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Laser induced damage threshold and incubation effects

of high-power laser system optics

S. Fourmaux, J.C. Kieffer

Abstract. We present a laser induced damage threshold (LIDT)
measurement technique where a mm-diameter non-Gaussian laser
beam is used. This allows both a large number of measurements
points and a large range of fluence to be sampled with a single mea-
sure. The method is used in-situ, inside the laser radiation—matter
interaction vacuum vessel used for high power experiments with a
100 TW-class laser system. With our 2.5-Hz repetition rate laser
system, the well-known incubation effect is observed where the
laser damage threshold on the optics decreases with increasing
number of laser shots. The incubation effect is studied with 22-fs
laser pulses at a laser 2.5-Hz nominal repetition rate with several
optics like dielectric mirrors and gold compression gratings irradi-
ated by up to 9 x 10° laser shots.

Keywords: laser-induced damage of optics, high-power laser sys-
tems, incubation effects, fluence.

1. Introduction

High power laser systems with ultrashort pulses are widely
used to study laser-based acceleration of electrons and ions
[1, 2], laser-induced X-ray and gamma emission [3], and warm
dense matter production [4]. The advent of commercially
available laser systems in the 100 TW up to the 10 PW range
combined with a pulse duration around 20-50 fs opens the
path for applications like X-ray and gamma imaging [5], as
well as proton and X-ray fluorescence for material charac-
terisation [6]. For academic studies, such laser systems are
usually operated in the single laser shot regime in order to
fully characterise laser radiation—matter interaction pro-
cesses. For applications requiring a large number of shots in
order to improve the signal-to-noise ratio within a reasonable
time or to produce radiation or a particle dose, the laser sys-
tem must be used both at its nominal peak power and repeti-
tion rate (usually 1-10 Hz for high energy systems). This
raises the question of the laser system sustainability and
design in order to operate safely in this regime. Normally, the
operating fluence on the optical components should be cho-
sen in order to work below their damage threshold with a
safety factor, in case over-intensities occur during beam trans-
port and manipulation. The most critical part of the optical
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system is after the compression stage where diameters of opti-
cal elements are large (10 cm diameter and more), while the
femtosecond pulse duration is short. System designers would
like to use the smallest diameter optics to reduce cost and
space requirement while keeping the fluence in a safe range
for the optics. One key component where this compromise
between optics dimension and incident fluence must be
achieved is, in double pass compressor configuration, the last
compression grating as the highest intensities are produced at
its output.

When laser light is incident on a material, photons are
absorbed and the material starts to be ionised above some
fluence threshold. Then, electrons are excited by impact ioni-
sation, which leads to an avalanche effect until the produced
free electrons plasma reaches the critical density where the
laser energy is strongly absorbed. This critical electron den-
sity is associated with the laser induced damage threshold
(LIDT) in ultrashort pulses less than 10 ps. In metals the
material linear absorption is high enough to produce this
excitation [7]. In transparent materials nonlinear absorption
processes related to photoionisation like multi-photon ionisa-
tion or tunnelling ionisation must be considered. Heat trans-
fer then occurs, producing liquefaction or phase change inside
the material [8]. For longer laser pulses the laser pulse energy
is absorbed by electrons and the energy is transferred to the
lattice. Damage is associated with the transferred heat when it
is high enough to melt, boil or fracture the material.

For dielectrics and long laser pulse, electrons originate
mainly from the background carriers found in material impu-
rities and defects, this is why laser damage threshold in this
case is related to the material surface optical quality. For laser
short pulses below 10 ps, the electrons produced by photo-
ionisation in dielectrics are higher than the background elec-
trons and the laser damage threshold is related to the material
itself, this is why in this regime the damage process is said to
be deterministic. Moreover, for short laser pulses the laser
energy is deposited before any heat transfer to the lattice
occurs [9, 10]. The interplay between each process can be
complex and numerous studies have been made over the years
due to their importance for high-power laser development or
laser machining applications.

