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Abstract: We report on a numerical optimization of the laser induced damage threshold of
multi-dielectric high reflection mirrors in the sub-picosecond regime. We highlight the
interplay between the electric field distribution, refractive index and intrinsic laser induced
damage threshold of the materials on the overall laser induced damage threshold (LIDT) of
the multilayer. We describe an optimization method of the multilayer that minimizes the field
enhancement in high refractive index materials while preserving a near perfect reflectivity.
This method yields a significant improvement of the damage resistance since a maximum
increase of 40% can be achieved on the overall LIDT of the multilayer.
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1. Introduction

The chirped pulse amplification technique proposed in 1985 by Strickland and Mourou [1]
has allowed for the development of Petawatt class laser systems [2] such as OMEGA EP [3],
FIREX [4] and PETAL [5-7]. However, the overall performance of high power laser facilities
is currently limited by the damage resistance of optical components, especially mirrors placed
after the compression stage of the chirped pulse amplifier. Increasing the Laser Induced
Damage Threshold (LIDT) of multilayer mirrors is therefore of crucial importance to increase
the laser power of Petawatt class systems.

LIDT is governed in the short-pulse regime (i.e. picosecond to sub-picosecond) by
electronic processes. The LIDT of a multilayer stack depends on the Electric Field Intensity
(EFI) distribution inside the layers and on the intrinsic physical property of the materials,
named hereafter as “intrinsic LIDT”. It has been shown that there is a linear relationship
between the intrinsic LIDT and the optical bandgap energy of the material [8-11].
Consequently, we can distinguish two complementary trends in the enhancement of damage
performance of dielectric mirrors in short pulse regime: optimizing materials to improve
damage resistance and/or work on stack design to adapt electric field. Materials used for
building multilayer mirrors for high power ultrashort applications are typically the same as
those developed in the context of nanosecond high threshold coatings, mainly oxides and
fluorides [8, 10, 12, 13]. Significant progresses were also obtained by using mixtures of
dielectrics to improve band-gap and thus damage resistance [9, 14-16, 17]. More recently,
nano-laminates brought another step forward in the engineering of material band gap [18].
Despite this large choice of materials, HfO, and SiO; are still materials that are the most
widely used for high performance large size optical coatings [19, 20].

Considerable work has also been reported on the engineering of the electric field intensity
on the multilayer coating. On binary mirror stacks, Apfel modified the upper layers to reduce
the electric field intensity in the high index material [21, 22]. This approach, also extended to
a higher number of layers (also called reduced standing wave design), was proved to improve
the LIDT in the short pulse regime [13, 23-25]. Ternary mirror designs were also proposed
with the idea of using HfO, only where high electric field intensities could not be avoided,
and a higher index material (albeit less damage resistant) elsewhere to reduce the number of
pairs necessary to attain the desired reflectivity [26]. Interestingly enough, authors studied the
role of interface on stress [27]. Based on these results, specific designs were proposed to
reduce the electric field at interfaces to improve damage resistance with contradictory
experimental results, probably due to a lack of robustness of the designs [28].

Here we propose to use an optimization algorithm to determine the optimal design of
binary mirrors given a set of materials characterized by their index of refraction and intrinsic
damage resistance. For this purpose, [13, 21] optimization algorithms such as the gradient
optimization proposed by Demichelis et al. [29] or the needle optimization [30, 31] provided
for example in Optilayer software [32] can be used. Those algorithms operate by minimizing
a merit function, taking into account the different, sometimes conflicting goals, such as
minimum reflectivity, group delay dispersion, spectral width, electric field, etc. The difficulty
is to find the global minimum and to avoid local minima. In what follows, we propose a
systematic approach to find an optimal material choice in the case of binary mirror stacks. We
numerically show how to increase the LIDT of multilayer mirrors (i) by evaluating designs
with alternative materials to the conventional HfO2/SiO, couple and (ii) by investigating
designs using those materials deviated from quarter wavelength optical thickness layers.
Dielectric materials are ranked after a parametric study on the EFI and LIDT. Lack of
robustness in a design can lead to performance being not as good as expected [28, 33], we
then present a method to obtain a “global optimum” design taking into account reflectivity,
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LIDT and robustness to manufacturing variations and to uncertainties on the physical
parameters of the materials. This work has been carried out in the framework of the PETAL
laser facility but the method reported here is general and can be applied to other facilities.

