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D.1 Project Objectives and Summary

When laser light interacts with a material’s surface, photons rapidly heat the electronic system,
resulting in very fast energy transfer to the underlying atomic crystal structure. The intense rate
of energy deposition in the shallow sub-surface layer creates atomic defects, which alter the optical
characteristics of the surface itself. In addition, the small fraction of energy absorbed in the mirror
leads to its global deformation by thermal and gravity loads (especially for large surface area mirrors).
The aim of this research was to model the deformation of mirror surfaces at multiple length and time
scales for applications in advanced Inertial Fusion Energy (IFE) systems. The goal is to control
micro- and macro- deformations by material system and structural design. A parallel experimental
program at UCSD has been set up to validate the modeling efforts. The main objective of the
research program was to develop computer models and simulations for Laser-Induced Damage (LID)
in reflective and transmissive final optical elements in IFE laser-based systems. A range of materials
and material concepts were investigated and verified by experiments at UCSD. Four different classes
of materialswere considered:

1. High-reflectivity FCC metals (e.g. Cu, Au, Ag, and Al),

2. BCC metals (e.g. Mo, Ta and W),

3. Advanced material concepts (e.g. functionally graded material systems, amorphous coatings,
and layered structures)

4. Transmissive dielectrics (e.g. fused SiO2).

In this report, we give a summary of the three-year project, followed by details in three areas: (1)
Characterization of laser-induced damage; (2) Theory development for LIDT; and (3) Design of IFE
reflective laser mirrors.

Many irreversible structural and morphological changes in materials interacting with strong laser
radiation with energy density F < Fm, where Fm is the melting threshold, are experimentally
observed. The time of laser-matter interaction, which results in permanent structural changes in
materials, can vary from tens of picoseconds to minutes, depending on the value of F , material
conditions, and laser irradiation mode. The basic cause of these changes is the generation, motion
and interaction of material defects. The main objective of our work on optics is to understand the
physics of these defects and how they influence the reduction in the Laser-Induced Damage Threshold
(LIDT) under IFE conditions. Structural changes induced by a laser beam occur in the crystal lattice
subsystem of the material, which can be considered as an elastic continuum. On the other hand,
laser radiation excites only the electronic subsystem, creating a non-equilibrium plasma state in a
shallow layer of the material. Relaxation of this sub-surface plasma leads to intense local heating
and generation of a variety of lattice (point and extended) defects. These defects behave as rigid
inclusions in the elastic continuum, thus deform it. The deformation of the elastic continuum itself
changes the transport characteristics of these defects in such a way as to minimize the total free
energy of the system. An unstable feedback loop is set up, driven by laser irradiation, and controls
the interaction between the defect and deformation fields of the material. Understanding the physics
of the process will lead to better laser mirror development, because we can select material-system
combinations, which would effectively stabilize this catastrophic damage cycle.

While predictions to single-shot LIDT are qualitatively understood, the situation for multiple
shot damage is only empirically known for a few laser-mirror systems. To achieve an understanding
of the primary mechanisms of LIDT degradation, we have accomplished the following tasks during
the three-year period of the grant:

56



1. Classification of types, nature and magnitude of LID in a variety of materials through literature
research, as reported here.

2. Collaborative experimental design of laser-surface interaction with the UCSD team.

3. Development of a mesoscopic computer model for crystal plasticity, with applications to dislocation-
interaction with surfaces (Martinez and Ghoniem, 2002).

4. Development of a model for investigations of the influence of surface adhesion forces and coating
crystal anisotropy on surface deformation of reflective coatings (Walgraef and Ghoniem, 2002).

5. Collaboration with UCSD on LIDT theory and experiment comparison at UCSD (Mark Tillack).

6. Collaboration with LLNL on development of a pulsed neutron source for IFE and MFE material
testing applications(Perkins et al., 2000).

7. Collaboration with M.E.R. Corporation on the design and manufacturing of the UCLA seg-
mented mirror concept. We have been directly supervising the manufacturing and assembly
work at M.E.R. (Dr. Kowbel) who won an SBIR-Phase II to implement the current UCLA
design.

Supported Personnel:
This research grant has supported the following personnel:

1. Rodolph Martinez (US) : M.S. Student, partial support, finished M.S. Thesis, now employed
at TRW;

2. Zhiqiang Wang (PRC): Ph.D. Student, within one year of finishing;

3. Qiyang Hu (PRC): Ph.D. Student, within two years of finishing;

4. Nasr Ghoniem (US): Professor, UCLA;

5. Daniel Walgraef (Belgium): Professor, Free University of Brussles, Belgium, Partial support,
$3000/ year;

6. Razvan Unareanu (US): Senior undergraduate student who will continue for the M.S. degree.

Received Awards:
N.M. Ghoniem, 2000, Royal Society of London Kan Tong Po Visiting Professorship in Hong Kong.

D.2 Characterization of Laser-Induced Damage

D.2.1 Introduction

As a result of the remarkable progress in laser technology, reflective mirrors have been widely used
in many engineering fields, such as space optics, space communications and radar, defence, and
Inertial Confinement Fusion Energy (IFE) applications. A critical concern for all these possibilities
is the reliability of high-reflectivity focusing laser mirrors, especially those that operate in severe
and unconventional environments. This is a problem that involves the interaction between a laser
beam and an optical surface and demands us to have a clear understanding of the fundamental
damage mechanisms when laser light interacts with the mirror surface. Successful development of
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laser fusion energy is dependent on the solution of several essential technological problems. A critical
area of concern is the reliability of high-reflectivity focusing laser mirrors, which operate in severe
and unconventional environments. This operational environment involves the interaction of laser
light, ionic, neutral and dust-debris, as well as short-duration neutron pulses with optical materials.

The quality and integrity of high-intensity laser mirrors are degraded over a limited number of
laser shots as a result of several complex physical processes. The development of laser optics, which
can survive the severe operational environment over an economically attractive lifetime, is vital
to the successful development of laser IFE systems. The generation of near-surface defects (point
defects and dislocation loops) by intense laser energy (as well as by neutrons and energetic particles)
leads to surface deformation and loss of focusing quality. The reflectivity and optical qualities are
substantially degraded after only a few thousand shots, as a result of plastic slip steps propagating
to the surface, and the internal defect strain field. The experimental database for multi-shot laser
damage of optical quality materials does not generally extend beyond to 10,000 shots for a few metals.
However, there is a clear trend of a decreasing laser damage threshold with increasing number of shots.
Damage threshold fluences can fall to less than 10% of the single-pulse damaging laser fluence, after
only a few thousand shots. For example, the single shot melting threshold in Cu is ∼10 J/cm2, while
the damage threshold associated with slip line appearance on the mirror’s surface can be as low as 2-7
J/cm2. However, Cu mirrors with Ni amorphous coatings have shown a factor of 10 improvement in
Laser-Induced Damage Threshold (LIDT). The role of microstructure design and control is evident
for coated Cu, and will likely be the most significant development factor of other materials. Despite
recent progress on understanding the nature of laser damage (as demonstrated by the enhancement
of LIDT with amorphous coatings), there is virtually no experience with simultaneous neutron and
dust-debris effects. Computer modeling can provide a complementary virtual experimental tool for
investigations of prototypical IFE damage conditions, and combined with ex-reactor experiments, is
a viable development approach for IFE optics.

The extensive experimental database has shown that even low-power laser beams can induce
surface deformation, and hence to the loss of focusing quality and reflectivity of the surface. It is
experimentally-observed that the optical qualities of mirrors can be critically degraded after only a
few thousand shots. Damage threshold values indicate that for most optical materials, visible and
permanent changes in the surface may occur at a fluence of few to 10 J/cm2. The critical level of laser
fluence that can lead to significant loss of optical qualities is referred to as the Laser-Induced Damage
Threshold, or LIDT for short. The exact value of the LIDT, which is an important design parameter,
has a great degree of experimental scatter. However, and upon closer inspection, one finds that the
LIDT is dependent on various material and system conditions. It is quite important to delineate all
possible effects on the LIDT in a comprehensive manner, and in particular, to summarize the vast
experimental data in light of proposed theoretical models. Once this is achieved, a higher degree
of confidence will be associated with any future design for the mitigation or delay of the effects
of cumulative laser fluence on LIDT degradation. Generally, we classify the influence of various
conditions on LIDT degradation into three categories, as listed below.

1. Material characteristics
The main properties are the optical reflectivity at the laser wavelength, thermal conductivity
and diffusivity, yield strength, Poisson’s ratio, Young’s modulus, and the coefficient of thermal
expansion.

2. Surface Conditions
This is further classified into one of the following:

(a) Impurity effects: such as contamination with externally-adsorbed particles, and internal
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impurity segregation to the surface.

(b) Surface irregularities: such as random surface disturbance; surface steps, islands, slip
lines, grain boundary intersections, etc.

(c) Surface treatments: for instance, whether the surface is prepared by diamond-turning,
ion-milling, or sputtering, and whether the surface is with or without coatings.

3. Laser Irradiation Conditions: such as laser incidence angle, wave-length, intensity and shot
duration, energy distribution within the beam cross section, and total number of shots.

One of the most critical areas of concern in development of economic and environmentally safe
IFE systems is the reliability of the final optics. In the specific case of laser fusion energy, reflective
mirrors play a critical role in the precise focusing of high-intensity laser light on D-T targets. Any
degradation of the surface properties can lead to increased absorption of laser energy on the mirror
itself and not the target. If that happens, a catastrophic autocatalytic series of events may ensue.
Increased absorption at the mirror’s surface leads to higher mirror temperatures, which, in turn,
enhance the absorption coefficient till melting and mirror destruction occur. The vital role of high-
reflectivity laser mirrors for IFE systems is well understood. However, it is essential to recognize
that the long-term reliability of a ”good mirror” can be in question, if gradual or sudden surface
property changes occur.

In an IFE environment, the operational conditions of laser mirrors can be very complex. The
interaction of incident laser light on the mirror’s surface generates transient temperatures and asso-
ciated thermomechanical stresses. In addition, high-energy 14 MeV neutrons, resulting in a number
of radiation effects on the physical and mechanical properties of the material itself will bombard the
bulk of the mirror’s material. When one considers a protection scheme for the mirror (e.g. gas or
thin liquid layers), absorbed energy from the pellet will be re-radiated, and can reach the surface as
charge-exchange neutrals (CX), X-rays, and pellet debris including condensed aerosols. The mirror’s
material will swell from accumulated defects, undergo rapid changes in its strength, loses its ductility,
form absorptive color centers (for dielectrics), erode by surface sputtering, get contaminated by dust
and debris, and undergo relentless thermomechanical cycling. This environment is certainly one of
the severest known for any structural material in engineering practice today! The success of IFE
laser systems will undoubtedly hinge on the availability of laser mirror materials, which can reliably
survive this savage environment.

It is established that semiconductors under conditions of inter-band absorption form defect centers
already at laser energy densities F = (0.05− 0.1) Fm, where Fm is the melting threshold (Kasharov
and Kiselev, 1986a). Their formation mechanisms are not completely determined, but include heat-
ing, acoustic deformation and local electronic excitation of the subsurface layer. As a result of
neutron irradiation of dielectric materials (e.g. MgF2, ZnS, SiO2, Zr2O3, etc.), point defects are
produced, and in this special case are known as color centers. The absorptivity of these materials for
laser light (wavelength ∼0.25 - 1.06 µm) can degrade by an order of magnitude, after a very small
neutron fluence of 1016 n/cm2 (Weber, 1986b). One of the solutions to color center accumulation is
to run the mirror hot, or perform periodic annealing of point defects. However, and because helium
gas and other transmutations will be generated from nuclear reactions, it is unlikely that all color
centers will be annealed out, short of melting the dielectric material itself. The other possibility for
laser mirrors is afforded by utilization of high-reflectivity metallic surfaces. This choice of the mirror
material is not free of problems either! If we consider copper, for example, a polished surface to
1
4wavelength (e.g. ∼ 0.1-0.3 µm) can provide a reflection coefficient R=0.95 (for λ = 1.064µm) at
room temperature. However, R may decrease down to 0.7 near melting temperatures. Furthermore,
the accumulation of laser fluence of just 4−5 J/cm2 can result in a similar decrease in R, even if the
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temperature is kept relatively low. Such changes in R can be catastrophic, because the absorptivity
A=1-R increases, with a concomitant decrease in focused laser light intensity on the D-T target, and
possible destruction of the metal mirror via autocatalytic runaway mechanisms.

Degradation mechanisms of both dielectric and metal mirrors involve the production of internal
defects. The interaction, migration and agglomeration of these defects eventually result in degrada-
tion of the mirror quality by increasing its absorptivity. Defects, such as vacancies (color centers),
interstitials, microvoids, transmutation-defect clusters, and dislocation loops and tangles are pro-
duced in laser mirror materials. Their ”evolution” dictates the macroscopic mechanical condition of
the mirror’s surface, and hence influences laser light absorption. It is difficult to generalize the direct
cause of laser mirror degradation, because it strongly depends of the type of material, its initial
surface conditions, the nature of its microstructure and how it depends on processing or machining
operations. However, it is not so difficult to develop laser-damage resistant materials, once the basic
mechanisms and relationships are understood.