Several techniques have been used to measure the LIDT.
In the statistical approach (S-on-1), the laser fluence is gradu-
ally incremented and it is observed if any damage occurs or
not with a specific number of laser shots at the same position.
Typically, the laser is focused down to a diameter of few tens
of microns on the test optics. The same fluence is used several
times on a fresh location far away from previous laser shots,
which allows one to plot the damage occurrence probability
versus the laser fluence [11]. In the diameter regression tech-
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nique, the damage area on a material is measured versus the
laser fluence [12], and in the volume regression technique, the
ablated material volume is measured versus the laser fluence
[13]. It was also shown that techniques using a larger mea-
surement area like the raster scan method are more sensitive
to coating weaker areas as obviously the scanned area is
larger [14]. Velpula et al. [14] reported a 33% decrease of the
LIDT compared to a standard S-on-1 method. Apart from
these mains techniques, many variations have been proposed.
As an example, a single shot method based on the use of a
Gaussian beam can also make it possible to correlate the flu-
ence distribution with the damage morphology [15]. The vari-
ety of techniques can be coupled with several in-situ investiga-
tion procedures (time of flight, light scattering, plasma radia-
tion measurement) or ex-situ investigation procedures where
the damage study can be achieved with optical microscopy,
AFM, STM, or mechanical profilometry. The large number
of measurements reported in the literature can be related to
the large number of laser damage threshold values. Some
measurements are more sensitive to LIDT, other to the laser
ablation threshold. For example, the statistical technique
coupled with ex-situ damage observation is more sensitive to
LIDT [16].

High peak power laser systems (100 TW and more) are
operated under vacuum at the compression stage until the
final use of target to avoid beam distortion during propaga-
tion. To this end, a primary vacuum is good enough but sec-
ondary vacuum without oil contaminants is often used with
high repetition rate high power laser systems to lower organic
contamination on optical surfaces. The laser damage thresh-
old can vary with pressure depending on the material. The
optics material fabrication and coating process influences its
porosity and ability to trap water vapour or organic contami-
nants. Thus, it is preferable to determine the laser damage in-
situ at the pressure of operation and with the same gaseous
contaminants. For example, Nguyen et al. [17] studied LIDT
in hafnia films and bulk fused silica. They reported for hafnia
film a LIDT decrease by up to one order of magnitude for
multiple pulses irradiation and pressure below 0.1 Torr. This
behaviour was not observed on bulk silica and was attributed
to oxygen deficiency in hafnia films [17].

It is well known that the LIDT changes as a function of
the laser shot number done at the same place on a material
[18]. This effect, called incubation, seems to be universal and
has been observed in dielectrics, metals, semi-conductors and
polymers. In optical components, this effect is present with
bulk and multilayer materials. It has first been reported with
a low repetition rate laser system in the range of 10 Hz
[18—20]. More generally, the incubation effect is observed
with high repetition rate systems from a few 100 Hz to MHz
[20-26]. The LIDT value, ¢y, after N laser shots at the same
position decreases as the number of shots N increases, reach-
ing some stable value ¢,, after some large number of shots.
LIDT can be described by a simple law which is given by:

PN =0+ (@1 - P )N, (1

where ¢; is LIDT measured for one laser shot, and S is the
so-called incubation factor [23]. The number of laser shots to
get close to ¢, within 10% is typically found to be around
10000 laser shots [24]. The ¢, and S factor parameters change
with material. The quantity ¢,, depends on the pulse duration
and laser repetition rate. For example, ¢, is measured to be
around 38% of ¢, for a stainless steel sample, 650-fs laser

pulse duration and 100-kHz repetition rate [23]. The incuba-
tion factor is usually found, for short pulses, around 0.8—-0.9
for metallic and dielectric samples (the incubation factor defi-
nition used in each work is not always the same) [20, 25]. It
has been proposed that this behaviour is due to the thermal
stress induced in the material or by the material surface
roughening.