2. Quarter wavelength mirror
2.1 Distribution of electric field intensity

The Petal transport mirrors are exposed to 700-fs laser pulses at a 45° incidence angle. Their
reflectivity must be higher than 99% for either p or s polarization at 1053 nm, the central
wavelength of the laser radiation.

This study deals with designs consisting of alternating layers of two materials, one of
which has a high refractive index and the other a low refractive index. The first and last layers
have a high refractive index. We consider a reference design consisting of 31 layers, each
layer having an optical thickness of one quarter wavelength (QWOT) at the design
wavelength and incidence angle. This number of layers ensures a reflectivity near 100% for
both p and s polarizations. The distribution of the EFI in this design is presented in Fig. 1 with
hafnia and silica as high and low refractive index materials, respectively.

Reference Design 100% R 99.7% |
100| T TTT T 17T T U T LI T T T 17T T TTT I T 1
T T e O O O O
e e Y Y O O O
5 o T T e O O O O
5 T e O O B
E T e O O B
o 40
o T O Y O O \
T R O IO O [/ 1] :
20 Incident
Substrate T T O O O A B A O | \\ i\ Medium
ol Ll Tl Il L 1 | b T
5500 5000 4500 4000 3500 3000 2500 2000 4500 1000

physic al thickness [nm]

Fig. 1. Electric Field Intensity distribution for s (green) and p (red) polarization in a (HL)**H
stack where H is HfO, and L is SiO,. The incident medium, air, is located on the right of the
stack and the substrate on the left. The electric field distribution is expressed as a percentage of
the incident electric field intensity.

Let us notice that (i) we did not take into account the group delay dispersion because of
the narrow bandwidth (about 5nm) and (ii) we considered stacks made of two materials and
not with three or more materials. Such designs with three materials are often used for
mechanical reasons [12] and not especially for improving laser damage resistance.

In this study, all the calculations are performed with MATLAB using the matrix
formalism detailed in [34]. The results are also verified with the commercial software
Optilayer.

2.2 Laser induced damage threshold of high and low refractive index materials

We review in Table 1 the different dielectric materials available for physical vapor
deposition, their refractive index, intrinsic LIDT and bandgap energy taken in [10].
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Table 1. Optical Constants of Material Thin Films (from [10] [10] otherwise specified)

Refractive A Deposition method
. index Bandgap Intrinsic
Material LIDT
(at (V) (lem?)
1030nm)
Low refractive ;. 1.46 7.49 3154035 E-Beam
index Deposition
materials (L) MgF, 1.35 unknown 2.66 +0.07 not specified
Al,O; 1.65 6.46 252+0.16
Sc,03, 19 5.6 2.1+0.02 not specified
Sc,035 [17] 5.7 31
High HfO, » 1.94 5.31 1.78+0.07 DE'Bef"‘(“
h eposition
refractive Dual lon Beam
index Ta,05 2.09 4.10 1.05  0.04 “S tori
materials (H) EuBerlng
Zr0, 2.09 474 1.66 +0.02 -beam
Deposition
Tio, 2.29 36 0.7 0.08 E-Beam
Deposition

If we rank the low refractive index materials according to their intrinsic LIDT, SiO;
comes first followed by MgF.. Concerning high refractive index materials, Al,O3; can be
considered as the best candidate. As we can see in Table 1, materials characterized by the
highest intrinsic LIDT often have a low refractive index. However, the LIDT of the mirror
also depends on the maximum of the EFI which in turn depends on the thickness and the
refractive index of each layer. Let us first study the impact of the refractive index on the
maximum of the EFI (EFlmax).

