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Abstract: This paper studies gratings engraved in multilayer dielectric
stacks for ultra high intensity laser compressors application. We design
various grating profiles with high reflected efficiencies for 1780 I/mm
multilayer dielectric gratings (MLD). Each grating is defined to exhibit a
different electric field maximum value in the pillars of the gratiAg.
damage testing facility operating 2053 pum, 500 fs pulse duration is used

to damage test the parts manufactured from these designs. It is evidenced
that for fixed incident angle and materials the damage of the grating is
directly related to the electric field intensity maximum in the material,
which depends on the groove profile. Laser induced damage thresholds of
5 J/ cnf are experimentally reached with very high and uniform efficiencies.
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1. Introduction

A Petawatt laser called PETAL is under development in the Laser Integidtie (LIL),
prototype of the future Megajoule Laser, in Frandeis designed to deliver impulsions of

more than 7 PW with pulse duration of 500 fs at the wavelength of 1053 nm. The laser line
uses the chirped pulse amplification (CPA) methd@tie compressor of PETAL is based on a
synthetic aperture schefe\ first compression stage reduces the pulse duration from few
nanoseconds to some hundreds of picoseconds. It is performed with large 420x830 mmz?
gratings operating in air. A second compression stage reduces the pulse duration down to
500 fs using other gratings operating under vacuum. These last gratings are 42650 m
parts operating at 77.2 deg with a 1780 I/mm line density. They are being mandfatture
Horiba Jobin Yvon. A diffraction efficiency in the (-1) order of more than 95 %hef t
incident light over the clear aperture is needed. These gratings shall also present a damage
threshold higher than 3 J/éim input beam normal under vacuum for 500 fs pulses. The past
decade has seen a progressive replacement of classical gold gratings by multilayer dielectric
gratings (MLD) in high energy CPA systems. MLD gratings have thearddge of exhibiting

high damage threshold as well as high diffraction efficiency on large*arésmce this type

of grating was retained for the PETAL compressor.

The enhancement of the laser induced damage threshold of MLD grating has been widely
studied in recent years. Previous studies have shown that on dielectric material, damage a
short pulse duration such as 500 fs can be understood with a multiphoton ionizatioh®model
Therefore damage threshold of dielectric material such as MLD gratings should exhibit a
strong dependence on the electric field intensity E2 in the MLD stack. Stuart et al. have
noticed that damage on 1960 I/mm MLD gratings initiates where the electdicsfiehgth is
maximal, i.e. on the edge of the groove opposite to the incident Iidbte recently, Britten
et al. have shown that damage of a 1860n MLD grating tested at variable incidence is
slightly better fitted with an 1/E2 law than with a simple 1/cos area prajettOn this basis,
theoretical optimization of the near field of MLD gratings in orderinprove damage
threshold has become widesprédd Although, to the best of our knowledge, no one has
shown that, for a given line density, different gratings with groove geometries inducing
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different field enhancements would exhibit damage thresholds related to théic diel
maximum. We address this issue using MLD gratings with 1780 I/mm .

Section 2 provides a description of the numerical method developedniizephe MLD
gratings. It is able to accurately solve Maxwell equations in periodic devices with a
trapezoidal modulation. Manufacturer capabilities as well as grating specification and electric
field value inside the MLD stack are taken into account. Section 3 is devoted to the damage
testing setup we have built. The facility called DERIC is able to damage tesrthet the
wavelength of 1057nm with pulse duration of 500 fs. 1/1 and S/1 damage testing procedure
can be performed. Testing is carried out in dry or wet environment depending of part
specifications. Section 4 presents the various MLD parts we manufactured. Both theoretical
and controlled grating groove profiles are given. Diffraction efficienag also measured.
Finally, section 5 details the obtained results. Discussions presented in section 6 demonstrat
that the damage threshold is related to the electric field intensity wathe MLD grating.