In this paper we present a LIDT measurement technique
where a mm-diameter non-Gaussian laser beam is used. This
allows one to sample from a single measurement both a large
number of measurements points and a large range of fluence.
We detail this method implementation inside the laser radia-
tion—matter interaction vacuum vessel used for high power
experiments with a 100-TW-class laser system. This way we
have the same vacuum and organic contamination compared
to our standard experimental conditions. We study the incu-
bation effect with 22-fs laser pulses at a laser 2.5-Hz nominal
repetition rate with several optics like dielectric mirrors and
gold compression gratings. We show as expected that the
laser damage threshold on the optics is lower when the laser
shot number increases.

2. Experimental setup and LIDT measurement
method

The measurements have been performed at the Advanced
Laser Light Source (ALLS) facility at INRS-EMT, using a
high-power Ti:sapphire laser. This laser system, located inside
a radiation-protected area, can deliver on target as much as
175 TW (3.8 J, 22 fs, at a 2.5-Hz repetition rate). However, in
these experimental series, in order to measure LIDT, we do
not use the final amplification stage, which results in a maxi-
mum energy of 100 mJ on the test optics with a 22-fs laser
pulse. At this energy level, the pulse-to-pulse stability mea-
sured over 1000 laser shots is 2% rms. We can estimate that a
similar error will be made on the LIDT value determination
and contribute to the total error.

The experimental setup is shown in Fig. la. The laser
pulse is inserted into a vacuum vessel where it is focused using
a 1.5-m focal length off-axis parabola. The experimental pres-
sureis 8.5 x 107 Torr. After the focus position, the laser pulse
is directed toward an imaging system to measure with a CCD
camera the energy spatial distribution before the parabola
focus at the test optics position where the laser spot size pupil
is close to 10 mm diameter (around 15 cm distance away
before the focus). A control imaging system is used to image
the test optics position and insure that it is properly inserted
and aligned in the laser beam path at the position where we
image the laser beam.

A laser pulse cross section at the test optics position is
shown in Fig. 1b; the pupil size is 7.5 X 9.2 mm. A large mea-
surement area allows one to account for coating defects and
impurities that could be missed by using a small measurement
area and necessitates a high number of measurements posi-
tions. The near field has a top hat shape. Each pixel size in the
test optics plane corresponds to 8.2 um and the laser beam
fluence is measured over 920000 pixels, each of them corre-
sponding to a local fluence. Figure 1¢ shows the local fluence
for each pixel position corresponding to the horizontal and
vertical lines for the laser near field from Fig. 1b. The corre-
sponding fluence histogram H( 1) is shown in Fig. 2 as a func-
tion of the calculated laser local fluence f for each pixel posi-
tion at the test optics position. The laser fluence is deduced
from the laser incoming total energy and the pixel size in the
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Figure 1. (Colour online) (a) Experimental setup; (b) laser pulse near field with a size of 7.5 x 9.2 mm used for LIDT measurements, and (c) fluence
as a function of the pixel position corresponding to the horizontal and vertical lines shown on the previous image (b) by red lines.

test optics plane. For the calculation purpose, we assume a
51° incidence angle similar to the one found on gratings used
in our pulse compressor. The right vertical axis in Fig. 2
shows A(f) — the accumulated percentage of pixels in the
laser near field with fluence higher than f; determined by the
expression A(f) = IOOZLO H(i)/Zl./zmoax H(i) (here, f,y.y is the
maximum fluence obtained in the histogram). The average
fluence ZQ”;X iH(i)/Z{f;X H(i) is 42 mJ cm™, and f spans
from a few mJ cm up to 280 mJ cm™2.

We take advantage of the large fluence range measured in
the laser pulse near field to avoid scanning energy and repeat-
ing the measurement to determine LIDT. For every single
laser shot we can in principle image the resulting damage and
rely each damaged position on the optics to the incoming flu-
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Figure 2. (Colour online) Laser pulse near field fluence histogram H( /)
where fis the laser pulse fluence at the test optics position (left axis) and
laser pulse near field accumulated number of occurrences A( f') (right
axis). The A(f) is also equivalent to the damaged area percentage as a
function of the fluence.

ence by the knowledge of the near field fluence distribution.
In practice, this is difficult and time consuming to achieve
precisely the superposition of the laser near field with the laser
pulse imprint on the optics. The correspondence from the
near field image with the damage imprint on the test optics is
complex due to the use of different imaging systems with their
own magnification in each case.

