of reﬂectivity. Another possibility is the limitation of the'
thermal model to describe the real phenomena of laser evaporation. Nonthermal
mechanisms of laser evaporation processes such as electronic excitation [46] may results
in the enhancement of laser energy. coupling. (All the numerical models mentioned above
consider the thermal mechanism only.)

As mentioned earlier, the state of the vapor leaving the Knudsen layer can not be
fully determined from the conservation equations in the Knudsen layer alone. The
additional condition is obtained by considering the effect of the ambient pressure. On the
other hand, Knight [11] and Aden et al. [15] showed that the velocity of the vapor leaving
the Knudsen layer can not exceed the local sound velocity if the flow is one dimensional.
Therefore M, varies between 0 and 1 in the following calculations.

When the vapor expands into a vacuum or the pressure of the vapor is
significantly larger than the ambient pressure, the ambient pressure has little effect on the
resulting vapor flow. For this cdndition, it is possible to assume that the velocity of the
vapor at the edge of the Knudsen layer is sqnic, i.e. M;=1. Since the pressure perturbation
outside of the Knudsen layer can not penetrate into the Knudsen layer when M, is equal
to 1, the solid heating problem can be decoupled from the gasdynmmc flow above the
Knudsen layer. However, if the pressure of the vapor leaving the Knudsen layer is not
large enough and is comparable to the ambient pressure, it is possible that the vapor can

not develop a sonic velocity in the Knudsen layer; for this condition, the gasdynamic field
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must be computed simultaneously with target heating. This situation can occur at the
beginning of the evaporation process, when the saturation pressure of the vapor is not
significantly larger than the ambient pressure.

Because of the complexity of these processes, an approximate procedmg is
utilized to determine the effects of the ambient pressure on the vapor velocity. The
. following assumptions are made: i) the flow above the Knudsen layer remains the same
while the conditions in the target and the vapor Within the Knudsen layer are computed
for a short timé period Ar*, ii) the boundary conditions determined from the Knudsen
1aye¥ analysis remain constant while the gasdynamic flow outside the Knudsen layer is
calculated, iii) the vapor leaving the Knudsen layer is affected only by the pressure
immedia;cely outside the Knudsen layér, denoted by py. Assumptions i) and ii) decouple
the equations for target heating and the Knudsen layer from the equations for the
gasdynamic flow for a short time period Ar*. If the vapor velocity at the Knudsen layer is
subsonic, inf(?rmation from the gasdynamic regime is carried to the Knudsen layer along
the characteristic line, dx/dt=u-a, where u and a are the local flow and sound velocity,
respectively. Assumption iii) excludes the influence of this information on the vapor
exiting the Knudsen layer. When assumption iii) is made, the vapor leaving the Knudsen
layer is affeéted only by the pressure p,, and the velocity of the vapor is limited only by

this pressure. The total momentum of the vapor exiting the Knudsen layer, denoted by M,

can be written as

M= plulz +h

X (32D
=po (v \ M, + D[ fi(M)) f,(M))]
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where f; and f; are T,/T, and p;/p, which are given in Eq. (3.11), respectively. The total
momentuin M decreases with Mach number M, see Fig. 3.4. The vapor can expand out
of the Knudsen layer 6n1y when Mbp,, is satisfied and this is achieved when u;<u; .

where

Uy max =~/ (Peo — D1/ P (3.22)

The relationship between the maximum Mach number, M, ,,,=u) n./a; and the pressure
Dgo is obtained by solving iteratively the equations for target heating and the Knudsen
layer and those for the gasdynamic flow. Specifically, when the fa:get surface reaches the
boiling temperature: 1) solve the equations for the heating of the target and Knudsen layer
to ﬁnd new states satisfying the equation for u; p,, for a given p,,. The value of p, is first
assumed to be the ambient pressure, p,. 2) solve the gasdynamfc equations using the new
states obtained from step 1) as the boundary conditions to find a new value of Péo after
Ar*.

The variation of M| 1, from the beginning of evaporation to the time when M| ;.
becomes 1 is shown in Fig. 3.5 for different ambient pressure, p,, where F'is equal to 7.5
J/em®. For this laser fluence, target surface reached the vaporization temperéture after
10.72 ns after the beginning of the laser irradiation. When the ambient pressure is
sufficiently small, 0.1 atm in this case, M, ;,,, becomes equal to 1 from the beginning of
the evaporation; consistent with the previous discussion that M; can be set equal to unity
.for evaporation into a vacuum or into a small ambient pressure. When py, is large, 1 atm in

this case, M) ,» increases with time until it reaches unity. For intermediate values of the
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ambient pressure, the variation of M, ,,,, with time is divided into three regimes; a sharp
decrease in the very beginning of evaporation, then a linear increase to about 0.3 which is
followed by a rapid increase to 1. The sharp decrease of Mach number at the beginning of
evaporation is the result of the sudden increase of the pressure in the gasdynamic regime
just oﬁtside the Knudsen layer due to compression of the ambient gas and to the
accumulation of the vapor from the target. Fig. 3.6(a) shéws the density distribution in
the gasdynamic regime very close to the edge of the Knudsen layer. The density profiles
are propagating to the right with time in Fig. 3.6(a); the ambient pressure is 0.4 atm. Until
t=11.2 ns the density profiles shdw the same pattern, i.e. a sharp increase in density at the
propagating front and then a linear increase to the boundary. The propagating front where
the sharp density increase occurs is the location of the shock wave. The following linear
increase is attributed to the increased pressure of the vapor from the target. At r=11.2 ns,
another discontinuity appears, i.e., a sharp decrease of density at the boundary (cf. Figs.
| 3.6(a) and (b)). It is believed that this second discontinuity is the contact su;face that
separates the ambient gas and the vapor from the target. Figs. 3.6(a) and (b) imply that
the vapor expansion at the very early stage is hindered by the ambient gas of large
pressure and the flow of the vapor into the gasdynamic region is delayed until the vapor
acquires a sufficient pressure. After the vapor starts to flow into the ambient gas region,
the rate of the preséure increase ;<1t the boundary of the gasdynamic regime, p,, decreases
slightly while the saturation pressure of the vapor at the target surface continues to rise at
the same rate (Fig. 3.7). This increased preésure difference enables the vapor to overcome

the pressure outside the Knudsen layer with less decrease of its velocity. Note that M .,
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increases rapidly with time after the appearance of the contact surfé.ce (Fig. 3.5). The
times for the contact surface to appear in the gasdynamic regime and for M ,, to reach
' unify are shown in Fig. 3.8. For both cases the times increase almost linearly with
increasing p,, which is consistent with the above result that the vapor flow is hindered by
the ambient gas. For a larger ambient pressure a longer time is expected for the vapor to
develop a sufficient pressure.

The maximum ambient pressure that is allowed to keep M, ,, equal to unity from
the beginning of the evaporation, denoted by py, yax, 15 showr_l in Fig. 3.9. For ambient
pressures smaller than py, ., M yax i always equal to 1 during the evaporation for the
corresponding laser fluence. It appears that py ,, is not changing very much with laser
fluence.

For most of the vapor flow analyses including the Knudsen layer, for example, the
prediction of target surface temperature using the vapor velocity at the Knudsen layer, it
is generally assumed that tile Knudsen layer forms in zero time from the beginning of
evaporation and the velocity of the vapor at the Knudsen layer is equal to the local sound
velocity [11,19]. From the above results, it is found that this assumption is valid only
when the ambient pressure is sufficiently small.

On the other hand, the temporal variation of M, ,, for various laser fluences
showed that'Ml’,.nax does not increase to unity after the initial decrease when the laser
| energy is too small. An example is shown in Fig. 3.10 for which p, is equal to 0.5 atm.
The variation of M ,,, for F=6.5 J/em® shows that the Mach number of the vapor leaving

the Knudsen layer does not increase to unity during the evaporation. It is often assumed
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in laser heéting analysis that the vapor velocity at the Knudsen layer is equal to the local
sound velocity, which is also known as the Chapman-Jouguet conditibn. On the contrary
to this common assumption, it is found that the Chapman-Jouguet condition can be
violated by a small change of the laser fluence; see the difference of M ,,, for F=6.5
J/em® and 7.5 J/em® in F ig. 3.10. This indicates that the sonic condition at the edge of the
Knudsen layer, which is often employed for simplicity, is not always valid.

These calculation demonstrate that the sonic condition can be applied to the vapor
velocity at the Knudsen layer only if the ambient pressure is sufficiently small. In the
following, we assume that this condition is satisfied so that M, remains equal to unity
during evaporation. Since the equations for target heating and the Knudsen layer can be
decoupled from those for gasdynamics when M, is equal to 1, the equations for target
heating and the Knudsen layer are solved separately from the gasdynamic flow in the
following calculations. Figs. 3.11(a)-(f) show the temporal variation of the temperature,
pressure, and interface velocity at the target surface and the maximum values of these
properties with respect to laser fluence. Since the present model considers thermal
evaporation only and excludes plasma shielding, the surface temperature should be below
the critical temperature of aluminum, about 5720 K [47,48]. (Note that the critical
temperature of aluminum used in Literatures is not always consistent. Miotello and Kelly
[47] used ~5720 K while Bothwick et ai [48], Batanov et al.[44], and Wang et al. [49]
used 5726 K, ~4700 K, and ~3940 K, respectively). The maximum surface temperatures
shown in Fig. 3.11(a) and (b) remains well below the critical temperature for the laser

fluences used in this study. However, the surface temperature in Fig. 3.11(a) and (b)
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implies strong superheating of the liquid above the boiling temperature, 2793 K. An
interesting study was made by Peterlongo et al. [27] by considering the boiling of the
target during laser heating. By including the boiling mechanism in their model which
eliminated the superheating of the liquid, they obtained a larger material removal rate.
Figs. 3.11(c) and (d) and 3.11(e) and (f) show that the saturation pressure at the
surface and the liqﬁid-vapor interface velocity are very strong functions of the laser
fluence and change by an order of magnitude over the fluence range from 6.5 to 8.5
J/em’. Since the material removal rate from the target is directly related to the velocity of
the liquid-vapor interface, these data imply that the material removal rate is also a strong
function of the laser ﬂuencg. The ablation depth in the target for a single pulse is obtained
by integrating the liquid-vapor interface velocity with time and the result is shown in Fig.
3.12. The ablation depth varies from 0.45 to 9.8 nm for the laser fluences from 6.5 to 8.5
J/em® of the current study. Note that the ablation depth calculated by Peterlongo et al.
[27] ranges from about 0.05 to 0.65 nm for laser ﬂueﬁces from 3 to 3.7 J/cm® while by Ho
et al. [16] it varies from about 0.4 to .370 nm for laser fluences from 10 to 25 J/cm®. The
me;asured ablation depth per single laser pulse reported by Lisfi et al. [S0] for frequency
tripled Nd-YAG laser (A=355 nm) heating of Fe,O; was about 33 nm for a laser fluence
of about 2.2 J/em® and (FWHM) pulse width of 8 ns and by Jordan et al. [S1] for
frequency doubled Nd-YAG laser (A=532 nm) heating of copper was about 5 nm for a
laser fluence of about 2.0 J/cm® and pulse width of 6 ns. Matthias et al. [52] reported 80
nm per pulse for excimer laser heating of gold film on a fused silica substrate at the laser

fluence of 0.47 J/cm® for a 14 ns pulse. Because of the rareness and inconsistency of the

76



4000

i — F=6.5 Jlcm®
3000 i ——— F=7.5 Jjem’
| l\ ........... F=8.5 J/cm2
3 (a)
I§c>
0 I I T 1 | |
0 100 200 300 400 500 600
t (ns)
4000 -
¥ 3600 (b)
l\o
3200
2800 ] I T T
5 6 7 8 9 10

F (Jlcm?)

