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Abstract 

In dielectric multilayer optical coatings, laser induced damage is often associated with u.m-scale surface 
defects such as the well known nodule defect. The interaction mechanism of ths laser light with the coating 
defects is not understood, however. Historically, laser damage has been associated with peaks in the standing-
wave electric-field distribution within the mullilayer f'lms. hi the present work we use a finite-difference time-
domain electromagnetic modeling code to study the influence of 3-D nodule defects on the E-field distribution. The 
coating studied is a dielectric multilayer HR consisting of alternating quarter-wave layers of Hf02 and Si02 at 
1.06 um. The nodule is modeled as a parabolic defect initiated at a spherical seed. The modeling results show 
that E-field enhancements as large as a factor of 4 can be present at the defects. The enhancement shows a 
complex dependence on the sii;e, depth and dielectric constant of the seed material. In general, defects initiated 
by large, shallow seeds produce the largest E-fields. Voids at the nodule boundary influence the E-field 
cYisrr'CPUuon, but have a small etlect on the pea*< held. 

C.ossaiy. 
£ ( w l c l Incident electric field. 
£ 0 Magnitude of incident electric field. 
Fx Maximum electric field magnitude over a range of 1 wavelength in the direction of propagation 

(the z direction). 
Fd Maximum electric field magnitude in defect. 
Fa Maximum electric field magnitude in air (or vacuum? above defect. 
Fp Maximum electric field in perfect dielectric stack. 
/ / ( i " > Incident magnetic field. 
Ar Radial grid spacing. 
Az Axial grid spacing. 
£ Permittivity. 
fl Permeability. 
,70 Wave impedance of free space. 
z Axial coordinate. 
r Radial coordinate. 
t Time coordinate. 
(° Angular frequency of electromagnetic wave. 
i Axial FDTD cell index. 
j Radial FDTD cell index. 
c Speed of light in a vacuum. 
X Wavelength in mirror material (either HfC<2 o rS iOz) . 
/L0 Wavelength in vacuum. 
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1. Introduction 
Laser-induced damage in optical coatings is often associated with structural defects in the films. In 

dielectric HR coatings the predominant surface defects are (Un-scale domes associated with the classic nodule 
defect [1,2J. These defects form as a result of shadowing effects at seed particles during the growth process [1,3). 
The interaction mechanism of the laser light with the coating defects is not understood, however. Historically, 
laser damage has been associated with peaks in the standing-wave electric-field distribution within the 
interference stacks [4J. Little is known, however, about the influence of 3-D nodular defects on the E-field 
distribution in interference stacks. Bloembergen [5] has shown analytically that defect-induced field-
enhancements in bulk dielectrics are a function of the index of refraction of the material and the geometry of the 
defect for simple defects such as cracks, grooves and pores. E-field enhancements as high as a factor of four were 
predicted for defects in common materials. Murphy [6] has treated the nodules domes as microlenses assuming an 
average dielectric constant for the multilayer coating. Simple geometric optics is probably not applicable, 
however, for defects with sizes smaller than about lOx the wavelength of light, as is the case here. 

In the present work we use a finite-difference time-domain electromagnetic modeling code to study the 
influence of the nodule defects on the E-field distribution. The coating studied is a dielectric multilayer HR 
consisting of alternating quarter-wave layers of HfC>2 and Si02 at 1.06 urn. The nodule is modeled as a parabolic 
defect initiated at a spherical seed. 

The seed particles may be due to vacuum system or substrate contamination or due to particles ejected from 
the coating source material itself. In most state-of-the-art coating systems contamination is low. Also microscopic 
cross-sections have shown that the defects generally begin within the film, rather than at the coating/substrate 
interface, so substrate contamination is not important here. We will therefore assume that the seed materials are 
composed of coating material. Chow et al. [71 have recently shown that stress relief of temperature-induced 
phase transitions is the dominant cause of particle "spitting- in Hf02-

2. The FDTD Technique 
The finite-difference time-domain (FDTD) technique was originally suggested by Yee [8] in 1966, and has 

since become the standard technique for time-domain electromagnetic simulation on regular grids. The approach 
to obtaining the updating equations that allow the solution to be marched forward in time is to replace all of the 
spatial and temporal derivatives in the Maxwell curl equations with their centered finite-difference 
equivalents. This leads directly to a preferred distribution of field components on a regular spatial mesh, and 
also to a temporal interleaving of the electric and magnetic fields, which ensures that the result is 2nd order 
accurate in both time and space. The updating equations are then obtained by inverting the algebraic difference 
equations for the field values at the n+1 time step in terms of the values of fields at the nth time step. The 
approach is subject to CFL stability criterion [9] which limits the size of time step that may be taken. To obtain 
accurate results one must use grid spacings that are sufficiently small to ensure at least ten samples per 
wavelength for the shortest wavelength of interest. 