Our objective here is to search the experimental database of these various multi-threshold dete-
rioration mechanisms and obtain a physical picture on laser damage mechanisms. The report deals
with recent advances we have collected so far and describes a general review of the current research.
Subsubsections D.2.2, D.2.3, and D.2.5 give a summary of the experimental database, including sin-
gle pulse and multiple shot effects. This is followed in Subsubsection D.2.7, which describes some
possible laser damage mechanisms. Finally,Subsubsection ?? gives conclusions and future research
directions.

D.2.2 Experimental Observations

Laser damage experiments date back to the late seventies, where studies focused on finding the value
for the laser damage threshold (J/cm2). Although experimental techniques are varied and data is
collected, there are still many problems to be settled. For example, what is the definition of laser
damage? How can we consolidate the database in a format that would be reliably used in design?
and so on.

In the next subsections, we will first generalize some typical and successful experiments in the
literature; then summarize and describe the experimental data with simple classifications of damage
types, when the surface is subjected to a single shot and to multi-pulses. In the last subsection,
photographs of surface damage morphologies under laser irradiation are presented. Although material
scientists paid more and more attention to the study of LIDT during recent twenty years, reliable
experimental data for LIDT is still not available for many materials and conditions. This is especially
true for high-quality metal mirrors. The most frequently cited data is for Cu and Ag (Koumvakalis,
Lee and Bass, 1983b; Thomas, Harrison and Figueira, 1982), Mo (Becker, Ma and Walser, 1990b),
and Cu & Al in (Jee, Becker and Walser, 1986). Here we listed some main experiments, which have
been more quoted in the literature in Table (1) below.

D.2.3 Threshold Definition and Data Reduction Methods

Since there are various observable damage-related effects that occur following the interaction of laser
beams with the surface material, a clear definition of the Laser Induce Damage Threshold (LIDT)
would be crucial. One method to judge whether damage has taken place in the mirror is proposed
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Reference Laser Wave
Length
(µm)

Duration
(nsec)

Spotsize
(µm)

Material Shots

(Jee, Becker and Walser,
1985; Jee et al., 1986)

Nd:YAG 1.064 20 200 Cu,Al,Ni 1-on-1
N-on-1

(Porteus et al., 1977a; Por-
teus et al., 1977b)

CO2 10.6 100 Al,Cu,Mo,
Ti-6A-4V

1-on-1

(Porteus, 1979; Porteus,
Decker, Faith, Grandjean,
Seitel and Soileau, 1981)

CO2TEA
Hybrid
TEA

10.6,3.8
2.7,1.06

100,9 238, 242,
63.2,53.4,
52.4

Cu,Ag,Au 1-on-1

(Figueira, Thomas and Har-
rison, 1981)

CO2 1.7 Cu,Mo,Al,
steel

N-on-1

(Becker, Ma and Walser,
1990a)

Nd:YAG 10.64 10 600 Mo N-on-1

(Wood, Waite and Sharma,
1983)

CO2 10.6 60 Au-coated
Cu

1-on-1

Table 1: Main experimental Measurements of the LIDT data list

in (Figueira et al., 1981; Figueira and Thomas, 1982). They defined LIDT as that fluence which
produces a reflectivity change to 90% of the peak brightness level in vacuum. However, in most
experiments, damage threshold is usually defined as some permanent change in the surface. For
example, in (Jee et al., 1986), damage is defined as any permanent change observed under a 200×
Nomarski optical microscope. Normally, thresholds in the experiments mean peak thresholds, i.e.,
they refer to the time-integrated fluence of the damaging pulse at the point of maximum spatial
intensity. A typical experiment procedure to measure the damage threshold is shown in (Porteus et
al., 1977a). In (Porteus et al., 1977a), the sample is exposed to one pulse at each of approximately
50 sites spaced at 1-mm intervals along its surface. Some of the damages, such as light emission and
pit formation, will be easily recorded by the observer. However, other types of damage, such as slip,
melting and cratering, requires the use more sophisticated optical microscopy after the sample has
been removed from the test chamber. The damage observed at each site is summarized by a set of
code numbers, each number representing a specific effect.

Define the probability Pi as a binomial distribution representation, given by:

Pi (Xi; Ni; pi) =

(
Ni

Xi

)
pXi

i (1− pi)
Ni−Xi (13)

where the single-shot damage probability pi = pi (φi, φ, σ), Ni is the number of shots on fresh sites
(1-on-1 damage), Xi is a certain type of damage, φi is the fluence. Thus, the probability of single-shot
damage is a function of the damage threshold φ and its standard deviation σ in terms of the damage
data Xi, Ni, and φi. Porteus’s solution is based on the method of maximum-likelihood. Maximizing
the logarithm of the likelihood with respect to the parameters ε = φ or σ, leads to two expressions
of the form:

∑ ∂pi

∂ε

[
Xi −Nipi

pi (1− pi)

]
= 0 (14)

Solving simultaneously for φ and σ yields the corresponding maximum likelihood estimators φ̂
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and σ̂. For computational simplicity, pi can be assumed to be uniformly distributed, i.e.:

pi =





0;ui ≤ −1
2

ui + 1
2 ; |ui| < 1

2
1;ui ≥ 1

2

, (15)

where ui ≡ φi−φ

2
√

3σ
(4). Introducing Eq. (4) and solving for φ yields:

φ̂ ∼=
[∑

φ2
jNj

] [∑ (
xj − 1

2Nj

)]
− [

∑
φjNj ]

[∑
φj

(
xj − 1

2Nj

)]

[
∑

φjNj ]
[∑ (

xj − 1
2Nj

)]
− [

∑
Nj ]

[∑
φj

(
xj − 1

2Nj

)] (16)

Solving for σ gives

σ̂ ∼= 1
2
√

3

∑
φiNj − φ̂

∑
Nj∑ (

xj − 1
2Nj

) ;
∑ (

xj − 1
2
Nj

)
6= 0 (17)

but gives the indeterminate form 0/0 when
∑ (

xj − 1
2Nj

)
= 0. Noting that eq. . . defines the

sample mean of φj under the latter condition, we infer that:

σ̂ ∼=
√√√√

∑
φ2

jNj∑
Nj

−
(∑

φjNj∑
Nj

)2

;
∑ (

xj − 1
2
Nj

)
= 0 (18)

It follows from the definition of j that Eq. (16) and (6) apply only to data within the interval:

∣∣∣∣
φj − φ

2
√

3σ

∣∣∣∣ <
1
2

(19)

While the estimators φ̂ and σ̂ are expressed entirely in terms of the damage data, the data interval
given by Eq. (19) involves the unknowns φ and σ, and must be determined by trial and error. A
satisfactory method for this has been developed, and is included in the routine data reduction
procedure described in (Porteus et al., 1977a) in details.

D.2.4 Single Pulse Damage Data

Damage thresholds fall into two main groups, one consisting of surface periodic structures, e.g. slip
band, gratings; and another that includes melting and other forms of catastrophic damage. The first
type of damage usually appears when a high quality metal mirror is exposed to laser pulses leading
to plastic deformation. In (Porteus et al., 1977a; Porteus et al., 1977b), there are two types of slip in
the Cu mirror exposed to 100 nsec, 10.6µm laser pulses: one is slip bands, which occur as a result of
displacement along crystallographic planes, and the other is inter-granular slip, which results from
displacements along grain boundaries. Both types of slip indicate susceptibility to stress damage,
which can be related to the yield strength, and such effects often appear well below the thresholds
for melting and other forms of catastrophic damage.

However, melting, which produces a dark area in dark-field micrographs, is an indicator of optical
absorption. Laser-induced pitting, which occurs mainly on grain boundaries, can be caused by
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segregated impurities. Cratering, identified by a raised rim around the melt zone, is usually caused
by pressure associated with vaporization. A change in surface work function, for example, can signal
changes in surface composition or topography. Ion and light emission indicates plasma formation.
Here, we collected some experimental results, which have been published up to now. The table below
summarizes different damage thresholds for different materials.

Figure 16: Single-Shot LIDT Data

D.2.5 Multi-pulse Damage Thresholds

It is well known that if the mirrors are subjected to multiple laser shots, their damage thresholds
decrease significantly from the values typical for a single laser shot test. In this Subsubsection,
the data extracted from various sources is focused on the relationship between the energy and the
number of shots. Solid line representations are our best estimates for the upper and lower bounds of
LIDT for each material. These estiamtes may be helpful during the early design phase of large-area
mirrors.

Figure (19) shows the LIDT for repeated identical laser shots, The LIDT (FN ) is now dependent on
the number of laser pulses, and decreases with increasing number of shots, N. In all these experiments,
mirrors made of Cu, Ag, Mo, Al and Si were all irradiated at λ=1064 nm.

Figure (20) and (21) show the F-N curves for diamond-turned Cu and Ag mirrors under different
irradiation conditions, respectively. In each figure, there are three types of lasers, which vary in
wavelength and spot size.

Figure (22) shows how Si’s LIDT changes when the mirror is run at different temperatures,
indicating that the LIDT is further reduced at higher temperatures.

Figure (23) shows the F-N curve for Al. There are some typical F-N curve trends in the data.
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Figure 17: Single-Shot LIDT Data- Cont.

Figure 18: Single-Shot LIDT Data- Cont.
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Figure 19: LIDT vs. the number of laser shots for Cu mirrors (Koumvakalis83), Mo (Becker91), Al
(Jee85) and Si (Ravel98).

Figure 20: LIDT vs. the number of laser shots measured for diamond-turned OFHC Cu (Koum-
vakalis83)
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Figure 21: LIDT vs. the number of laser shots measured for diamond-turned OFHC Ag (Koum-
vakalis83)

Figure 22: LIDT vs. the number of laser shots measured for single crystal Si at different applied
temperatures (Ravel98)
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Figure 23: LIDT vs. the number of laser shots measured for Al (Jee85)

Figure (24) shows the F-N curve for Mo. Since the data presented is very limited, we used a linear
fit for the data.

Figure (25) shows the F-N curve for GaAs. From the figure, it can be seen that the LIDT for
GaAs is comparatively very small (about 0.01-0.03J/cm2).

D.2.6 Micrographs of Laser Induced Damage

In this section, Nomarski micrographs will be presented for experimentally observed damage mor-
phologies. Figures (26) and (27) show the single pulse damage morphology on Al and Cu surfaces
after laser irradiation. Figures (28) and (29) show multiple pulse damage morphologies on Cu and
Ag surfaces. In figures (26) and (27) ((Jee, Beck and Walser, 1988)), surfaces are irradiated by
1-on-1, 1064nm, 10Hz Q-switched Nd:YAG laser with a 10 nsec pulse width, and with pulse energy
fluctuation of less than 2%. Figure (26) shows a electropolished Al (111) surfaces for 1-on-1. These
observations on Al are summarized as:

• Slip line formation at 1.2J/cm2;

• Slip-line formation at 1.4 J/cm2;

• Slip-line formation at 2.2 J/cm2;

• Ripple-pattern formation at 2.6 J/cm2;

• Boiling damage in the center area at 3.4 J/cm2;

• a large boiling-damage area and slip lines at 16.8 J/cm2.

Figure (27) shows the data for chemically polished Cu (110)-surface, which can be summarized
as:
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Figure 24: LIDT vs. the number of laser shots measured for Mo(Becker91)

Figure 25: LIDT vs. the number of laser shots measured for GaAs (Shetty86)
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• Surface-cleaning and tiny slip lines at 10.0 J/cm2;

• Onset of the ripple pattern at 10.6 J/cm2;

• Surface-cleaning and ripple pattern formation at 10.8 J/cm2;

• Ripple-pattern formation at 10.9 J/cm2;

• Flat melting in the center area at 11.4 J/cm2;

• Onset of boiling damage at 11.6 J/cm2;

• Typical boiling-damage morphology at 12.0 J/cm2;

• Boiling damage at a higher fluence, 18.2 J/cm2.

In figure (28) ((Thomas et al., 1982)), a copper mirror surface is irradiated by a 2 nsec, CO2 laser
at a fluence level of 90% of the single-point damage level for a variable number of shots varying from
0 to 100. Figure (29) ((Koumvakalis et al., 1983b)) shows the results for Ag at 0.532µm, 18 nsec,
10Hz Nd:YAG laser irradiation. In Figure(29)-(a) the surface was irradiated for 1500 pulses, while
in Figure (29)-(b) ((Koumvakalis et al., 1983b)), the surface was irradiated for 5000 pulses.