Fig. 3.11 (a) Temporal variation of the target surface temperature and (b) the

maximum values for different laser fluences

77



- 50

——— F=6.5 Jlcm?
L _ 2
o F=7.5 J/cm2
G F=8.5 J/cm
~ 30 4 | |
=
; (c)
C 20
10 ///_\\\
,// \\\
/\ -
0 | ' - ' I | ,
6 5 10 15 20 25 30 35
t (ns)
50
40 -
E 30
5 (d)
Q? 20 —
10 —
0 f | ' I
! . 7 8 9 10
F (Jlcm?)

Fig. 3.11 (¢) Temporal variation of the saturation pressure at the target surface and

(d) the maximum values for different laser fluences

78



100

. —— F=6.5 Jicm?
=== F=7.5Jcm?|
80 - ',_{‘ ......... F=8.5 J/sz
» 60
5 (e)
>°‘ 40 ]
20 RN
o N
.-///__\ N
0 | ' ! I | l
c 5 10 15 20 25 30 35
t (ns)
100
80 —
2 g0 -
g ®
o 40 -
20
0 T | ' '
! . 7 8 9 10
F (Jlem?)

Fig. 3.11 (e) Temporal variation of the liquid-vapor interface velocity at the target

surface and (f) the maximum values for different laser fluences

79



10 =
= ]
S
= ]
<
o
O
T 1 -

0.1 T T T I

5 6 7 8 9 10

F (Jlcm?)

Fig. 3.12 Ablation depth for a single laser pulse with respect to the laser fluence

80



measured ablation depths, it is difficult to make direct comparison of the computed
ablation depth with the measured ones. Nevertheless the computed ablation depth appears
to be smaller in general than the measured data. The limits of the thermal model to
describe the actual laser evaporation process may be considered as a reason for the
difference between the computed and measured ablation depths. Nonthermal mechanisms
such as electronic excitation, subsurface explosion, boiling, droplet or particle ejection
may be responsible for the increase in the ablation depth.

The temperature profiles in fhe target after the laser pulse afe shown in Fig. 3.13.
The thermal penetration into the target after 50 ns is about 10 pm; this is much smaller
than the laser spot size (about 1 mm) and is consistent with the one dimensional
approximation.

The vapor velocity at the edge of the Knudsen layer is shown in Fig. 3.14(a) and
(b). The maximum velocity of the vapor leaving the Knudsen layer appeared to be greater
than 1 km/sec. Similar results for this velocity was found by Peterlongo et al. [27].

The behavior of the gasdynamic flow for a given laser fluence of 7 J/em® are
presented in Figs. 3.15(a) and (b). The pressure and temperature of the ambient air are
0.01 atm and 300 K, respectively. As noted above, the Mach number of the vapor at the
edge of the Knudsen layer for the small selected ambient pressure can be taken to be
unity. For the specified conditions, the evaporation of the target initiated at /=11.7 ns and
ceased at 1=26.4 ns. The maximum target surface temperature occurred at r=18.1 ns. The
density profile in the gasdynamic flow is shown in Fig. 3.15(a). The shock wave, the first

discontinuity from the far field, and the contact surface, the second discontinuity, are

81



clearly observed. The region ahead of the shock wave is occupied by the undisturbed air
and the region behind.the contact surface is by the expanding vapor. The regidn between
the shock wave and the contéct surface is the compressed air. (For convenience, these
regions and discontinuities are indicated on the curve for =36.6 ns only.) The region for
compressed air becomes larger as the discontinuities move away from the target, which
implies different propagation speeds of the two. discontinuities. Unsteady adiabatic
expansion of the vapor outside the Knudsen layer is an important characteristics of laser
induced flow [20, 21, 22]. In case of evaporation‘ into a vacuum, unsteady adiabatic
expansion induces the maximum vapor velocity of 4u, at the expansion front. Recall that
u, 1s the vapor velocity at the edge of the Knudsen layer. The maximum of u; is equal to
1055 m/s for the results shown in Fig. 3.15(a) and (b). For the cvapération into the air
with finite pressure (0.01 atm for the present results), the unsteady adiabatic expansion is
also observed; see the velocity profile in Fig. 3.15(b). For this case, however, the
maximum velocity increase of the §apor is about 1.58u;, in contrast to 4u,. Instead of
developing a greater vapor velocity, the vapor produces a strong compression of the
surrounding air between the vapor front and the shock wave which resul;cs in a
conspiglious density change at the contact surface and at the shock wave; see the density
increase of the compressed air in Fig. 3.15(a). The velocity profiles for =20 ns and
t=36.6 ns show that the velocity of the compressed air behind the shock also increased
during this period. Therefore, the flow experiences acceleration during the early period

through the unsteady adiabatic expansion.
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The density profile behind the shock wave shows that the density of the
compressed air increases as it approaches the contact surface. The density of( the vapor
behind the contact surface also first increases and then decreases as moves toward x=0.
This discontinuous change of the density at the contact surface and the increase of the air
and the vapor density édjacent to the contact surface can net be represented by the
analytical solution of an ideal blast wave [53] which is often employed to explain laser
induced gasdynamic flows. The density field predicted by the solution of an ideal blast
wave deereases monotonically toward x=0. Therefore, there exists an obvious difference
between the laser induced flow and the ideal blast wave. HoWever, the ideal blast wave
may be stiil useful as an approximation of the laser induced flow.

The propagation of the shock wave and the contact surface are shown in Fig. 3.16.

From the analytical solutions for one dimensional expansion of vapor it is expected that
0.75 <u, /uy <1 [54], where u, and ug, is the velocity of the contact surface and the
shock wave, respectively. For the result shown in Fig. 3.16, uae/thayy (Uavg 1S
computed from x(f)/Ar) decreases from 0.83 to 0.74 with propagation distance, which

implies faster deceleration of the contact surface. The maximum average speeds of the |

shock wave and the contact surface are about 2.0 and 1.6 km/s, respectively.
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3.5 Conclusion

Unsteady vaporization of a metal target due to nanosecond pulsed laser heating
with an ambient gas of finite preésure was studied. A one dimensional thermal
evaporation model was employed for target heating with a detailed description of the
vapor motion inside the Knudsen layer. Even though the tﬁermal model alone may not be
sufficient to describe the complex mechanisms for laser heating of solids, it represents a
reasonably good approximation for léser heating with relatively low energy, i.e. below
the plasma formation regime. For gasdynamic flow of the vapor, the one dimensional
compressible flow equations for an inviscid fluid was solved utilizing the reflection
boundary condition. The effects of surface reflectivity on the ovefall laser energy
coupling with the target and the effects of the ambient pressure on the velocity of the
vapor leaving the Knudsen layer were investigated in detail. Results for target surface
conditions and gasdynamic properties of the vapor for various laser fluences were
obtained when the vapor velocity at the Knudsen layer was sonic.

Several important findings can be summarized as follows;

i) The efficiency of laser energy coupling with the target is greatly dependent on the
target surface reflectivity.

ii) The threshold laser fluence predicted with the thermal model is larger than the values
obtained experimentally. Surface condition change and/or the inability of the thermal
model to accurately describe the laser evaporation process is inferred as the possible

reason.
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iii) The vapor velocity at the edge of tﬁe Knudsen layer becomes sonic from the
beginning of evaporation only when the ambient pressure is sufﬁciently small. For
large ambient pressures, the vapor velocity varies during the early period of
evaporation. The assumption that vapor velocity at the Knudsen layer is equal to the
local sound velocity from zero time is found to be valid only for low ambient
pressures.

iv) The velocity of the vapor leaving the Knudsen layer is less than the local sound
velocity when the laser fluence is too small, i.e. the Chapman-Jouguet condition is not
satisfied. |

v) The formation of discontinuities, the shock wave and the contaét surface, and the
separation of flow regions, undisturbed gas, compressed gas, and the expanding
vapor, are clearly observed in the density profiles. A difference in the laser induced

gasdynamic flow and the ideal blast wave theory is observed.
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Chapter 4

Measurement of the propagation of the laser induced
shock wave and material plume utilizing the probe

beam deflection technique

4.1 Introduction

In this chapter, the dynamics of the laser generated plume due to pulsed laser
heating of solid targets is investigated experimentally. The extremely rapid heating and
evaporation of a solid target due to nanosecond pulsed laser heating results in the vapor
pressure at the target surface being orders of magnitude higher than atmospheric pressure
as discussed in chapter 3. The subsequent explosivé expansion of the vapor into the
ambient gas produces a strong compression of the ambient gas and a shock wave
propagates ahead of the ‘compressed gas. The compressed ambient gas is followed by the
vapor from the target and the boundary between these two region is called the contact
surface. The vapor flow near the target surface is considered one dimensional and
transforms into a hemispherical shape as the plume expands. Fig. 4.1 schematically
depicts this process. Fig. 4.1 is a significantly simplified representation of the complex
laser ablation process. (Actually Fig. 4.1 represents the thermal evaporation only.) Other

mechanisms such as the strong recoil pressure exerted on the liquid by the expanding
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vapor, boiling, or subsurface explosion of the material may result in the flow of droplets
or particles into the plume [1]. When the vapor density is high enough, the heating of the
vapor by the incident laser light may results in ionization of the vapor with associated
plasma shielding [2-4]. |

In many laser-material interactions the laser induced plume is the most convenient
source of in-situ information on the laser evapofation process. Material liberation from
the target, vapor interaction with the surrounding gas, target temperature during laser
heating, conversion efficiency of laser energy, and plasma formation may be examined
experimentally with properly designed diagnostic systems. Also sinpe the pulsed laser
deposition (PLb) technique directly utilizes the laser generated material vapor to produce
a thin film on a nearby substrate, understanding the characteristic features. of the laser
induced plume is important for achieving high quality thin ﬁlms:

Experimental mefhods which are most often employed for laser induced plume
studies include laser induced fluorescence (LIF) spectroscopy [5,6], resonance ionization
mass spectroscopy (RIMS) [7], fast imaging with intensified-charge coupled devices
(ICCD) [8-10], fast photography [11-15], and probe beam deflection measurements [16-
22]. The spectroscopy methods, LIF or RIMS, measure (in principle) the velocity
distribution of individual atoms in the plume and the acquired data may be used to predict
the target surface temperature [6,7]. These methods, however, are not covered in the
present -study. Fast imaging, fast photography, and probe beam deflection techniques
measure the propagation of ablated material, shock wave, and laser generated plasmas.