2.3 Influence of material index on the maximum of electric field intensity

The EFI is calculated in the reference design when varying the values of the low and high
refractive index from 1.3 to 1.55 and from 1.65 to 2.2 respectively. The calculated EFlmax
values are displayed in Fig. 2 as a function of the high refractive index (horizontal axis) and
low refractive index (vertical axis) for both p (left) and s (right) polarizations. The
coordinates of a few pairs of high / low refractive index materials are superimposed to the
density plot of EFI. Figure 2 reveals that for this type of design, EFlmax is mainly influenced
by the high refractive index as the colors form mostly vertical lines. We can also remark that
the highest values of the high refractive index provide the lowest values of EFlmay.

ta] EFI_‘n n both matesials ayers for P polarization [b] r:’Lw in bath materials layers for 5 paanzation
15 15 15
15 15
E oo [ ML0,5i0, =+Hi0/5i0, 2050, ——r AL 0,/5i0, =t HiO5i0;, = 2r0,/5i0,
[ b 1 -
° 4
: " £
‘:‘ 1 »C HiO/MgF, = Zr0/MaF, i 7| =4l 0,MgF, =Hf0, MgF, q-ﬁwz
213 SEERE ’
12
2 0 12 N ]
1 18 19 z 21 22 7 18 19 2 21 22
High refracte index [ | Hoh refracine index | |

Fig. 2. Maximum of the Electric Field Intensity (EFlnax) calculated in the reference stack
composed of two materials under the design (HL)!**H for the p (a) and the s polarization (b) as
a function of the high (x axis) and low (y axis) refractive index. Only a few materials are
represented to facilitate reading.

Two pairs of materials to build multilayer mirrors with reduced EFI, namely ZrO,/SiO;
and ZrO,/MgF, appear as good candidates. At the opposite, one can also conclude that the
pairs Al,03/SiO; and Al,O3/MgF, correspond to the highest EFlmax. Let us point out that
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based on the intrinsic LIDT values given in Table 1 only, Al,O3 should be selected among the
list of high refractive index materials. This difference between the results provided by Table 1
(LIDT) and Fig. 2 (EFI) highlights the fact that the whole stack of layers must be considered
instead of individual layers separately. Nevertheless the LIDT of the entire mirror depends
not only on the EFlmax but also on the intrinsic LIDT of each layer.

2.4 Laser induced damage threshold (LIDT) of the multilayer mirror

LIDT . [Wem for @ polarization with L= Si02 (b) LIDT ;... [i/emd for § polarization with L= Si02
(a) .

e

intrinsic LIDT aof the high media [ Jjem?]
intrinsic LIDT of the high media [ Jicm?]

18 18 2 21 22 23 24 0 B 18 1% oz 21 22
refractive index ofthe high media [ refractive index ofthe high media []
(C) LIDT ;o [1/cm?] Br P polarization vith L= MgF; (d) LIDT, ;o Hécm3 r & polanzation with L= MgF
s 5 10

intrinsic LIDT of the high media [Jicm?*]

1.8 18 2 21 22 23 24 B R 18 1.8 2 21 22
refractive index ofthe high media [|] refractive index ofthe high media [ ]

Fig. 3. LIDT of the reference multilayer mirror (colors) as a function of high refractive index
values (x axis) and intrinsic LIDT values of the high refractive index materials (y axis) for the
p (left) and s (right) polarizations. The low refractive index is fused silica (upper two figures, a
and b) and magnesium fluoride (the two bottom figures, ¢ and d). The purple line delimitates
the region where the damage occurs: under (over) this line it is the high (low) refractive index
materials.

The objective of this section is to select the high refractive index materials of the reference
design by calculating the LIDT value of the entire mirror as a function of both the high
refractive index ny and the intrinsic LIDT of the high index material denoted LIDTinn. In this
calculation, the low index parameters are fixed since it was showed in Fig. 2 that the
influence of the low refractive index on the EFlma is limited. However we did the calculation
for two different low refractive index materials: SiO, and MgF..

