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Abstract

This paper studies gratings engraved in a multilayer dielectric stack for ultra high intensity laser compressors. A metal layer is inserted
between the substrate and the dielectric stack to reduce the number of dielectric bilayers and thus the mechanical stress within the stack.
A code taking account the fluctuation range of the geometrical parameters during the fabrication process is used to numerically optimize
the mirror stack and study different groove profiles to increase the reflected efficiency and the laser induced damage threshold. It is evi-
denced that of all the profiles leading to good diffraction performances, those with the greatest groove depth and width values result in
the smallest enhancement of the electric field square inside the grating with a decrease by a factor close to 2.5.
� 2005 Elsevier B.V. All rights reserved.

1. Introduction

A Petawatt laser is currently being developed in the laser
integration line (LIL), the prototype of the futureMegajoule
Laser, in France [1]. This Petawatt laser line is designed to
deliver impulses of 7.2 PW in 500 fs at the wavelength of
1053 nm.The chirped pulse amplification (CPA)methodwill
be used [2].We are working on themodeling and the fabrica-
tion of the gratings used in the CPA scheme. The compres-
sion stage uses several gratings [1]. In their design,
emphasis is given, respectively, to the diffraction efficiency
performance levels for the first gratings and to the laser dam-
age threshold for the last one. The objective for this last grat-
ing is to build a component operating at 77.2� with 1780
g/mm and reflecting more than 95% of the incident light into
the �1 order inside a spectral band of 6 nm centered at the
wavelength of 1053 nm. This grating must present a damage

threshold higher than 3 J/cm2 in the right section in a vac-
uum environment. For that purpose, it is now well known
that metal gratings, usually made of gold, must be replaced
by multilayer dielectric ones (MLD) [3–7]. These dielectric
gratings appeared in the middle of the 1990s and consider-
ably increased the laser induced damage threshold. This
study is dedicated to the design of the grating structure with
the best performance giving ahigh reflectivity in the�1 order
and the lowest field enhancement in the material and hence
the highest damage threshold [7–9]. MLD gratings, com-
posed of amulti-dielectricmirror with its top layer engraved,
can exhibit crazingwhenoperating in a vacuumenvironment
[10]. The probability of crazing increases with the number of
layers. An original solution using a metal insert between the
substrate and the multi-dielectric mirror stack is therefore
studied to reduce the stack thickness while preserving its
optical properties and damage threshold.

Section 2 provides a description of pulse compression
gratings with an overview of the different devices able to
reflect practically all the incident light in the �1 order. Sec-
tion 3 explains the numerical method developed to select
the best profiles. Based on the rigorous differential method,
it is capable of accurately resolving Maxwell equations in
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periodic devices with a trapezoidal modulation. The main
difficulty of a numerical study is to provide profiles that
can be reproduced by the constructor and for which the
performance levels of the manufactured grating are equal
to those of the model. Increment steps and parameter
domains were therefore adjusted to correspond to manu-
facturing capabilities. Section 4 is dedicated to the design
of the dielectric stack, showing the value of a metal inser-
tion for reducing the number of dielectric bilayers. Finally,
Section 5 is dedicated to the design of the grating profile.
The evolution of the maximum of the electric field norm
inside the solid material of the grating is studied as a func-
tion of the profile geometry. This study is important for the
laser damage threshold of the grating. It will be shown that
among the profiles selected with respect to the diffraction
criteria, the maximum of the square of the electric field
value can be reduced by a factor of about 2.5.

