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ABSTRACT

Removal of laser-induced damage sites provides a possible mitigation pathway to improve damage resistance of coated
multilayer dielectric mirrors. In an effort to determine the optimal mitigation geometry which will not generate
secondary damage precursors, the electric field distribution within the coating layers for a variety of mitigation shapes
under different irradiation angles has been estimated using the finite difference time domain (FDTD) method. The
coating consists of twenty-four alternating layers of hafnia and silica with a quarter-wave reflector design. A conical
geometrical shape with different cone angles is investigated in the present study. Beam incident angles range from 0° to
60° at 5° increments. We find that light intensification (square of electric field, |E|*) within the multilayers depends
strongly on the beam incident direction and the cone angle. By comparing the field intensification for each cone angle
under all angles of incidence, we find that a 30° conical pit generates the least field intensification within the multilayer
film. Our results suggest that conical pits with shallow cone angles (< 30°) can be used as potential optimal mitigation
structures.
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1. INTRODUCTION

Silica-Hafnia multilayer coatings are often used on mirrors on high peak power laser systems like the National Ignition
Facility. The high dielectric constant multilayers are coated on BK7 substrates by physical vapor deposition. Defects
are inevitably formed during the deposition process within the film as well as on the surface of the outer-most layers.
Some rare defects such as the highly absorbing nano-clusters at the near surface region of the film, or the solid inclusions
in the bulk can result in damage upon exposure to laser light.' Earlier studies have shown that substrate scratches and
impurities can also contribute to laser damage of the coating layers.’ Because some of these initiated sites grow at higher
fluences, they limit the lifetime as well as the performance of mirrors.

One of the strategies to minimize laser damage and enhance mitror performance is first to initiate the damage precursors
at lower fluences, and then replace the initiated damage sites with pre-designed mitigation structures®. These mitigation
structures can be created by multiple techniques including femtosecond laser machining, single crystal high-speed
diamond machining, and magnetorheological finishing.*® The challenge is to determine the proper mitigation structure
which will not induce subsequent damage at operational fluence. Since electric field peaks exceeding the intrinsic
standing-wave peaks are often created within multilayer coatings owing to interface and coating defects,” the initiation
of laser damage within optical coatings due to defective structures can be better understood by electric field modeling.®
In this paper, we report 2-D modeling results on light intensification within multilayer coating layers due to conical pits
of various cone angles at different irradiation conditions. We find that a 30° conical pit generates the least field
intensification and thus can be used as a potential mitigation structure.



2. METHOD AND VALIDATION

The modeling of light intensification within multilayer film due to defective structures is achieved by utilizing a
commercially available software code TEMPESTpr2.”' TEMPESTpr2 employs a finite difference time domain (FDTD)
method'' to solve Maxwell’s equations within a particular structure, both in 2-D and 3-D. The algorithm for this study
simulates the scattering of an electromagnetic plane wave by using a defective multilayer mirror topography. The
simulation domain is rectangular, 2-D, and gridded with a uniform grid. In the original code, the periodic boundary
conditions (PBC) are applied in the horizontal (or the x) direction, while the Berenger’s perfectly matched layer (PML)
absorbing-boundary condition'? is applied in the vertical (or the z) direction.

An earlier version of the program TEMPESTpr1 has been used to study the electric field enhancement by spherical
inclusions embedded within multilayer coatings® *"'* and by cracks within fused silica surfaces.'” The simulation results
provided explanations for the experimental observations. In the current study, we expand the capability to examine the
field intensification within a multilayer film that contains conical pits of different cone angles. Here we report 2-D
simulation results for cone angles of 0°, 30°, 45°, 60° and 80° and the incidence angles of 0° to 60° in 5° increments.

Figure 1 illustrates the defect geometry used in this study. The simulation domain is 90 um wide and 4.963 pum high
(unless otherwise noted) and contains 24 alternating layers of hafnia (H) and silica (L) with a quarter-wave reflector
design: air:L(L:H)"12:glass. A conical pit of 30° cone angle defect is inscribed within the domain on the surface of a
BKY7 glass substrate. For normal incidence irradiation, the reference wavelength is 1053 nm, and the refractive indices of
the layers are ng=1.971 and n.=1.44977. The physical thickness of each hafnia and silica layer is 133.56 and 181.58 nm,
respectively. The total film thickness is 3963.26 nm. For oblique incidence cases, the irradiation wavelength for the
calculations was blue-shifted to maintain maximum reflectivity and proper spectral centering; the refractive indices were
replaced by the effective values as discussed in later sections.

Figure 1. Example of the simulation domain for a multilayer coating with a conical defect of 30° cone angle on a
glass substrate.