2. Design of grating profiles

Multilayer dielectric stack

Fig. 1. A silica layer of thickness H is coated on a dielectric mirror made @f &tfd SiQ
layers reflecting more than 99.5 % of the incident ligit1053 nm an®=72°). A grating is
ion etched in the silica layer with a period d, a groove height h, @anooze width at the half
depth g,. The residual thickness of the silica layer is denoted kr$jpresent a trapezoidal
geometry with angle of slope

We are interested in this section by the design of the grating profilefuasction of the
variables h, g, ando. The goal is to reach a uniform efficiency on the surface of the grating
(420x450mma2) higher than 95 % in the (-1) order in reflection, and a very low enhancement
of the electric field intensity inside the grating. The numerical treatment is madtheitise

of the differential method which resolves Maxwell equations in periodic media. Th# rece
improvements of the method such as the S-matrix propagation algorithm and fhauféest
factorization method are included in the c3d&he electromagnetic field is developed onto a
discrete and truncated Fourier basis, which permits the reduction of Maxwell equatioas onto
set of first order differential equations. A first integration of this set of emmsafrom the
substrate to the superstrate, with the knowledge of the incident field, leads to the calculation
of the electromagnetic field in both substrate and superstrate media. A second integration
permits the calculation of the electromagnetic field inside the modulated area. The
discretization stepah=0.05h,Ac;,,=20 nm andAo~=1° are taken approximately equal to the

half of the manufacturing incertitude, i.e. the half of the variations of the variables over the
surface of the grating, and the ranges are h=[0;1k[800 nm; 420 nm] (d=562 nm) and
0=[82°;84°]. In a first step, reflected efficiencies in the (-1) order are calculated for the whole
set of combinations {h,:g, o}. Then for each combination {h,s o};, the mean and the
variance of the efficiency are calculated for the 27 nearby profilegshh++iAcy,,

o+iAo with i={-1;0;1}. If the mean reflected efficiency is higher than 95%, then the electric
field reconstruction inside the modulated area is undertaken and the maximum of the electric
field enhancement in the silica is stored. The mean reflected efficiency has to be maximized
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while the variance efficiency and the maximum of the eledigid enhancement in silica

have to be minimized. It has been shown in previous studies that the electric field is localized
inside the grooves, and that thin pillars avoid a large peioetraf the strong electric field
inside pillarg®*?

3. Short pulse damage test setup

The experimental setup (Fig. 2) developed for laser damage testing uses a chirped-pulse-
amplified laser system, developed in the laboratory. The sourgeidasecommercial diode
pumped laser (TBW GLX200), producing a 10 nJ pulse at 100 MHz. The pulse duration is
200 fs at 1057 nm with 8 nm spectral bandwidth. The laser is stretched with a four-pass
grating device (1740 I/mm groove density) and amplified through a Ti:Saphire regenerative
amplifier. The pump laser is a frequency-doubled Nd:YAG laser Quantaray GCR150
(SPECTRA PHYSICS) operating at a repetition rate of 10 Hz. Before compressiqnlsk
duration is nearly 1 ns and the energy can reach 5 mJ. After compression with a four-pass
gratings device, the duration is reduced down to 500 fs. Pulse duration is controlled with a
single shot autocorrelator.

Lase : Laser stretcher [—{ Regenerative
1057 nm source amplifier

500fs
5mJ
Tobz

compressor

Argon confinement

Long working -

: . enclosure. With Argon :
distance microscope L / Humidity rate< 1%g
With CCD

Oxvaéne rate<1!

