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Abstract: Large fusion scale laser facilities aim at delivering megajoules laser energy in the
UV spectrum and nanosecond regime. Due to the extreme laser energies, the laser damage of
final optics of such beamlines is an important issue that must be addressed. Once a damage site
initiates, it grows at each laser shot which decreases the quality of the optical component and
spoil laser performances. Operation at full energy and power of such laser facilities requires a
perfect control of damage kinetics and laser parameters. Monitoring damage kinetics involves
onsite observation, understanding of damage growth process and prediction of growth features.
Facilities are equipped with cameras dedicated to the monitoring of damage site growth. Here
we propose to design and manufacture a dedicated full size optical component to study damage
growth at increased energy, on the beamline, i.e. in the real environment of the optics on a large
laser facility. Used for the first time in 2021, the growth statistics acquired by this approach at the
Laser MegaJoule (LMJ) facility provides a new calibration point at a fluence less than 5 J cm−2

and a flat-in-time pulse of 3 ns.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

High power laser facilities such as the National Ignition Facility (NIF), the ShenGuang-III
(SG-III) and the Laser MegaJoule (LMJ) are designed to achieve fusion by inertial confinement
[1–3]. For each laser beam, multi-kilojoule ultraviolet laser energy with a pulse duration in the
nanosecond range is required. Laser Megajoule will be equiped with 176 laser beams to perform
high energy density physics experiments, including fusion experiments up to 1.4 MJ at 351 nm in
a few nanoseconds. All the beams are carried and focused at the center of a 10 m diameter target
chamber. The first 11 bundles of 8 beams are currently in operation for experiments at an energy
level of ∼ 3.75 kJ per laser beam. This low energy operation is needed to limit maintenance
while new laser beamlines are still mounted and commissioned for a full LMJ completion.

Final optical components are exposed to multi-kJ ultraviolet (351 nm) laser energy with
nanosecond pulse duration and a laser beam size of about 1000 cm2. These fused silica optics
may damage under such extreme laser conditions. Laser damage is defined as a permanent
change of the optical component induced by the laser beam. In LMJ laser conditions, the laser
damage morphology is a crater of diameter of about 10 µm−30 µm with sub-surface fractures
[4–7]. Laser damage initiation is due to a combination of loading induced by the UV laser beam
[8] and random defects [9,10] or self-focusing [11] or even particulate contamination [12,13] on
the optics surface. On LMJ, final optics are of three types: ultraviolet focusing gratings, focusing
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and separating the main wavelength useful for the experiment from the residual wavelengths
of the frequency conversion system; vacuum windows, isolating the vacuum of the experiment
chamber from the rest of the facility, and debris-shield optics, protecting other optics from target
debris. Once a damage site has initiated on an optic, it may grow at each new laser shot when
the laser energy is greater than the growth threshold [5], which is usually the case for fusion
scale laser facilities. Damage growth is defined as the increase of damage area and depth for
successive laser shots. Damaged optics directly affect the laser performance required to perform
the experiments [5,14] and generate damage on downstream optics since damage sites can result
in a local overintensification of the laser beam [15,16]. To maintain a specific laser quality and to
preserve other optics, optical components with too degraded performances must be replaced.

To extend the operation lifetime of these optics, two methods have been developed to stop the
damage growth. (i) The so-called local laser blocker that consists in locally reducing the beam
fluence under the growth threshold [17,18]. In order not to impact the total beam energy for the
experiments, this technique is limited to about ten beam blockers per optic at the location of the
damage sites. (ii) The Carbon Dioxide (CO2) laser optics mitigation that consists in machining a
cone with a CO2 laser to remove the damage site fractures and thus to stop the damage growth
[19–21]. This operation cannot be performed directly on the facility and requires maintenance
of the optical component. As CO2 laser optics mitigation is possible as long as the damage
equivalent diameter remains under 750 µm, the laser blockers process must be optimized by
detecting the most critical damage sites by combining their diameter and their growth dynamics.