Figure 26: Nomarski micrographs of single-shot damage for Al (111)-surface (Jee88)

D.2.7 Proposed Damage Mechanisms

A number of theoretical models attempting to explain the physical origins of the LIDT phenomenon
will be introduced here. Three of these models are developed to interpret the single pulse damage
mechanism. The first approach is based on heat transfer theory, the second on scattering theory, while
the third presents a more microscopic point of view. To explain multi-pulse damage mechanisms,
however, there is no fundamental model so far. Most of the analytical work is either at the continuum
model, e.g. by Musal (1979) or at an empirical level in analogy with mechanical fatigue.
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Figure 27: Nomarski micrographs of single-shot damage for Cu (110)-surface (Jee88)
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Figure 28: Nomarski micrographs of multiple-shot damage for Cu (Thomas82)

Figure 29: Nomarski micrographs of multiple-shot damage for Ag (Koumvakalis83)
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Single Pulse Damage Models

• Laser Energy Absorption Theory

The simplest form of damage is melting or vaporization. When an intense beam of light
interacts with a metal surface, a fraction of the incident radiation penetrates the metal to
a skin depth and is absorbed by the free carriers in the metal. If the absorption is strong
enough and the incident radiation intense enough, the absorbed energy can raise the surface
temperature to a value in excess of the melting temperature. With the theory of laser heating
of solids, Figueira et al. (1981) used an expression for metal surface melting for the case of
constant surface absorption, given by:

(ITp)m =
Tm − T0

2A0

√
πKCTp (20)

where I(W/cm2) is a pulse of intensity; Tp(sec) is the duration time; (ITp)m is the fluence
(J/cm2) required to melt the surface; A0 is the room temperature surface absorptivity, Tm is
the melting temperature for the material, T0 is the ambient temperature, K is the thermal
conductivity in (W/(cm2·˚C) and C is the volumetric specific heat (specific heat × density in
W·sec/(cm3·˚C).

If a temperature-dependent surface absorption is considered, the problem was first solved by
Sparks and Loh (1979a) and by Sparks and Loh (1979b) with a linearly temperature-dependent
surface absorptivity: A = A0 (1 + αT ), where A0 is the Drude value of the surface absorption,
T is the surface temperature and αA0 is the measured temperature coefficient. Then the
required laser intensity I in a pulse of duration Tp required to raise the surface temperature of
the metal to the melting value Tm is given by:

(ITp)m =
u

αAo

√
TpKC (21)

where u is a solution of the transcendental equation:

eu2
= [(1 + erf (u))] =

Tm + 1/α
T0 + 1/α

(22)

For a metal surface at an angle of incidence θ to an incoming laser beam, the calculation for
the surface damage threshold must be modified in two respects. First, the surface fluence
must be reduced from the normal beam fluence I, by the factor cosθ due to the increased
surface area now irradiated by the rotated laser beam. Secondly, the absorption, A(θ), must
be modified by the complex Fresnel equations above to include electric field components both
parallel and perpendicular to the metal surface. If we assume that A0 is not a function of θ
then the expression for the damage threshold for surface melting of Eq. (20) can be corrected
for non-normal incidence by using the relations as followed:

Ap (θ) = A0/cos θ (23)

As (θ) = A0 cos θ (24)
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where p and s refer to parallel and perpendicular polarization of the radiation. The corrected
surface fluence can be obtained as:

(ITp)m,p =
(Tm − T0)

2A0

√
TpKC (25)

(ITp)m,s =
(Tm − T0)
2A0 cos2 θ

√
TpKC (26)

where I is the beam fluence normal to beam direction (this causes an extra cosθ to appear on
the RHS above).

• Wave Scattering Theory

Another common damage mechanism involves the formation of ordered surface structures,
commonly called surface ripples. In most of the existing models, ripples result from interference
between incident beam and surface waves (Fauchet and Siegman, 1982; Fauchet and Siegman,
1984). Although it is believed that minute surface irregularities (of dimensions smaller than
λ ) are necessary for the production of the surface waves, there is a controversy on the exact
nature of these waves. Among the candidates are surface polaritons (Brueck and Ehrlich, 1982)
and radiation remnants (Sipe, Young, Preston and van Driel, 1983). Here, we will focus on
a theoretical model proposed by Zhou, Fauchet and Siegman (1982). In Zhou’s model, the
interaction of the incident beam with surface diffracted waves on a corrugated surface (with
a sinusoidal profile) or a flat surface (where the dielectric function ε has a periodic sinusoidal
variation). First, Zhou assumed the corrugated vacuum-solid interface as:

z (x) = −h cos
2π

Λ
x (27)

where Λ and h are the spatial period and the amplitude of the corrugation , respectively. All the
work is done for solving the Maxwell’s equations which describe the electric field and magnetic
field. The fields in the vacuum ψ0 and in the medium ψ1 are described through Maxwell’s
equation by:

∇2ψ0 + k2ψ0 = 0 (28)

∇2ψ1 + K2ψ1 = 0 (29)

The electric field −→E 0,1 is then expressed by −→E 0,1 = ψ0,1ŷ for a TE wave, and the magnetic field−→
H 0,1 = ψ0,1ŷ for a TM wave. The wave numbers in the vacuum and in the medium are, respec-
tively, given by k = ω

√
µ0ε0 and K = ω

√
µ0ε1, where µ0 is the magnetic permeability, and ε0

and ε1 are the dielectric constant (permittivity) of the vacuum and the medium respectively.
In general, ε1 is a complex number.

Using the first-order perturbation theory of Chuang and Kong (1981), Zhou obtained the
relationship between the Poynting vector (Pn) and ripple spacing (Λ) as follows:

Pn =
(−→
E ×−→H ∗)

n
+ c.c.

∼= P0

[
1 + Pc cos

2π

Λ
x + Ps sin

2π

Λ
x

]

= P0

[
1 + P1 cos

(
2π

Λ
x− φp

)]
(30)
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where Pc and Ps are related with the spacing Λ. The larger the amplitude of the ripples,
the stronger the Pc spatial energy-flux term will be. Next, Zhou et al. (1982) made detailed
discussions on the different computational results for aluminum, molten silicon and copper.
From the graphs between Pc and Λ/λ, they explained how a positive feedback can occur
during the irradiation of laser. For example, if thermal expansion is responsible for the ripples,
then Pc < 0 yields the desired positive feedback. If, however, the temperature dependence of
the surface tension causes the ripples to grow, Pc > 0 yields positive feedback.

They also find that the maximum positive feedback occurs when the spatial period Λ ≈
λ/(1± sin θ), and the wave is TM polarized with respect to the grating formed by the rip-
ples, in agreement with most experiments; the theory readily explains the coherent extension
of ripples from one shot to another in a raster-scan mode, and the decreasing power density
required for ripple formation in a repetitive shot-illumination experiment.

• Walgraef-Ghoniem Surface Instability Theory

Another damage mechanism is based on the description of the instability in the surface due to
the evolution of defects, followed by atomic surface diffusion under focused laser irradiation.
Since degradation mechanisms of both dielectric and metal mirrors involve the production
of internal defects, the interaction, migration and agglomeration of these defects eventually
result in degradation of the mirror quality by increasing its absorptivity. These defects may
include vacancies, interstitials, microvoids, transmutation-defect clusters and dislocation loops
and tangles. Walgraef, Ghoniem and Lauzeral (1997c) developed a dynamical model that
is based on coupled evolution equations for the deformation and vacancy density fields. On
the one hand, strong laser irradiation generates an excess of defects in the surface layer; on
the other hand, the defect field gives rise to strong deformation of the subsurface layer of the
material. Finally, it is the coupling between defect generation, diffusion and deformation fields,
which leads to pattern forming instabilities. The dynamical description of such phenomena is
based on the dynamics of the defect field Nd in the layer and the elastic continuum of the
host material described by the displacement vector U(r,t)=(Ux, Uy, Uz) with appropriate
boundary conditions; both dynamics being coupled through the defect-strain interaction.

In the dynamical model, the evolution of such a system should be based on three relationships:
first, a nonuniform laser-induced temperature field across the film, second, the evolution of
vacancy density in the strained crystals, including generation and transport, third, the defor-
mation of a thin film in the presence of a nonuniform vacancy density. With the equation
∂zT (−→r , z, t)|z=±h/2 = 0, laser-induced heating of thin films and temperature distribution has
been first obtained, under either focused laser irradiation or uniform laser irradiation.

The following main three equations establish the their model:

1. Evolution equation of vacancy density in strained crystals:

∂tC = C0
(

1 +
θv

kT

−→∇ · −→U
)

+ D⊥∂2
zzC + D//∆C − C

τ
+

θvD⊥
kT

∂z

(
C∂z

(−→∇ · −→U
))

+
θvD//

kT

−→∇ ·
(
C
−→∇

(−→∇ · −→U
))

(31)

2. Displacement-bending coordinate relationship:

∇ · −→U = −z
1− 2v

1− v
∇2ξ (32)
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3. Non-linear plate bending equation:

∂2
t ξ +

c2h2

12
∆2ξ − c2

2
σ∗αβξ,αβ = − θv

ρh

[
C+ − C− +

1− 2v

1− v
∆I (C)

]
(33)

where C is the vacancy concentration in a strained crystal with distributed linear absorption
sinks (i.e. voids, dislocations, grain boundaries, etc.); C0 is the vacancy concentration in an
unstrained one; θν θν = −0.2b3K, K is the bulk modulus, b is the Burger’s vector; −→U is
the displacement field of the surface; D⊥, D// are the transverse diffusion coefficient and the
in-plane diffusion coefficient, respectively; ξ is the transverse displacement of a corresponding
point on the midplane; σ∗αβ(ξ) is a normalized in-plane stress tensor. The basic unknowns are
C, U and ξ. , so the problem is solvable. Furthermore, according to the relative importance
of nonlinearities arising from the defect or from the bending dynamics, square or hexagonal
planforms are shown to be selected. Also it appears that one-dimensional gratings are always
unstable in isotropic systems.

Multi-Pulse Damage Models - Musal’s Thermomechanical Fatigue Model

The idea of applying thermomechanical techniques in the study of laser-induced damage to metal
surfaces was originally proposed by Musal (1979). In this model, Musal solved for the transient stress-
strain response of a plane metal surface under short-pulse, large-spot illumination. The physical
understanding for this model is described as below.

Consider the physical response of the near-surface heated region of a metal under short-pulse
large-spot laser irradiation. As a result of the rapidly rising temperature, the metal tends to expand
but is restrained by inertial forces (stresses). In the direction normal to the free surface, the stress
relaxes to near zero very fast via a small outward displacement of the free surface. On the other
hand, displacement (strain) in directions parallel to the free surface is inhibited by the inertia of the
surrounding material. Very large compressive stresses can be induced in these directions. They will
exceed the elastic limit of the metal if the temperature rise and coefficient of thermal expansion are
large enough. In this situation the metal suffers plastic compressive deformation. This is a permanent
strain that will remain even after the metal has cooled down to the initial ambient temperature. As
a result of this compressive plastic strain, tensile stresses are generated during cool-down. If the
compressional plastic strain was large enough, these tensile stresses will also exceed the elastic limit
of the metal and tensile plastic yield will occur. Thus, during temperature cycling due to repeated
pulse irradiation, both compressive and tensile plastic strain can accumulate. This strain is manifest
as surface roughness and intrusion-extrusion hillocks where slip planes and bands intersect the free
surface.

Musal has obtained analytical expressions for uniform irradiation assuming a linear elastic/perfectly
plastic stress-strain diagram for Cu. The elastic free surface displacement ux can be expressed as:

ux (0, t) ∼= −(1 + ν)
(1− ν)

α

ρC

η→t∫

η→0

Af (η) dη (34)

and the fluence at which the plastic yield threshold for a rectangular pulse is reached as:

Fy
∼= (πkρCTp)

1/2

2A
∆Ty

∼= (1− ν) (πkρCTp)
1/2 Y

2AαE
(35)
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where, k, ρ, C are the thermal conductivity, density, and specific heat of the metal, A is the
optical absorptance, f(t) is the time-varying incident radiation flux at the surface; Y is the tensile
yield stress of the material. Years later, Bass and coworkers have refined the analysis, including
the finite laser beam spot size ((Lee, Koumvakalis and Bass, 1983)). An analytical solution for the
temperature increase at the end of a square pulse of duration τp is:

∆T = T (r, z)− T0

=
AI0w

2τp

ρC (πκτp)
1/2 (4κτp + w2)

· exp

(
− z2

4κτp
− r2

(4κτp + w2)

)
(36)

where w is the spot radius at 1
/
e2 intensity; I0 is the peak intensity of a Gaussian beam; τp is

the pulse duration (FWHM). And the normal displacement of the surface can be obtained as:

ux (r, 0; t) ∼= −(1− ν)
(1 + ν)

α

∫ ∞

z=0
∆T (r, z; t) dz (37)

In the near surface region of the metal, the maximum shear stress due to nonuniform surface
heating can be expressed in the simplified form:

σmax
rz ≈

(
AI0αEτp√

2e (1− ν) ρC

)
1
w

(38)

where e is the base of Naperian logarithms. Using the onset of plastic deformation as σmax
rz > σy

As a consequence, the threshold intensity at which plastic yield will first occur at the free surface is
given by:

Iy ≈
√

2e (1− ν) Cσy

AαEτp
w (39)

Empirical Formula for Multipulse Damage

The first empirical model for multipulse damage was presented by Lee et al. (1983), which is
based on thermomechanical considerations. The form of their accumulation equation was not the
same as that later proposed by Jee et al. (1986) for the total accumulated fluence, FNN = F1N

s.
The empirical model of Jee et al. (1985), arranged in a slightly more meaningful form, can be cast
in the form:

FN = F1N
S−1 (40)

Since mechanical fatigue damage of metals shows similar behavior to that of laser accumulation,
Jee et al. (1986) related laser induced cyclic stresses to material parameters derived from mechanical
fatigue testing. The stress amplitude of fatigue damage is expressed by

σ = σfN b (41)
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where σ is the stress amplitude, σf is the fatigue-strength coefficient for a single cycle and b is the
fatigue-strength exponent. This can be compared with the cumulative equation for laser damage.
Since the thermal stress induced by the laser beam is proportional to the incident laser fluence, we
find that: b = S − 1, and σf , are given by:

σf =
2AEαF1

(1− ν) (πkCtp)
1/2

(42)

In addition, similar behavior was observed for plastic strain as:

εp = εfN c (43)

where εf is fatigue-ductility coefficient for one cycle (2.18 for Cu and 0.43 for Al[32]) and c is the
fatigue-ductility exponent. The stress-strain equation in fatigue damage is given by:

σ = σf (εp/εf )n (44)

where n = b/c is the cyclic strain-hardening exponent. Then the plastic strain energy per pulse
for a given stress and strain can be expressed as:

dW = σεp −
2σ∫

0

εpdσ = 2σεp
(1− n)/(1 + n) (45)

The total plastic strain energy is obtained by multiplying by N to obtain,

W = dW ·N = 2 [(1− n)/(1 + n)]σfεfN b+c+1 (46)

The plastic strain energy accumulation equations can be expressed in terms of the slope S of the
experimental accumulation curves as:

dW = 2 [(6S − 5)/(4S − 3)] σfεfN3−4S (47)

and

W = 2 [(6S − 5)/(4S − 3)] σfεfN4(1−S) (48)

When S < 1, the total plastic strain energy always increases with the increase of pulse number
and the plastic strain energy per pulse decreases. From this correlation between accumulation of
laser damage and fatigue damage, we can predict the storage cycle of thermal stress-strain energy
induced by laser beam on metal surfaces.
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D.2.8 Mitigation Approaches for of LIDT

The above analysis of available experimental data and theoretical models points to several possibilities
for partial mitigation of the detrimental effects of Laser Induced Damage on the design of practical
large-area mirrors. We discuss here two such possibilities, where in the first one we rely on materials
design concepts to ameliorate some of physical effects of LID, while the second approach is a system’s
design approach where force distributions can be used to compensate for partial mirror distortions.