Shutter Energy meter

A
v

Lens f=500mm o | LaserBeam analyser
: P| (SPIRICON)
Programable Camera
shutter A
o Image
A k acquisition and
Sample 7 lightin analysis system
100x150mm
Motorised sample holder
Time measurement X,y,Zz and rotation
A
> pc <&
Control
Acquisition
storage «

Fig. 2. Experimental setup for laser damage testing

For damage testing, the beam is focused with a 500 mm focal-length lens. e isam
set on a three axes motorized holder, at the lens focal plan. A rotation stage allows testing the
sample at various angles of incidence, while keeping the front surface at the focal plane. The
beam profile is nearly a gaussian profile with a diameter of 200 um at 1/e2 (Fig. 3).
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By using a half-wave plate before the compressor, the energy can be adjusted on the
sample. The energy of each pulse is measured from a split-off portion of the beam by an
energy meter (OPHIR PD10) first calibrated with an energy meter OFHHRD. The
fluctuation of the energy is £ 5 % (deviation af) 2The beam profile is measured with a CCD
(COHU 7713) phced in a plane equivalent to the sample optical plane. A beam-analyzer
system LBA PC400 is used to record each spot. A programmable shutter inserteceafter th
lens allows choosing the kind of test performed on the sample: 1 on 1 or S on 1 procedure.

During the test, the irradiated site of the sample is monitored with a lorigrg-
distance microscope equipped with a CCD camera (resolution of about 10 um). The bench is
located in a confinement enclosure (glove box) to operate under dry air (RH<10%) or argon
atmosphere (RH<1%). These conditions limit potential self focusing effects or plasma
generation in air.

The density if energy is given by Eq. 1:

_c, O
Seq
whereg is the energy anflq is the equivalent area for each pulse. The equivalenSarea
is measured from the spatial profile given by the beam analyzer as the ratio of the entire
energy by the maximum density of energy:
> (0, xFi)
S = ':mmeaxx Sprel’

()

whereS,iei is the elementary area of a pixeljs the number of pixels of fluence &nd
Fimaxis the intensity maximum.

Fluences are given in beam normal and the fluctuation is + 9% (deviatias).aft2
threshold damage data are deduced from the probability of damageimum of 200 sites
are exposed to a burst of 100 laser pulses at a specified fluence. The damaged sites are
observed with the microscope and the number is recorded. This operation is repeated for
different fluences to express a damage probability as a danatifluence.
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Self focusing is known to be an important parameter for the design of short pulse laser
damage setups. Consequently, we numerically estimated the B-integral through the focal
volume prior to the test surface. In our system B-integral is due to the @adfrfg in the air
after the last focusing lens of focal f = 0.5 m. For a Gaussian beam with a wavelemgth

waist radius w let's define the Rayleigh distancg Z
2

Zy= ﬂ'-% 3)
The intensity | at the focal spot is given by the relation:
=% (4)
TITW,

Whereg is the energy andthe pulse duration.
The B-integral can be estimated by:
o F
B="n, ! I(2)dz (5)

If we assume that the intensity | is constant within the Raleigh destan combination
of Eq. (3), (4) and (5) gives:

With our system, we have tested samples up to 8 J/cmz2 in the beam normal at 500 fs. This
fluence is obtained with an energy of 0.9 mJ. For testing carried out in air, nonlinedivieefrac
index* is n,= 3.10™ cm?/W and Eq. (6) gives a B-integral value of B ~ 0.6. We are therefore
below but not so far from the self focusing limit which can be taken at B ~ 1. Let's outline that
Jovanovic et af while evaluating the capabilities of a rather similar short pulse testing
damage setup have shown that self focusing appears when the energy increased above 1.5 mJ
for 200 fs pulses. We are well below this ratio in our experiment.

From an experimental point of view, we also checked that while increasing the fluence
during the test of a sample well above the damage threshold up to 10 th&erdgmage
probability kept constant at 100%. We have not noticed any randobakplity at high
fluences as it could be suspected in presence of non linear effects. Moreover, damage
morphology staysliégptical with no pnpoints typical of self focusing.

An example of a 1740 I/mm gold coated grating tested at 72.5° in TM polarization is
given on Fig. 4. It can be seen that the threshold measured is in good concordance with
previous worké®.
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Fig. 4. Example of damage probability on a 1740 I/mm gold grating. Testing isatiare
incidence of 72.5° in TM polarization. The damage threshold i.e. maximag \z&l which
damage probability is null is 0.67 J/cm?