To track damage sites of final optics, laser damage is managed with images acquired by a
high resolution camera (4096 × 4096 pixels) set in the center of the vacuum chamber after each
laser shot [18]. The imaging system is similar to those in NIF [22] and SG-III [23] facilities. A
schematic view of this onsite observation system is shown in Fig. 1. These optics, i.e. gratings
and vacuum windows, are illuminated by two LEDs mounted on one edge of the optics, red LEDs
for gratings and green ones for vacuum windows. Laser damage sites scatter the light emitted by
the LEDs, and a part of this scattered light is collected by an objective lens that images gratings or
vacuum windows on a CCD sensor at a distance of 8 m. The image sensor converts the collected
light energy into grayscale images. Images (one example is shown in Fig. 2) acquired by this
system consist of a black background with bright spots corresponding to damage sites. The
dynamics of the grey levels is between 0 and 216 (14 bits).

Fig. 1. Schematic view of LMJ onsite image acquisition system for vacuum window.

The spatial resolution, i.e., the size of one pixel of the image projected in the object plane, is ∼
100 µm. The bare measurement of the site diameter does not reach the accuracy level required to
characterize the growth of damage sites before they reach the mitigation equivalent diameter limit
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(a)

(b)

Fig. 2. (a) Example of LMJ vacuum window image with large damage sites. The gray
levels of the image correspond to the amount of light collected by the sensor of the camera.
To better distinguish damage sites, the display dynamics range between 0 and 1000 but all
gray levels are used to process these images. The red line, that crosses two damage sites,
symbolizes the section extracted from the displayed image and shown in (b).
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(750 µm). Previous works have shown that the grey levels of acquired images are directly related
to the damage equivalent diameter [22,24]. This technique provides a much higher accuracy on
the estimated damage equivalent diameter than counting the number of lit pixels.

The control of the damage process is crucial for facility operation at full energy [15]. The
stability and homogeneity of the laser beam itself are key parameters and require a strict limitation
of both spatial and temporal overintensifications [25]. The knowledge of the physical models
that describe initiation and growth of damage sites is also a key factor to anticipate the needs
of maintenance and to optimize the operational use of the facility [5,15,26]. The literature on
damage laws is based on data acquired with laboratory experiments [4,5,26–31]. Models used
to predict the damage growth onsite are based on a large amount of feedback statistics directly
acquired on the facility [32]. For a better knowledge of damage phenomenon on the facility,
we aim at establishing the laser damage laws directly on a LMJ beamline with a dedicated
component. The current study focus on studying damage growth at LMJ enhanced energy from
3.75 kJ to 4.7 kJ with dedicated LMJ experimental campaigns. Let us notice that the very high
quality of LMJ optic surfaces strongly limit the probability of damage sites. In order to fully get
profit of these performance campaigns with a limited number of laser shots and laser beams, a
specific component was defined and used. A matrix of nearly 1000 damage sites was initiated on
a vacuum window on a offline laser damage set-up. This component was precisely measured on
a metrology bench before being mounted on the LMJ facility for the duration of the campaign. It
was precisely measured in laboratory again after its removal from the facility. This component
composed of a matrix of damage sites was very useful for the calibration of the LMJ onsite
monitoring camera to accurately link the grey levels of light scattering by damage sites and their
size (equivalent circle diameter) as detailed by Hallo [24]. The number of new damage sites and
the quantification of the growth statistics of the damage sites composing the matrix provide useful
calibration points for damage models at an energy level higher than that of the current operation.
The great advantage of this experiment is its representativeness to a component mounted on a
real laser beam and exposed to mechanical and environmental constraints.

The paper is organized as follows. The design, manufacturing process and characterization of
the matrix of damage sites and the characteristics of the laser shots are first presented in Section
2. The combination of the large number of damage sites on the matrix with the properties of the
laser beam provides a damage growth probability and a growth rate distribution that are detailed
and discussed in Section 3.