When simulating bodies of revolution, under certain circumstances one may use a 2-D representation of the 
fields. In particular, if the axis of revolution is the z axis, and the incident radiation is a plane wave traveling 
in.fhe 2 direction, Ihen the scattering process may be precisely modeled by assuming the fields have an harmonic 
(elv) <p variation. An incident plane wave traveling in the +z direction with £ polarized in the x direction 
may be represented in cylindrical coordinates as 

£;"> = £ocos(0)cos[fi)(5/-;)], (1) 

E^> = Easin(lp)cos\a(yc-t)\, (2) 

w<~> = _ i» s i n ( ( j ) s i n | ( y(z / _ , ) ] , ( 3 ) 

/,<»> = $Lcos(<!>)sin[co(yc - ()], (4) 
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where ED is the magnitude of the incident field, (0 is the angular frequency, and T}9 - 377S2 is the free space 
impedance. Since a scattering object wWdh is rotarionaTly invariant cannot induce azirflufhal muitipole coupling, 
the source described above will lead only to scattered fields with the same azimuthal dependence. Thus, the <p 
dependence of the scattered fields may be inferred from the incident field, and the 0 derivatives in the Maxwell 
curl equations may be done explicitly, yielding the following equations which will be satisfied by the scattered 
fields: 

1 dH, 
r dz 
dH, dH, f. 
dz dr *' 

-\ dE. 

dE, dE, 
~dl-d7-^ 
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where E„ £,,and Ht vary as cos(0),and Et, H„and H, vary as sin(0), and one must solve for the unknown 
dependencies on r, z, and t. 

Applying the FDTD methodology to this set of equations yields a field distribution on the mesh as shown 
in Fig. 1, and the foltowing update equation for each field component 

E'(U*at ~ E'{i.i+%) \ H"* —\Hk*% -H"* 1 
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where the superscript indicates the time-step, the index subscripts indicate the location of the field component on 
the spatial mesh, Ar and Az are the radial and axial mesh spacing respectively, and At is the time-step size. For 
nodes which lie on the axis of rotation (z axis) two of the updating equations must be modified as follows: 

O«.\o> E*(,-.c» £ L^l"'!**.!)) "rV-%.t»l ^ "mm J' (17) 
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The remaning node on the axis, the Hr node, is updated as usual. This set of field update equations is subject to 
the following CFL stability criterion: 

/ 1 , 3 • 

W V)2 

If the time step does not satisfy this condition, then an exponentially growing error term will appear in the 
solution. 

The equations above may be solved using the AMOS computer code [10]. This code solves the Maxwell 
equations in cylindrical coordinates using the FDTD technique. It assumes rotational symmetry in the object being 
modeled, and uses the field distribution on the grid shown in Fig. 1. AMOS supports arbitrary azimuthal 
multipote number as given by the user, and for the simulations discussed in this paper the multipole number was 
set to unity as required by Eqns. 1-4. 

3. Benchmark Problems 

Pwfar.l Stack 
Several test calculations were performed in order to evaluate the validity of time-domain solutions 

produced by the AMOS code in the regime of interest for mirror defect modeling. The first of these is the 
calculation of the field pattern in a perfect dielectric-stack mirror. The system modeled consisted of 11 
alternating Vt. layer pairs of S1O2 and HTO2, witha % layer of S1O2 at the surface as shown in rig. 2. We used 
dielectric constants of 2.10 for Si02 and 3.73 for KfC^. Our actual target for the hafnia dielectric constant was 
3.61, but the value of 3.73 was used to yield an integer number of FDTD cells across both the silica and hafnia 
layers in the stack (see below). All calculations reported in this paper are for normal incidence. A radiation 
boundary' condition (first order Mur 111]), or RBC, vas used to terminate the grid in the vacuum above the mirror. 
The radiation condition allows the incident fielc to be launched into the problem while at the same time 
allowing the fields scattered from the mirror to pass out of the simulation volume unhindered. A symmetry 
boundary condition was used at the center of the mirror. The location of the symmetry axis is obviously irrelevant 
for this case, but it marks the center of the rotatiomlly symmetric defects discussed later. Ideally the grid would 
be terminated in a RBC at its outer radial edge, so that waves which scatter radially off defects on axis would 
propagate out of the simulation volume. Unfortunately, spurious interaction of the incident wave with the RBC 
(the Mur RBC incorrectly treats tangentially travelhg waves) forced us to terminate the grid at the outer radius 
with a perfect electric conductor and instead use temporal isolation to eliminate the undesired backscatter effects 
from the termination. Temporal isolation refers to making the grid large enough so that outward propagating 
waves do not have time to travel to the grid boundary and back again before the simulation is terminated. The 
substrate-side of the minor grid is terminated with an impedance boundary condition that enforces the normal 
component or me outgoing wave impedance to be that ol S1O2. 