We choose to use another approach: it is easier to deter-
mine inside the laser imprint on the test optics what percent-
age of the total area or of the total number of pixels have been
damaged. We can reasonably assume that the damage is
caused by the highest fluences present inside the laser near
field. Thus, the damaged area percentage on the test optics
corresponds to the same percentage value of pixels with the
highest fluence in the laser near field image. Thus, assuming
this hypothesis is correct, we can directly transpose 4A(f) in
term of the damaged area. For example, assuming that 50%
of the laser imprint is damaged, we can see on the right verti-
cal axis of Fig. 2 that it corresponds to a LIDT of 47 mJ cm2.

One advantage of this method is that a large number of
fluences are obtained in only one single shot. The laser near
field is measured inside an ellipse with typically 1054 x
1113 pixels (vertical and horizontal axes, respectively), which
results in 921352 different fluence points. To measure the
damaged area, the test optics surface could be imaged at a
different angle and a wavelength to increase the light scatter-
ing and observe smaller damages. We choose to image the
damaged area by directly imaging the test optics surface by
illuminating it with collimated 800-nm laser light emitted
from a fibre source at a nominal working angle of the optics.
The surface is then imaged along the specular reflection of the
incident light with a 25-mm objective. Typically, with this
imaging system, the damaged surface corresponds to a laser
imprint embedded inside an ellipse of 900 x 700 pixels (y X x)
which corresponds to 494801 measurement pixels.

A first example of measured images is presented in
Figs 3a—3c for a multilayer dielectric coating deposited onto
a glass substrate with respectively 1, 10 and 100 accumulated
laser shots incident onto the test optics. The dielectric mirror
manufactured by Altechna is a high reflectivity mirror
designed for 750—850-nm bandwidth in p polarisation. The
incidence angle is 20.55°. In this case the damage is initially
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Figure 3. High reflectivity mirror (test optics) with a dielectric coating after the action of (a, d) 1, (b, e) 10 and (c, f) 100 laser shots: raw images of
damages after the test optics is imaged with (a—c) 800-nm light and (e—f) images of the damages areas (shown by black colour) after an analysis.
Only the analysed part corresponding to the incoming laser beam is shown for clarity.

related to the removal of some dielectric layers. After one
laser shot only the fringes corresponding to the edges embed-
ding the areas where the dielectric layers have been removed
can clearly be seen as the reflectivity change is limited. After
10 laser shots a decrease in reflectivity can be associated with
the removal of the dielectric layers. After 100 laser shots a
complete loss of reflectivity can be observed suggesting a
complete removal of the dielectric coating. A second example
of measured images is shown in Figs 4a—4c for a gold grating
where the gold is directly deposited onto a glass substrate
with respectively 100, 1000 and 9000 accumulated laser shots
incident onto the test optics with a 2.5-Hz repetition rate. The

compression grating is ruled at 1480 lines per mm and
designed for 800-nm, p-polarised light [manufactured by
Plymouth Grating Laboratory (PGL)]. The incidence angle is
51.2° and the diffracted angle is 27.3°. In this case the damage
is clearly related to a reflectivity loss due to the removal of the
gold layer.

To find the area of the damaged surface, we determine the
edges from the damaged area and integrate the corresponding
surface in order to be able to count any pixels with small
reflectivity variation which could occurs for example with a
dielectric coating where only a few layers can be removed by
an incident laser pulse. For each image on the test optics we
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Figure 4. Tested gold grating after the action of (a, d) 100, (b, e) 1000, and (d, f) 9000 laser shots: raw images of damages after the test optics is im-
aged with (a—c) 800-nm light and (e—f) images of the damages areas (shown by white colour) after an analysis. Only the analysed part correspond-