2. Matrix of damage sites

On LMJ facility, UV laser beam enters in the experiment chamber through a vacuum window
that ensures the vacuum containment in the experimental chamber. The ease of maintenance and
observation of its state of damage is the reason of the choice of this component for the realization
of the damage matrix. A vacuum window is a square fused silica sol gel coated optic polished
using high damage resistance finishing process [14,33,34] of ∼ 40 cm side and 3.4 cm thickness.

The main goal of the damage monitoring is to accurately quantify the growth dynamics of
damage sites before they reach the mitigation equivalent diameter limit (i.e., 750 µm). Damage
sites diameter are expected between 30 µm and 300 µm to cover the whole range of dimensions to
be studied, taking into account their growth during the campaign. The number of damage sites in
the matrix is conditioned by the need to keep them independent despite their growth, as well
as the respect of the safety criterion which limits the total damaged area. The chosen distance
between two damage sites is 1.2 cm. As reported in some studies about the morphologies and
dimensions of the damage sites in volume [27,35], the fractures do not extend beyond the apparent
diameter of the damage site that is observed on the surface. Thus, the growth information alone is
sufficient to determine the damage sites spacing. In addition to damage sites, the matrix includes
mitigation cones for onsite validation of the mitigation process.
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The matrix is made of 31 × 31 elements including 31 mitigation cones for a total of 930
damage sites. The distribution of the damage sites dimensions, shown in Fig. 3, was also chosen
to calibrate the detection capabilities of the LMJ onsite camera at any point of the component (see
Ref. [24] for more details). Damage sites actually initiated have equivalent diameters between
10 µm and 500 µm.

Fig. 3. Distribution of the damage sites on the matrix according to their equivalent
diameter range in green to blue scale and mitigation cone in color scale. Spatial scale is
not representative of the distance between damage sites which is 1.2 cm. The yellow frame
materializes the edges of the optics. Damage sites cover the whole optics, up to the edge of
the component.

2.1. Damage site initiation

Laser damage sites are realized off-line on a laser damage bench called ELAN [36]. This set-up
is designed to reproduce the configuration yielding onsite damage initiations: The laser system is
selected for its characteristics close to those of the LMJ (i.e., wavelength of 355 nm and pulse
length of 7.5 ns) and the beam is collimated over the entire thickness of the optical component.
Thus the shape and the diameter of the laser beam are the same on the front and on the rear
surfaces of the component. In this configuration, the damage site is initiated on the rear face with
the same dynamics and the same phenomenology as in onsite conditions. The beam is spatially
Gaussian with a diameter of the order of 700 µm at 1/e. For thick optical components, the main
challenges to initiate rear surface damage are to avoid Kerr and Brillouin nonlinear processes.
Non-linear Kerr propagation could lead to the formation of not requested bulk damage such as
filaments. Brillouin non-linear propagation could lead to the initiation of front surface damage
due to back stimulated Brillouin scattering, also not desired in this study [30]. These difficulties
are resolved by controlling the intensity profiles of the laser pulses. A phase-modulated injection
seeder allows operating the nanosecond Nd:YAG Q-switched laser with pulses having both a
large spectral bandwidth and a smooth temporal waveform. Because of the smooth temporal
waveform, such pulses reduce the impact of the Kerr effect and, because of the large spectral
bandwidth, suppress stimulated Brillouin scattering [37]. Once these non-linear processes are
mastered, damage sites are initiated at fluences ensuring a probability of damage close to 100%,
i.e., fluences of the order of 30 J cm−2 at 7.5 ns corresponding to fluences close to 20 J cm−2 at
3 ns considering the temporal scale law in τ0.5 for damage initiation [38]. With these fluences,
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the diameters of damage sites range between ∼ 30 µm and ∼ 100 µm. Such fluences are also
chosen in order to trigger unique damage sites (i.e., only one damage site is created at each shot),
corresponding more or less to the top of the spatially Gaussian beam where the energy density is
the strongest. The damage sites thus created are not representative of all the damage sites that
can occur at a facility like the LMJ. They are, however, representative of the most critical damage
sites, those that will grow and it is this population of damage sites that is studied.