The result of the calculation is shown in Fig. 3. Also shown in Fig. 3 is a curve connecting the peaks of the 
analytic result {12], which agrees well with the calculated profile. Outside the mirror one sees a standing wave 
with a maximum field of 2E0, while in the dielectric stack the standing-wave electric field (SWEF) falls 
rapidly with peaks in the pattern lying at the boundaries marking the transition from the Hf02 to the Si02. 
The FDTD cell size was chosen so that there were 3 cells across the Hf02 layers and 4 cells across the S>02 
layers, which yields the necessary identical electrical lengths for each layer given the dielectric constants 
chosen for the materials. We therefore have a minimum of 12 ceils per wavelength throughout the mirror. This 
sampling density is adequate for our purposes, although for high accuracy simulations a sampling density of 20 
cells/ X or more is required. At sampling densities below about 10 cells/ A phase velocity errors become large 
enough to give erroneous results for. problems such as mirror analysis in which interference effects dominate. 
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The calculation shown in Fig. 3 was obtained by using as the incident field a Gaussian-modulated plane 
wave with a center frequency at the design frequency of the mirror. Conceptually, the pattern shown in Fig. 3 
may then be computed by taking the Fourier transforms of the field rime-histories at evenly spaced intervals 
through the mirror and evaluating these transforms at the design frequency of the mirror. Since we are only 
interested in the response of the mirror at a particular frequency, it is simpler in practice to compute the Fourier 
series at that frequency at each point in the mirror "on-the-fly" during the simulation. The discrete Fourier 
transform evaluated at a point and at a single frequency can be computed as a running sum during the simulation, 
thus eliminating the need to store the field rime-histories as would be necessary for a complete transform. All 
other simulation data reported in this paper were obtained in a similar fashion. 

Isolated Dielectric Sphere 
A second benchmark was performed by computing the fields produced by a plane wave incident on a 1.1 um 

diameter dielectric sphere composed of Hf02. For this case, and this case only, we used a dielectric constant of 
3.61 for harnia. We used RBCs to terminate the axial extent of the mesh, and temporal isolation was used 
radially, so the sphere was effectively isolated in free space. The magnitude of the electric field, in the 
direction of the incident electric field, is plotted in Fig. 4 as a function of position along a line that passes through 
the center of the sphere and parallel to the direction of propagation. Also shown in Fig. 4 is the analytic result 
given by Stratton 113]. Here, as with the perfect stack, there is good agreement between the numerical and 
analytic results. Data was obtained at several different frequencies within about 20% of that shown in Fig. 4, 
and all compared well with analytic calculations. 

4. Comparison with Bloembergen in Static Limit 

As an exercise we extended the isolated sphere calculation to include a geometry similar to that 
discussed by Bloembergen [5]. The geometry consists of a silica half-space with a spherical void 1/4 X0 in 
diameter at a depth of 5/3 X . A plane wave is normally incident on the half space, and a combination of 
radiation and impedance boundary conditions was used similar to that described above to mitigate the effects of 
grid terminations. The result of this calculation is shown in Fig. 5, with the magnitude of the field expected from 
the quasi-static analysis of Bloembergen marked above the peak at the void. The small oscillations in the field 
below the defect in the half-space are likely spurious, resulting from imperfect termination of the outgoing waves 
using the impedance boundary condition on the edge of the grid below the substrate. At this wavelength it is not 
expected that quasi-static approaches will yield the correct answer because resonance or near resonance effects 
are ignored in such analysis, but the value predicted by Bloembergen is nevertheless quite close to what we 
calculated using AMOS. 