• Material Design Approaches:

This approach requires exploitation of the physical models to our advantage to increase the
LIDT or to minimize its deterioration during multi-pulse operation. As is now understood from
the previous review, the main two mechanisms that lead to multi-pulse surface roughhewing in
the form of either ripples or slip lines are controlled by: (1) generation, diffusion and clustering
of near surface point defects (vacancies), (2) surface dislocation loop nucleation and extension
inside the this film causing a surface step, (3) expansion of an internal Frank-Read source to the
mirror’s surface, again creating surface steps, (4) grain rotation about grain boundary-surface
intersections.

The suggested approach is summarized as follows:

1. Build the mirror from a succession of very thin flat layers, possibly by sputter deposition.
The properties of these layers can be determined by modeling the overall behavior under
cyclic thermomechanical laser irradiation pulsing. It is preferable if the average layer
thickness is on the order of 20-100 nm. Expansion of Frank-Read dislocation sources
in such thin nano-layers have been shown to be very difficult, and leads to significant
enhancement of the yield strength and the hardening characteristics;

2. Deposit a thin amorphous layer to cap the mirror surface, thus preventing point defects
from regular alignments in the otherwise crystalline solid;

3. Remove all surface imperfections and impurities by ion beam milling or diamond turning;

• A System’s Design Approach:

In this approach, the mirror is designed of a multi-layer system of flat surfaces that can undergo
some limited elastic deformation when external forces are applied. The layered system is
selected to give greater flexibility for the designer to apply the system of forces. When the
mirror is operating with a temperature gradients, thermal distortions will set in. In addition,
inelastic distortions will be generated over a period of time as a result of the accumulation
of neutron-induced swelling and irradiation creep. We develop here a general methodology
that can be applied to the problem of mirror design, where the surface deformation can be
computed, once we have defined the sources of strains and/or external forces. To restore the
mirror surface to a pre-defined shape and precision requires manipulation of the force system,
possibly through the use of piezo-electric actuators or small radiation-resistant motors.

Besides the importance of local deformation of mirror surface, global deformation also plays
a key role in the manufacture design, especially in the optimization procedure. At each laser
pulse, the mirror surface absorbs a certain amount of the laser energy, which leads to in-
stantaneous surface heating. Generally, the heating distributes arbitrarily along the x, yand z
directions. The mirror will be either stretched or compressed in the mirror plane. At the
same time due to the non-uniform distribution of temperature along the thickness, the mirror
will be caused bending. Thus the problem becomes to a thin plate deformation under an arbi-
trary temperature distribution and arbitrary external loading, such as pressure, point force and
moment. In this section we will use traditional elasticity theory to get the solvable equations.
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Basic Equations

As mentioned above, the problem is illustrated in figure(30).

Figure 30: Illustration for a thin plate under external loadings

Since the plate is very thin, we have similar assumptions as those in the thin-plate bending
problem, such that the normal vector of the neutral plane is always perpendicular to the neutral
plane during deformation, and that there is no compressive stresses along the thickness of the
plate between the layers, which are parallel to each other. Thus, we have:

εz = γxz = γyz = 0, σz = 0 (49)

With these assumptions, the strain (tensor εij) and displacement vector (ui) at every point in
the plate can be expressed by those in a reference plane (ε0

ij(x,y),u0
i (x,y)) and the deflections

of the plate (w), such that:

u = u0 − z
∂w

∂x
, v = v0 − z

∂w

∂x
, w = w0 (50)

εx = ε0
x − z

∂2w

∂x2
, εy = ε0

y − z
∂2w

∂y2
, γxy = γ0

xy − 2z
∂2w

∂x∂y
(51)

Under laser irradiation, the plate will deform caused not only by temperature distribution,
but also volumetric swelling. Neutron swelling data on aluminum and magnesium reveal a
strong dependence on the impurity level. Some experimental data have been summarized in
(Adda, 1971). An empirical equation to fit the swelling data can be found in (Ghoniem and
El-Azab, 1995b). Here we just use one third of the relative volumetric change to approximate
the neutron swelling effect. Hence, the stress-strain relationship can be express as following:

εx = ε0
x −

(
z − z0

) ∂2w

∂x2
=

1
E(n)

(
σx − ν(n)σy

)
+ α(n)T (n) +

1
3

∆V (n)

V (n)

εy = ε0
y −

(
z − z0

) ∂2w

∂y2
=

1
E(n)

(
σy − ν(n)σx

)
+ α(n)T (n) +

1
3

∆V (n)

V (n)

γxy = γ0
xy − 2

(
z − z0

) ∂2w

∂x∂y
=

2
(
1 + ν(n)

)

E(n)
τxy (52)
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where E(n), ν(n) and α(n) are the Young’s Modulus, Poisson Ratio and Coefficient of Thermal
Expansion in the nth layer, respectively. For convenience, Eq.(52) can be expressed in terms
of strain as:

σx =
E(n)

1− (
ν(n)

)2

[(
ε0
x + ν(n)ε0

y

)
−

(
z − z0

) (
1

Rx
+

ν(n)

Ry

)
−

(
1 + ν(n)

)
α(n)T (n) − 1

3

(
1 + ν(n)

) ∆V (n)

V (n)

]

σy =
E(n)

1− (
ν(n)

)2

[(
ε0
y + ν(n)ε0

x

)
−

(
z − z0

) (
1

Ry
+

ν(n)

Rx

)
−

(
1 + ν(n)

)
α(n)T (n) − 1

3

(
1 + ν(n)

) ∆V (n)

V (n)

]

τxy =
E(n)

2
(
1 + ν(n)

)
[
γ0

xy −
2

(
z − z0

)

Rxy

]
(53)

In Eq.(52), Rx, Ry and Rxy are the curvature tensor components of the plate, and they have
the following relationship to the deflection(w):

1
Rx

=
∂2w

∂x2
,

1
Ry

=
∂2w

∂y2

1
Rxy

=
∂2w

∂x∂y
(54)

If external loading such as forces, moments are applied to the plate, the basic relationship
between stress and external loading in a small element of the plate can be easily written as:

Nx =
∑
n

∫ hn

hn−1

σxdz, Mx =
∑
n

∫ hn

hn−1

σxzdz, Qx =
∑
n

∫ hn

hn−1

τzxdz

Ny =
∑
n

∫ hn

hn−1

σydz, My =
∑
n

∫ hn

hn−1

σyzdz, Qy =
∑
n

∫ hn

hn−1

τzydz

Nxy =
∑
n

∫ hn

hn−1

τxydz, Mxy =
∑
n

∫ hn

hn−1

τxyzdz (55)

where hn−1 and hn are the lower and upper heights of the nth layer in the plate.

Deductions and PDEs

If Eq.(53) is plugged in to the Eq.(55), a set of algebraic relations between the reference plane
strains and the 2nd derivatives of deflection are obtained:

A1ε
0
x + B1ε

0
y + C1

∂2w

∂x2
+ D1

∂2w

∂y2
= Nx + P (56)

B1ε
0
x + A1ε

0
y + D1

∂2w

∂x2
+ C1

∂2w

∂y2
= Ny + P (57)
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A2ε
0
x + B2ε

0
y + C2

∂2w

∂x2
+ D2

∂2w

∂y2
= Mx + Q (58)

B2ε
0
x + A2ε

0
y + D2

∂2w

∂x2
+ C2

∂2w

∂y2
= My + Q (59)

F1γ
0
xy + G1

∂2w

∂x∂y
= Nxy (60)

F2γ
0
xy + G2

∂2w

∂x∂y
= Mxy (61)

where:

A1 =
∑
n

[
E(n)

1− (
ν(n)

)2 (hn − hn−1)

]
(62)

B1 =
∑
n

[
E(n)ν(n)

1− (
ν(n)

)2 (hn − hn−1)

]
(63)

C1 =
∑
n

{
E(n)

1− (
ν(n)

)2

[
z0 (hn − hn−1)−

(
h2

n − h2
n−1

)

2

]}
(64)

D1 =
∑
n

{
E(n)ν(n)

1− (
ν(n)

)2

[
z0 (hn − hn−1)−

(
h2

n − h2
n−1

)

2

]}
(65)

F1 =
∑
n

[
E(n)

2
(
1 + ν(n)

) (hn − hn−1)

]
(66)

G1 =
∑
n

{
E(n)

1 + ν(n)

[
(hn − hn−1)−

(
h2

n − h2
n−1

)

2

]}
(67)

A2 =
∑
n

[
E(n)

1− (
ν(n)

)2

(
h2

n − h2
n−1

2

)]
(68)

B2 =
∑
n

[
E(n)ν(n)

1− (
ν(n)

)2

(
h2

n − h2
n−1

2

)]
(69)

C2 =
∑
n

{
E(n)

1− (
ν(n)

)2

[
z0

(
h2

n − h2
n−1

)

2
−

(
h3

n − h3
n−1

)

3

]}
(70)

D2 =
∑
n

{
E(n)ν(n)

1− (
ν(n)

)2

[
z0

(
h2

n − h2
n−1

)

2
−

(
h3

n − h3
n−1

)

3

]}
(71)

F2 =
∑
n

[
E(n)

2
(
1 + ν(n)

)
(
h2

n − h2
n−1

)

2

]
(72)

G2 =
∑
n

{
E(n)

1 + ν(n)

[
z0

(
h2

n − h2
n−1

)

2
−

(
h3

n − h3
n−1

)

3

]}
(73)

P =
∑
n

{
E(n)

1− (
ν(n)

)2 (hn − hn−1)
[
α(n)n

(n)
T +

1
3
n

(n)
V

]}
(74)

Q = M
(n)
T + M

(n)
V (75)

in which:
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n
(n)
T =

1
hn − hn−1

∫ hn

hn−1

T (n)dz (76)

n
(n)
V =

1
hn − hn−1

∫ hn

hn−1

∆V (n)

V (n)
dz (77)

M
(n)
T =

E(n)α(n)

1− ν(n)

∫ hn

hn−1

T (n)zdz (78)

M
(n)
V =

E(n)

3
(
1− ν(n)

)
∫ hn

hn−1

∆V (n)

V (n)
zdz (79)

Here, n
(n)
T is the average temperature change in nth layer; n

(n)
V is the average volumetric swelling

change in nth layer; M
(n)
T is the equivalent thermal moment in nth layer; M

(n)
V is the equivalent

swelling moment in nth layer. In order to determine the in-plane forces Nx, Ny and Nxy , it is
necessary to introduce the stress function φ(x,y):

Nx

h
=

∂2φ

∂y2
,

Ny

h
=

∂2φ

∂x2
,

Nxy

h
= − ∂2φ

∂x∂y
(80)

From Eq.(56) and Eq.(57), a relationship between the reference strain and stress function can
be obtained:

ε0
x =

[
B1h

∂2φ

∂x2
−A1h

∂2φ

∂y2
− (D1B1 − C1A1)

∂2w

∂x2
−

(C1B1 −D1A1)
∂2w

∂y2
+ P (B1 −A1)

] (
B2

1 −A2
1

)−1
(81)

ε0
y =

[
B1h

∂2φ

∂y2
−A1h

∂2φ

∂x2
− (C1B1 −D1A1)

∂2w

∂x2
−

(D1B1 − C1A1)
∂2w

∂y2
+ P (B1 −A1)

] (
B2

1 −A2
1

)−1
(82)