To obtain larger damage sites, between 100 µm and 300 µm, damage sites are irradiated with
few additional shots to grow the damage up to the selected equivalent diameter. The fluences
of the shots and the number of shots are chosen based on the previously measured growth
coefficients [27]. Initiation, growth and equivalent diameter of the damage sites are monitored in
real time after each shot thanks to a visualization through a macroscope. The entire procedure
is first tested and validated on a dedicated optical component. Next, following this protocol, a
31 × 31 damage matrix is made on the vacuum window. The damage sites thus obtained have
diameters ranging between ∼ 10 µm and ∼ 500 µm. Growing the damage sites at a lower fluence
also has the advantage of providing laser damage sites more representative of that naturally
generated on the LMJ.

2.2. Off-line metrology of damage sites

Before its installation on LMJ facility and after its removal, the matrix of damage sites is observed
on dedicated optical set-up [39]. The component is illuminated from the edge and the light
scattered by damage sites is collected by the observation system on the same basic principle as
the onsite system. Two types of highly spatially resolved systems are available. The first one
cover the whole component by sub-images to reconstitute a complete image with a resolution of
∼ 10 µm. The second one is a long front macroscope, motorized (zoom and focus) and coupled
to a coaxial illumination, with a resolution of ∼ 2 µm by pixel [39]. This resolution allows for an
accurate characterization of defects or damage sites. It is used only for a selection of ∼ 70 damage
sites. These precise measurements are very helpful for calibrating the intensity measurements
acquired at the facility and for gaining accurate knowledge of the damage site dimensions used
for this study. Two damage sites seen under the macroscope before and after the LMJ onsite
experiments are shown in Fig. 4.

2.3. Lifespan of the matrix of damage sites on the LMJ facility

Mounted on a laser beamline of the LMJ facility, the vacuum window with the matrix of damage
sites was used during an experimental laser campaign at the end of 2021. This campaign consisted
of 7 shots with an energy of ∼ 4.7 kJ, a flat-in-time pulse shape of 3 ns and a spatial contrast of
about 8 − 10% at 1ω. The spatial contrast, defined by (1), is the ratio of the standard deviation in
fluence to the mean. It is calculated on the spatial measurement of the laser beam, at the output
of the amplifier section.

C =
σ

µ
, (1)

where C denotes the spatial contrast, σ is the standard deviation calculated from the fluence
points in the measured laser beam and µ is the mean of the fluence points in the measured laser
beam.

After each shot, images of investigated component were acquired by the LMJ onsite camera.
The first image acquisition is shown in Fig. 5. The largest and brightest elements of the matrix
that are easily visible on the diagonal of the optic are the mitigation cones.

The spatial energy distribution at 1053 nm of the LMJ laser beam was measured at the output
of the amplifier section with a spatial resolution of ∼ 440 µm for each laser shot using the
onsite output sensor near-field camera. The propagation of the laser beam measured from the
output of the amplifier section to the output of the vacuum window was simulated with the Miro
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(a)

(b)

Fig. 4. Two damage sites (a) and (b) of the matrix of damage sites seen under the macroscope
at the beginning at left and at the end of the LMJ onsite experiments at right. On each image,
the black segment has a size of 100 µm

Fig. 5. Onsite image of the matrix of damage sites just after its installation on a LMJ
beamline. To better distinguish the damage sites of the matrix, the display dynamics range
between 0 and 100 but all grey levels from 0 to 216 are used to process images.
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software [40]. The calculation takes into account the optical aberrations of each individual optical
component constituting the beamline [3] (transport mirrors, alignment reference optic, gratings,
conversion crystals) measured by interferometry and the effects of the frequency conversion
system. The result is shown in Fig. 6.