5. Modeling of Nodule Defects 

Geometric Model of Defect 
A typical defect model used in our simulations is shown in Fig. 6 (along with the boundary conditions). The 

defects modeled were cylindricaHy symmetric with parabolic sides. This shape is characteristic of nodular 
defects formed on rotating substrates [3]. Based on our studies and the literature [1,3,7,14] we have assumed that 
the seeds initiating the nodule are spherical, are composed of coating material, and can be deposited at any time 
during the deposition process. We have also assumed that the deposition rate is the same at all angles and 
therefore that the film thickness radially from the seed is the same as the vertical layer thickness on a perfect 
substrate. The resulting layers above the seed, therefore, are sections of concentric spheres. The intersection of 
these spheres with the undisturbed layer structure results in the experimentally observed parabolic sides. Based 

5" 



£„ Ar 

Radiation boundary condition 

Fig. 1: Distribution of electric and magnetic field 
components on the grid elements used in the FDTD 
technique. The fields are distributed so that the 
spatial derivatives in the Maxwell curl equations 
are center-differenced, and the electric fields are 
temporally offset from the magnetic fields by Af/2 
to allow the time-derivatives to be centered. 

1.00 

Fig. 3: SWEF distribution calculated for a perfect 
Hf02/Si02 quarterv/ave stack (shown in Fig. 2) 
using the AMOS code. Also shown is the line 
connecting the peaks in the SWEF distribution 
calculated analytically using commercial software 

Impedance boundary condition 
Fig. 2: Geometry a of perfect mirror stack showing 
boundary conditions used in the electromagnetic 
modeling. The stack consists of 11 quarterwave 
layer pairs of H f 0 2 / S i 0 2 with a halfwave 
overcoat of Si02-

-0.4 -0.2 0 0.2 0.4 
z([im) 

Leading edge Trailing edge 
of sphere of sphere 

Fig. 4: SWEF distribution calculated using the 
AMOS code for a Hf02 sphere in free space (see 
inset) illuminated by an incident plane wave. Also 
shown is the SWEF distribution calculated using a 
Mie-series solution. The sphere diameter is 1.5X. 
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on these assumptions the height of a nodule dome at the coating surface, h, is equal to the diameter of the defect 
seed, d (14). The diameter D of the nodule dome is given by 

D = -Jidf. (20) 
where T is the depth at which the seed was deposited. Consequently, 

D = slZia. (21) 

Recent experimental evidence indicates that the correlation of nodule height and diameter predicted by Eqn. 21 
is correct for the HfQ2/SiC>2 films of interest here [16]. 

6. Results 

Typical nodule defect 
Fig. 7 shows the SWEF distribution along the axis of the nodular defect shown in Fig. 6. Unless otherwise 

indicated, we report only field maxima on this axis. Although an exhaustive search was not made for maxima 
off axis in each case, animations of several different cases showed maximum electric fields on the defect axis. 
There are two predominant features in the SWEF pattern: a maximum value above the defect surface, F„, and a 
maximum value in the defect, Fd. In this case, and in most others, Fd occurs within the defect seed. At distances 
far from the surface of the coating Fa/Ea approaches 2.0, as for a perfect stack. Fa should have little influence 
on the damage threshold of the underlying material. The peak in the defect, Fd, is our main interest. Fig. 8 
shows the set of local maxima in the SWEF pattern, or Fv for the defect. Also shown is F, for the perfect stack 
discussed in Section 3. The highest E-field in the perfect stack, Fp occurs within the half-wave SiC>2 overcoat. 
It is the E-field within the high-index material, however, that is generally believed to control the damage 
threshold of multilayer coatings [15], and we will therefore concentrate on that material. In the perfect stack 
studied here the peak E-field in a Hf02 layer is 1.03 times larger than the incident E-field, i.e. Fp I £ 0 = 1.03. 
The defect-induced field enhancements of interest are FdJFp. For simplicity, however, we will report the 
enhancement as Fd/E0. We are therefore ignoring the 3% error associated with the slight enhancement in the 
Hf02 within the perfect stack. The E-field enhancement in the defect in Fig. 6 is therefore 2.2. Since the local 
laser intensity, J, is proportional to |£ | , the corresponding lowering of the damage threshold would be a factor of 
4.8. 

Influence of defect geometry 
One of our objectives was to determine the dependence of the SWEF distribution on the defect geometry. 

We modeled a matrix of 12 different defects corresponding to four seed sizes and three seed depths as given in 
Table 1. 