With the fast imaging or photography, the instantaneous spatial distribution of vapor,
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particles [8,11,13,14,23,24], shock wave [12-15], and plasma [15] in the plume can be
obtained. When the delay time is varied, information for the propagation of the plume
with time may also be obtained. However, to obtain an image or photograph of the plume
with good time and spatial resolution, at least two high power lasers are required; one fér
target heating and another for illumination of the plume [13,15]. If tuning of the
illumination laser wavelength is required, another laser, usually a dye laser, is also
necessary. Therefore an imaging or photdgraphic system tends to be complex and costly.
The probe beam deflection technique, on the other hand, measures the propagation of
gasdynamic phenomena that produce the variation of the refractive index in the flow
field, e.g. the laser induced shock wave or the vapor from the target. Since a small power
continuous wave (CW) laser is used as the probe beam (uéually a He-Ne laser with a
power of a few mili-Watts), the experimental system is simple. Furthermore the fast
response of the probe beam to any variation of the refractive index enables the
measurement of rapidly varying temporal signals (with this technique), which is
especially useful for time-of-propagation measurements. Thus the probe beam deflection
technique is widely employed for the diagnostics of laser induced gasdynamic flows [16-
21,25-29].

The theory of deflection of a single ray of light traveling through a continuously
changing refractive index field is presented in the Appendix. Experimentally, a CW laser
beam with a finite diameter is used as the prbbe beam. When there is no gasdynamic

flow, the probe beam passes parallel to the target surface with a certain distance from the

surface (see Fig. 4.1). When the laser induced gasdynamic flow including the shock
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wave, contact surface, and the vapor propagate across the probe beam, the resulting
variation of the refractive index makes the probe laser beam change its direction.vAt the
shock wave front, refraction of the probe beam occurs while a continuous change of
direction occurs in the compressed gas and the vapor regimes. Thus the resultént

deflection of the probe beam as it leaves the gasdynamic flow fegion, 0 in Fig. 4.1, is an

integrated deflection of the probe beam over the whole path, A—B Note that 6 can be
either positive or negative. Thé resultant deflection of the probe beam can be measured
with a knife edge and a photodiode or with a position sensitive detector. In Fig. 4.1, the
knife edge and photodiode method is depicted. When there is no deﬂéction, the knife
edge blocks one half of the probe beam from the target side and the remainder of the
probe beam illuminates the photqdiode, which is placed behind the knife edge (not shown -
in Fig. 4.1). As the plume propagates, the deflection angle 0 varies resulting in a variation
of the fraction of the probe beam blocked by the knife edge (énd thus the fraction
illuminating on the photodiode). This variation of the photodiode output during the
propagation of the laser induced plume is recorded as the probe beam deflection signal.
The probe beam deﬂection technique can be utilized to diagnose laser heating of
solids with and without evaporation of the target. Without evaporation of the target, the
,deflection of the probe beam is due to the thermal gradient in the ambient gas as
presented in Chapter 2 and is called photothermal deflection [30-32]. The time scale of
the photothermal deflection measurerﬁent is mostly on the order of milliseconds. When
laser evaporation of solids is involved, the time scale decreases to the order of

microseconds. The probe beam deflection technique has been used for various studies of
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the laser evaporation processes, €.g. measurements of the damage threshold of solids
[16,33-35], velocity of the vapor [16,29], shock wave velocity [17,18,20,21,25,26,28],
and surface plasmas [19,36]. Lately measurements of shock wave propagation using the
probe beam deflection technique have been increased. Since the laser induced shock wave
carries information for the energy at the source, the time-of-prdpagation data of the laser
induced shock wave can be used to estimate the laser energy associated with the
gasdynamic flow. In order to predict the conversion efﬁciency of the laser energy into the
laser induced gasdynamic flow, a theoretical model is necessary for comparison with the
measured data. Blast wave theory which is described in section 4.3 is widely used
| [9,11,15,17,20,21,25,37,38]. There is considerable variation of the energy conversion
efficiency predicted by various researchers using blast wave theory. For example, a 20%
conversion efficiency was reported by Diaci and Mozina [25] for aluminum and steel
heating. with a Nd-YAG laser (A=1064 nm) while 80% was given by Caliies et al. [15] for
copper sample with an excimer laser(A=248 nm), 37—42% by Jamieson vand Wetsel [18]
for silicon with a N,-pumped dye laser , about 25% by Zyung et al. [9] for PMMA with a
Nd-YAG laser (A=532 nm), and 12%,by Lee et al. [37] for Al,O; film on silicon substrate
with CO, laser (A=10.6 um). All these conversion efficiencies were based on the laser
- pulse energy incident on the target. There are also many cases in which the shock wave
propagation data are fitted using a blast wave correlation, without explicitly calculating
the conversion efficiency [11,20,38]. In order to make better use of the theory and the
measured shock wave propagation data during laser evaporation, further studies of laser

induced gasdynamic flow, especially in comparison with blast wave theory, are desirable.
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In the present work, the propagation of the plume generated during excimer laser
heating of an aluminum targc;ts is studied. The probe beam deflection technique is
utilized to measure the transit time of the gasd}?namic flow. The deflection of the probe
beam due to a traveling shock wave.v is identified. The éffects of ambient pressure and
laser spot size on the propagation of the shock wave are investigated. From the
comparison of the measured shock wave propagation data with ideal blast wave theory,
conditions for which ideal blast wave theory is applicable to a laser induced blast wave
ére found. The incident laser energy coupled to the laser induced blast wave is estimated
using the theoretical solution and used‘ to examine the difference between a laser induced
blast wave and the ideal blast wave. The propagation of material vapor is observed from

the deflection at later time of the probe beam.

4.2 Experimental System

The experimental system is shown schematically in Fig. 4.2. A KiF excimer laser
with wavelength 248 nm (Lambda Physik) was used as the heating source. A typical
excimer laser pulse has an intensity profile of about 21 ns fullv-width at half maximum
(FWHM) with a decay tail extending to about 45 ns (see Fig. 4.3). Iﬁ order to obtain a
uniform spatial energy distribution on the target, the central portion of the excimer laser
beam is selected with a circular aperture with diameter of 4.3 mm. A beam splitter (BS1)
is placed in the optical path to extract a small fraction of the heating laser beam for

triggering the oscilloscope. The laser pulse energy delivered to the target is measured
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w1th a joulemeter (Molectron, Model J50) by collecting a known portion of the excimer
laser beam with a second beam splitter (BS2). The excimer laser beam is focused on the
target with a lens (L1) to achieve a high power density. The diameter of the laser spot on
the target surface is adjﬁsted by varying the distance between the focusing lens and the
target surface. A He-Ne laser with wavelength of 543.5 nm (Electro-Optics) is used as the
probe beam. The probe laser beam is focused into a small beam diameter using a lens
(L2) with a focal length of 350 mm. The probe beam is aligr;ed parallel to the target
surface. To minimize lateral deflection of the probe beam during laser heating of the
target, i.e. the deflection in a plane parallel to the target surface, the axis of the probe
beam is aligned to pass over the center of the laser spot. The deflection of the probe laser
beam is measured with a knife edge and photodiode (PD2, ThorLab, Model DET-I)
combination. In order to eliminate the effect of stray light, a filter (F) is used in front of
the photodiode. The photodiode signal is measured with a digital oscilloscope
(Tectronics, DSA 602). The sample is mounted on a three directional translation stage in
order to adjust the offset of the pr;)be beam. The daté for low ambient pressures were
obtained by placing the sample in a vacuum chamber.

Aluminum targets with 1 mm thickness and purity 99.99 % (Aldrich) were used
as the éample. The surface of each sample was polished with #600 SiC sand paper and
cleaned of particles using an ultrasonic cleaner. The surface of some samples was mirror
polished in order to achieve a better observation of the surface morphology with scanning

electron microscope (SEM). The data shown in this study are for single pulse laser
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heating unless otherwise specified. For the single pulse measurements, the target was

translated to a new location for the heating laser beam after each measurement.