2. Overview of pulse compression gratings

It is well known that a metal grating can reflect almost
all the incident light in the (�1)th order [11]. The metal
substrate reflects the incident light and a suitable groove
profile diffracts the reflected light into the (�1)th order.
To increase the laser induced damage threshold, however,
a grating with dielectric materials must be built [3–6].
Hence, a dielectric device which reflects all the incident
light must first be manufactured. To that end, the total
internal reflection conditions must be fulfilled [12]. An ini-
tial solution consists of using an antireflection dielectric
coating deposited on a dielectric material (fused silica, for
example) while the substrate is air. If the total internal
reflection condition is satisfied, all the incident light is
reflected. The interface where the reflection occurs is then
engraved in such a way that only the (0)th and the
(�1)th orders can propagate [13,14]. Unfortunately, non-
linear effects in the dielectric material make this solution
unsuitable for the compression of petawatt pulses. To
reduce the nonlinear effects, the superstrate must be made
of air. The only way to produce a total internal reflection
is to find a substrate with an optical index of less than 1.
Such a material cannot be found in nature but it is possible
to build a dielectric device such as a photonic crystal for
which the homogenization limit, under optogeometrical
conditions, provides an optical index of less than 1. For
that purpose, identical bilayers made of two dielectric
materials with a high optical index nH and a low optical
index nL are deposited onto a substrate. A high number
of pairs of layers improves the reflection coefficient of the
stack and thus the reflected efficiency in the �1 order of
the final MLD grating. Unfortunately, it also gives rise to
induced stress within the stack which can result in crazing
after exposure to a vacuum environment. Then, the grating
may be distorted making it difficult to obtain a good wave-
front quality. This paper therefore studies the possibility of
partially replacing the dielectric substrate by a metal one to
reduce the number of pairs. The metal must present a high

conductivity, like gold or silver, to reflect the light with low
losses. Silver is not suitable since it exhibits too high a
reflectivity at the wavelength used during the holographic
recording of the photoresist material. Thanks to its low
reflectivity, gold can be used at this wavelength. There
must, however, be a sufficient number of pairs for an ade-
quate reduction of the electric field at the dielectric–metal
interface to maintain a high damage threshold. In the man-
ufacturing process, a thick metal layer can be deposited on
a dielectric substrate, and the bilayers then deposited on
the metal layer. Numerically, the dielectric substrate is
replaced by the metal one.

In order to reflect more than 95% of the incident light in
the (�1)th order, the top layer is then engraved in such a
way that the (0)th and the (�1)th orders can propagate.
It has been evidenced that the etching must be performed
in the material with the lowest optical index to increase
the laser damage threshold [15]. The etching process makes
the geometry of the grooves trapezoidal with a slope angle
a of nearly 87.5�.

3. Optimization of the grating performance levels

The grating performance levels are numerically opti-
mized firstly as a function of the 4 parameters e, h, c and
a (see Fig. 1). A numerical code has been developed to cal-
culate the reflected efficiency in the (�1)th order for each
combination {e, h, c, a} and for 3 different couples (k,h),
around 1053 nm and 77.2�. The differential method is used.
It is able to resolve Maxwell equations in gratings present-
ing a trapezoidal modulation [16]. With this method, each
spatial electromagnetic field component is developed onto
2N + 1 Fourier components. The convergence of the
method with respect to N depends on the optical index con-
trast of materials inside the modulated area. In our case,
dielectric materials are involved with the result that N is
taken equal to 4 to calculate the efficiencies and equal to
10 to plot the electric field map.

The manufacturer defines the range of each variable {e,
h, c, a}. For example, the range of c decreases when h

increases. More precisely, the minimum value of c increases
when h increases. Moreover, the constructor cannot engrave
and measure the grating profile with high accuracy. The
increment steps are taken equal to half of the fluctuation
ranges De, Dh, Dc, Da of each variable estimated by the
constructor. The code provides the average of the set of
efficiencies inside the fluctuation range. This value will be
taken in what follows as being the only physical value repre-
sentative of the real performance levels of the grating after
fabrication.