Seed size 

Table 1: Seed sizes and depths used in defect geometry matrix. 

Optical 
Thickness 

Physical 
Thickness 

(waves HfO?) (um) 
0.50 
0.67 

0.28 
0.37 

t(tiny) 
s (small) 

1.00 035 mfmedium) 
1.33 0.73 Kl-irge) 

Seed depth 
Hf02/Si02 
layer pairs 
+ J./2SiO? 

Physical 
Depth 
(um) 

3 
5 
7 

1.33 
1.97 
2.61 

s (shallow) 
mfmedium) 
d(deep) 

Fig. 9 shows the seed geometries for the four extremes of the matrix. The nodule surface-diameters corresponding 
to the 12 defect geometries are shown in Fig. 10. The diameters range from 13 to 3.9 |im. These are typical of the 
defect diameters we have observed on actual coatings [161. Fig-11 summarizes the results of the modeling of the 
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Surface of silica 
Radiation boundary condition 

E=»E,„-,i,Y -

^*- Approximate* 
Bloembergen-

Temporal • 
isolation 

Impedance bound*" y condition 

Fig. 5: SWEF distribution calculated using the 
AMOS code for a plane wave electromagnetic field 
incident on a spherical pore defect in bulk dielectric 
Si02 (see inset). Also shown is the peak E-field 
calculated for this system using Bloembergen's 
approximate analytic solution. The depth of the 
pore below the surface, w, is 5/3 X. 

Fig. & The geometry of a cyUndricaUy symmetric 
model nodule defect within a multilayer stack. The 
boundary conditions used to model the SWEF 
pattern in the defect are shown. For this deiect d = 
2/3UHf02) and T = 3.25 JL 

Surface of stack 
Top of defect 

- 1 ,'U 1 1 

-" • /— Result 
t* at left " 
M 

*\ 
- \ 
_ » - • A - \ 
_ \ _ 
- Result for \ 

1 \ 
; perfect y \ 

stack —' \ 
-

1 1 1 
x, * 

2 (jim) 
4 6 

Z (urn-

Fig. 7: SWEF distribution along the axis of a 
nodular defect shown in Fig- 6. The line connecting 
the peaks in the curve is identified as F 4 in 
subsequent plots. 

Fig. 8: Comparison of Fk curves for the SWEF 
distributions shown in Fig. 3 for a perfect 
Hf02/Si02 quarterwave stack and in F.g. 7 for a 
nodular defect with T=3.25 X and d= 2/3 X (HfC>2). 
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SiO, 
HfO, 
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Fig. 9: Geometries of four nodule defects defined by the extremes of the (4 seed size) x (3 seed depth) matrix 
given in Table 1. 

(m) 0.73' 
Seed size (I) 

(Mm) 

Seed 
depth 
(pm) 

Fig. 10: Surface diameters of nodules corresponding to the seed depths and sizes given in Table 1. 

0.0 0.2 04 0.S 0.8 1.0 1.2 1.4 
Seed size, waves HfOs 

Fig. 11: Electric field enhancements, f d/Eo, calculated for the 4x3 matrix of nodule shapes determined by the 
size and depth of the defect seed. 
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defect matrix. Two general trends are observed: i) as the seed moves closer to the surface the Fd]E0 increases, 
and ii) in general, Fd/E0 increases with the seed size, although the trend is clearly not monotonic. Overall the 
E-field enhancements ranged from about 1.5 to 3.5. Fig. 12 shows further details of how the SWEF distribution 
varies with seed depth for two different seed sizes. The location of Fd follows the seed position and the 
magnitude of Fd decreases as the seed depth, T, increases. The magnitude of the peak above the coating, Fa, also 
decreases as T increases. 

For all of the defects in the matrix the HfC>2 seed was located (deposited) at the bottom (start) of a Hf02 
layer. As shown in Fig. 13, Fd/E0 showed a linear dependence on seed depth. If the seed was instead deposited 
at the top of the Hf02 layer, the corresponding Fd/E^ fall on another line with a slightly higher slope. Fd/E0 

is, therefore, not only dependent on the seed depth but also on the position within the layer pair. Note that 
while the dependence of Fd on the seed depth was linear for the small seed size, this was not the case for the 
other seed sizes as is apparent from Fig. 11. 