4.3 Blast wave theory

When a finite amount of energy is instantaneously released in a gas at a point, a.
spherical shock wave forms and propagates through the surrounding gas. The gas inside
the shock wave is strongly compressed and remains in a relatively thin layer just behind
the shock front. As the shock wave expands, more and more surrounding gas is contained
in the shock front. Since the original amount of energy released. in the explosion is
constant, the expansibn velocity decreases. This type of unsteady shock wave is called a
blast wave [39]. Because the explosive evaporation of solids by a focused high power
pulsed laser has many similarities to an ideal blast wave, there have been increasing
attempts to analyze laser evaporation in tellms of blast wave theory
[9,11,15,17,20,21,25,37,38]. To apply blast wave theory to the laser evaporation of
solids, two crucial assumptions have to be made. First the mass of the evaporated
material must be negligibly small compared to the mass of the surrounding gas swept by
the shock. Second the maximum pressure of the blast wave front must be much greater
than the ambient pressure. According to Taylor [40], the similarity solut\ion for an ideal
strong blast wave remains valid if the maximum overpressure is greater than a factor of
10. For a strong blast wave the overpressure is represented by the following équation

[41].
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where Ap is the pressure increase in the compressed gas, p,, and y are the pressure and the
specific heat ratio of the ambient gas, respectively, and M, is the Mach number of the
shock wave. In addition, blast wave theory applies only for one dimensional flows, either
spherical, cylindrical, or plane propagation. \ |

The propagation of a strong blast wave was investigated analytically by Taylor

[40] and Sedov [42] using the similarity method. The solution by Sedov is:

Y(n+2) v
= [_O‘EOJ (0D (4.2)
P

where r, is the location of the shock wave in the spatial coordinate, E; is the energy
incorporated into the blast wave, p,, is the density of the undisturbed ambient gas, ¢ is the
elapsed time from the instance of explosion, o is a constant, and # is 3, 2, and 1 for
spherical, cylindrical, and piane propagation, respectively. From Egq. (4.2), the velocity of

the shock wave is derived as

1/2 1(n+2)
2 Y\ aF, 1 2 [ akE, 1
c, = == — = — —— (4.3)
T \n+2/\ p, r n+2/\ p, /D) -

where c; is the propagation speed of the shock wave. Eq. (4.2) is the expression used to

estimate the laser induced blast wave energy with the assumption that the blast wave is
sufficiently intense. Specifically, when the distance traveled by the shock wave, r, ., and
the corresponding elapsed time, ¢, are measured experimentally the blast wave energy E,

can be directly found by substituting these values into Eq. (4.2). In other cases, either Eq.
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(4.2) or (4.3), is used to investigate whether the time-of-propagation data agree with the

predictions from blast wave theory [13,20,21].

4.4 Results and discussion

4.4.1 Deflection of the probe beam for the early period (0 <t<10 pus)

The deflection profile of a probe laser beam obtained from nanosecond pulsed
laser heating of a metal target consists of a fast component and a slow component.
Generally speaking, the faster part includes deflection of the probe beam approximately
for the first 10 us after the heating laser pulse. Tile slower part of a deflection signal can
be from about 40-50 microseconds to about a millisecond depending on the intensity of
thé laser power and the normal offset of the probe beam. Because the characteristics of a
deflection signal in these two time periods are very different, the fast component of the
deflection signal is discussed first in this section and the slowér component will be
discussed in the following section.

The experimental parameters for a probe beam deflection measurement that
possibly make the measured response look significantly different are the normal offset of
the probe beam, the laser power density, and the pressure of the ambient gas. The
variation of time-response of the probe beam with respect to the changes of these
parameters is very imborté.nt for understanding the fundamental mechanisms during laser
ablation when using the probe beam deflection measurement technique. Therefore in the

following sections, the variation of deflection time-response for each of these parameters
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will be examined. Again all the deflection measurements shown in the following sections
are made for single-pulse laser heating of polished aluminum targets, unless otherwise

specified.

4.4.1.1 Characteristics of the deflection produced by a shock wave

In the following discussion, the experimental parameters are denoted as follows;
the normal offset of the probe beam by Z; (shown in Fig. 4.1), the laser pulse energy by
E,, the laser power density by Py, and the Jaser spot size by d.

Fig. 4.4 shows the deflection time-response of the probe beam for the early period
for different normal offsets. The measurements were performed at atmospheric pressure.
The laser pulse energy between each profile in Fig. 4.4 varies (due to fluctuation) within
6%. Accurate measurement of the laser beam spot size at the target surface is very
difficult for high power pulsed laser heating. In this study, it is approximated that the
laser spot size varies linearly between the focusing lens and the focal point. Thus the
variation of the power density in Fig. 4.4 due to the uncertainty of the laser spot size is
expected to be about 10-15 %. For the calculation of laser power density, the FWHM of
the excimer laser pulse (21 ns) is used. In Fig. 4.4, the decrease of signal intensity
corresponds to the deflection of the probe beam toward the target surface and is defined
as the negative deflection for the rest of this chapter. Similarly, the deflection with
increasing signal intensity is defined as the positive deflection.

The deflection profiles for small normal offsets in Fig. 4.4 (Z,=0.25 or 0.51 mm)

show different characteristics from those for larger normal offsets (Z,=1.02 mm or
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gréater). The deflection for a small normal offset is always positive and the amplitude
decreases slowly with time. As the normal offset of the probe beam incgeases, a negative
deflection starts to appear at the leading portion of the deflection time-response profiles
(indicated by the letter ‘S’ in Fig. 4.4) and grows further in the negative direction with
increasing Z, Based on repeated measurements, the deflection profile transforms
gradually from a completely positive response to one with a sharp negative peak, as the
normal offset of the probe beam is increased. For normal offsets greater than 1 mm, the
deflection response shows in principle the same pattern, i.e. a strong and short negative
deflection followed by a longer positive deflection. When the normal offset of the probe
beam is divided by the elapsed time at the beginning of deflection, the average
propagation velocity of the fastest characteristic of the laser induced flow can be
obtained. The average velocity varies from 2780 m/s to 760 m/s for those deflection
proﬁlés shown in Fig. 4.4. Since a shock wave can form immediately after the laser
heating of a solid target and is always ahead of the compressed air and the contact
surface, ‘the most probable characteristic that propagates at this speed during laser
ablation is» the shock wave. To confirm that this deflection is due to a shock wave, the
deflection patterns of a probe beam by a propagating shock wave are simulated below

with a simplified model.

Probe beam deﬂection by a expanding spherical shock wave

i) Deflection of a single ray of light by an ideal spherical blast wave
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First we consider the deflection of a single ray of light due to a spherical shock
wave (see Fig. 4.5). Because a shock wave is a discontinuity to the gas in front of the
shock front, the refractive index as well as gasdynamic properties vary discontinuously
across the shock wave. Thus when a ray of light from the undisturbed gas is incident on
the shock front, it experiences a refraction at the shock front due to the change of
refractive index. The exit angle, 0,, of the ray which is incident with an angle 6, with
respect to the normal on the shock front is determined by Snell’s law as

sinf, _n (4.4)
sin@, n ' _ '

-]

where 7 is the refractive index and the subscripts o and s represents the undisturbed gas
and the shock front, respectively. Using the distance of the ray from the target surface and

the radius of the shock hemisphere, 6, can be represented by

6, =sin™ (i) 4.5)
. .

s

The dependence of the refractive index of light at a particular wavelength on the density,

p, is represented by the Lorentz-Lorenz formula [43]

n? -1 _
n+2

Ap (4.6)

where A, the molar refractivity (cm3/mole), is expressed for gases by

AT

Am
p 3

@.7)

where R is the gas constant, T is temperature, and p is pressure. Thus using Eq. (4.6), the

refractive index at the shock front becomes:
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Fig. 4.5 Schematic diagram for the deflection of a single ray of light due to an

ideal spherical blast wave
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n, = 24,p,+1 ' 4.8)
1- Am ps ’
The density behind the shock front for a strong blast wave was given by Sedov [42] as

Pe="Po : 4.9)

Inside the shock hemisphere is a field with continuous and discontinuous changes.
Analytical expressions for the propagation of compressed gas, contact surface, and the
vapor and for the distribution of properties in each region are unavailable. For a -strong
blast wave, however, Sedov [42] obtained the analyfical solution, which is employed in
the presenf model, for the distribution of gasdynamic properties behind the shock wave
using the similarity method. Sedov’s similarity solution for the density distribution for a
spherical explosion is shown in dimensionless form in Fig. 4.6. Assuming that the density
field behind the laser generated shock wave can be approximated by the solution shown
in Fig. 4.6, the deflection of the light ray inside the shock hemisphere, ¢ in Fig. 4.5, is
obtained as follows. Since the angle (91-62)‘ in Fig. 4.5 is small, of the order of
milliradians (note that this angle is extremely exaggerated in Fig. 4.5), and the diameter

of the shock hemisphere is only a few mm for laser heating, we make the approximation

that AB= AP in Fig. 4.5. Then the deflection angle by the density field inside the shock

hemisphere is obtained by the following equation (see Appendix);

1 dn Op :
0 A, '[@dp oz * (4.10)

where dn/dp and 0p/0z are found from Eq. (4.6) and Fig. 4.6, respectively. For the density

field given by Fig. 4.6, the deflection ¢ computed from Eq. (4.10) is always positive
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because the deflection of light always occurs toward the field with a higher density (i.e. a
higher refractive index). From the deflection angles 6, and ¢, the location (x,, z.) and the
angle O, as the ray leaves the shock hemisphere are obtained. Using (x., z.) and 6., the

position of the ray along the probe beam direction, where the detector is located, is found.

ii) Deflection of a Gaussian beam having a finite diameter

The deflection of a Gaussian beam having a finite diameter can be approximated
by dividing the beam into many slices. With the known distribution of the beam intensity,
the resultant deflection that is measured on the detector can be approximated by the
superposition of the deflection of each beam slice. It is assumed that the center of the
Gaussian beam passes over the center of explosion so that the deflection of each beam

slice occurs only in the direction normal to the target surface.

iii) Computed deflection of a Gaussian beam using Sedov’s solution

) The computed deflection of a Gaussian beam due to a density field described by
Eq. (4.9) and Fig. 4.6 (Sedov’s self-similar solution) is shown in Fig. 4.7. The
propagation of the blast wave is simulated by gradually increasing the radius of the
shock. For the calculations, the diameter of the Gaussian beam and the distance from the
center of explosion to the knife edge are taken to be 100 pm and 40 mm, respectively.
The undisturbed gas is air at atmospheric pressure and 300 K. The density increase at the

shock front represented by Eq. (4.9) and the dimensionless density profile behind the

“shock wave represented from Fig. 4.6 are assumed to remain the same during the
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expansion of the shock wave. By introducing the propagation speed of the shock wave,
Fig. 4.7 can be transformed to deflections in time. Frqm Eq. (4.3), the velocity of the

shock for a spherical blast wave is represented by

o5
.o 3(1.175&,) " (4.11)
s\ p. |

where a=1.175 [42] has been used. To use Eq. (4.11), it is necessary to know the energy
released into the blast wave Eo', where EO* is O.SEO' because a laser induced blast wave is
hemispherical.‘ The result for E0*=5 mJ is presented in Fig. 4.8. The deflection profiles
when the density Ziecrease behind the shock wave is omitted from the calculations (which
is equivalent to the condition that the density inside the shock hemisphere is uniform and
equal to p,) are shown in Fig. 4.9. With no density decrease behind the shock wave, the
computed deflection is completely negative. This implies that the density jump at the
shock front produces only a negative deflection of the probé beam.