ing to the incoming laser beam is shown for clarity.
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systemically follow the same procedure: 1. As image illumina-
tion might not be uniform, we flatten the background by fit-
ting it with a 2 dimensional second order polynomial; 2. We
subtract a fixed integer value (typically around 10 for a 8 bits
image) from the image in order to set to zero the damaged
area contour; 3. We invert the image and subtract a fixed inte-
ger value (typically around 250 for a 8§ bits image) to set the
undamaged contour to zero; 4. We fill the laser perimeter
imprint that corresponds to the damaged surface with a spe-
cific colour and integrate the corresponding number of pixels.
During the process, patterns that obviously correspond to
artifacts due to dust in the imaging system or on the optical
surface can be erased manually if required. The resulting ana-
lysed images are shown for the dielectric mirror in Figs 3d —3f
where the starting image corresponds to respectively
Figs 3a—3c.The resulting analysed images are shown for the
gold grating in Figs 4d—f where the starting image corre-
sponds to respectively Figs 4a—4c. LIDT measured by this
method is related to some reflectivity change at the working
wavelength or some obvious removal of material. We are not
sensitive to any ablated precursors.

3. Results and discussion

We can clearly see qualitatively from Figs 3 and 4 the damage
progress and the related affected surface increase for a higher
number of laser shots.

The LIDT value as a function of the number of laser shots
for the Altechna mirror optics is shown in Fig. 5a. The param-
eters corresponding to the fit for the incubation effect by
Eqn (1) are ¢, = 108.5 mJ cm™2, ¢; = 178.2 mJ cm™>, and S =
0.78. The incubation factor is close to the expected range. We
found one test report from Altechna for a high reflectivity
mirrors coating similar to the one we use where LIDT is mea-
sured in air with the S-on-1 method for a 50-fs laser pulse,
750—850 nm bandwidth, s polarisation, 45° incidence angle,
and 1-kHz repetition rate [27]. The laser focal spot used for it
is 150 um. It was found that for a single shot LIDT is
600 mJ cm~ and for 1000 laser shots LIDT is 320 mJ cm™2.
The use of s polarisation with 50-fs laser pulse duration is
clearly less demanding than p polarisation with 22-fs laser
pulse duration. Our results seem reasonable when we consider
this reference.

The LDT value as a function of the number of laser shots
for the PGL grating optics is shown in Fig. 5b. Note that for
one laser shot no damage is seen on the test optics surface and
the corresponding LIDT value is deduced to be above
280 mJ cm™=. To obtain a more precise measurement, we
should increase the energy to reach a higher energy fluence,
but this would mean to start the power amplification stage,
which results in a change of the near field and beam diver-
gence. Another option is to work closer to the laser focal spot,
but this changes completely the experimental calibration. The
parameters corresponding to the fit for the incubation effect
by Eqn (1) are ¢, = 115.3 mJ cm™2, ¢, = 406.6 mJ cm™, and
S =0.67. Poole et al. [28] measured the single shot laser dam-
age threshold under vacuum to be 660 mJ cm~2 for conformal
Au grating with 1480 lines per mm similar to our test optics
with a 30-fs laser pulse duration [28]. The beam waist size at
the focal spot used for the measurement is below 40 pm. Poole
et al. also report for 1000 laser shot accumulation a 20%
decrease of LDT corresponding to 528 mJ cm™2 that is a lot
higher than ¢, measured to be 115.3 mJ cm~ in our work.
The relative low number of accumulated laser shots, longer
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Figure 5. LIDT as a function of the number of laser shots at a pulse
duration of 22 fs for (a) a high reflectivity mirror at 800 nm and for (b)
a gold grating. The fit corresponding to Eqn (1) is also shown with the
solid line. The dotted line indicates the value of ¢,,.

pulse duration and small focal spot size used in this reference
could explain the difference with our results.