Finally, we damage tested a 1740 I/mm grating manufactured in 2005 at Horiba Jobin
Yvon on a MLD mirror coated by the Laboratory for Laser Energetics (LLE) of the Witjver
of Rochester. This grating had been damage tested at LLE in april 2005 and was terdss tes
on the DERIC setup. The damage threshold measured on DERIC is 2.1 J/cm? inbeammal
while being tested at an incidence of 72.5° and 500 fs while the damage threshold measured at
LLE was 4.487 +/- 0.089 J/cm? at an incidence of 61° for 10 ps pulses in N/1 mode. This
threshold is equivalent to ~2.7 J/cm? at an incidence of 72.5° for 500 fs pulses using an
angular projection and a 0.33 temporal scaling'iaWwhe damage threshold measured on
DERIC setup is close from the result obtained by LLE. The relatively siffallethce can be
due to the temporal scaling law and angular projection approximations, the differetiees o
damage setup (focal spot size, number of shots per site...) and the part possible aging since
tests were carried out in two years time.

4. Design and manufacturing of MLD grating

Optimization of a MLD grating begins with the design of the dielectric mirrokstBlae

MLD mirror stack is a modified quarter wave BISIO, (HL)'H mirror manufactured by
SAGEM' on Pyrex substrates with an additional low index top layer dedicated to the grating
modulation. The stack is engineered to cope with various specificiti@nBoth transmitted
orders of the grating must be reflected. For our line density of 1780 I/mm,irtog must

have a reflectivity of more than 99.5% at 1.053 um for an incidence of 70.6° under vacuum.
The mirror shall keep its integrity while being processed during tangretching and the

MLD grating operation under vacuum. It shall typically not craze.

Once the mirror stack is retained, the grating pattern is optimized thanks to the numerical
method presented in section 2. Four 120 x 140 mm?2 1780 I/mm MLD gratings were
manufactured by Horiba Jobin Yvon. The samples were then controlled in ternfsaatidif
efficiency, groove profile and damage threshold. Groove profile is measured with an Atomic
Force Microscope (AFM) on various position of each sample. Figure 5 shows an example of
such a measurement on PW08 sample. Finite width of the AFM tip induces incertitude on the
profile measurement. Measurements on calibrated references have shown tiaidie@n h
is +/-3% and on groove width over period ratig,(@ ratio) is +/-0.03.
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Fig. 5. AFM measurement on PWO08 sample — section analysis

Diffraction efficiency is measured at 77.@tidence and wavelength of 1053 nm in TE
polarization on a dedicated scanning photometer on the whole clear aperture of thén@art wit

2 mm x 4 mm sampling step. Figure 6 is an example of such a measurement on the PWO08
sample.

L LU LU D s

-100,00

-87,50

75,00

Fig. 6. -1R diffraction efficiency in % measured on PW08 sample, o@ies in millimeters

Diffraction efficiency is very uniform. Table 1 present the characteri$tibeodifferent
MLD gratings obtained. We took care to evaluate the diffraction efficiency on an area close to
the one used for the AFM measurement; this measurement is confirmed by a calculegion us
the AFM profile data. Sample PWO02 is a mirror without grating engravedopthi mirror is
the same as those of the other MLD samples.