The computed deflection for the probe beam close to the surface, for example
Zy=0.5 mm in Fig. 4.8, shows a positive deflection only which implies that the deflection
of the probe beam for this value of Z; is dominated by the density decrease behind the
shock. Note that, for fhe computed deflections, the density jump at the shock front is
responsible for the negative deflection and the density decrease behind the shock wave is
for the positive deflection. As Z, increases, a negative deflection appears in the leading
portion of the computed deflections (indicated by the letter ‘S’ in Fig. 4.8) and becomes

larger for a greater Z,. This behavior implies that with increasing distance from the target

the deflection due to the density jump at the shock front becomes more dominant for the
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initial deflection in time while that due to tﬁe density gradient behind the shock becomes
smaller.

The computed deflections in Fig. 4.8 closely reproduce the obseryed trends of the
measured deflections in Fig. 4.4 with increasing distance of the probe beam from the
target surface. Both computed and measured deflections show a completely positive
deflection of the probe beam for small values of Z; and a negative deflection at the
leéding portion of the temporal deflection profiles for large values of Z,. The gradual
change of the temporal deflection profiles from a completely positive signal to one with a
sharp negative peak with respect to the increasing Z, also agrees well between the
computed and measured deflections. Note that we are only discussing the trends of the
temporal variation of the probe beam deflection. The computed deflection pattern behind
the negative peak does not agree with the measured data; this is not surprising in view of
the large difference between the laser induced blast wave and the computational model
employed.

From these results, it is possible to explain the change of time-response (in the:
leading portion) of the measured deflections with respect to the increasing Z, as a result
of the density variation near the shock wave. When the radius of the shock wave is small,
corresponding to the period immédiately after the explosion, the density decrease behind
the shock is very large and is responsible for the deflection of the probe beam. As the
blast wave proceeds, the density' gradient behind the shock decreases and the negative

deflection gradually becomes greater.
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The time from the initiation of the blast wave until the shock wave reaches the
probe beam height is defined as the time-of-propagation of a laser induced shock wave in
the rest of this thesis. It is observed from the computed deflections that the beginning of
the positive deflection for small Z, or the beginning of the negative deflection for large Z,
corresponds to the time at which a shock wave reaches the probe beam height.
Accordingly, the time-of-propagation of a shock wave in the measured deflection time-
response profiles, At;, is defined by the same manner as shown in Fig. 4.10. This
definition is also consistent with the fact that a shock wave propagates at the outermost

front of a blast wave.

4.4.1.2 Time-of-propagation of the shock

The variation of the time-of-propagation of the laser induced shock wave, At in
Fig. 4.10, with respect to the major experimental parameters, i.e. laser pulse energy,

ambient pressure, and the propagation distance of the shock, is examined below.

Pulse energy of the heating laser

The effect of pulse energy of the heating laser beam on A, is sh&wn in Fig. 4.11.
The measurements are made for single pulse heating of an aluminum target in air. The
distance between the probe beam and the target surface is 2 mm. For this value of normal |
offset, the déﬂection time-response consists of a sharp negative peak and a following

positive peak (similar to the one for Z;=1.91 mm in Fig 4.4). The laser pulse energy E,

123



2.0e-2

T T T I |
|
b
l
E
1.5e2 - |
ey I
5
8 ~ oy
L |
c 1.0e-2 -
L
O
Q2
D I
© |
5.0e-3 - |
|
|
|| excimer laser pulse
|
0.0e+0 - / | r —
-1 0 1 2 -3 4 5

Fig. 4.10 Time-of-propagation, Af;, of the shock wave for measured deflection

signals (the curves for Z;=0.51 and 1.27 mm in Fig. 4.4 are reshown)

124



varies from 4 to 10 mJ for the data in Fig. 4.11 which corresponds to the laser power
density P, from 5.6 to 14.0x10° W/cm® while other experimental conditions remain the
same. The amplitude of the negative deflection increases with increasing laser pulse
energy. The time-of-propagation of the shock for these measured deflection response
decreases with laser pulse energy. S'ince a higher pulse energy results in a larger
saturation pressure of the vapor at the target, the propagation of ‘the laser induced shock
wave at a greater E; is expected to be faster. From Eq. (4.2), A, is found to be
proportional to (Ep)o'5 for an ideal blast wave. The curve in Fig. 4.11 represents a fitting
of the experimental data in the figure; using this dependence on E, the relation» is
At1=8.32(Ep)0'5 which closely follows the experimental data. It is noted, however, that the
data may also be fitted fairly well with a linear regression. The consistency of the

measured data with ideal blast wave theory is further examined in the following sections.

Ambient pressure

The speed of the shock varies significantly with the ambient pressure [11,28]. The
variation of At; with respect to the ambient pressure is presented in Fig. 4.12. Z, and E];
are 2 mm and 10+£0.5 mJ, respectively. The time-of-propagation decreases with
decreasing ambient pressure. The decrease of time-of-propagation, or equivalently
increase of the shock wave velocity with decreasing ambient pressure, was also reported
by Gupta et al. [11] for an excimer laser ablation of YBa,Cu;0, 5 targets and by Azzeer et
al. [28] for a laser generated shock wave in air. According to Eq. (4.2), the decrease of the

time-of-propagation with decreasing ambient pressure is expected for an ideal blast wave.
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Fig. 4.11 Time-of-propagation of the shock wave with respect to the pulse energy

of the heating laser (Z,=2 mm)
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From Eq. (4.2), the relationship between the ambient pressure and the time-of-
{

2 The experimental results

propagation for an ideal blast wave is found to be At; < (p,)
in Fig. 4.12, however, fit better with the relation Af; « (pw)(m implying a possible

difference between a laser induced blast wave and an ideal blast wave.

Propagation distance of the shock wave

The variation of the time-of-propagation of the shock wave with propagation
distance, At,, is frequently used in comparing ideal blast wave theory with experimental
results from a laser induced blast wave. In Fig. 4.13, the deflection time-response at an
ambient pressure of 300 Torr are shown for the same range of normal offsets as shown in
Fig. 4.4 for which the ambient pressure is 760 Torr. The experimental conditions for Fig.
4.13 differs frbm that in Fig. 4.4 only in the ambient pressure. Note that the deflection
time-response in Fig. 4.13 for small normal offsets, Z,=0.25 and 0.51 mm, show a
negative deflection at vthe beginning of the deflection in time instead of the positive
deflection observed in Fig. 4.4. Since it has been previously established that the nega;cive
deflection is due to the density increase at the shock wave front, this reflects that a
relatively stronger shock wave forms at lower ambient pressures. The strength .of a shock
- wave can be estimated from the overpressure of the shock wa‘ize which is computed from
Eq. (4.1) for a strong blast wave. The overpressure for Z,=0.25 mm is 12 and 27 for
P=760 and 300 Torr, respectively. Therefore a stronger discontinuity is expected at the

shock front for p.= 300 Torr; which may be the reason for the initial negative deflection

for the small offsets in Fig. 4.13.
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The time-of-propagation values from the data in Fig. 4.4 and 4.13 are presented in
Fig. 4.14. The velocity of the shock in Fig. 4.14 is the local velocity computed from the
derivative of a polynomial fit to the time-of-propagation data. In order to fit the data
closely, the polynomial equation At1=a1x+a2x2 is used instead of the blast wave equation.
with propagation distance. At a given p, the time-of-propagation data deviate
significantly frorﬁ the behavior predicted by the similarity solution, i.e. At « rsz'5 in Eq.
(4.2). The absolute discrepancy is greater for the axﬁbient pressure of 760 Torr.

" The time-of-propagation data for p.,= 300 Torr are compared with the relationship
predicted by the results from the similarity solution for a spherical shock and for a plane
shock. The relationship for a spherical and for a plane shock from Eq. (4.2) is Af; o< 7.>°
and At} < rsl's, respectively. The measured data are best fitted by At; « rsl‘7 as shown in
Fig. 4.15(a); thus the time-of-propagation data are closer to the propagation of a plane
shock. Since a laser induced shock is expected to become more spherical with increasing
propagation distance, the data for large propagation distances may exhibit a stronger
spherical blast wave behavior. To examine the behavior of the shock near the target
surface, the time-of-propagation data for small Z; only are fitted again with the
relationship for spherical and plane shocks, see Fig. 4.15(b). For the data close to the
target surface, the time-of-propagation data agtee closely to the plane surface equation.
From these results, it is clear that near the target the propagation of the shock is almost
planar.

Whether the propagation is planar or spherical depends upon the laser spot size. If

the laser spot is much smaller than the distance between the target surface and the probe
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Fig. 4.14 Time-of-propagation of the shock wave for different ambient pressures,
300 and 760 torr. The velocity of the shock wave is computed from the
derivative of the closest polynomial fit (At1=a1x+a2x2) to the time-of-

propagation data. (circle: 760 Torr, square: 300 Torr)
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Fig. 4.15(a) Comparison of the time-of-propagation data for p,=300 Torr in Fig.
4.14 with the relationship predicted by the similarity solution for an

ideal blast wave
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Fig. 4.15(b) Comparison of the time-of-propagation data for small Z, in Fig. 4.15(a)
with the relationship predicted by the similarity solution for a plane ’

and a spherical blast wave.
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beam, the measured shock should show the characteristics of a spherical shock. For the
data shown in Fig 4.14 and 4.15, the laser spot size is.approximately 1.5 mm. Fig. 4.15(b)
indicates that for this laser spot sizé, the propagation of the shock within the distance of 1
mm from the target surface is almost planar. This kind of planar expansion for large laser
spot sizes was also observed by Gupta et al. {11] and Dyer et al. [12] using photographic
techniques. Dyer at el. showed that the velocity of the shock in the direction normal to the
target surface was twice than that in the direction parallel to the target surface.