(a) (b)

Fig. 6. Spatial distribution of the LMJ laser beam at the output of the amplifier section at
1053 nm (a) and simulated at the output of the vacuum window at 351 nm after transport
section, conversion crystals and focusing grating (b) for the first shot through the matrix of
damage sites.

The distribution of the fluence on the matrix of damage sites is registered to evaluate the
fluence corresponding to each damage site. The registration is made from a low fluence (∼
1 J cm−2) near field laser shot. The spatial transformation (translation, rotation and zoom) is
computed between the image at the output of the amplifier section (Fig. 7(a)) and the image
acquired by the vacuum windows damage measurement diagnostic (Fig. 7(b)) at very low energy
using a grid specifically realized by the spatial shaping of the LMJ laser beam. The grid is a
keyed matrix of 22 beam blockers to determine affine transforms between the two planes.

(a) (b)

Fig. 7. The spatial transforms between images acquired at the output of the amplifier section
(a) and at the level of the vacuum window (b) is computed using a grid in the laser beam
spatial shape.

This spatial transformation is then used to match the simulated fluence computed with Miro to
the corresponding damage sites. The fluence evaluated for each damage site is the mean fluence
over 1 mm2, centered on the damage site.
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On the vacuum windows, at 351 nm, the spatial contrast is ∼ 14% and the beam area is ∼
1000 cm2. The mean fluence is ∼ 4.7 J cm−2. The spatial shape of the laser beam is very stable
for all 7 shots and a mean fluence is calculated for each damage site of the matrix.

3. Results

3.1. Data processing

Images can be impacted by spatial shifts, background light intensity or lighting system variations.
These variations can be corrected by recent techniques based on Digital Image Correlation (DIC)
principles [41]. After corrections, the pixel intensity variations from one image to another is only
affected by the damage growth and the acquisition noise.

Damage sites are then detected thanks to an optimized local signal-to-noise ratio algorithm,
called LASNR [42]. This algorithm permits to get rid of the background elements illuminated
by the LEDs and to detect small bright elements in a noisy background. The delineation is
performed for each damage site using a region-growing method also detailed in Ref. [42].

The analysis of the intensity emitted by the laser damage site that is captured by the camera
brings a sub-pixel precision on the damage site dimension [22,41]. The measured intensity of a
damage site is the integral of the gray levels on the delimited support. Thanks to the matrix of
damage sites, the calibration of onsite acquisitions was performed by comparing, respectively,
the first and the last onsite images to the highly resolved offline measurements done before the
mounting of the matrix of damage sites and after its removal. These results were the reported in
Ref. [24]. Intensity of a damage site is related to its dimension, i.e., its effective circular diameter,
by (2):

D = D0

√︃
I
κ

, (2)

where D denotes the diameter of the damage site, I the integrated intensity on its onsite acquisition,
D0 the physical size of one pixel (100 µm), and κ a scale parameter (equal to 3.5 × 103 gray
levels for the LMJ image acquisition system).

Such image processing steps provide the dimension of each laser damage site of the matrix
with a sub-pixel accuracy for all acquisitions of the laser campaign.

3.2. Visualization of the growth of damage sites

For each damage site in the matrix, the difference in dimension is calculated between the
acquisition performed after each laser shot and the acquisition performed before the first laser
shot. The matrices of these diameter differences are presented in Fig. 8 with the aim of visualizing
the spatial distribution of growth on the matrix of damage sites over the shots.

The shot-by-shot spatial distribution images of damage sites growth shows the square area of
the laser beam passage in the center of the matrix. They also show that a large amount of damage
sites traversed by the beam has grown.