Optimization is performed as follows:
Step 1: If the reflected efficiency in the (�1)th order is

higher than 90% for k equal to 1050 and 1056 nm, and
higher than 95% for k equal to 1053 nm, the combination
{e, h, c, a} is stored. At this step, it would be easy to select
the combination providing the highest efficiency. Unfortu-
nately, the constructor is unable to build a grating with the
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exact values of e, h, c, and a. Consequently, the perfor-
mance levels of the manufactured grating may differ con-
siderably from those of the modeled one. To overcome
this difficulty, in step 2 the average of the efficiencies with
different values of e, h, c, and a inside their fluctuation
range will be calculated.

Step 2: As the increment steps are taken equal to half of
the fluctuation ranges, the ranges of the geometrical vari-
ables are:

½a� Da; aþ Da�; ½h� Dh; hþ Dh�;

½c� Dc; cþ Dc�; ½e� De; eþ De�. ð1Þ

For each combination {e, h, c, a}, a sample mean of the
efficiency is provided with the calculation of the 81 efficien-
cies of the following combinations:

faþ wDa; hþ xDh; cþ yDc; eþ zDeg;

w; x; y; z ¼ ½�1; 0; 1�. ð2Þ

As the thicknesses of the plane layers are assumed to be
correctly reproduced, the relations:

hþ e ¼ E; ð3Þ

xþ z ¼ 0 ð4Þ

are obtained so that the number of combinations of the set
can be reduced to 27. The combinations {e, h, c, a} giving
averaged efficiencies higher than 95% are selected. In sum-
mary, for the total number of combinations {e, h, c, a}, two
selections are operated. The first concerns the performance
of the grating in the spectral band whilst the second con-
cerns the stability of the performance levels in the fluctua-

tion ranges of the geometrical parameters determined by
the fabrication process. The value of the slope angle a is
very difficult to measure when it is higher than 85� and de-
pends on the ion etching technique but inverse methods
and atomic force microscopy observations tend towards
the value a = 87.5� with Da = 1�. The precision ranges of
the thicknesses h and e depend on the values of h and e

and have been chosen equal to Dh = 0.1h and De = 0.1e.
As far as Dc is concerned, this depends on the period d,
and is taken equal to Dc = 0.1d.

It has been shown that the value of the electric field
norm in the material determines the laser damage threshold
[7–9]. Consequently, after the two successive selections, for
each selected combination {e, h, c, a}, the maximum of the
electric field norm is calculated inside the solid material,
and not inside the grooves, made of air. The geometry of
modulation producing the smallest enhancement of the
electric field inside the grating is then selected.

4. Design of the dielectric mirror

4.1. Determination of the layer thicknesses

Thicknesses tH and tL of high and low optical index
materials nH and nL of a (k/4;k/4) coating are equal to

tH ¼
k

4nH cos hH
; tL ¼

k

4nL cos hL
; ð5Þ

where hH and hL are the angles of the refracted plane wave
in high and low optical index materials, respectively, calcu-
lated with the formula
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Fig. 1. Substrate of glass (n = 1.46). tH is the layer of the high optical index (nH = 1.9) medium; tL the layer of the low optical index (nL = 1.46) medium; h

the angle of incidence of the transverse electric (TE) polarized incident plane wave. Gratings present a trapezoidal geometry with a slope angle a and a

period d. The thickness of the grooves is h and the groove width defined at the half depth is c.
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hH ¼ sin�1 sin hi
nH

� �

; hL ¼ sin�1 sin hi
nL

� �

; ð6Þ

where hi is the angle at which the stack is centered. It must be
recalled that hi is not known because the mirror is placed
below the grating, andmust reflect the 0 and the�1 transmit-
ted orders by the grating. Consequently, hi is not equal to the
angle of incidence of light on the grating h. In Fig. 2, the
number of combinations selected after step 1 is presented
as a function of the angle of centering (see Fig. 1). In other
words, to determine the angle hi to implement in Eq. (1),
the number of combinations at the end of step 1 is calculated
for different mirrors designed at different angles of centering
hi (Fig. 2) among which the following values:

hi ¼ h ¼ 77:2�; ð7Þ

hi ¼ sin�1ðsin h� k=dÞ ¼ 64:0�; ð8Þ

hi ¼ hm ¼
hþ sin�1ðsin h� k=dÞ

2
¼ 70:6� ð9Þ

correspond, respectively, to the 0 order, to the median an-
gle between the �1 and 0 orders, and to the �1 order. It
can be seen that the stack denoted 2, optimized to reflect
the light at an incidence corresponding to the median angle
between the (0)th and the (�1)th order, gives the highest
number of solutions. This result was expected because the
stack must reflect the (0)th and the (�1)th transmitted or-
ders. In what follows, the numerical studies will be made
with this last configuration (70.6�).

4.2. Value of a metal substrate

To evidence the value of the gold insertion, the curves in
Fig. 3 compare the number of solutions after the 2 succes-
sive selections for dielectric and metal substrates as a func-
tion of the number of bilayers. The convergence of the
curves is better after step 1, compared to step 2, especially
with the use of a metal substrate. It shows that the number
of dielectric bilayers is crucial for the stability of the grating
performance levels inside the fluctuation range. In Fig. 3(a),

it can be seen that 4 bilayers are sufficient with the use of a
metal substrate whilst 8 or 9 bilayers are needed to obtain
the same performance levels with a dielectric substrate.
The same phenomenon is observed after step 2, where 7
bilayers with a metal substrate produce the same perfor-
mance levels as 9 bilayers deposited on a dielectric substrate.
This study shows the high value of a metal substrate for the
decrease of the number of dielectric bilayers needed in a
multilayer dielectric grating and thus for the decrease of
the mechanical stress inside the stack. The entire study will
now therefore be made with 7 bilayers deposited on a metal
substrate.

5. Design of the grating profile

5.1. Evolution of the number of combinations as a function

of a

In this section, the performance levels of the grating are
studied as a function of the slope angle a. Results in Fig. 4
show that the number of combinations selected after steps
1 and 2 is very sensitive to a and regularly increases with it
to reach its maximum at a = 90�. This is an important
result, since even if manufacturers have difficulty in
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measuring the slope angle when it exceeds 85�, it is clearly
shown that lamellar profiles with slope angles equal to 90�
give gratings with the best performance.

As explained in Section 2, from observations made on
manufactured gratings a slope angle a equal to 87.5 ±
0.5� is retained for which 621 combinations are selected
after step 2 (see Fig. 4). The aim of the following study is
to select from those 621 combinations the best profile with
respect, first, to the reflected efficiency (Section 5.2) and,
second, to the laser damage threshold (Section 5.3).

5.2. Evolution of the reflected efficiency as a function of the

grating profile

The gratings studied present a very large surface area
(495 mm · 900 mm) with the result that their profiles and
therefore their optical properties may fluctuate along the
surface. Gratings must present similar properties along
the surface to preserve the homogeneity of the laser beam.
To model this property, it is assumed that each grating
profile {e, h, c, a} can be engraved uniformly following 27
geometrical parameters (as explained in Section 3) over
the whole surface of the grating. With this set of profiles,
it is possible to calculate the average �x and the variance
of efficiency calculated with the well known formula
P27

i¼1ðxi � xÞ2=27, where xi is the efficiency of the (i)th pro-
file. As the grating is engraved uniformly following 27 geo-
metrical parameters, �x can be related to the averaged
efficiency over the whole surface of the grating and must
be increased to its maximum whilst the variance must be
decreased to preserve the homogeneity of the laser beam.
Fig. 5 are plots of the efficiency means calculated for each
profile, as a function of the geometrical parameters h

(Fig. 5(a)) and c (Fig. 5(b)). The values of the groove thick-
ness h do not exceed 700 nm (Fig. 5(a)). Moreover, Fig. 4(b)
shows a high sensitivity of the mean efficiency with respect
to c. Indeed, from its maximum at c = 394 nm, the mean

efficiency decreases considerably for higher values of c to
reach its minimum at c = 450 nm. The most important con-
clusion, however, is that with a metal insertion and only 7
bilayers, it is possible to build gratings capable of presenting
a sample mean of efficiency over the whole surface of the
grating higher than 99%. The maximum is obtained with
h = 443 nm and c = 394 nm.