Table 1. MLD gratings manufactured. Sample PWO02 is a mirror withgatang

-1R

) . . E2 maximum
umper (M n(m) cuem) GEESER caicuated i the
TE,77.2° ’ R
PWO01 0 303 264 95% 2.34
PWO04 75 386 433 96% 1.43
PWO08 18 440 365 95.8% 1.40
PW10 64 396 382 96.2% 1.69
PWO02 458 0 0 - 0.20
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It can be seen that the E? value in the MLD is distributed from 2.34 to 1.4. The E2 and
data are calculated with the groove pattern obtained from the AFM measurements.
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(b)
Fig. 7. Reconstruction of E2 in the top area of gratings PWO01 (a) an8 By

Figures 7(a) and 7(b) respectively show the reconstruction of the normalized dielctri
intensity E in the top area of the samples PW01 and PWO08. The small values of jp afid c
sample PW01 compared to sample PW08 explain the strong enhancement of the eldctric fiel
inside the pillars made of silica in grating BW

We also tested parts PW01 and PWO04 at 64.05°, the angle paired with 77.2° through
grating diffraction. At this incident angle, the electric field enhancement is increased while the
diffraction efficiency remained the same as shown in table 2.
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Table 2: Electric field intensity enhancement

-1R diffraction

Serial L E2 maximum calculated
number €M) h(nm)  Cuz(nm) eff'cg‘%;TE' in the MLD, TE, 64.05°
PWO1 0 303 264 95% 4.46
PWO04 75 386 433 96% 3.09

5. Results

The four samples detailed above were tested on the DERIC facilityilbdebén section 3.

Testing is carried out under 10% RH air environment at an incidence of 77.2° in TE
polarization. Damage probitity is evaluated on the zone used for AFM and efficiency
measurement in order to be sure to associate a given threshold with a E2 valpendimgs

to the real groove pattern. Thresholds are expressed in beam normal. Obtained results are
presented on Fig. 8.
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Fig. 8. Damage performance at 1.053 um, 77.2°, TE polarization, 500 fs of 4 MLIzsamp

Damage testing procedure was repeated on different zones on each part. Figure 9 shows
the variation of the damage threshold on the surface of sample PWO01. The damagklthresh
is defined with the norm NF EN ISO 11254-1 as the last null point of the statistic.
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PWO01 sample with corresponding measured diffraction efficiency

Damage threshold stays quite constant. We notice that the better threshold corresponds
the highest diffraction efficiency where the profile presents the best concordance to the
calculated design. This behaviour is similar on the other samples.

6. Discussion

Figure 10 gives the dependence of damage threshold with the electric field enhancement
calculated using AFM measurement (see section 4) and DERIC damage testing (see section 3)
of the manufactured samples.

9

5
/. ® PWO1 @ 77.2°
4 PW04 @ 77.2°
/ R?=0,965 PW10 @ 77.2°
3 ® PW08 @ 77.2°
/ ® PWO2 Mirror @ 77.2°
2 ® PWO1 @ 64,05
® PW04 @ 64,05

Damage threshold in beam normal (J/cm?)
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Fig. 10. Damage performance at 1.053 pm, 77.2° or 64.05° of incidence, TEgiari500
fs versus 1/ E2 maximum on four different MLD samples and a mirro0gywW

#84598 - $15.00 USD Received 28 Jun 2007; revised 8 Aug 2007; accepted 17 Aug 2007; published 14 Sep 2007
(C) 2007 OSA 17 September 2007 / Vol. 15, No. 19/ OPTICS EXPRESS 12518



The ratio of the damage threshold (DT) value of two gratings (g1 and g2) istedbal
inverted ratio of their field enhancement (F.E):

DT (g1) / DT(g2) = F.E. (g2) / F.E. (g1) ©)

As a consequence, the points are found on a linear fit with a correlation fa€t@6of
With a given grating profile, the damage threshold can be predicted by calculating the
maximum electric field enhancement in the grating material.

It can be noticed for PWO08 that while exhibiting a slightly lower field enhancement than
PWO04, PWO08 exhibits a rather lower damage threshold. We believe thatrthis aestributed
to the incertitudes of both the damage threshold and AFM profile measurements.

The mirror damage threshold point stands apart from this law. We see two @ossibl
explanations for this. First, as detailed in section 3, the B-integral becomes closty to un
when fluence increase up to 8 J/cm2. Measured damage threshold can therefore be erroneous.
Second, the position of the electric field maximum in the mirror is different frergréting.