In a first step, the values of the high refractive index ny are varied from 1.6 to 2.4 while
the values of the intrinsic LIDT are varied from 0.5J/cm? to 5J/cm? in order to take into
account all the materials presented in Table 1. In a second step, the EFI is calculated in the
multilayer and the two maxima EFlman and EFlna in the high and low refractive index
materials respectively are recorded. In a third step, the LIDT of the high and low refractive
index materials denoted respectively LIDTw and LIDT, are evaluated by calculating the ratio
between the intrinsic LIDT of the material and EFly in this same material: LIDTy =
LIDTintt/EFlmaxn, LIDTL = LIDTint L /EFImax [10, 17]. The LIDT of the entire multilayer is
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taken equal to the minimum value between LIDT_ and LIDTy and is displayed in Fig. 3 as a
density plot. The purple line separates the regions where the damage occurs in the low
refractive index material (above, LIDT.<LIDTw) and the high refractive index material
(below, LIDT >LIDTy).

Figure 3 shows that LIDT values obtained with this method are significantly different for
the two states of polarization. For example, with HfO, and SiO,, the LIDT performance is
1.93J/cm? for the p polarization and 2.90J/cm? for the s polarization. Thus, it might be helpful
to specifically design a multilayer mirror depending on the polarization. However, the values
of LIDT for the entire mirror evolve in roughly the same way according to the two states of
polarization.

We can also note from Fig. 3 that two materials such as Al,O3; and ZrO; characterized by
very different values of refractive index (1.65 and 2.09 respectively) and intrinsic LIDT
(2.523/cm? and 1.66J/cm? respectively) provide multilayer mirrors (based on fused silica as
the low refractive index material) characterized by similar values of LIDT. Let us point out
that these two materials were considered in Table 1 as the best and almost the worst
candidates (considering only the intrinsic LIDT values) and in Fig. 2 as the worst and almost
best candidates (considering the EFlnax in the reference stack).

Based on the results displayed in Fig. 3, Sc,O3 features the highest LIDT values for the
entire mirror, namely 3.25J/cm? for the p polarization (left) and 4.82)/cm? for the s
polarization (right). Sc,03 consequently represents the best compromise between the value of
the high refractive index and those of the intrinsic LIDT. Finally, based on Fig. 3, it is
possible to compare the high refractive index materials through their influence on the general
LIDT of silica-based multilayer mirrors of the same architecture.

2.5 Optimization of the two outer layers

LIDT, ..., [Wem3 for P polarization with L= $i02 LIDT, v, Wiemd for § polarization with L= Si02

(a): w (b) -
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refractive index ofthe ngnwmedlﬂ‘[‘] = - refractive index ofthe ﬂlgnwmedlﬂ‘[‘]
Fig. 4. LIDT of multilayer mirrors, the reference design with the two outer layer thicknesses
optimized, (colors) as functions of high refractive index values (x axis) and intrinsic LIDT
values of the high refractive index materials (y axis) for the p (left) and the s (right)
polarizations. The low refractive index is fused silica (upper two figures, a and b) and
magnesium fluoride (the two bottom figures, ¢ and d). The purple line delimitates the region
where the damage occurs: under (over) this line it is the high (low) refractive index materials.
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Figure 1 reveals that the two outer layers of a mirror are exposed to the highest EFI. We can
thus optimize their thickness to improve the LIDT of the entire mirror as proposed by Apfel et
al. [21] by shifting the EFI peak inside the material characterized by the highest intrinsic
LIDT value. We applied this optimization method to the previous calculation and obtained the
results displayed in Fig. 4.

This optimization does not change the ranking of the materials but increases all the LIDT
performances. For the HfO,/SiO, pair, the overall LIDT is increased by 31% for the p
polarization and by 33% for the s polarization. With this optimization, the high refractive
index layer thickness is reduced and the low refractive index layer thickness is increased. This
result will be confirmed later in Fig. 5 when optimizing the 12 upper layers.

The LIDT values presented in this section were based on the reference design composed
of QWOT layers except the two outer layers which have optimized thicknesses to enhance the
LIDT value. Even if these types of QWOT-based designs are widely used, other combinations
of layers might exhibit higher LIDT values and this question is addressed in the next section.