As a synthesis, Table 1 lists the incubation parameters ¢,
¢., and S for various optics, obtained using the simple model
[Eqn (1)]. This first parameter is the one of interest when
designing a laser system. The first tested optics from Table 1
is the Altechna mirror. The second optics is the PGL grating.
The third optics from Table 1 is a compression grating manu-
factured by Jobin Yvon (JY) in 2005. The gold is deposited on
a resin layer fixed on a glass substrate. This compression grat-
ing is ruled at 1480 lines per mm and designed for 800-nm,
p-polarised light with an incidence angle of 51.2° and a dif-
fracted angle of 27.3°. Note again, that for one laser shot no
damage is seen on the test optics surface and the correspond-
ing LDT value is above 280 mJ cm™2. The fourth optics from

Table 1. Incubation parameters found from the fit by Eqn (1) for
various optics.

Tested optics ~ ¢;/mJ cm™ ¢o/mJ cm™ S factor
ﬁfﬁfﬁ“a 178.2 108.5 0.78
PGL grating 406.6 115.3 0.67
JY grating 617.9 104.3 0.71
OS mirror 127.6 77.2 0.74




756

S. Fourmaux, J.C. Kieffer

Table 1 is a large bandwidth dielectric mirror manufactured
by OptoSigma (OS). This is a high reflectivity mirror designed
for 700—900-nm, p-polarised light with an incidence angle of
20.55°. For all optics (except the Altechna mirror), the S fac-
tor values corresponding to the incubation equation (1) are
below the expected interval range. This is still a simple model
and more sophisticated study could be achieved that are out-
side the scope of this manuscript [24]. We note that for 9000
accumulated laser shots the measured value for LIDT is
found to be close to ¢,, as can be seen on Fig. 5, and so the
value found for 9000 accumulated laser shots can be taken as
a first approximation. LIDT for both gold gratings is mea-
sured to be higher than LIDT for dielectric mirrors. This is
not what we would expect as dielectric coating are supposed
to exhibit higher LIDT compared to metal coatings. However,
LIDT depends on the coating fabrication process parameters:
substrate material, coating process, cleaning procedures, and
resulting coating stress. For example, for a dielectric coating
designed for gratings, depending of the fabrication process
and the residual stress, the resulting LIDT can be different by
more than a factor of 4 [29].

There are some errors arising from the process of deter-
mining the damaged area in the LIDT determination process.
A first error source is the positioning and size of the laser
perimeter imprint ellipse on the test target. This can be esti-
mated analytically if we consider the total number of pixels in
the laser imprint to be P, and a similar number P,
obtained as a result of an increase in the ellipse imprint by an
amount p in percentage. We can write Pj,= P (1 + p/100)?
as the increase in pixels is related to the surface. The area dif-
ference in percentage will be Py, /Pl — 1= 1/(1 + p/100)> — 1.
This is correct if we assume that every extra pixel considered
is undamaged. For example, if we assume that the error of the
ellipse diameter measurement is 2.5 %, we obtain an area dif-
ference of 4.81%. It results into an uncertainty around 3% in
fluence. Note that if an error occurs on the imprint size, a
greater ellipse size compared to the correct one results in a
lower damaged area percentage but it is counterbalanced by a
lower fluence on each pixel and vice versa. At the end the
effect is not important and the method is robust against error
on the laser imprint size.

A second error source is the determination of the dam-
aged area edges. The damaged edges resulting from the
removal of the test optics material can be observed and
appear as a black line more or less well defined depending of
the optics working angle with the imaging system. It is dif-
ficult to know if the corresponding black pattern has to be
counted as a damaged surface or not. The amount of the
errors is proportional to the contour of the damaged sur-
face. For every damaged area if we know P — the number of
pixel inside it, we can define an average radius r = V' P/t in
pixels and the corresponding perimeter 2v/ 7P in pixels. If
we assume that for a given damaged area percentage the
error corresponds to the number of pixels in the perimeter,
then we can easily plot the error as a function of the dam-
aged area made during the area determination process. We
plot this error E, in Fig. 6, where we can see that it is higher
for smaller surfaces and we can define a limit of a damaged
area of 0.05% below which it becomes unreasonable to use
this method to measure LIDT.