Trends associated with seed size are not as obvious as those associated with seed depth. Fig. 14 shows Fx 

for four different seed sizes; at two different seed depths. In the incident medium above the defect, the magnitude 
of the E-field peak, Fa, increases with seed size and the peak also tends to move away from the surface. The 
influence of the seed size on Fd is more complex. For both seed depths Fd is largest for the medium seed. The 
increased E-fields for this seed size may be due to some type of resonance effect because the seed size is one 
wavelength in optical thickness for HfD2. For the other three seed sizes Fd shows a general increase with seed 
size. The resonance explanation for the medium seed seems to be contradicted by the result for the tiny seed 
because that seed size is a half-wave in optical thickness and is also expected to show a resonance effect. The 
general increase in Fd with seed size is consistant with experimental results from Staggs et al. [16] which show 
that nodular defects with high dome heights are most susceptible to laser damage. 

In order for the modeling results to be easily related to microscopy observations, we had hoped to see a 
simple dependence of Fd on the nodule diameter, D. As shown in Fig. 15 this was not the case. It is apparent, 
however, that for a given seed size (and therefore defect height) that Fd increases as the defect diameter 
decreases. These trends suggest that the E-field enhancement may be related to the steepness of the angle that 
the light is incident on the defect. From Fig. 9 one can see that for a given seed size the incident angle increases as 
the diameter (or the depth) decreases. At high incideni angles the multilayer structure will not function like an 
HR, therefore possibly accounting for the increased E-fields. We have observed that if an HR coating is damage 
tested at angles far from the design angle the damage threshold is reduced. Inconsistent trends occur for the case 
of a constant seed depth with increasing seed size. Here the increase in incident angle with increase in seed size is 
pronounced, as shown in Fig. 9. However, the dependence of Fd on seed size as shown in Fig. 15 was rather 
unclear. 

Influence of seed properties 
All of the results presented above were for Hf02 seeds. Fig. 16 shows thl influence of changing ths- seed 

material to Si02 (i.e. changing the delectric constant to 2.10) for three different seed size and depth 
combinations. In all cases Fd was largest for the S1Q2 seed. The influence of the seed material was greatest for 
large seeds near the coating surface. The plots of Fx in Fig. 17 show that the seed material influenced the E-field 
distribution primarily near the seed. 

In certain cases sub-stoichiometric oxides may be deposited that have metallic properties. Fig. 18 shows 
the influence of seed conductivity on the Fx through a defect initiated by a large shallow seed. For the totally 
conductive seed there is no E-field within the seed, as expected. Otherwise the differences in Fx for the 
conductive and non-conductive seeds are small. Fig. 19 shows Fd for the two types of seeds for lour different seed 
sizes and depths. In all cases Fd for the conductive seed is within ±30% of that of the nonconductive seed. One 
should note that metals are not actually pure conductors at optical frequencies. The actual E-fields are therefore 
small but non-zero and the absorption coefficient is quite high so the seed will still be prone to damage. Platinum 
inclusions in glass is an example of metal-particle induced laser damage [17]. 
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Voids at nodule boundaries 
As a result of the geometric shadowing effects that -»use nodule growth, voids are sometimes present at 

the nodule boundaries. These voids, along with stresses in the coatings, make the nodules meclianically unstable, 
causing then to sometimes be ejected from the film either during or after the coating process. Fig. 20a shows the 
geometry of a nodule we modeled with a void at the boundary. Fig. 20b shows F^ through the defect with and 
without the void. While the void did influence the electric field distribution, Fd for the two cases are very 
similar. The biggest change in the SWEF distribution is in the incident medium. Fig. 20c shows \E\ radially out 
from the center on the defect along line A. While the local intensity is influenced by the presence of the void, the 
general shape of the distribution is the same. These results suggest that any influence of voids on the damage 
susceptibility of the defects is more likely mechanical than optical. 

7. Conclusions 
Full-wave modeling of electric field enhancements in nodule defects in HR mirrors is reported in this 

paper. The 2-D AMOS FDTD code was used to model the defects, which were assumed to be rotationally 
symmetric and irradiated with a normally incident plane wave. A variety of cases were considered involving 
defect seeds ranging in size from 1.5 (im to 3.9 urn at various depths in the dielectric stack. Defects initiated by 
large shallow seeds generally show the largest enhancements. The field enhancement is influenced by the 
electronic properties of the seed, but not sigriificantly by voids at the nodule boundary. Field enhancements of 
between 1 J> and 35 over the incident field amplitude were calculated for the various defects. Further analysis to 
be performed includes the analysis of off-normal incidence, which requires a fully 3-D simulation capability. 
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