γ0
xy =

[
−h

∂2φ

∂x∂y
−G1

∂2w

∂x∂y

]
F−1

1 (83)

Since the reference strain should satisfy the compatibility equation, that is:

∂2ε0
x

∂y2
+

∂2ε0
y

∂x2
=

∂2γ0
xy

∂x∂y
(84)

there will be one PDE between the deflection (w) and stress function (φ):

−hA1

(
B2

1 −A2
1

)−1
(

∂4φ

∂x4
+

∂4φ

∂y4

)
+ h

[
B1

(
B2

1 −A2
1

)−1 − F−1
1

]
∂4φ

∂x2∂y2
=

(C1B1 −D1A1)
(
B2

1 −A2
1

)−1
(

∂4w

∂x4
+

∂4w

∂y4

)

+
(

(D1B1 − C1A1)
(
B2

1 −A2
1

)−1 −G1F
−1
1

)
∂4w

∂x2∂y2
(85)
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To solve for the displacement w and the stress function φ, another PDE is needed. Next, we
consider the equilibrium equation as below:

x-direction:

∂Nx

∂x
+

∂Nxy

∂y
= 0 (86)

∂Mxy

∂x
+

∂My

∂y
= Qy (87)

y-direction:

∂Nxy

∂x
+

∂Ny

∂y
= 0 (88)

∂Mx

∂x
+

∂Mxy

∂y
= Qx (89)

z-direction:

∂Qx

∂x
+

∂Qy

∂y
+ Nx

∂2w

∂y2
+ 2Nxy

∂2w

∂x2
+ Ny

∂2w

∂y2
= 0 (90)

With Eq.(87) and Eq.(89), Eq.(90) can become to:

∂2Mx

∂x2
+ 2

∂2Mxy

∂x∂y
+

∂2My

∂y2
+ Nx

∂2w

∂y2
+ 2Nxy

∂2w

∂x2
+ Ny

∂2w

∂y2
= 0 (91)

Substituting Eq.(58), Eq.(59) and Eq.(60) into Eq.(91), and ignoring the last three terms on
left hand side (for the in-plane forces’ influence to deflection is very small), we have:

G2∇2∇2w = ∇2Q−(
A2

∂2

∂x2
+ B2

∂2

∂y2

)
ε0
x −

(
B2

∂2

∂x2
+ A2

∂2

∂y2

)
ε0
y − 2F2

∂2

∂x∂y
γ0

xy (92)

Using the Eq.(81), Eq.(82) and Eq.(83), finally the 2nd PDE equation becomes:

G2∇2∇2w = h (−A2B1 + A1B2)
(
B2

1 −A2
1

)−1
(

∂4φ

∂x4
+

∂4φ

∂y4

)
+

2h

[
(A1A2 −B1B2)

(
B2

1 −A2
1

)−1 − F2F
−1
1

]
∂4φ

∂x2∂y2
+

(A2 (D1B1 − C1A1) + B2 (C1B1 −D1A1))
(
B2

1 −A2
1

)−1
(

∂4w

∂x4
+

∂4w

∂y4

)
+

2
[
(B2 (D1B1 − C1A1) + A2 (C1B1 −D1A1))

(
B2

1 −A2
1

)−1 −G1F2F
−1
1

]
∂4w

∂x2∂y2

(93)
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Therefore, with two PDEs (Eq.85, 93), the two unknown variables (w and φ) can be calculated
providing the proper boundary conditions. The final solution can be easily obtained from the
normal finite element method or any other computational method. Whenever the deflection
and external forces are known, the global mirror surface deformation can possibly be controlled
by applying adjustable external loadings according to the accumulated laser and neutron irra-
diation fluences. We plan to pursue this approach in more detail during the continuation phase
of the current grant.

D.3 Theory development for LIDT

D.3.1 Introduction

Many irreversible structural and morphological changes in materials interacting with strong laser
beams of energy density F ≤ Fm, where Fm is the melting threshold, are experimentally observed.
Recent experimental investigations revealed phenomena such as the gradual and catastrophic degra-
dation of light-emitting devices (Ueda, 1988), cumulative laser damage to optical components (Jones
and et al., 1989), non-uniform melting of semiconductor surfaces, ultrafast laser-induced phase tran-
sitions (Shank, Yen and Hirlimann, 1983; Tom, Aumiller and Brito-Cruz, 1983; Schroeder, Rudolph,
Govorkov and et al., 1990), and various material restructuring phenomena in the material processing
field (Bertolotti, Vitali and Zammit, n.d.; Cellar, 1983; Baurle, 1986). The time of laser-matter inter-
action, which results in permanent structural changes in materials, can vary from tens of picoseconds
to minutes, depending on the value of F , material conditions, and laser irradiation mode. These
changes are desirable in some technological applications (e.g. material processing), or undesirable
in others (as in laser reflective mirrors). Laser induced instabilities are becoming particularly im-
portant in thin film behavior, coatings, semi-conductor surfaces, cumulative Laser Induced Damage
(LID) of optical components, etc. (Walgraef, Ghoniem and Lauzeral, 1997a; Kossowsky and Singhal,
1984; L. Laude and Wauthelet, 1987; Walgraef and Ghoniem, 1990; Connell and Noufi, 1990). Laser
annealing and laser assisted thin film deposition processes also provide numerous examples of such
instabilities (Preston, Sipe and van Driel, 1987). Under conditions of interband absorption, semi-
conductors form defect centers already at laser energy densities F = (0.05− 0.1) Fm (Kasharov and
Kiselev, 1986b). Their formation mechanisms are not completely determined, but include heating,
acoustic deformation and local electronic excitation of the subsurface layer. In many cases, one
may observe the formation of regular structures on the surface of the material, and laser-surface
interaction is evidently at the origin of such patterning phenomena.

A common instability mechanism in laser irradiated materials results from the coupling between
defect dynamics and surface deformation (Emel’yanov, 1992). The interaction of electromagnetic
laser radiation with thin films leads to very strong absorption of photon energy in a shallow layer that
is a few wavelengths deep from the surface. As a result, substantial non-equilibrium concentration
of lattice defects are generated. The type of lattice defects depends on photon energy, wavelength of
laser radiation and materials parameters. Examples of such defects are: electron-hole pairs in strongly
absorbing semi-conductors, interstitials and vacancies in thin films, and voids and dislocation loops
in prolonged irradiation. It is the coupling between defect generation, diffusion and the deformation
field which leads to pattern forming instabilities. As a result, the dynamical description of such
phenomena should be based on the dynamics of the defect field Nd in the thin film and the elastic
continuum of the host material described by the displacement vector U(r, t) = (Ux, Uy, Uz) with
appropriate boundary conditions, both dynamics being coupled through the defect-strain interaction.
Various types of defect structures may be induced by such dynamical systems. For example, in the
case of thin films under laser irradiation, regular deformation patterns may appear on the film
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surface when the laser intensity exceeds some threshold. In spatially extended irradiation zones,
one- and two-dimensional gratings have been widely observed (Banishev, Emel’yanov, and Novikov,
1992; Young, Preston and van Driel, 1983b).

Figure 31: Geometry of the thin film-substrate system subjected to a uniform laser beam, showing
a schematic illustration of the proposed surface deformation mechanism.

The system to be considered in this case is a thin film on a substrate, which is modeled by a thin
horizontal crystalline layer subjected to a transverse laser beam. The geometry of the corresponding
set-up is represented in Fig.(31). Due to laser-induced thermal heating, an increased vacancy density
is created in the subsurface layer. The corresponding transverse vacancy density profile results in
a body force on the film which may induce bending deformation. Even under uniform irradiation,
this system may become unstable versus non uniform deformations or vacancy density variations.
Physically, a local increase in the vacancy density generates lattice contraction in the film. This
contraction has two effects: it locally reduces the defect formation energy, and, furthermore, induces
a converging defect flux. As a result, both film contraction and local defect density will increase. On
the other hand, a deformation bump in the film locally decreases the defect density. It furthermore
increases the defect formation energy and induces an outgoing defect flux. In this case, a deformation
bump will increase while the defect density will decrease. There is thus a feedback loop between local
deformation and defect density variations, which provides a destabilizing mechanism for uniform
deformations. However, vacancy diffusion tends to wash out non-uniformities in the system and
provides a stabilizing mechanism for uniform defect densities. Instability occurs when the feedback
loop effects dominate over diffusion (Emel’yanov, 1992). The growth of this instability is limited
by two mechanisms. The first one comes from finite deformation elasticity which limits the growth
of the deformation. The second one results from vacancy dynamics, where the extra defect flux
induced by surface deformation is proportional to the vacancy density. Consequently, defect fluxes
from regions of decreasing defect density decrease accordingly in a feedback process which thus limits
defect localization.

All these aspects have been analyzed elsewhere, and assembled in a full dynamical model, able
to describe the main features of deformation patterning under laser irradiation (Walgraef et al.,
1997a; Lauzeral, Walgraef and Ghoniem, 1997a). This model is based on:

(i) a non-uniform laser-induced temperature field across the film;

(ii) the evolution of vacancy density in strained crystals, including generation and transport;

(iii) the deformation of a thin film in the presence of a nonuniform vacancy density.
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Pattern formation under extended and focused irradiation has already been described elsewhere,
in the framework of this model (Walgraef et al., 1997a; Lauzeral et al., 1997a; D.Walgraef, 1999).
However, in these papers, defect generation and transport have been considered as isotropic, which is
not applicable for crystals with strong covalent bonding. For example, deformation patterns formed
on Si surfaces depend on the laser field orientation in relation to crystallographic axes (Banishev et
al., 1992; Young et al., 1983b; Emel’yanov, 1992). This effect is of practical importance, since the
corresponding defect accumulation induces a local decrease in the melting temperature, and can also
influence the Laser Induced Damage threshold (LIDT) (Wood, 1986; Bennett, Guenther, Kozlowski,
Newnam and Soileau, 1995).

Another effect that may be of importance for deformation patterns on semiconductor films is the
adhesion between the film and its substrate, which may stabilize the film and oppose the development
of deformation patterns. It would thus be important to determine, for a given film-substrate system
with given adhesive forces, what irradiation intensity is needed to induce instability. On the other
hand, it would be interesting to know what adhesive force levels are required to suppress the surface
deformation instability, under given irradiation conditions.

Hence, this paper is devoted to the study the influence of film crystalline anisotropy and film-
substrate adhesion effects on laser induced deformation patterns on semi-conductors surfaces. This
study is performed within the framework of the dynamical model analyzed in (Walgraef et al., 1997a),
where unsupported, or weakly adherent, isotropic films were considered. The dynamical model and
instability conditions for anisotropic films on substrates are presented in D.3.2 and D.3.3. Post-
bifurcation pattern selection and stability are discussed in section D.3.4, where a comparison with
experimental observations is also considered. Finally, conclusions are drawn in section D.3.6.

D.3.2 The Dynamical Model.

Consider a covalent semiconductor film, such as Si, with its surface oriented along (100) planes, of
thickness h, and irradiated by laser light incident on the surface. Its aspect ratio is large, i.e. the
lateral dimensions (corresponding to the x and y directions) are much larger than the thickness, as
can be seen in Fig.(31). Its dynamics is governed by coupled evolution equations for vacancy density,
C, and its neutral plane transverse deflection, ξ, (Emel’yanov, 1992; Walgraef et al., 1997a). The
kinetic equation for vacancy density may be written as

∂tC = ~∇‖ ¯̄D‖~∇‖C − C

τ
+ ~∇‖

θv
¯̄D‖C

kT
~∇‖(~∇U)

+ g exp[−Ef − θv
~∇U

kT
] , (94)

where C = C(x, y, z, t), ~∇‖ = ∇x~1x+∇y~1y and ¯̄D‖ is the diffusion tensor along the surface. Diffusion
along the z-direction is neglected, since ”bulk” diffusion is much slower than surface diffusion (in
usual experimental conditions, D‖τ ' 10−5cm2 and |θv| ' 10−10erg(Emel’yanov, 1992; Banishev et
al., 1992). The displacement vector , ~U, and the deflection of the film’s neutral surface, ξ, are related
by :

~∇.~U = −zm4ξ , (95)

Here, z is the vertical distance away from the neutral surface, m = 1−2ν
1−ν , where ν is Poisson’s

coefficient. The equilibrium equation for film bending in the presence of a transverse vacancy density
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gradient and a film-substrate adhesion force may be written as (Walgraef et al., 1997a)

∂2
t ξ +

c2h2

12
42ξ − c2

2
σij∂

2
ijξ =

θv

ρh
(C+ − C−) +

F (ξ)
ρh

, (96)

where C± = C(x, y,±h/2, t) and F (ξ) is the adhesive force per surface unit, between film and
substrate. The force of adhesion between the bottom surface of the film and the top layer will
be represented by the universal bonding curve, usually invoked in process zone fracture models
(Needleman, 1990; Xu and Needleman, 1996; Siegmund, Fleck and Needleman, 1997).

Figure 32: The universal bonding curve for adhesion between the thin film and substrate. For small
film displacements, the force-displacement relationship can be assumed to be linear.

Fig.(32) shows a schematic representation of the universal bonding curve, where the restoring force
per unit area on the film’s bottom surface is F (ξ). Since the film’s instability threshold is governed
by the small displacement part of the F (ξ) function, we will approximate it here as : F (ξ) = −Kξ,
where K is the adhesive bond stiffness constant.