3. Optimization of multilayer stacks

The objective now is to define new designs for the p polarization by generating layer
thicknesses randomly. The random generation covers most of the design possibilities and
permits to determine interesting designs completely different from the initial reference design.

Here, we consider the reference design with HfO, and SiO; using refractive index and
intrinsic LIDT in Table 1. Since the outer layers of a mirror are exposed to the highest EFI
(see Fig. 1), we modified only the thicknesses of the 12 outer layers. The 19 inner layers
guaranteed reflectivity values of >99% for the s polarization and >95% for the p polarization.

Regarding the range of thickness, the minimal value should be realistic regarding the
thinnest layer that can be achieved by the deposition process. Based on technical
considerations, this minimum value was set to 20 nm. As the EFI varies periodically inside a
layer with a period of half-wave optical thickness, the range of variation needs to be equal (or
wider) to a half-wave optical thickness. So the maximum thickness was set to 500nm for both
materials which corresponds to almost 3.5 QWOT for a high index layer and less than 2.5
QWOT for a low index layer.

The first step of the calculation corresponds to the generation of a multitude of designs
with random thicknesses uniformly distributed between the minimum and the maximum
thicknesses. We generated randomly around 9 million designs. The second step is to filter the
solutions satisfying conditions on reflectivity (>99% at 1053nm) and LIDT (> 2J/cm?) for the
p polarization. Applying these criteria, the number of solutions was reduced by 99.93% (6067
solutions). The third and last step consisted in evaluating the robustness of the remaining
solutions regarding thickness variations, refractive index variations and also intrinsic LIDT of
both material variations.

To test the robustness regarding thickness variations, we first modified the thickness of
the 12 layers of + 3 nm for each of the 6067 designs. This error corresponds to a modification
of around 3% of the thicker quarter wave optical thickness [35]. Solutions are selected
regarding the reflectivity and LIDT. We applied the same approach routine to test the
robustness for refractive index variations and intrinsic LIDT variations. With a variation of
refractive index of = 0.03, we consider to overestimate the real index variations which include
the index variation induced by the porosity of the coating and the measurement variations.

Let us remember that the intrinsic LIDT is defined as the product of the EFlnax and the
experimental LIDT (LIDTini = EFlmaxi . LIDTi with i = L,H) . Errors on the EFlnax have
already been evaluated with the errors on thickness and refractive index. Regarding the errors
on the experimental LIDT, we consider that we are able to determine the intrinsic LIDT with
a 5% precision leading to a variation of LIDT of + 0.08J/cm? in this test.
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Fig. 5. Distribution of the 6067 solutions (satisfying criteria: reflectivity > 99%, LIDT >
2J/cm?) as a function of layer thickness normalized to QWOT for the 4 outer layers. Layer 1
corresponds to the outer layer and the thickness is given in units of QWOT.

The distributions of the screened solutions are displayed in Fig. 5 with respect to the
thickness of the 4 outer optical layers. The number of solutions is clearly higher for thickness
of layers 3 and 4 close to the QWOT (high reflectivity). It is interesting to mention that the
other layers (from layer 5 to layer 12) exhibited the same histograms as layers 3 and 4. For
the first layer, most of the solutions correspond to thicknesses lower than one QWOT, with a
maximum of the histogram around 0.8 QWOT. For the second layer, the largest number of
solutions is obtained around 1.4 QWOT. From these results, we can conclude that the final
design should exhibit a thin high index material outer layer (the least resistant material to
laser induced damage) and a thicker low index material layer (the most resistant). This
conclusion is in good agreement with the results reported by Apfel et al. [21] The first and
second robustness tests on thickness and refractive index drastically decreases the number of
solutions to only 84. This value stays unchanged after applying the test of robustness related
to the variations of intrinsic LIDT, which was expected since the variations of intrinsic LIDT
were already via the variations of thickness and refractive index.