3.3. Growth rate calculation

For each damage site, a growth rate is calculated considering all the measurement points acquired
before and after each shot. The fluences considered in this experiment being relatively low, the
growth of the damage sites remains low and thus makes it possible to assimilate a unique growth
rate evaluated on the whole of the 7 shots of the experiment. The evolution curve is optimized by
the laser damage growth Eq. (3). Since some damage sites do not grow on the first shot, the first
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(a) (b) (c)

(d) (e) (f)

(g)

Fig. 8. Difference in diameter (in mm) for the matrix of damage sites between images
acquired after each laser shot and the image acquired before the first laser shot. The axes and
the color bar, only displayed on the image after the seventh shot, are identical for all figures.
The negative values (in blue) are due to the precision of the evaluation of the equivalent
diameter of the damage sites from the intensity measured by the camera. Damage sites on
lines / columns 0 to 2 and 27 to 30 have not been exposed to the laser beam. It was therefore
expected that it would not grow.
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growth shot (Nstart) has been added in the equation:

D =
⎧⎪⎪⎨⎪⎪⎩

D0 exp (α (N − Nstart)) if N ≥ Nstart

D0 if N<Nstart
, (3)

where D are the measured damage site diameters after each shot, D0 denotes the initial damage
site diameter, N the shot numbers and Nstart the number of the first shot at which the damage
growth, and α is the growth rate.

For a better illustration, the growth dynamics of two damage sites are illustrated in Fig. 9 with
one damage site with a growth from the third shot (a) and the second with a growth from the first
shot (b).

(a) (b)

Fig. 9. Growth of damage sites with onsite measured points in blue and curve fitting
represented by the red line for the two damage sites presented in Fig. 4.

For further analysis, the damage sites are classified into 4 ranges of dimensions. The number
of samples per range is between 78 and 176.

3.4. Growth probability

The growth probability is evaluated for each of these ranges and is shown in Fig. 10. Only damage
sites that have been exposed by a fluence higher than 4 J cm−2 are considered. Indeed, some
damage sites in the matrix are at the edge of the laser beam, the fluence is thus intermediate and
uncertain, and others are outside the laser beam. These damage sites are not part of the studied
domain (at a mean fluence about 4.6 J/cm2). They were used for verification of the measurement
accuracy but are not taken into account in order not to distort the growth statistics. Mean
values (blue points on the graph) are calculated by considering as growing site any damage site
whose calculated growth rate is strictly positive (negative values may occur due to measurement
accuracy). To evaluate the uncertainties, the accuracy of the damage growth assessment from the
8 onsite acquisitions as well as the number of representative samples are taken into account. For
some damage sites, the acquisition noise may be sufficient for the growth rate to be non-zero, a
minimum growth probability is then calculated by considering as non-increasing any damage
whose calculated growth rate is less than 0.02, represented by orange triangles. Confidence
intervals at 95%, represented by blue lines, are evaluated using the classic Eq. (4):

error =
√︃

p (1 − p)
n

, (4)

where p is the probability of growth and n denotes the total number of damage sites in each range.
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Fig. 10. Growth probability for 4 ranges of damage site equivalent diameters at 351 nm for a
mean fluence of ∼ 4.7 J cm−2 and a pulse duration of 3 ns in blue considering as growing all
damage sites with a non zero growth rate and in orange all damage sites with a growth greater
than 0.02. The points that are obtained in Negres et al. work in Ref. [28] for experiments
with 5 ns pulse duration are superimposed (red stars).

The growth probabilities for a fluence of 4.7 J cm−2 are close to the results reported by Negres et
al. in Ref. [28] for damage sites diameters between 30 µm and 100 µm. These experiments were
performed in vacuum with a flat-in-time pulse of 5 ns. On the contrary, the growth probabilities
are higher than the studies performed by Veinhard et al. [27] conducted in air. As suggested in
Ref. [43], vacuum may have an impact on the resistance of fractures.

3.5. Growth rates distribution

The growth dynamics are evaluated for each damage site on the matrix. The distribution of the
calculated growth rates is shown for each of the 4 damage equivalent diameter classes in Fig. 11.