Furthermore, the in-plane stress tensor components are related to the film’s transverse deflection,
ξ, as (Landau, 1986):

σxx ' ((∂xξ)2 + ν(∂yξ)2) (97)
σyy ' ((∂yξ)2 + ν(∂xξ)2) (98)
σxy ' −2(1− ν)(∂xξ)(∂yξ) (99)

All kinetic coefficients and parameters are defined in (Walgraef et al., 1997a).

D.3.3 Instability of Undeformed States.

Unsupported or Weakly Adherent Films

Let us consider the ideal situation of horizontally uniform irradiation of the film surface, which may
adequately represent the case of thin films irradiated over a large area by cw or a pulsed laser source.
We will furthermore assume that the adhesive forces are negligible, and that the temperature profile
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has reached its equilibrium condition, or that its evolution is sufficiently slow, as compared to vacancy
generation, to consider it as quasi-stationary. In the absence of deformation, the equilibrium vacancy
density profile C0(z) is then the solution of the steady state equation:

∂tC
0 = −1

τ
C0 + g exp[− Ef

kT (z)
] , (100)

Hence, the transverse variation of the defect density follows the temperature variation across
the film. Let us consider strong absorbing layers such that the linear dimension of the irradiated
domain is much larger than the film thickness. The temperature profile across the film may then be
approximated by (Walgraef et al., 1997a):

T = T+ +
T+ − T−

h
(z − h

2
) (101)

with −h
2 < z < h

2 , and where T+ and T− are the temperatures of upper and lower surfaces, respec-
tively, and C0(z) behaves as:

C0(z) ' C0
+ exp[γ(z − h

2
)] , (102)

where C0
+ = gτ exp[− Ef

kT+
], when γ

√
D⊥τ << 1, with γ = Ef∆T

kT 2
+h

. This gives

C0(h/2) = C0
+ , C0(−h/2) = C0

+e−γh = C0
− . (103)

The stability of the undeformed reference state versus spatial perturbations in the horizontal plane
may be performed by studying the linear evolution of small perturbations of the undeformed state.
Such perturbations are defined as n(~r, z, t) = C(~r, z, t)−C0(z), or, in particular, n+(~r, t) = C+−C0

+

and n−(~r, t) = C− − C0
+ exp[−γh].

Before deriving linear evolution equations for these perturbations, let us propose explicit expres-
sions for vacancy diffusion appropriate to the case of covalent semi-conductors such as Si and SiC.
Consider that the (100) surface of a Si or SiC film is irradiated with a linearly polarized laser field
with its electric field making an angle α with the surface. Thus, the Poynting vector makes an angle
β = π

2 − α with the surface, and when irradiation has normal incidence, the electric field is parallel
to it. Since the interaction between the electric field and atomic bonds depends on their relative
orientation, one has to analyze how this can affect surface deformation. First, let us recall that Si
and SiC are covalent semi-conductors, which crystallize in the same structure as diamond, i.e. into
a structure formed by two interpenetrating FCC lattices, as represented in Fig.(33).

One sees that there are two families of covalent bonds, which are parallel to (110) planes (1==4
and 1==2 bonds) and (11̄ 0) planes (1==3 and 1==5 bonds) respectively. It is known from the study
of elementary molecular bonds such as in H2 or H2O, that the electric field may induce electronic
transitions from lower bonding states to upper anti-bonding states, which effectively corresponds to
bond breaking. The interaction force between atomic bonds and the electric field is proportional to
the projection of the electric field on the atomic bond direction. On extending this result to Si and
SiC covalent bonds, the force constant of the bond is reduced by a factor proportional to cos2 φ,
where φ is the angle between the electric field and the atomic bond (Cohen-Tannoudji, Diu and
Laloe, 1992).
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Figure 33: Si crystal structure showing orientational relationships between the electric field and
bond vectors.

This affects point defect generation and motion in the material. Effectively, if a point defect is
present in the vicinity of one of these bonds, its jump probability from one equilibrium state to
another, via a saddle point, may be expressed as follows, in the absence of irradiation, for a jump in
the 4==1==2 direction :

P412(0) ∝ exp−(
H41

kT
) (104)

where H41 is proportional to the force constant of the 4==1 atomic bond (in fact, without irradiation,
P412(0)=P214(0)=P315(0)=P513(0)=P (0).

Under irradiation, this probability increases to

P412( ~E) = P (0) exp(
ϑE2 cos2 φ

kT
) (105)

where ϑ is a proportionality factor, which depends on the microscopic properties of the bond.

Let us now compute the various jump probabilities for electric fields making an angle α with (100)
planes and θ with (110) planes, within the coordinate system defined in Fig.(34). The electric field
may be written as ~E = E sinα~1z + E cosα cos(3π

4 + θ)~1x + E cosα sin(3π
4 + θ)~1y

Hence, the scalar products between the electric field and 1==2 and 1==4 bonds are Ea
4
√

3
(sinα−√

2 cos α cos θ) and Ea
4
√

3
(sinα +

√
2 cosα cos θ), respectively. Similarly, the scalar products between

the electric field and 1==3 and 1==5 bonds are − Ea
4
√

3
(sinα +

√
2 cos α sin θ) and − Ea

4
√

3
(sinα −√

2 cos α sin θ), respectively.

As a result, the corresponding jump probabilities become:

P412( ~E) = P (0) exp[
$E2

kT
(sin2 α + 2 cos2 α cos2 θ −

√
2 sin 2α cos θ)]

P214( ~E) = P (0) exp[
$E2

kT
(sin2 α + 2 cos2 α cos2 θ +

√
2 sin 2α cos θ)]
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Figure 34: Coordinate system for the computation of the interaction forces between the electric field
and covalent bonds in a Si or SiC elementary cell.

P513( ~E) = P (0) exp[
$E2

kT
(sin2 α + 2 cos2 α sin2 θ +

√
2 sin 2α sin θ)]

P315( ~E) = P (0) exp[
$E2

kT
(sin2 α + 2 cos2 α sin2 θ −

√
2 sin 2α sin θ)] (106)

where $ = a2

48ϑ, a being the Si or SiC lattice constant.

For normal irradiation, α = 0, and

P412( ~E) = P214( ~E) = P (0) exp[
2$E2

3kT
cos2 θ]

P513( ~E) = P315( ~E) = P (0) exp[
2$E2

3kT
sin2 θ] (107)

The in-plane diffusion flux can be written as:

~j = Dx∇x~1x + Dy∇y~1y (108)

where Dx = D‖.dx, Dy = D‖.dy, with D‖ ∝ P0 exp[2$E2

3kT ] and

dx = exp[−2$E2

3kT
sin2 θ]

dy = exp[−2$E2

3kT
cos2 θ] (109)

where cos θ = (~1x. ~E)

| ~E| and sin θ = (~1y . ~E)

| ~E|

On performing the following scalings :

∂T = τ∂t , 4̄ = τD‖4 , µ =
6mθ2

vD‖τ
ρc2h2k

, β =
ch√
12D‖

, ζ =
hθv

2kD‖τ
ξ
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N = µ(n+ + n−) , n = µ(n+ − n−)

ε = µ(
C+

T+
+

C−
T−

) , η = µ(
C+

T+
− C−

T−
) (110)

the dynamical model becomes :

∂T N = (dx∇̄2
x + dy∇̄2

y)N −N − η(dx∇̄2
x + dy∇̄2

y + 1)4̄ζ

− [dx∇̄x(χn + δN)∇̄x + dy∇̄y(χn + δN)∇̄y]4̄ζ (111)

∂T n = (dx∇̄2
x + dy∇̄2

y)n− n− ε(dx∇̄2
x + dy∇̄2

y + 1)4̄ζ

− [dx∇̄x(χN + δn)∇̄x + dy∇̄y(χN + δn)∇̄y]4̄ζ (112)

1
β2

∂2
T ζ = −4̄2ζ + uσij(ζ)∂̄2

ijζ − n + F (ζ) , (113)

where u = 6( 2kD‖τ
m|θv |h2 )2, and where χ = T++T−

2T+T− and δ = T+−T−
2T+T− .

The linear evolution matrix of the coupled deformation-defect system is then, in the absence of
adhesive forces (F (ζ) = 0) and in the Fourier space:

( 1
β2 ω2 + q̄4 1 0

εq̄2(Q̄(θ)2 − 1) ω + 1 + Q̄(θ)2 0
δq̄2(Q̄(θ)2 − 1) 0 ω + 1 + Q̄(θ)2

)
, (114)

where q̄ is the dimensionless wavenumber, and Q̄(θ)2 = dxq̄2
x+dy q̄

2
y . The corresponding characteristic

equation writes :

(ω + 1 + Q̄(θ)2)[(
1
β2

ω2 + q̄4)(ω + 1 + Q̄(θ)2)− εq̄2(Q̄(θ)2 − 1] = 0 . (115)

Since in realistic experimental conditions (i.e. elastic waves are much faster than diffusional
transport), c ' 105cm.s−1, h ≤ 10−2cm, and D‖ ' 10−5cm2.s−1, one has β >> 1, and the relevant
root for instability is :

ω1 = ε
Q̄(θ)2 − 1

q̄2
− (1 + Q̄(θ)2) . (116)

Hence, ε plays the role of a bifurcation parameter, and the instability threshold is given by the
minimum of the marginal stability curve

ε = q̄2 Q̄(θ)2 + 1
Q̄(θ)2 − 1

. (117)

This threshold depends on the relative orientation of the laser electrical field with respect to the
crystal axis. Effectively, when ~E‖~1x, dx = 1 >> dy = exp[−2$E2

3kT ], and instability occurs at

εc = (1 +
√

2)2 ' 5.8 , qx = qc(0) , qy = 0 , q4
c = εc (118)
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where q is the scaled wavenumber. The corresponding un-scaled wavelength is thus

λc(0) =
2π

√
D‖τ

ε
1/4
c

(119)

In fact
√

D‖τ is the vacancy mean free path in the subsurface layer and is of the order of half the
laser wavelength. Hence, for 1µm laser irradiation, one finds a critical wavelength of the order of
3µm, in agreement with experimental observations (Emel’yanov, 1992).

When ~E‖~1y, dy = 1 >> dx = exp[−2$E2

3kT ], and one has

εc = (1 +
√

2)2 ' 5.8 , qy = qc(0) , qx = 0 , q4
c = εc (120)

and λc(π
2 ) = λc(0).

On the other hand, when ~E makes a 450 angle with ~1x and ~1y, dx = dy = exp[−$E2

3kT ] < 1, and
the problem becomes isotropic. As a result,

εc =
(1 +

√
2)2

d
, |~qc(

π

4
)| = (

εc

d
)1/4 (121)

and the corresponding wavelength is equal to

λc(
π

4
) = λc(0)(

d

εc
)1/4 (122)

It is therefore apparent that, in systems where the laser electric field is parallel to one of the
crystallographic axes, modes with wave vectors parallel to it are linearly selected. This leads to
the growth of one-dimensional gratings perpendicular to the corresponding crystallographic axis.
However, nonlinear analysis beyond instability is necessary to determine the stability of such patterns.
It is also important to emphasize, for comparison with experimental observations, that, although the
instability threshold is sensitive to irradiation beam orientation, the critical wavelength is only weakly
sensitive to it.

For α 6= 0, the situation is qualitatively the same but quantitatively different. For example,
D‖(α) ∝ P0 exp[$E2

3kT (1 + cos2 α)] ≤ D‖(0), and dx(α, θ) = exp[−2$E2

3kT cos2 α sin2 θ] (dx(α, 0) = 1),
dy(α, θ) = exp[−2$E2

3kT cos2 α cos2 θ] (dy(α, π
2 ) = 1), which implies that the corresponding instability

threshold εc(α) is higher than for normal irradiation, εc(α) > εc(0). As a result instability requires
higher energy irradiation, and should result in lower amplitude patterns.

In systems where the laser electric field is oriented at 450 with the crystallographic axis, linear
terms are spatially isotropic. In this case, there is an orientational degeneracy in the problem, since
the linear growth rate of the unstable modes only depend on q2. Furthermore, the critical wavelength
should be slightly smaller than in the previous case. Under these conditions, all unstable modes with
any orientation may equally grow. The survivors, and of course the final selected patterns are then
determined by their nonlinear interactions. Hence, the nonlinear saturation terms of the dynamics
will determine which structure should be selected and what its stability domain should be. This
study is performed in section D.3.4
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Effect of Adhesive Forces on the Instability Threshold

Adhesion between film and substrate may be modeled by a system of springs acting between every
film-substrate atom pair. The corresponding force is thus proportional to the transverse film deflec-
tion ξ, the proportionality coefficient representing the stiffness of the adhesion bond. Such forces
vanish beyond some cut-off value of ξ, where the film separates from the substrate, as can be seen
schematically in Fig. (32). Since we are considering situations where the system is close to instabil-
ity, we are dealing with small deformation profiles only, and we may thus assume the film-substrate
adhesive forces to be in the linear regime. Equation (113) may thus be written as

1
β2

∂2
T ζ = −4̄2ζ + uσij(ζ)∂̄2

ijζ − n− K̄ζ , (123)

where K̄ =
12D2

‖τ
2

ρc2h3 K, and the relevant root for instability becomes

ω1 = εq̄2.
Q̄(θ)2 − 1
q̄4 + K̄

− (1 + Q̄(θ)2) . (124)

It is easy to see that adhesive forces stabilize the system, and may even suppress instability, as
shown on Fig.(35), where linear growth rate becomes negative for increasing adhesive force stiffness.
The increase of marginal stability curve, instability threshold and critical wavenumber with adhesion
intensity is shown on Fig.(36).