We can now consider our laser system when it is operated
at a nominal energy and check if the fluence used during oper-
ation is safe and optimal on the last compression grating and
on the dielectric mirrors. The compression gratings are manu-

E; (%)

100

10

0.001 0.01 0.1 1 10 100
Damaged area (%)

Figure 6. Error in determining the damaged area edges with the laser
imprint on the test target.

factured by Jobin-Yvon and the dielectrics mirrors by
Altechna. The laser beam has to be transported from the
compressor vessel to the interaction chamber located inside a
radiation-protected area with 8 mirrors including the focus-
ing optics. The transmission between the last compression
grating and the target is 77 %. The last grating diffraction effi-
ciency is 94%. The nominal energy on target is 2.8 J (125 TW)
but this can be increased up to 3.8 J (175 TW). The laser beam
near field with a diameter of 95 x 86 mm at 1/e* is shown in
Fig. 7a. It is a super-Gaussian distribution different from
Fig. 1b as the last amplification stage is operated, which
changes the laser beam divergence and energy distribution.
When we plot the laser beam profile, it can be fitted with a
super-Gaussian on the order of ~7.7 as can be seen in Fig. 7b.

Usually we calculate the fluence of the beam by assuming
a top hat distribution with a beam diameter corresponding to
the 1/e? value. For example, with 2.8 J on the target the flu-
ence on the off-axis parabola before the target is 42.7 mJ cm=2.
A more precise calculation consist in considering the fluence
distribution F as

+1
0

F=F " exp[=2(+/R) 7] drd6,

where r and 6 are the radial and angular coordinates; Fj is the
peak fluence; and R is the beam radius at 1/e2. We obtain F, =
53.3 mJ ecm™2, which is 25% higher compared to the previous
value. More precisely, we can plot (Fig. 7c) the fluence histo-
gram corresponding to the laser beam near field at a high
power (corresponding to 2.8 J on the focusing optics). The
corresponding median value is 45.9 mJ cm™2, but we observe
large fluctuations due to energy modulations that can be seen
in the laser beam image. These fluctuations are +38.1 mJ cm™>
in fluence and reaches a maximal fluence of 84 mJ cm™2.

We can summarise in Table 2 the fluences obtained on the
last compressor grating and on the first dielectric mirror (with
45° incidence) following the grating for the two energy set-
tings. With an on-target energy of 2.8 J the safety factors are
close to 1.4 both for the grating and the first mirror. With an
on-target energy of 3.8 J the safety factors are slightly above 1
both for the grating and the first mirror. It means that for the
highest energy there is no margin and any energy fluctuation
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Figure 7. (a) Laser pulse near field on a target (energy of 2.8 J, and a beam size of 95 x 86 mm), (b) corresponding line profile where the super-
Gaussian fit is indicated with a black continuous curve, (c) fluence histogram of the laser pulse near field on the off-axis parabola.

Table 2. Energy, average and maximum fluences on the surface of the last compression grating as well as the first mirror following the grating for

two values of on-target energy.

Eargl] oAl Firo/mJ cm™ Fgrat /mJ e EniniJ F2/mJ cm™ Fodf/m) em™
2.8 3.82 37.3 73.5 3.64 40.1 78.9

3.8 5.18 50.6 99.6 4.94 54.4 107.1

could lead to a potential damage. Thus, it is safer to keep a  References

maximum on-target energy of 2.8 J.

4. Conclusions

We presented a LIDT measurement technique where a mm-
diameter non-Gaussian laser beam is used. This allows one to
sample with a single measure both a large number of mea-
surements points and a large range of fluence. This technique
can be used in-situ with a high-power laser system to obtain
the same vacuum environment where optics will be used. As
expected, we observed incubation effects with the laser 2.5-Hz
repetition rate. We measured a reduced LIDT for gold com-
pression gratings and dielectric mirrors with laser pulses of
22-fs duration and 2.5-Hz nominal repetition rate. We show
that it could be applied to our 100-TW high power laser sys-
tem to define a safe energy operation of 2.8 J on the target.
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