The time-of-propagation of the shock wave with respect to the laser spot size is
investigated in Fig. 4.16, where the laser spot sizes at the target surface are approximately
1.5 and 0.5 mm. The experiments were performed in atmospheric air. The laser pulse
energy remains the same for the experiments and thus the laser power deﬂsity is different
for both cases, which is 2x10” and 1.7x10® W/cm® for d=1.5 and 0.5 mm, respectively.
As expected, it is clearly observed from Fig 4.16 that the data for the smaller spot size of
d= 0.5 mm follow more closely the theoretical prediction of a spherical blast wave than

‘those for d=1.5 mm.

The similarity solutién of a spherical blast wave, Eq. (4.2) is based on the
assumptions that i) the blast wave is generated from a point explosion and ii) the ambient
pressure is negligibly small compared to the pressure behind the shock. From the results
shown in Figs. 4.14-4.16, it is clear that the time-of-propagation of the shock agrees more
closely with the similarity solution when the experimental conditions are closer to these
assumptions, i.e. for- a smaller laser spot size and a lower ambient pressure. Results for

the time-of-propagation measurements when the ambient pressure is reduced to 300 Torr
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and the laser spot size is kept.at the small value of 0.5 mm are shown in Fig. 4.17. The
data for p,=760 Torr and d,=0.5 mm are also shown for comparison. For p,= 300 Torr
and d;=0.5 mm, the theoretical relation At} o rsz‘5 is in excellent agreement with the time-
of-propagation data.

In studies of laser induced shock wave, blast wave theory is often employed
[9,11,15,17,20,21] without clearly specifying under what conditions this theory is
applicable. It iis sometimes simply stated that the data from the location closer to the
target surface are more reasonable for the comparison with the theoretical blast wave
solution [9,21]. From the present study, it is found that the data close to the target, or
those for earlier time, do not necessarily follow the behavior predicted by spherical blast
wave theory. Actually, the data closer to the target show the characteristics of a planar
blast wave. Indeed, laser spot size and ambient pressure should be considered in
determining the applicability of ideal spherical blast wave theory to the laser generated
blast wave. For the experimental conditioﬁs of this work, i.e. excimer laser heating of a
polished aluminum target with the laser power density of 1.7x10° W/cm{ the laser spot
size and ambient pressure of 0.5 mm and 300 Torr, respectively, produce time-of-
propagatioﬁ data which closely follow the theoretically predicted behavior. These
conditions may vary with the target material and the laser power density.

It is observed from Fig. 4.16 that the local velocity of the laser induced shock
decreases very fast over small distances from the target surface. It should be noted that

the local velocity of the shock wave is different from the average velocity obtained by
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Fig. 4.16 Time-of-propagation of the shock wave for different laser spot sizes, 1.5
~and 0.5 mm at atmospheric pressure. The velocity of the shock wave is
computed from the derivative of the closest polynomial fit (Af;=a;x+

a,x°) to the time-of-propagation data. (circle: 1.5 mm, square: 0.5 mm)
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Fig. 4.17 Time-of-propagation of the shock wave for different ambient pressures,

300 and 760 Torr as the laser spot size is kept to be small, 0.5 mm.

(circle: 300 Torr, square: 760 Torr)

137



dividing the propagation distance by the elapsed time. The local velocity was obtained
from the derivative of the polynomial curve closely fit the time-of-propagation data.

For large values of Z,, the time-of-propagation increases linearly with distance
and thus for this region the shock velocify is constant as obtained from the slope of the
time-of-propagation data. An example is presented in Fig. 4.18 which is for laser heating
in air with E,=5.8 mJ and d=0.8 and 2.1 mm; the corresponding laser power density is
6.1x10" and 8.1x10° W/em® for d=0.8 and 2.1 mm, respectively. The time-of-
propagation of the shock for both cases show almost linear variations for Zy>3mm. The
velocity of the shock estimated from the slope of the time-of-propagation data in this
region is found to be about 387 and 384 n;/s for d=2.1 and 0.8 mm, respéctively. Despite
the large difference of laser power density (corresponding to the difference spot sizes),
the shock velocity in ﬁxis region is almost the same. Time-of-propagation data over a
" large range of laser power density, approximately between 8x10°-1.2x10° W/crhz,
showed that the local shock velocity in this linear region is almost independent of the
laser power density. Instead thé shock velocity in this region is dependent upon the
propagation distance and decreases slowly with the propagation distance. For example,
for the data over the rangé of Z,;=3-5 or 6 mm, the slope of the time-of-propagation data
for the above range of laser power densities produces a shock velocity about 380-400 m/s
while the data over the range of Z,=5 or 6-10 mm produce velocities of about 360 m/s.
From these results it is postulated that after the propagétion over a certain distance all the
blast waves originally produced at different conditions may gradually result in similar

weak blast waves. If this hypothesis is true, the weak blast wave occurring at large
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Fig. 4.18 Time-of-propagation of the shock wave over large propagation
distances. Dashed lines represent linear curve fitting of the data for

large values of Z,, (circle: d=2.1 mm, square: d,=0.8 mm)
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distances from the center of explosion may not contain much information about the
original explosion. In this far-field region, the difference in time-of-propagation is
basically a delayed effect of the velocity difference near the target surface. For excimef
laser heating of polished aluminum under the condition studied here this far-field region
is approximately Z,>3~4 mm from the target surface. Obviously, the boundary of this far-
field region above which differences in local shock velocity become small may change
with material and other experimental conditions. However, since ¢, o rs'l'5 for a spherical
blast wave, most of the laser generated blast wave may develop a weak blast wave after

propagating relatively small distances.

Repetitive heating on the same surface location

The time-of-propagation of the laser induced shock wave during repetitive heating
at the same spot on the farget surface is found to increase for the first few pulses and
become almost uniform for successive pulses. An example for repetitive heating in air is
shown in Fig. 4.19 where Z, and E, are 2 mm and 6 ml], respectively,. Since it was
observed from Fig. 4.11 that the time-of-propagation increases for decreasing laser pulse
energy, the increase of the time-of-propagation for the first few pulses may be interpreted
as resulting from the decrease of the laser energy coupling efficiency during the repetitive
heating. It may be that there exists a surface layer that absorbs more laser energy and after
a few pulses the surface layer is completely removed and the subsequently exposed bulk
aluminum absorbs less laser energy. Oxidation or contamipation of the target surface are

other possible mechanisms to describe the increased energy coupling for the first few
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Fig. 4.19 Time-of-propagation of the shock wave with respect to the repetitive

heating at the same spot
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pulses.

4.4.1.3 Estimation of the blast wave energy

The time-of-propagation data of a laser induced blast wave are useful in
predicting the energy coupled into the explosion by comparisons with theoretical models.
The similarity solution is most often used for the theoretical model. Eq. (4.2) can be

rewritten for the blast wave energy as

(n+2)
=Pl (4.12)
a t

Since Eq. (4.12) is valid for an ideal strong blast wave, the time-of-propagation data in
Fig 4.17, which follow this relationship most closely, are used to estimate the blast wave
energy. The laser pulse energy E,, for these data is about 7 mJ. The blast wave induced by
1as>er heating of a soli/d target is different from an explosion generated in a gas. Hall [39]
showed that the effective blast wave énergy for laser heating of solids can be obtained by
considering the effect of the target on the geometrical shape of the blast wave; For a
perfect target surface, which exerts no drag force on the gas flow, the shape of the laser
induced blast wave is expected to be hemispherical and the effective blast wave energy in
this case is one half of the value fred‘icted by Eq. (4.12) which is for a spherical blast
wave. A perfect target surface is assumed in the present study. Also the air is assumed to
be a polytropic gas satisfying the relation p/p'=constant. The constant o is 1.175 for a

spherical blast wave [42]. The time-of-propagation data and the corresponding blast wave

energy predicted using Eq. (4.12) are shown in Fig. 4.20, where Eo‘ is Ey/2. First we
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Fig. 4. 20 The energy contained in the laser induced blast wave estimated using
the ideal strong blast wave solution. E0*=O.5E0 (E, 1s given by Eq.
(4.12)). Data for p.= 300 Torr in Fig. 4.17 is used for the calculation.
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‘observe that the energy predicted by Eq. (4.12) is almost constant for the measured data

in Fig. 4.20 in that the theoretically predicted propagation matches closely the measured
data. The average value of the predicted blast wave energy Eo* is about 12 mJ and agrees
within 5% deviation frc;m the average value (of predicted E, ) based on the propagation
results (see Fig. 4.20). This result implies that any data which lie within the range where
the time-of-propagation data comply with the theoretical propagation can be used for the
prediction of the blast wave energy. Therefore the data at short distance from the target
surface are not required for a better blast wave energy prediction. The measurement of
- time-of-propagation data for very small Z; is difficult and there is usually more variation
between measurements.

Note that the total experimental laser pulse energy is only 7 mJ, while the blast
wave energy in Fig. 4.20 predicted using Eq. (4.12) is 12 mlJ. If the large reflectivity of
aluminum surface is considered, the degree of overestimation in the predicted blast wave
energy becomes even greater. The predicted blast wave energy indicates that the shock
wave propagates as if the blaet wave was generated with a much greater explosion
energy. In other Words, the result implies that the shock wave pfopagates much faster
than the theoretically expected speed. This result leads to the possibility that there exists ;
fundamental difference between the laser induced blast wave and ideal blast wave theory.
Since the time-of:-propagation of the shock wave is the result used for the prediction of
the blast wave energy, the difference may be found in the shock wave velocity. To be
able to produce such a high shock wave velocity that results in the overestimation of the

blast wave energy in Fig. 4.20, there may have been an acceleration of the shock wave.
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However, the similarity solution for ideal strong blast wave in Eq. (4.3) only predicts a
deceleration of the shock wave in accordance with the relation ¢, « ;' or ¢, o £,
Acceleration of the shock wave, if exists, can not Be obtained from this theory. The
possibility of unsteady adiabatic expansion of the vapor was observed from the numerical
simulation of the one dimensional vapor flow, see Fig. 3.15(b). Since E, « ¢;* from Eq.
(4.3), the acceleration of the shock wave may result in a quadratic incfease of the
predicted blast wave energy.