Figure 35: Effect of adhesive forces on the linear growth rate of unstable modes. It is observed
that, even above instability (ε = 8, εc ' 5.8), the linear growth rate becomes negative for all q, for
sufficiently high adhesion.

On the other hand, unstable modes, with critical wavenumber qc = ε1/4, are stabilized for K̄ >
ε − εc. More generally, for any ε > εc, instability is suppressed, and undeformed surfaces remain
stable, for well defined values of K̄ = K̄(ε), as shown in Fig.36.
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Figure 36: Marginal stability curves for increasing values of adhesion intensity K̄, showing an increase
of the instability threshold, and hence stabilization of the undeformed film surface for increasing
adhesion.

D.3.4 Weakly Nonlinear Analysis and Pattern Selection.

In the weakly non-linear regime beyond a pattern forming instability, the dynamics may be reduced to
the evolution of an order parameter-like variable which corresponds to the unstable modes (Cross and
Hohenberg, 1993). This reduction may be performed in the framework of the adiabatic elimination of
the stable modes (Walgraef, 1996). In the present case, one is the total mean defect density, N, which
is the eigenmode corresponding to the eigenvalue ω = −(1 + Q̄(θ)2) of the linear evolution matrix.
The second one is the transverse displacement of the mid-plane, ζ, that may also be adiabatically
eliminated since the characteristic time scale of its evolution, β, is negligeably small. These two
variables may thus be expressed, in Fourier transform, as a series expansion in powers of n.

Isotropic Surface Deformation Patterns

When the electric field is oriented at 450 with atomic bonds, Q̄(θ)2 = dq̄2, and the system behaves
isotropically. In this case, one recovers, in the absence of adhesive forces (K̄ = 0) the situation
described in (Walgraef et al., 1997a), where the evolution equation for the order parameter like
variable n~q is, in the weakly non-linear regime around the instability,

τ0∂T n~q = [ε̄− Λ(q2 − q2
c )

2]n~q + v

∫

c
d~k(~1q.~1k)n~q−~k

n~k

−
∫

c
d~k

∫

c
d~k′w({~1q})n~q−~k−~k′n~k

n~k′ + ... (125)

where τ0 = (2 +
√

2)−1, ε̄ = ε−εc
εc

, Λ = τ0/dq2
0, v = τ0(δ + χη

εc
) and

w =
u

q8
0

Σi,jEij({~1q}) + τ0χ(χ +
δη

εc
).(~1q.~1k)((~1q −~1k).~1k′)

d2

1 + 2dq2
0(1− (~1q.~1k))

(126)
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where q0 = qc(π
4 ). It has been found (Walgraef et al., 1997a) that, for sufficiently thin films, selected

patterns correspond to square or hexagonal planforms. Hexagons exist and are stable in the range
(Borckmans, Dewel, Wit and Walgraef, 1994)

− v2

16w0(1 + 2$(2π
3 ))

≤ ε̄ (127)

where

w0 =
u

q8
0

+
2d2

1 + 4dq2
0

τ0χ(χ +
δη

εc
) = τ0χ(χ +

δη

εc
)(ū +

2d2

1 + 4dq2
0

) (128)

with

ū ' 12
τ0d2

.(
2kTD‖τ
q4
0|θv|h2

)2 (129)

and

γ(ψ) =
4d2 cos2(ψ)

(1+2dq2
0)2−4dq4

0 cos2(ψ)
+ ū[2ν + 2(1− ν) cos2(ψ)]
2

1+4dq2
0

+ ū
. (130)

On the other hand, squares exist for all ε̄ > 0, but are unstable versus hexagons in the range
0 ≤ ε̄ ≤ εh, with εh = v2

2w0(γ( 2π
3

)+γ(π
6
))

. Both patterns are simultaneously stable for ε̄ > εh,

Hence, since squares are unstable close to instability, hexagonal deformation patterns should
always be observed first for a steady increase of laser intensity. For ”quench” experiments, i.e.
when laser irradiation is initiated suddenly in the range ε̄ > εh, either squares or hexagons could be
selected, as a result of their bistability.

Anisotropic Surface Deformation Patterns

When the electric field is parallel to one of the crystallographic axes, the system behaves anisotrop-
ically. Consider now the case where ~E‖~1x, dx = 1 >> dy, and Q̄2 = q2

x + dyq
2
y

τ0∂T n~q = [ε̄− Λa(q2 − q2
c )

2 −∆q2
y ]n~q

−
∫

c
d~k

∫

c
d~k′wa({~1q})n~q−~k−~k′n~k

n~k′ + ... (131)

where Λa = τ0/q2
c , ∆ = (1− dy)/(1 +

√
2) and

wa =
u

q8
Σi,jEij({~1q}) + τ0χ(χ +

δη

εc
).

(qxkx + dyqyky)((q − k)xk′x + dy(q − k)yk
′
y)

k2k′2(1 + (q − k)2x + dy(q − k)2y)
(132)

Linear terms favor one-dimensional modulations with qx = qc and qy = 0, while nonlinear terms
favor square planform. Effectively, in this case also, γ(ψ) is minimum for ψ = π/2 and γ(π

2 ) '
2uν
1+u << 1, since ν << 1 for such films. Pattern selection may thus be studied with amplitude
equations for modulations along x- and y-directions (Walgraef, 1996). For uniform amplitudes, one
has
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n~q ∝ A(T )eiqcx + A∗(T )e−iqcx + B(T )eiqcy + B∗(T )e−iqcy + ....

τ0∂T A = ε̄A− w0A(|A|2 + γ(
π

2
)|B|2) + ...

τ0∂T B = [ε̄−∆q2
c ]A− w0B(|B|2 + γ(

π

2
)|A|2) + ... (133)

From these equations, it results that gratings perpendicular to the x-direction and of amplitude
|Ag|2 = ε̄ (B = 0) are stable in the domain 0 < ε̄ < ∆q2

c/(1 − γ) ' 1 or (1 +
√

2)2 ' 5.8 <

µ(C+

T+
+ C−

T− ) ≤ 11.6. For ε̄ > ∆q2
c/(1 − γ), one-dimensional gratings become unstable versus square

patterns of amplitude |As|2 = |Bs|2 = ε̄/(1 + γ).

For non parallel orientation of the electric field (e.g. for arbitrary θ such that dx > dy), gratings
perpendicular to the x-direction (2==1==4 bonds) are still selected at instability, but their stability
domain, 0 < ε̄ < ∆q2

c/(1 − γ) ' 1 is reduced, since ∆(θ < π
4 ) ∝ dx − dy < ∆(0). For π

4 < θ < 3π
4 ,

gratings perpendicular to the y-direction (3==1==5 bonds) are selected at threshold.

Although adhesive forces lower instability thresholds, as discussed previously, they do not affect
qualitatively pattern selection and stability. Effectively, they do not modify the angular dependence
of nonlinear couplings, as it may easily be seen, for example, in the anisotropic case, where one has:

wadh =
uq4

(q4 + K̄)3
Σi,jEij({~1q}) + τ0χ(χ +

δη

εc
).

(qxkx + dyqyky)((q − k)xk′x + dy(q − k)yk
′
y)k

2k′2

(k4 + K̄)(k′4 + K̄)(1 + (q − k)2x + dy(q − k)2y)

Previous results remain also qualitatively valid for non normal irradiation (α 6= 0), since, although
dx and dy explicitely depends on α and θ, the sign of dx − dy, which determines the orientation of
the gratings selected at instability, only depends on the angle θ between the projection of the electric
field and atomic bonds on the surface plane (100). However, the stability range of these gratings
explicitely depends on dx − dy and thus on α. In the limiting case of irradiation parallel to the
surface, the θ dependence of diffusion constants vanishes. The system becomes isotropic, irrespective
of the in-plane irradiation orientation, and two-dimensional cellular deformation patterns should be
selected.

D.3.5 Comparison with experiments

The results of experimental studies of laser irradiation of single crystal silicon wafers have been
reported in (Emel’yanov, 1992; Banishev et al., 1992). On increasing laser intensity in normal
irradiation, the following succession of patterns has been reported. Below a threshold corresponding
to laser fluence of 8.5 J.cm−2 (for an Nd-YAG laser providing 1.6 ms pulses of polarized radiation
at λ = 1.06 µm), no surface deformation has been observed. Above this threshold, two-dimensional
cellular structures, with no dependence of the orientation of this structure on laser polarization,
have been observed. For a further increase of the laser intensity, the authors report observation of
structures depending on the relative orientation of the polarization vector of the laser beam and
crystallographic axes. When the electric field is oriented along one of the crystallographic axes,
one-dimensional gratings perpendicular to this axis, with a period, λ1, of the order of 3µm, is
formed at the film surface. When the electric field is oriented at an angle of 450 with respect to
the crystallographic axis, two-dimensional gratings perpendicular to the crystallographic axis are
formed, with the same period.
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When the incident laser beam is not normal to the surface, a similar succession of structures
as the ones described above has been observed. However, in addition to the structures described
previously, new gratings, with wavelength, λ2, depending on the incidence angle, and perpendicular
to the electric field were observed. The wavelength variation law, λ2 = λ/(1 − sinα) suggests
that these structures correspond to interferential gratings (Young et al., 1983b) and are out of the
scope of the present study. One should however note that the contrast between deformational and
interferential gratings decreases when the incidence angle increases. It indicates that the amplitude
of deformational patterns decreases for increasing α.

Several of these observations are in agreement with our findings. The dynamical model studied
in this paper predicts the formation of laser induced deformation patterns on the film surface above
a well-defined threshold. When the interaction between the electric field and atomic bonds is weak,
the system is isotropic and two-dimensional cellular patterns with no definite orientation have been
predicted and studied in (Walgraef et al., 1997a). For a sufficiently intense electric field so as to
break covalent bonds, orientational effects appear. In this case, when the field is parallel to one of
the crystallographic axes, one-dimensional gratings perpendicular to it are predicted. Nevertheless,
on increasing the irradiation intensity, one-dimensional gratings should become unstable versus two-
dimensional orthogonal gratings. This effect has not been reported yet although such two-dimensional
gratings have been observed when the electric field is oriented at an angle of 450 with respect to
the [110] crystallographic axis, in agreement with our analysis. For increasing incidence angles, our
analysis does not predict qualitative changes for pattern selection, in agreement with experimental
observations. The observed decrease in pattern amplitude could correspond to the predicted increase
of the critical defect density.

Adhesion forces are expected to stabilize undeformed surfaces and could even be able to suppress
deformational instabilities. Unfortunately, and to our knowledge, no systematic experimental anal-
ysis of adhesion effects is available. Quantitative predictions may easily be obtained regarding the
minimum level of adhesion force required to stabilize the deformation of the thin film, but more sys-
tematic experimental studies are needed to allow for detailed comparisons with this theory, especially
in the presence of adhesive forces.

In physical variables, the deformation instability threshold for weakly adherent films is given by

εc =
6mθ2

vD‖τ
ρc2h2k

(
C+

T+
+

C−
T−

)|c ' 5.8 (134)

Comparing to the experimental conditions of (Banishev et al., 1992), this corresponds to a vacancy
density of the order of C+ ' 5.1018cm−3 , or a film top surface temperature T+ of about 1000 K
(' 0.7Tm). This temperature is given by(Walgraef et al., 1997a):

T+ ' I0(1−R)h
κ

(135)

where I0 is the laser power density, R the surface reflectivity and κ the thermal conductivity. In the
case of Si, where R ' 0.3, κ ' 0.1 W/cmK, and h = 0.01 cm, this temperature corresponds to a
laser power of the order of 104 W/cm2. For the laser used in (Banishev et al., 1992) with pulses of
1.6 ms, this corresponds to a critical laser energy density of the order of 15 J/cm2, which is in the
range of fluences where deformation patterns have been experimentally observed (Banishev et al.,
1992).

It is interesting to note that if one considers SiC single crystlas, it has higher reflectivity, thermal
conductivity and melting point as compared to Si. If one uses the value of κ ' 4.9 W/cmK for
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SiC, the predicted critical laser energy density that is necessary to induce surface deformational
instabilities would be at least 200 J/cm2. Therefore, and according to the present model, SiC is
expected to be considerably more resistant to laser damage than Si.

As far as adhesive forces are concerned, one can see from Fig.(37) that adhesive forces with scaled
stiffness constant of the order of 2 would suppress the deformation instability at ε = 7.5 > εc. This
implies that the corresponding un-scaled stiffness constant is K = ρc2h3

6D2
‖τ

2 ' 1010 MPa/m. For a

film-sustrate separation distance of the order of a lattice constant, this stiffness would correspond to
adhesive forces of the order of 25 MPa.

Figure 37: Adhesion bonding stiffness K̄, necessary to suppress the surface deformation instability,
as a function of the bifurcation parameter ε.

D.3.6 Conclusions.