There are some inherent errors in film thickness when discretizating the layer structure during the simulation since
uniform gridding is required. An example of the gridding to the film thickness is shown in figure 2a. Figure 2b shows
the layer thickness errors as a function of cells per bilayer for normal incidence. As indicated in the plot, to achieve an
error less than 2%, the number of cells per bilayer can be 7, 12, 14, or 19. Since the computer memory usage and
simulation time are directly proportional to the number of cells in the simulation domain, 12 cells per bilayer (7 cells for
SiO; and 5 cells for HfO,) is chosen for our simulation to balance the simulation accuracy and computing time.
Furthermore, the 12 cells per bilayer also give a smaller error in thickness for oblique incidences (figure 2c). As
indicated earlier, for oblique incidence cases, we also corrected the incident wavelength to account for angle-induced
spectral shifting. The adjusted wavelength for each incident angle is calculated using “The Essential Macleod”
program'®, a comprehensive software package for the design and analysis of optical thin film. To further overcome the +
quarter wave optical thickness (QWOT) error, effective indices of refraction are used. The modification to the index of
refraction is given by the following formula

n (HfO,) = 2.0058 — 0.0002 * 0 - 0.00003 * 7

n (Si0,) = 1.4316 + 0.0001 *  + 0.00005 * 6”
where 0 is the angle of incidence. The correction is within 2% of the original indices of each material.
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Figure 2. (a) Schematics show the discretization of layer structure and the difference between the actual thickness

and the gridded dimension. (b) The dependence of error in layer thickness due to gridding at normal incidence. (c)
The dependence of the percent change of layer thickness due to gridding on incident angles for 7 and 12 cells per

bilayer. The 12 cell-per-bilayer case on average gives a smaller change in layer thickness.
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Figure 3. Comparison of the electric field distribution within a perfect stack between results obtained by
simulation and that of analytic solution.



There are very few nontrivial analytic or semi-analytic test cases to benchmark against the TEMPEST code. An earlier
code validating effort® compared the Mie’s solution'” for a plane wave interacting with a dielectric sphere to the
simulation result for a spherical solid inclusion embedded within multilayers. The axial values of [E|* from both methods
agreed very well. Currently, we further benchmark the code by comparing the field distribution of a perfect QWOT
stack obtained from the simulation against that of analytic solutions. The perfect stack consists of 24 alternating layers
of hafnia (H) and silica (L) similar to those shown in figure 1. For the simulation, a 12-cell per bilayer was used to
discretize the film thickness. The analytical solution was determined using the “The Essential Macleod” program. The
field intensity distribution along the film depth (upon normal irradiation) determined from both methods is shown in
figure 3. Because of the scale difference, the intensity spectrum obtained from the simulation was normalized by
matching the maximum peak intensity to that obtained analytically. Spectrum from the simulation (dotted line) agrees
well with that from the exact solution (solid line) except for the minimum values at the near surface regions (see plot
inside the red circles in the figure 3) where a noticeable difference can be seen. However this discrepancy in the
minimum peaks is smaller than 1% and can be suppressed by increasing the cell numbers during simulation (i.e., reduce
the cell thickness). Nevertheless, because only the accuracy of maximum peak values is relevant, the observed errors at
the minimum peak can be tolerated. In addition, such agreement between the two spectra is also observed for light
irradiated at oblique angles of incidence (data not shown). Thus the simulation code is valid to determine the field
distribution within the multilayer coatings.

3. RESULTS AND DISCUSSION

An example of the simulated E-field distribution for a defective multilayer with a 30° conical pit at 10° of incident angle
is shown in Figure 4. The intensification strength is illustrated by the color scheme where larger color scale value
indicates higher intensification. In general, hot spots are observed in both hafnia and silica layers and in most cases, the
maximum intensification is seen at the layers near the interface. For the case shown in the figure, the maximum
intensification resides in the silica layer. The field distribution along the vertical direction where peak intensification
located is shown in figure 5b. The plot shows that the field strength attenuates through the film depth. It should be
noted that the correlation between damage threshold and maximum intensification may not be the same for the silica
layers and hafnia layers. Furthermore, previous work has shown that the damage often occurs in the hafnia layers.'®
Thus in the following sections, we will focus our discussion on the simulation results for the hafnia layers.
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Figure 4. (a) An example of the electric field distribution within the multilayer structure obtained by
TEMPESTpr2 code. Higher color scale value corresponds to higher field enhancement. For view purpose, the
image is stretched along vertical direction. (b) Field strength profile along film depth as outlined in (a) by the
colored line.