These scatterplots show a dispersion of growth rates that decreases when the damage site
equivalent diameters increase. This change in the dispersion of growth rates as a function of
the size of damage sites is not captured in the Weibull distributions described in the literature,
especially in Ref. [26]. Taking into account that this change in the dispersion of the growth
rates could come from the accuracy of the onsite measurement, the growth rates are compared
and validated with the accurate off-line measurements made before and after the experimental
campaign (see Section 2). Since the rates are evaluated by considering all 8 measurements, the
accuracy on the value of the growth rate does not explain the observed dispersion.

The mean value of the growth rate is evaluated for two data sets: only for strictly growing
damage sites, represented by stars, and for all damage sites, represented by diamonds. Considering
only growing damage sites, the mean value of the growth rate decreases as the damage sites
become larger. This result is quite consistent with the observations made by Lamaignère et al.
[4]. Considering all damage sites, mean values of the growth rates are more similar with a value
of about 0.07. Equation (5) given in Ref. [5] yields the dependence of the mean value of the
growth rate on the duration of the temporal shape for flat-in-time laser pulses:

α = 0.025 τ0.27 (F − 3.22 − 0.3 τ), (5)

where α is the mean value of the growth rates, τ denotes the duration of the laser pulse and F
is the fluence. For a fluence of ∼ 5 J cm−2, the mean value of the growth rates obtained with
this equation is of ∼ 0.03 for 3 ns and ∼ 0.01 for 5 ns. Values obtained in different works are
summarized in Table 1.
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Fig. 11. Growth rate distribution for 4 ranges of damage site equivalent diameters for a
mean fluence of ∼ 4.7 J cm−2 and a pulse duration of 3 ns. Symbols. Diamonds: mean
values of the growth rates considering all data including non growing damage sites; Stars:
mean values of the growth rates considering growing damage sites only (i.e., with a strictly
positive growth rate).

Table 1. Summary of the mean growth rates for different references and the results obtained with
the matrix of damage sites on LMJ at ∼ 4.7 J cm−2.

3 ns 5 ns

Eq. (5) Manes [5] 0.03 0.01

Negres [26] in vacuum - 0.025-0.05

Veinhard [27] in air 0.07 -

LMJ matrix optic air/vacuum 0.06-0.08 -

Data comparison shows that the values obtained from Eq. (5) are much lower than the data
acquired in Refs. [26,27] as well as for the LMJ matrix of damage sites. At 3 ns, the mean growth
rate of the onsite matrix of damage sites is similar to that obtained in the experiments realized in
lab in Ref. [27]. So the acquired set of data does not show any particular impact of the vacuum
or air environment on the growth rate mean value. This observation should be consolidated with
future data acquired on the facility for higher fluences.

Results obtained with the matrix of damage sites show that the Weibull laws defined at 5 ns
should be reassessed at 3 ns. Indeed, Eq. (5) does not seem appropriate to make the conversion
between 5 ns and 3 ns given the differences obtained. The set of data acquired with the matrix of
damage sites for a single fluence point at ∼ 4.7 J cm−2 is not sufficient to establish a new Weibull
law. Future experiments involving this matrix of damage sites should provide data for higher
fluences, which is necessary for this re-evaluation.

4. Conclusion

The LMJ optics composed of a matrix of damage sites brings a lot of results. Scattered light
intensities on onsite acquisitions have been related in a simple way with the equivalent circle



Research Article Vol. 31, No. 3 / 30 Jan 2023 / Optics Express 4304

diameters of the damage sites [24]. Fully representative of the LMJ environment, the growth law,
both by the growth probability and by the growth rate distribution, completes the data acquired
in laboratory. The data acquired with the matrix of damage sites are therefore very useful for
the development of a representative phenomenological model of the LMJ vacuum windows
damage growth. The size of the LMJ beam allows to have from few shots an important growth
statistic, difficult to have with laboratory experiments. Future experiments planned with this
matrix of damage sites should provide data for higher fluences, missing points necessary for a
re-evaluation of the damage laws as close as possible to the experimental conditions in the facility.
In addition, this technique could also be used for other optical components such as debris-shield
optics positioned after vacuum windows for example.
Disclosures. The authors declare no conflicts of interest.
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