The study of laser induced deformation patterns in thin films has been performed in the case of
covalent solid films with varying degrees of adhesion with the substrate. In this case, the interac-
tion between the electric field and covalent bonds may lift the orientational degeneracy of unstable
modes since their linear growth rate becomes dependent on the electric field orientation relative to
crystallographic directions.

However, pattern symmetry, selection and stability depends on the interplay between linear growth
rates and nonlinear couplings between unstable modes. In the present case, linear anisotropy in-
duced by bond breaking favors the formation of one-directional gratings while nonlinear terms favor
two-dimensional cellular patterns. The results of pattern selection analysis have been compared
to experimental observations. The following significant conclusions from the present analysis are
obtained:

1. Adhesion forces reduce linear growth rates of unstable modes, and may even suppress instability
when they are sufficiently strong;

2. For weak electric fields, which are not sufficient to induce bond breaking, two-dimensional
patterns without preferred orientation are formed;
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3. For strong electric fields, bond breaking increases the defect mobility along < 110 >-directions.
One-dimensional gratings perpendicular to these directions develop in the weakly nonlinear
regime. For stronger nonlinearities, these gratings should transform to two-dimensional gratings
with specific orientations;

4. Deformation patterns depend only quantitatively on the incidence angle of the laser radiation
with respect to the film surface.

5. As a result of its higher thermal conductivity, reflectivity and melting point as compared to Si,
the LIDT for deformational surface instabilities in SiC is predicted to be considerably higher
than the Si case, and may be in excess of 200 J/cm2.

D.4 Design of IFE Reflective Laser Mirrors

D.4.1 Introduction

The UCLA Grazing Incidence Metal Mirror (GIMM) must perform a number of functions, and a s
such the design must accomodate various constraints. The design objectives of the GIMM are:

• Reflect the incident laser beam into the direction of the target.

• Focus the incident ray directly onto the target.

• Be able to withstand the thermomechanical and radiation damages induced by laser beams.

• Be able to correct the reflective surface so that the focus is permanently on the target.

• Have a full range of motion so it can be placed anywhere relative to the target.

The National Ignition Facility uses a set of KDP crystals to focus the laser beams onto the target.
The main disadvantages of this approach are the costly manufacturing of the crystals (they are all
individually grown) and the fact that they come in direct line of sight of the target explosion blast.
The UCLA Grazing Mirror offers an alternate solution to the focusing problem. While it acts as
a redirecting mirror for the laser, it also has a modifiable surface that focuses the beam onto the
target. Advantages of this focusing procedure are the ease of manufacturing and also the fact that
the mirror will not come in contact with the explosion blast. Shown below are some pictures of the
KDP crystals and the UCLA GIMM mirror. An overall system picture is also provided.

D.4.2 System description

As described above, the UCLA GIMM is used to focus and at the same time reflect the incident laser
pulses. Its primary features are the focusing capability done by actuating the individual mirrors and
its ease of orientation provided by the swivel design of the support structure. In the process, the
laser hits the mirror surface and then it is redirected and focused onto the target pellet. From the
high level design requirements the following project requirements emerge:

• Focus a 0.5-meter diameter laser beam 30 meters away on a 2 mm spherical target.

• Have a surface of incidence of no more than 1.0 m2.
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Figure 38: UCLA Grazing Incidence Metal Mirror (right) vs. NIF KDP crystals.

 

Figure 39: Overall IFE system; fusion chamber and focused rays, coming from the grazing mirrors
onto the DT target.
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• Have a mirror surface described by a very shallow off axis parabola.

• Maintain a relatively constant surface temperature for an incoming flux of 10 W/cm2 and an
ambient temperature of 22 degrees Celsius.

• Form and maintain the parabolic surface of the mirror using piezoelectric actuators.

• Be able to rotate at least 90 degrees in the vertical and horizontal planes.

To attain the above-mentioned requirements, a system breakdown was developed. The UCLA
Grazing Mirror consists of the following primary systems: Mechanical, Electrical, Thermal and
Optics.

Mechanical System

The Mechanical system ensures the mobility of the mirror. It consists of the main support
structure and the swivel system that allows the mirror to rotate. The structure is designed to
withstand the load of the mirror and any vibration in the whole system. The swivel can be moved so
the mirror can cover up to 360 degrees in the horizontal and about 180 degrees in the vertical plane.

Electrical System

The Electrical system consists mainly of the piezoelectric actuators that supply the motion for
the individual mirrors. There are three piezoelectric actuators on the back of each individual mirror.
This setup provides optimum mobility to allow the overall surface to form an off axis parabola.

Cooling System

The Cooling system is made up of an intricate set of piping and valves. There are inlet and outlet
pipes on each of the small individual mirrors. The cooling fluid comes in through the inlet pipes and
cools the back of the mirror then exits through the outlet pipes to a collecting reservoir.

Optical System

The Optical system consists of the mirror surface itself. The surface is made up of three different
layers and it has an off axis parabolic shape to it. This way focusing is attained.

Overall System Design

In order to offer a better understanding of the UCLA Grazing mirror project a system breakdown
is shown in the following figures.

D.4.3 Detailed System Design

Mechanical System

The main components of this system are The Support Structure and The Swivel System. The
Support Structure design is inspired by the same structure used in the telecommunications industry
used for large satellite antennas. It has a square base with 0.4-meter sides and it is approximately
2.5 meters tall. The maximum load that it will support is 280 kg in the vertical direction. It also
prevents vibration due to the laser pulses acting on the mirror. The structure is shown in Figure
(44).

The swivel system is attached to the support structure through a ball bearing-pin joint. It consists
of a three-arm assembly that supports a 270-degree arc. The arc has two pin joints for mobility of
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Figure 40: Mechanical System of UCLA Grazing Mirror support structure

 

Figure 41: Optical system reflective surface
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Figure 42: Electrical System (Controls); three piezoelectric actuators to control each small mirror

 

Figure 43: Cooling system; inlet and outlet pipes to cool the back of the small mirror
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Figure 44: Support Structure

the actual mirror. This allows the mirror to virtually be oriented in any direction, as shown in Figure
(45).

 

Figure 45: Swivel system

Optical System

The reflective surface of the optical system is made up of small individual mirrors assembled
together to form a large surface. The entire surface is described by a parabolic equation with its
focal point 30 meters away so that the laser beam would be focused onto the target. The parabolic
description is needed so that the mirror not only reflects the ray but it also focuses it. The describing
equation and a simple diagram are represented in Figure (46) below.

Now that the basic surface profile is known, the unit piece optics can be designed. The surface of
the unit mirror is layered. The first layer is an Aluminum compound and the other two are composite
materials that aid in cooling the surface.

The advantage of using polished aluminum for the mirror surface is the reflective property of Alu-
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Figure 46: Equation and graphical representation

 

Figure 47: One small mirror profile (back view); notice the different layers

105



minum. This way most of the energy delivered to the mirror is reflected, minimizing the absorption
of energy. Next, the reflective surface has to be mounted on a support frame. This frame will hold
the mirror and it will also allow the cooling fluid to circulate under the mirror. Notice the cutouts
in the backside of the support structure to allow for the cooling channels. Fluid comes in through
the center and exits through the corners. This is shown in Figures (48), and (49).

 

Figure 48: Back side of the support structure

 

Figure 49: Front of small mirror mounted onto the support structure

The individual small mirrors are then assembled together to give the entire reflective surface of
the whole mirror. There are a total of ninety-one individual small mirrors that make up the reflective
surface, shown in Figure (50).

Electrical System

The basic electrical components of the assembly are the actuators that move and orient each
individual mirror. These are piezoelectric actuators controlled by a computer system to keep the
parabolic profile of the reflective surface. This is depicted in Figures (51), and (52).
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Figure 50: Basic assembly method of the small mirrors

 

Figure 51: Basic Piezoelectric actuator used for mirror surface movement
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Figure 52: Small mirror with piezoelectric actuators on the back side

Cooling system

After all other systems have been set up; the cooling pipes and reservoir are attached. There
is one main intake tube that drives the cooling fluid on the back of the mirror. There are also six
exhaust tubes that return the coolant to the reservoir. These are placed in the corners of the small
mirror. Intake is red and the exhausts are blue., as illustrated in Figure (53).

 

Figure 53: Cooling system for one small mirror. Notice the intake, exhausts and the coolant reservoir

D.4.4 System assembly

Once all the components of one small mirror have been connected, the last step is the assembly of
the entire system. First the mirror itself is formed. The second step is the mounting of the entire
mirror on the swivel and then onto the support structure. A large ring has been added to contain
the mirror. This ring fits on the pin joints of the swivel.
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Figure 54: Back view of the entire mirror (back plate has been removed for convenience)

 

Figure 55: Front view of the entire mirror
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Figure 56: Close up view of the whole assembly

An illustration of the overall system is now shown in Figure (57). Notice the integration of the
support structure, swivel and mirror.

 

Figure 57: Complete system picture

D.4.5 Finite Element Analysis

A detailed analysis was developed in regards to the thermal effects of the laser beam on the surface
of the mirror. For simplicity, only the small mirror surface has been analyzed. An important part
when designing the small mirror was the piping system that cooled the backside. The best solution
was found through an iterative process. The following illustrations reflect the thermal effects of the
laser beam on the mirror. The analysis has been converted to a linear one, so the effects of the
pulses have been averaged out to give a constant heat flux. The first model for the surface cooling
contained a set of straight pipes running from one side of the small mirror to the other. Because of
the gradual heating of the coolant as it travels through the pipes half of the mirror is at a higher
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temperature than the other.

 

Figure 58: CAD model of the first design for the small mirrors. Straight cooling pipes running
through the copper backing.

 

Figure 59: Cosmos Analysis results for the first trial

Although as seen from the FEM code (COSMOS) analysis that there is a temperature gradient
in the material, it won’t be enough to actually damage the surface. There also is a backup controls
system that will move the mirrors to correct for the surface curvature. The second design has a more
intricate piping system. The mirror was split in three identical pieces. Each piece has its own piping
lines as seen in Figure (60).

In this second case, the thermal distribution is more advantageous. There isn’t such a radical
gradient as in the first design and there are only three small hot spots. The presence of these hot
spots will not have too significant of an effect on the optics of the mirror. Therefore from a thermal
point of view this is the best design for the small mirrors cooling.

The third design option also yields a good thermal distribution, but the piping system is very
complex. This aspect makes the third design option difficult to manufacture, especially if there will
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Figure 60: CAD model of the second design option for mirror cooling

 

Figure 61: COSMOS FEM Analysis of the thermal impact on the small mirror due to lasers
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be a need to make each mirror separately due to different surface curvature. An illustration of the
third design option is presented in Figure (62).

 

Figure 62: Third design option. Hexagonal piping with multiple entrance and exit points

As said before this last design would be more difficult to manufacture and would necessitate a
larger number of tubing to be connected to it. Therefore the most feasible design for the small mirror
cooling system is design option 2. Although it is more difficult to manufacture than the first option,
it offers a better thermal distribution. Thus the selection has been made to accommodate a good
thermal solution and a rather simple manufacturing process.

D.4.6 Conclusions and Future Work

Although most of the parameters for this project have been calculated and some analysis has already
been done, there still is a considerable amount of work to be done to completely define the system.
This report is merely meant to give a perspective on the UCLA Grazing Mirror design while offering
an interesting alternative to the KDP crystals used for focusing purposes in the Inertial Fusion Pro-
cess. The idea of assembling the mirror out of ninety-one small mirrors is derived from contemporary
satellite technology; specifically form the hexagonal foldable mirrors. This concept allows the UCLA
Grazing Mirror to change surface curvature as needed for focusing. This feature is not present in
the KDP crystals option. Maintenance and cost are also advantages of the UCLA Grazing Mirror
design versus the KDP design. The UCLA design is not only able to reflect the beams but focus
them at the same time. Last but not least, the UCLA Grazing Mirror is able to sustain a longer
lifetime than the KDP crystals due to its ease of maintenance.

These features make the UCLA Grazing Mirror a strong candidate for the reflection/focusing task
on the Inertial Confinement Fusion Project. Some progress has already been made towards manufac-
turing the reflective surface. The M.E.R. Corporation is already manufacturing a prototype surface
for one small mirror. Further research and optimization of the system is still needed though. For
future work, some more material options should be researched. Composites and nano-scale materials
could be some choices that can improve the performance of the reflective surface. Mirror surface de-
formation as a result of differential thermal strains, as well as inelastic swelling and irradiation creep
strains must be actively corrected for. In addition, the flat surface of the small hexagonal mirrors
is desirable from a manufacturing standpoint. However, it will not lead to precise beam focusing
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unless the surface is curved according to a pre-defined surface equation. This ”deformable” nature
of the mirror may need a re-consideration of the materials as well as the control system itself. Some
other options should also be considered for the mounting system of the UCLA Gazing Mirror, more
economic and simpler choices might be available. The cooling pipes system for the small mirrors can
further be optimized to provide a more compact design. Lastly, the control system that ensured that
the surface of the large mirror has the correct curvature should be researched in more detail. Once all
these aspects are researched and all parameters specified then the system will be ready for prototype
manufacturing. In conclusion, the UCLA Grazing Mirror design satisfies the requirements that were
outlined at the beginning of the project, but a considerable amount of design and manufacturing
work need to be done so that a robust full-scale GIMM can be developed.
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