In a MLD grating this maximum is located about 100 nm below the top &gag a pillar
while in a mirror it is located in the middle of the top low index layer. The B® index
material is probably not in the same state in these two cases. MQrgmting manufacturing
process shall also modify the Silayer. Consequently, it is difficult to conclude on the mirror
sample.

Regarding damage thresholds values, they are in the range of 3.5 J/cm2 to more than
5 J/cmz in normal beam at an incident angle of 77.2°. These values are quite a bit higher than
previously published data on MLD gratings. Batteports a damage threshold of 2.5 J/cm?
at 1 psona 1780 I/mm MLD grating at 77.2°. It is equivalent to ~2 J/cm? at 500fs using a 0.33
temporal scaling lai¥. Keck’ reports a damage threshold of 5.16 J/cm? on 1740 l/mm MLD
gratings at 10 ps. It is equivalent to ~2.6 J/cm? at 500fs for a 1780 I/mm part at 77.2°@ising th
same temporal scaling law and an angle projection. If our thresholds are beyond the
experience of other laboratories, they are still below the danmmgshbld of fused silica
measured at 2 to 2.5 J/cm? at 500 fs and normal incifieAoey are also below the threshold
of a SiO2 monolayer deposited by lon Beam Sputtering (IBS) measured b3 kteBol/cm?
for a 500 fs pulse duration, normal incidence and a wavelength of 0.8 pm.

We have also studied the damage morphology. Large field observation is made on a
REICHERT Nomarski microscope. More precise observations are made on an AFM. Damage
morphology is very similar on samples PWO01 and 08. We noticed a periodic pattern
perpendicular to the grating line. The pattern seems to exist prior to the total ablation and was
previously reported by KoSt The period of the ripples is approximately 2 pm.
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Fig. 11. Damage on sample PWO01. (a) A periodic pattern perpendicular to thgsgliaes is
lightly visible on the periphery of the damage. (b) an AFM observation gfetiedic ripple.

On sample PWO04, this specific behaviour is less present, and the pattern could be seen
only on two damage sites. Damage morphology is quite different from the previous samples
with more completely ablated damages as depicted on Fig. 12.
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Fig. 12. Damage on sample PWO04. No ripples are observed.

We could not find any correlation between MLD grating profile and the existence of this
specific pattern.

We also tried to have a look at damage of the grating grooves. For this purpose, AFM
measurements were made on damage sites of different samples. We could not sedithe speci
damage morphology noticed by Stdantith damage initiating on the edge of the groove
opposite to the incident light where the electric field is maximal. The S on 1 damagg testi
procedure retained in our experiments might be responsible for that. With about 200 shots per
sites, damage growing is the prevalent phenomenon resetting the signature of damage
initiation. Despite this, some evidence of the role of the electric field can be sdép on
damage morphology. Figure 13 shows a section analysis made on a damage of sample PWO04.
We notice that the grooves are destroyed and that the damage depth (approx. 700 nm)
corresponds to the second E field maximum at the secontHBI interface (see Fig. 7).

rim Section Analysis
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Fig. 13. AFM scan on a damage on PW04 sample. Top: section analysis. Bottom \éé&w2D
Bottom right: spectrum
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7. Conclusion

Damage testing at 500 fs, 1.053 um wavelength was carried out on various 1780 Iftlnm ML
gratings and mirror samples. Testing was done at a fixed angle of incidence around the
Littrow angle. Each sample was manufactured to exhibit a different electric field enhancement
inside the MLD stack. This enhancement was calculated using a humerical treatment using the
differential method to solve Maxwell equations in periodic media. Close optical and AFM
inspection of damage sites shows that damage occurs where the electric field is maximum.
Periodic ripples observed by Kd8avere also noticed but not related to a specific grating and
testing geometry. Experiments and electric field calculation evidenced that, for aigeven |
density, and given materials, damage threshold of MLD grating at 500 fs is governed by the
value of E2.
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