Finally, these 84 different mirror designs exhibit higher reflectivity than the minimal
reflectivity 99% and higher LIDT than the reference design. Among this set of 84 solutions
compatible with manufacturing errors, the solution exhibiting the highest LIDT is
characterized by an LIDT value of 2.73 J/cm? and a reflectivity value of 99.37% for the p
polarization. The thicknesses of the 12 outer layers of this design are reported in Table 3. Let
us emphasize that this value of LIDT is 41% higher than that of the reference design
(1.93J/cm?) and 9% better than that of a mirror with only the two outer layers optimized
(2.54)/cm?, see Fig. 4).

All the results presented until now have been obtained after considering the manufacturing
errors separately on each factor. To go further into this study, let us now apply the effect of
possible cumulative errors on the set of 84 solutions presented above. We thus simultaneously
reduce all the thicknesses by 3nm, refractive index by 0.03 and intrinsic LIDT by 0.08 J/cm?
as it corresponds to the worst possible case. With this cumulative error, there are only 2
designs with a reflectivity higher than 99% and LIDT higher than 2 J/cm?. The best solution
exhibited an LIDT value of 2.08J/cm? with the cumulative errors and an LIDT value of
2.22)/cm? considering the nominal values of thickness, refractive index and intrinsic LIDT.
The thicknesses of the 12 outer layers of this design are reported in Table 3. In our previous
calculation considering the manufacturing errors step by step, the best solution exhibited an
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LIDT value of 2.73)/cm? This value dropped to 1.75J/cm? when considering potential
cumulative errors. Note also that when applying the approach of cumulative errors to our
reference design, the LIDT value felt from 1.93J/cm? to 1.71J/cm?. Finally, the LIDT values
of the design with the two outer layers optimized dropped from 2.54)/cm? to 1.89J/cm?. Table
2 summarizes these results.

Table 2. Best LIDT performance and related designs

LIDT under nominal conditions LIDT under cumulative errors

[J/cm?] [J/em?]

Reference QWOT design 1.93 171

Design optimized as function of the 2 outer 254 1.89
layers

Design optimized as function of the 12 outer 273 175
layers

Design optimized as function of the 12 outer
layers featuring the highest LIDT with 2.22 2.08

cumulative errors

The design corresponding to the last row in Table 2 corresponds to the solution with the
highest LIDT assuming cumulative errors. Figure 6 exhibits the EFI across the corresponding
stack with and without the cumulative errors. It reveals that in the nominal conditions the
damage occurs in layer 3. With the cumulative errors, the damage will occur at the interface
between layers 1 and 2. So the most stable design will not always damage at the interface
between the two outer layers.
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Fig. 6. EFI distribution for p polarization in the 12 outer layers of the more stable design in
nominal conditions (blue) LIDT = 2.22J/cm? and with cumulative errors on the thicknesses,
index and intrinsic LIDT (red) LIDT = 2.08J/cm?
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Table 3. Thickness of layers of the best designs

Physical thickness [nm] of layers
12 11 10 9 8 7 6 5 4 3 2 1

Design optimized

as function of the 218 108 213 228 434 475 289 156 208 108 313 89
12 outer layers

Design optimized

as function of the
12 outer layers

featuring the
highest LIDT with
cumulative errors

420 40 141 428 198 169 207 109 230 151 342 54

4. Conclusion

We performed a numerical investigation of the laser damage resistance of high reflection
mirror stacks using two dielectric materials. This study was carried out by calculating the
electric field distribution in the stack using values of refractive index and material damage
resistance (intrinsic laser-induced damage threshold, LIDT) from the literature. We evidenced
that damage resistance of materials has to be compared in a complete stack. A selection of
materials based on their intrinsic LIDT only was demonstrated to be insufficient to predict the
optimum mirror. A modification of the two outer layers of a QWOT stack gives rise to an
increase in damage resistance which depends on the pair of materials retained. But the
material ranking using a QWOT design is not changed. An optimization of a full stack was
also performed. This optimization brings limited improvement of damage resistance but can
bring solutions which are more resistant to manufacturing errors. This theoretical approach
will be applied for the manufacturing of mirror stacks that will be measured in terms of
reflectivity and damage.
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