Ideal blast wave theory assumes that the mass release from the target is negligible.
However, it is known that energetic vapor is always present during laser ablation of solids _
at high power density. The experimental value of laser power density for the
measurements shown in Fig. 4.20 is about 1.7x10® W/cmz; it may be possible at this
| power density to produce excited atoms or a weakly ionized gas. It is known that the
threshold laser power density for plasma shielding is about 3x10® W/em?® for many
materials [3]. In the present experiments, white luminescence was observed during the
excimer laser heating of the aluminum‘ target. Even though the luminescence does not
necessarily mean that there exists plasma shielding, it is likely that excited gas particles
are generated. The existence of (ionized) gas particles with higher velocities than
expected in laser génerated plumes was observed by different researchers [5,6,7].. If
excited gas particles exist .near the taréet surface and they return to the ground state or
condense after the laser pulse is complefed, they will release energy which would provide

additional kinetic energy to the vapor flow. If direct absorption of the incident laser
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energy by the vapor is involved, this may also result in an increase of the kinetic energy
of the flow.

It is found that using the solution of an ideal blast wave to match the shock wave
propagation data results in an overestimation of the energy transferred into a laser
induced blast wave. The reason for the overestimation may be an acceleration of the flow
in the laser. induced blast wave. Unsteady adiabatic expaﬁsion of the vapor or the
existence and supply of additional kinetic energy to the flow from excited gas particles

may be responsible for the acceleration.

4.4.2 Deflection of the probe beam for the period > 10 ps

The shock wave generated during pulsed laser heating of solids propagates with a
maximum speed on the order of 1000 m/s near the target surface and hence is always
observed in the deflection time-response proﬁles within a few microseconds. However,
when the deflection of the probe beam is recorded over a long interval of time, another
deflection signal appears that correspond to a propagation only of an average speed of
tens of meters per second. An example of this signal is shown in Fig. 4.21 for which the
normal offset of the probe beam is 1.9 mm. The deflection profiles in Fig. 4.21(a), (b),
and (c), are obtained at the same experimental conditions and the only difference among
these deflection signals is the recording time on the oscilloscope. This deflection of the
probe beam at later time basically consists of a large positive deflection followed by a
large negative deflection. It is clear that this deflection at later time is completely separate

from the shock wave which is denoted by ‘S’ in Fig. 4.21. This deflection at later time is
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reproducible and consistent for small values of Z; (<2.0 mm) while those for larger values
of Z, show differences between measurements. This type of deflection at later time was
also observed by other researchers [21,22,26,38]. Matthias et al. [22] described this later
deflection from excimer laser heating of an aluminum target as being due to the plasma
plume. Koren [26] explained this type of deflection from excimer laser heating of Kapton
films as being due to a cooling wave. Ventzek et al. [38] observed this type of deflection
signal from excimer laser heating of a polyethyleneterephthalate (PET) target in
atmospheric pressure gases. Ventzek et al. also took photographs of the plume and
described this deflection as resulting from the formation of a local volume with smaller
density than the surrounding.

It can be proved that the deflection response at later time shown in Fig 4.21 is not
due to a temperature gradient. For example, when Z,=1.9 mm the signal returns to its
original conditions in about 310 ps after the excimer laser pulse. The thermal diffusion
1ength during this period in atmospheric air at room temperature is only about 0.12 mm,
which is much smaller than the normal offset of 1.9 mm of the probe beam. Aléo
photothermal deflection should not have a negative deflection for single pulse laser
heating because heat diffusion occurs only from the target to the surrounding air and for
this temperature field the density only increases with distance from the surface. Note that
the aeﬂection of the probe beam occurs toward the higher density field. Since the
deflection at later time is composed of a positive and then a negative deﬂection, it is
expected that the density field first decreases and then increases until it becomes equal to

the ambient density. The point where the density field changes from a decrease to an
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Fig. 4.21 Deflection of the probe beam recorded over different intervals of time.
All three signals are produced at the same experimental conditions.

(E,=7 mJ, Z,=1.9 mm)
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in_crease corresponds to the time when the positive deflection returns to zero, point A in
Fig. 4.21(c). Another interesting aspect of the deflection at later time signal is that the
positive deflection takes place for a ' much shorter period than the negative deflection.
Again from Fig. 4.21(c), the duration of the positive deflection is about 90 ps, 0<t<t,,
while that for the negative deflection is about 220 ps, #,<t<fg. In other words, the density
field has a narrow front with decreasing density, which produces the positive deflection,
and a tail alfnost twice wider than the front with increasing density, which produces the
negative part. From these results the density field that produces the deflection at‘later,
time can be qualitatively constructed as shown in Fig. 4.22 in which the locations S, A,
and B correspond to those points in the deflection signal.

It is known that for laser heating of solids in a gaseous ambient the plume of
target material in vapor state remains attached to the target surface even after the shock
wave has traveled a large distance [11,13,14]. Since the gas in the plume near the target is
expected to be at much higher temperatures than the surrounding gas, the corresponding
density of the plume could be lower than the surrounding gas. Also note that aluminum
'vapor has a smaller molecular weight than the surrounding air which contributes to a
smaller density. The aluminum plume which v;'as attached to the target for a certain
period of time after the heating from the excimer laser pulse will eventually detach é.nd
move away from the target. Since the target evaporation persists only almost for the
duration of the excimer laser pulse, the space between the tail of the plume and the target
surface after the plume detaches should be filled with the surrounding air (and not with

aluminum vapor). As the plume travels away from the vtarget,w‘the plume will expand in
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volume and mix with the surrounding air. Sinc¢ the mixing occurs first at the plume
boundary, the boundary will have a larger density than near the center. This type of
gaseous aluminum plume surrounded by air may produce the density field consistent with
the observed later deflection profile and is schematically represented in Fig. 4.23.

The average vertical velocity of the density field that produces the deflection at
later time can be obtained by dividing the probe beam normal offset, Z;, by the elapsed
time until the positive deflection returns to zero, #, in Fig. 4.21(c). The average vertical
velocity of the density field is found to be about 35-40 m/s for Z,<1.2 mm and about 20
m/s for Z,;=1.9 mm. The average vertical velocity of the plume obtained by Ventzek et al.
[38] was about 18 m/s for excimer'laser heating of PET target. The vertical velocity of
tile density field of the current study is in reasonably close range with the vertical plume.
velocity observed by Ventzek et al.

If the surrounding gas is at aimost the same density as the gaseous material plume,
mixing of the plume with the surrounding gas would not develop a large density gradient
across the plume as observed in the deflection at later time. For this condition the
| deflection amplitude must decrease due to a s/maller density gradient. The deflection
signal' for different arnbiel}t pressures is shown in Fig. 4.24. The amplitude of the
deflection signal decreases ét lower pressures and almost completely disappears at 100
Torr, which is consistent with the hypothesis that the deflection at later time is due to the
propagating plume with smaller density at its center. Experiments at various ambient

pressures showed that the deflection at later time disappears at ambient pressures of about
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Fig. 4.22 Schematic representation of the density field for a plane wave that
produces the deflection profile shown in the figure (The locations S, A,

and B in both figure correspond to each other.)
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Fig. 4.23 Schematic diagram for the density cavity formed by the aluminum

plume in the surrounding air.
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Fig. 4.24 Deflection time-response profiles at later time for different ambient

pressures (Z,=1.27 mm).
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100-200 Torr. Since the deflection at later time disappears at ambient pressures between
100-200 Torr, the density of the plume should be similar to the density of air at this
pressure, which is about 0.28-0.45 times smaller than the air density at atmospheric

pressure.

4.4.3 Target surface morphology

Scanning electron microscope (SEM) photographs of aluminum targets irradiated
by the excimer laser beam are presented in Figs. 4.25 and 4.26. The sample surface for
Fig. 4.25(a)-(c) was mirror-polished to obtain better observation of the laser heated region
while that for Fig. 4.26(a) and (b) was treatedeith sand paper (SiC #600). Since the
reflectivity of the mirror-polished surface is much higher than the sanded surface, greater
laser power density was required for the mirror-polished surface shown in Fig. 4.25 to
produce the material deformation; the laser power densities for Fig. 4.25 and Fig. 4.26 is
about 2.3x10® and 1.4x10® W/em?, respectively. The laser spot size is provided'in the
ﬁgme caption.

Fig. 4.25(a) shows the target surface after irradiation by a single laser pulse where
melting of the target is easily observed. Wave like patterns are formed along the
boundary of the irradiated region, which are clearer at the top and bottom edges in the
figure. The outward radial flow of the melt, indicated by the arrow in Fig. 4.25(a), is also
observed starting from the distance of approximately two thirds of the radius of the
irradiated region to the boundary. The radial flow and accumulation of the melt at the

edge of the irradiated region result in the formation of a rim around the boundary for
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repetitive heating. The radial flow of the melt and the wave pattern are more distinct in
Fig. 4.25(b) which is observed after 5 consecutive laser pulses at a repetition rate of 2 Hz
and the formation of a rim in Fig. 4.25(c) which is after 100 pulses at the same repetition
rate. The radial flow of the melt is evidence of a strong pressure difference between the
middle of the irradiated area and the outer region. The radial expansion of the high
pressure vapor may exert a strong drag force on the melt surface and generate the outward
flow of the melt. The melt flow is opposed by the solid and accumulates at the edge and
become unstable to further accumulation to form the observed waves.

The irradiated region in Fig. 4.25(a) shows almost evenly distributed roughening
of the surface. The middle of the irradiated area exhibits not only pressure driven flow
patterns but also many small bulges on the surface. These roughness or surface bulges
become smaller with an increasing number of pulses and completely disappear after 100
pulses, see Fig. 4.25(c). After 100 pulses, the laser spot is amazingly clean and shows a
smooth middle area. The roughening of the surface after a single pulse may be considered
to be a surface mechanism. After the surface layer is completely removed and bulk
aluminum is exposed to the incident laser radiation, a uniform absorption of the laser
energy by the target may be achieved to produce the observed smooth surface. Oxidation,
contamination, or mechanical imperfections of the sample surface may be the reason for
the surface morphology for a single pulse.