5.3. Evolution of the maximum of the electric field norm

inside the material as a function of the grating profile

To increase the laser damage threshold of the grating, a
maximum reduction of the enhancement of the electric field
inside thematerialmust be obtained. In Fig. 6, themaximum
of the electric field norm square |E|2 in the material is plotted
as a function of the parameters h and c (the amplitude of the
incident electric field is taken to be equal to unity). It can be
observed in both figures that the highest values of h and c

produce the smallest enhancement of the electric field inside
the grating. The high dependence of the groove width value
on the electric field enhancement can be verywell observed in
Fig. 6(b). Moreover, Section 4.2 evidenced that the slope
angle must be increased up to 90� to give a high number of
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selected profiles after step 2. The necessary increase of the
groove thickness is also a positive factor because during
the manufacturing process the thicker the groove the higher
the slope angle.Nevertheless, it ismore difficult to build deep
gratings with a high quality of etching. Consequently, com-
pared to a grating with a groove thickness of 300 nm, a grat-
ing with a groove thickness twice that size may present more
defects resulting in local field enhancements and reducing the
laser damage threshold. However, a reduction of |E|2 by a
factor close to 2.5 can be observed in Fig. 6 as a function
of the groove profile.

A compression scheme uses several gratings and it
would be easier and cheaper to build identical gratings.
That requires selection of the profile producing the highest
efficiency and the smallest field enhancement. Comparison
between Figs. 5(b) and 6(b), however, shows that a groove
width c close to 450 nm produces the smallest enhancement
of the electric field inside the solid materials but also,
unfortunately, the lowest efficiency so that a choice must
be made between efficiency and damage threshold. For a
better understanding of this problem, the enhancement of
the |E|2 is plotted in Fig. 7 as a function of the averaged effi-
ciency. It can be seen that the smallest values of |E|2

increase with respect to the reflected efficiency. If a maxi-
mum of 1.1 of |E|2 can be obtained for an efficiency close
to 0.96 (point A), this maximum value increases up to 1.5
for the highest efficiencies (point B). Thus, it is possible
to optimize the first gratings of the compressor system with
respect to the efficiency (point A) and the last one with
respect to the damage threshold (point B). Another solu-
tion may consist of building identical gratings by a trade-
off between the two sets of parameters (point C).

6. Conclusion

The aim of this study is to improve the performance lev-
els of gratings used as compressors in high power lasers. In
the optimization process, particular attention is paid to the
limitations of the fabrication process. The optimization
method selects the best profiles in the whole domain of
the fabrication fluctuation. Firstly, a numerical optimiza-
tion of the efficiency in the �1 order in reflection is per-
formed as a function of the thickness of the dielectric
layers making up the reflecting stack, and as a function
of the grating profile. As far as the mirror is concerned,
it has been evidenced that the use of a metal substrate
enables a substantial reduction in the number of dielectric
bilayers in the stack, and that the mirror stack must be cen-
tered at the median angle of the 0 and the �1 orders. As far
as the grating profile is concerned, the slope angle must be
increased up to 90� which corresponds to a lamellar profile.
Averaged efficiencies over the entire surface of the grating
higher than 99% can be obtained with only 7 bilayers. Sec-
ondly, for each selected profile, the maximum of the square
of the electric field value is calculated inside the solid mate-
rial. Plots of these maximums as a function of the grating
profile reveal a decrease by a factor close to 2.5 when
groove thickness and width values are increased. As a con-
clusion, among the profiles selected for their good diffrac-
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tion performance levels, those with the highest thickness
and width groove values present the smallest enhancement
of the electric field norm inside the solid material.
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