Pictures in figure 5 show the field distribution of the multilayer film with several different cone angles, but at a fixed 15°
incidence angle. Similar to the case shown in figure 4, the hot spots are mostly located at the near surface regions
(maximum peak locations are encircled in red). Assuming laser damage in films is directly correlated with field
intensification, the simulation results are then consistent with experimental observations as reported previously.'®
Secondly, the magnitude of the maximum intensification strongly depends on the cone angle. For example, for light
irradiated at 15°, a defect with cone angle of 60° will generate a maximum intensification of ~7.0 (figure 5d) while the
intensification only reaches to ~2.0 when the cone angle is at 30° (figure 5b). An intensity value of 1 or smaller indicates
no field intensification.
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Figure 5. Representative images of simulated field distribution for multilayer film with a conical pit of different
cone angles all at 15° incidence angles. Domain dimension: 90 pm x 4.963 um. For view purpose, all images are
stretched along vertical direction.

Simulations also show, for a fixed defect shape, the field distribution and the intensification magnitude are both strongly
dependent on the angle of incidence. For example, for a 45° conical pit, at normal incidence, the maximum field
intensification is over ~ 9 times the base value. The intensification only reaches 2, however, when light impacts the
multilayer thin film at 60°. For all the incident angles simulated, the maximum intensification varies from ~ 1.9 to ~ 9.3.
Figures 6a-d illustrate the field distribution and enhancement within the multilayer film due to the 45° conical pit for
incident angles of 0°, 15°, 30°, and 60°.  Beside the wide spread magnitude in maximum intensification, the field
distribution or standing-wave pattern within the film is also quite different for each beam incident angle.
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Figure 6. Representatives of simulated field distribution for multilayer film with a conical pit of 45° cone angle at
a series of beam irradiation angles. Domain dimension: 90 pm x 4.963 pm. For view purpose, all images are
stretched along vertical direction.
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Figure 7. Summary plot shows the distribution of the maximum intensification within defective multilayer film
for various cone angles and a series angles of incidence. The red dotted circle indicates that a 30° conical pit
generates the least amount of field intensification for all incidence angles. The color-box legend indicates the
angle of incidence

In figure 7, the maximum magnitude of the intensification within the hafnia layer for the defective multilayer is plotted at
different cone angles for a range of incident angles. The cone angles for the simulations are 0°, 30°, 45°, 60°, and 80°
and the angle of incidence ranges from 0° to 60° in 5° increments. In general, for a given cone angle, the maximum
intensification values varies strongly with the angle of incidence. The dependence on incidence angles, in most cases,



can be described by a monotonic function. On the other hand, for a given light irradiation direction, the dependence of
the maximum intensification on cone angles is rather complex and does not follow a monotonic fashion.

It is apparent that the conical pit with a 30° cone angle generates the least amount of field enhancement on average
within the multilayer for light irradiated at all incidence angles. Cylinders (zero degree cone angle) also tend to have
lower intensification than cones with cone angles exceeding 30°. The results show that electric field intensification is
minimized for shallower cones and suggest that potential mitigation features should have shallow (< 30°) conical angles
to improve mirror laser damage resistance.

We have also observed an interesting phenomenon where the defective multilayer film exhibits a wave guide property.
Such effect is especially prominent for cylinders (cones with zero degree of cone angle). As shown in figure 8, the wave
guide generates a periodic maximum intensification spot at both shallow and deep regions within the multilayer. While
the reflection point at the shallow region reaches a peak intensification of ~ 5, the intensification at the deeper reflection
point is also as high as ~ 3.5. Field intensification at the deep location may be responsible for the observed deeper
damage site within the coating multilayers in the transport or polarized mirrors. Our results suggest an alternative source
of field intensification within the film especially for those spots located in deeper region of the multilayer film.
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Figure 8. Simulation image showing a wave guide effect generated within multilayer film for a zero angle cone at
45°irradiation angle. The high intensification points clearly show at the right side of the film in both shallow and
deep regions with an apparent periodicity. Domain dimension: 150 um x 4.963 um. For view purpose, all images
are stretched along vertical direction.

4. SUMMARY

We have found that, through simulation, electric field intensification within the defective multilayer film depends on
both the cone angle and the angle of incidence of the impinging light. Specifically, for a given incident angle, the
dependence on the cone angle is rather complex and does not follow a simple rule. For a cone with a fixed cone angle,
the dependence on the incidence angle, however, follows a simple pattern although the function may be different for
each cone angle. Overall, our results show that conical defects with shallow cone angle (< 30°) generate the least
amount of intensification for light irradiated at all incident angles. Therefore an optimal (or high fluence) conical
mitigation feature should have shallow (< 30°) conical angles. In addition, when certain conditions such as incident
angle, cone angle, and index of refraction are met, a waveguide generated within the film can also be a source of
intensification. The wave guide effect not only causes intensification near the top surface but also at the much deeper
locations. Further studies are needed to experimentally verify the presence of the waveguide within the multilayer film
and to reveal the underlying mechanism by which waveguides form within the multilayer film at the presence of
mitigation defects.
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