For a sand treated target, surface damage occurred at a lower laser power density.
The roughness of the surface is believed to result in higher laser energy coupling

efficiency due to the multiple reflections of the laser beam inside the spaces or gaps
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Fig. 4.25 Scanning electron microscopy photographs of a mirror polished
aluminum target heated by the excimer laser; pulse duration=21 ns,
ds=~0.5 mm, (a) 1 pulse (E£,=9.9 mJ), and (b) 5 pulses (average E,;=9.5
mJ)
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Fig. 4.25 Scanning electron microscopy photograph of a mirror polished
aluminum target heated by the excimer laser; pulse duration=21 ns,

d=~0.5 mm, (c) 100 pulses (average E,=9.3 mlJ)
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(b)

Fig. 4.26 Scanning electron microscopy photographs of a polished (with SiC
paper #600) aluminum target heated by the excimer laser; pulse
duration=21 ns, d=~0.7 mm, average E,=11.0 mJ, (a) 20 pulses and (b)
100 pulses
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produce.d by the surface roughnesses. The damage threshold of the laser power Aensity is
roughly about 1.0x10® W/em® or smaller. Figs. 4.26(a) and (b) show the sanded surface
. irradiated by 20 and 100 excimer laser pulses, respectively. The laser power .density is
about 1.4x10° W/_cmz, which is intentionally kept higher than the surface damage
threshold for better photographic images. Surface melting and the formation of the rim

around the boundary are also observed at this power level.

4.5 Conclusions

The dynamics of the gasdynamic flow generated by excimer laser heating of
aluminum targets was studied. The probe beam deflection technique was employed to
determine the time-of-propagation of the shock wave. The time-of-propagation of the
laser induced plume was investigated with respect to laser pulse energy, ambient
pressure, and the propagation distance of the shock. Experimental conditions at which the
measured time-of-propagation of the shock wave is consistent with blast wave theory
were determined. The propagation of the gaseous target material plume is observed from
the deflection at later time of the probe beam.

The results are summarized below;

(1) The time when the shock wave arrives at the probe beam height is identified from the
measured deflection profile. Thus it is possible to define accurate tlime-of-propagation

data for the laser induced shock wave.
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(2) The propagation of the laser induced shock wave near the target surface is planar
rather than spherical for a relativelyvllarge laser spot size. For an aluminum target, the
propagation of the flow for Z;<l mm is almost planar when the laser spot size is .
about 1.5 mm.

(3) The parameters that determine the time-of-propagation of a laser induced shock to
agree with the prediction by ideal blast wave theory are the sﬁlall ambient pressure
and the small laser spot size. The assumption that the laser induced blast-wave at
short distances from the target is similar to the ideal blast wave is found invalid.

(4) The similarity solution for an ideal blast wave overpredicts the laser energy that is
coupled to the laser induced blast wave. The overesﬁmation is considered to be due to
unsteady adiabatic expansion of the laser induced gasdynamic flow and/or the direct
absorption of laser energy by the vapor that i)rovide additional kinetic energy to the

flow.

(5) The propagation of the gaseous material plume is observgd from the deflection ét later
time of the probe beam. The gaseous material plume produces the observed large
positive and the following negative deflections. The prppagation velocity of the
gaseous alumiqum plume decreases from about 40 m/s near the target to about 20 m/s
at a distance of 2 mm from the target. The density of the gaseous material plume is
expected to be about 0.28-0.45 times smaller than the air density at atmospheric
pressure.

(6) Scanning electron microscopy examination of the target surface showed the radial

flow of the melt and the formation of a rim, which is believed due to the strong
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pressure gradient between the irradiated region and the surrounding area. The
threshold laser power density for damage to a sanded surface is approximately

1.0x10® W/cm? or smaller which is less than that for a mirror-polished surface.
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Chapter 5

Conclusions and discussion

To better understand laser interactions with metal targets, high power CW and
pulsed laser heating of metals was studied with experimental' and numerical methods.
Special interest was given to the laser energy coupling with the target. Simple heating,

. melting, and evaporation of metals under laser irradiation with a power density mostly
below the plasma shielding threshold were investigated with rigorous theoretical
‘modelings. Experimentally, the pfobe beam deflection technique was employed to
measure the heating of the targets with no phase change and to measure the shock wave
propagation ciuring an explosive evaporation of the target by pulsed laser heating. The
parameters that affect the laser energy coupling efficiency with a target and the
characteristics of the laser induced gasdynamic flow were identified.

In Chapter 2, the effects of a cylindrical cavity in a metal surface on the energy
coupling of a laser beam with a solid duliing a CW Nd-YAG laser heating were
investigated utilizing the photothermal deflection measurement and a numerical
calculation of the target temperature. The amplitude and time response of the measured
-and computed photothermal deflection responses were examined for copper, lead, and
stainless steel, and for cavities with different aspect ratios. Reflection of ;he heating laser
beam inside the cavity was found to increase the photothermal deflection amplitude

significantly and the increase becomes larger when the thermal diffusivity of the solid is
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larger. Also the numerical model which was used to compute temperature and
photothermal deflection predicted the experimental results more closely when reflection
of the heating laser beam inside the cavity was included. The overall energy coupling
between a heating laser beam and a solid ié enhanced by a cavity.

Chapter 3 analyzed the unsteady vaporization of a metal target due to nanosecond
pulsed laser heating with an ambient gas at finite pressure utilizing a numerical model. A
one dimensional thermal evaporation r;lodel was employed for target heating with a
detailed description of the vapor motion inside the Knudsen layer. The thermal model
was applied to the laser heating of metals with a power density below the plasma
formation regime. One dimensional compressible. flow equations for inviscid fluid were
solved to investigate the gasdynamic flow of the vapor with the reflection boundary
condition. The results include; i) The efficiency of laser energy coupling with the target is
“highly dependent upon the target surface reflectivity. ii) The threshold laser fluence
predicted with thermal modeling becomes much larger than the. values obtained
experimentally. iii) The vapor velocity at the edge of the Knudsen layer becomes sonic
from the beginning of evaporgtion only when the ambient pressure is sufficiently small.
For large ambient pressures, the vapor velocity varies during the early period of
evaporation. The assumption that vapor velocity at the Knudsen layer is equal to the local
sound velocity from zero time is found to be valid only for low ambient pressures. iv)
The velocity of the vapor leaving the Knudsen layer is less than the local sound velocity

when the laser fluence is too small, i.e. the Chapman-Jouguet condition is not satisfied.
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Chapter 4 discussed the dynamics of the plume generated by excimer laser heating
of aluminum target. The probe beam deflection technique was employed to determine the
time-of—propagatibn of the shock wave and the material plume. The time-of-propagation
of the laser induced shock wave was investigated with respect to laser pulse energy,
ambient pressure, and the propagation distance of the shock wave. The conditions at
which the measured time-of-propagation of the laser generated shock wave is consistent
with the theoretically predicted behavior were obtained. The results are summarized as; i)
The propagation of the laser induced éhock wave near the target surface is planar rather
than spherical for a relatively large laser spot size. ii) The parameters that determine
whether the time-of-propagation of a laser induced shock wave is consistent with the
propagation predicted from an ideal blast wave solution are the small ambient pressure
- and the small laser spot size. iii) The similaﬁty solution of an ideal blast wave
overpredicts the laser energy coupled to the laser induced blast wave. iv) The propagation
of the gaseous material plume. is observed from the deflection of the probe beam at later
times. The propagation velocity of aluminu:ﬁ plume decreases from about 40 m/s near the
target to about 20 m/s at a distance of 2 mm from the target. The density of the material
plume is expected to be about 0.28-0.45 times smaller than the air density at atmospheric
pressure. vi The threshold laser power density for damage for a sanded surface is

approximately 1.0x10® W/cm® or smaller.

Owing to the advances in laser technology, lasers with various wavelengths and

beam energies became currently available at relatively lower costs. High power pulsed
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lasers such as excimer lasers and Nd-YAG lasers are especially interesting because with
these lasers a great improvement in manufacturing processes may be possible. For
example, a focused laser beam whose diameter can be as small as a few micrometers may
enable to overcome the siée limit of conventional techniques in microelectronics
ma.nufacturing or micromachining processes. Laser materials processing includes no
mechanical contact with samples which possibly results in a ciamage of delicate materials.
Also laser material processing is clean, fast, and highly repeatable.

With the increase of laser applications in manufacturing processes, the ability to
accurately control these processes is highly required. A thorough understanding of the
fundamental mechanisms in laser-material interactions is necessary to achieve accurate
control of these laser material processings. Unlike the fast development of laser
hardwares, the progress in understanding the fundamental mechanisms during laser-
material interactions is rather slow. The extremely small characteristic time and length
scales in laser-material interactions are the major obstacles to obtain reliable and
consistent experimental data. Theoretical modelings of the laser-material interactions are
often limited by the lack of available data for optical and thermal properties of inaterials
at elevated temperatures. To advance the knowledge for laser-material interactions,
quantitative measurement of these properties at different wavelengths of laser light is
strongly required. To impfove the theoretical. description of the laser-material
interactions, development of mathematical models for non-thermal mechanisms -

responsible for material removal from the target is also desired.
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Appendix

Deflection of a single ray of light in a continuously

changing refractive index field

When a ray of light is traveling through a field where the index of refraction
varies continuously, the path of the light progressively changes from its original direction
as shown in Fig. Al. The deflection of the light will comply with the following rules [1];

i) The light ray deflects towards regions of higher refractive index
ii) The relevant quantity is the rate of change of refractive index with distance
iii) Only the component of the refractive index gradient perpendicular to‘ the ray,
dn/dR where n is the refractive index of the medium and R is th¢ radius of
curvature of the light path, is operative
The radius of curvature of the light path can be represented in terms of the refractive
index of the medium as

1__1lan (A1)
R ndR '

where R=ds/d0 and s is the path of the light ray and 0 is the angle between the original
direction and the new direction of the ray. In the Cartesian coordinate system, the radius
of curvature of the beam path can be written as

o |i+(dy/dx)2-|%

dZy/de

(A2)
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Fig. A.1 Schematic diagram of the deflection of a ray of light in a continuously

changing index of refraction field

Also since dn/dR=(-cos0)dn/dy, Eq. (A1) can be rewritten as

d’y/dx® _cos®dn
E+(dy/dx)2]i n dy

(A3)

For a very small deflection angle 0, O~tan8=dy/dx and cosf~1. Therefore Eq. (A3)

becomes

2
i_i’:l@ (A4)
dx* ndy :

Assuming that the total deflection of the light ray remains small to allow that the
integration of Eq. (A4) over its path can be approximated by the integration over the x
axis, we can find the total deflection of the ray of light in the refractive index field by the

following equation;
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ayl* x1 dn
¢=_y - [rran

= AS
dx|, “°ndy (A5)

If the deflection of the ray of light is solely due to a temperature gradient in the

field, Eq. (AS) can be rewritten in the following form;

_ldn (+dl

al A6
ndl % dy (A6)

¢

where T is the temperature of the medium.
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