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Abstract

Achieving high laser damage thresholds of face-cooled amplifier slabs is an
important issue to develop high average power lasers. We report an investiga-
tion of the Laser Induced Damage Threshold (LIDT) of Ion Beam Sputtering
(IBS) hafnium oxide anti-reflection layers deposited on Yb:YAG crystals, de-
signed to be embedded in a flowing water coolant while submitted to 1 µm
laser irradiation, and compare the damage thresholds in air and underwater.
The measured damage thresholds turn out to be consistent with the best val-
ues obtained on similar coatings, and are at least equal, or even higher, un-
derwater than in air. An electromagnetic model is presented based on water
permeation into the coating, that displays stronger field enhancements in air
than underwater next to the sub-surface damage precursors, offering a pos-
sible explanation. Our results validate the possibility to use anti-reflection
coatings for Yb:YAG crystals face-cooled in water, at fluences equal to or
higher than the saturation fluence of Yb:YAG at room temperature.
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1. Introduction

The field of physics and technology of short pulse and ultra-high inten-
sity lasers features two main technological frontiers: ultra-high peak powers
on one hand, and high average powers on the other hand, bound to be in-
strumental to reach high profile applications such as high luminosity electron
beams accelerators. The quest for ever higher average powers of intense lasers
is therefore crucial; thermal issues within the laser amplifiers are known to
be one essential key issue to solve, along with high-power diode pumping.

Among the techniques currenly used to optimize cooling of amplifying
media, direct face cooling of high power amplifying slabs, directly immersed
in a cooling flow, was proposed by Okada et al. [1], and Zuegel et al. [2] and
has recently attracted worldwide attention, especially for systems where the
laser beam size or energy exceed the capabilities of thin disk technologies [3].

Two main techniques exist for face-cooling: gas flow cooling, in which the
gas is most frequently cryogenic helium, up to the kW landmark [4], at the
expense of heavy cryo-cooling infrastructures; and liquid cooling [5], in which
the coolant is most often water or deuterated water, or a family of fluorinert,
or possibly special oils. This technology allowed impressive progress on the
output power of laser resonators [6].

In both cryo-gas and liquid face-cooling, a further key issue is the damage
threshold of the antireflection coatings of the amplifying laser slabs. Two
important studies [4, 7] were reported recently on the damage threshold of
slabs under He gas cooling, or of active mirrors, at cryogenic temperatures.

In a cryogenic helium gas-cooled multi-slab configuration, Divoký et al. [4]
have pointed out that most commercial multilayers have a damage threshold
at a fluence as low as 1.5 J/cm2 in their experimental conditions (1 ns pulses,
very low temperatures); these authors were able to increase this value up to
3 J/cm2 after a careful screening and optimization of multilayer materials
and technologies.

Higher Laser Induced Damage Thresholds (LIDT) values were reported
by Wang et al. [7] for helium-cooled active mirrors; however it is difficult to
compare directly numerical values of LIDTs, since these values have to be
rescaled with respect to the temporal duration of the test bench laser, and
may also depend on other factors, as the exact LIDT definition, or the focal
spot size of the test laser.

In all cases, the essential issue is to improve the LIDT up to values al-
lowing operation of the laser amplifier close to the saturation fluence of the
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Figure 1: Principle of a liquid face-cooled split disk amplifier head, in which a liquid
coolant is circulated and thermalized, then injected into cooling canals in between multiple
amplifier disks.

amplifying crystal, which, for Yb:YAG, stands around 8 J/cm2 at room tem-
perature [8].

The HORIZON project aims to develop cutting-edge technologies for
a kW-class, liquid face-cooled, terawatt chirped-pulse amplification (CPA)
laser operating with Yb:YAG at 1030 nm [9, 10]. The amplifier face coolant
was chosen to be either de-ionized water (conductivity < 3 mS), or deuter-
ated water. In the HORIZON laser architecture, the chirped pulse duration
during amplification is 1 ns, so that this duration should be the reference for
all damage tests described below.

Figure 1 shows the principle of a typical liquid face-cooled amplifier head:
the amplifier medium consists of series of slabs, located in a chamber with a
continuous flow of coolant in between the slabs, and between the side slabs
and the windows. In the HORIZON project, the series of slabs is an ensemble
of three Yb:YAG disks supplied by Teledyne FLIR Laser Crystals. The disk
widths are either 2.3 mm or 3.2 mm, longitudinally pumped at 940 nm in
a continuous wave regime. The coolant is put in motion, thermalized and
filtered by an external hydraulic system.

Such a configuration with permanent operation underwater raises ques-
tions on the capability of multilayer antireflection coatings deposited on the
Ytterbium:YAG crystals, and permanently immersed under water, to with-
stand the laser flux. The physics of damage may indeed depend strongly
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on the nature of the layers and of the ambiant medium. For example, [11]
have studied LIDTs of hafnium oxide layers, similar to ours, in air; [12] have
reported LIDTs under vacuum conditions, with a fatigue damage behavior
depending on the remaining oxygen and water vapor densities; [13] have re-
ported the effect of water vapor in air on the thermal conductivities of layers,
and on the damage thresholds. However, the behavior of antireflection coat-
ings directly under water has not been investigated so far to the best of our
knowledge.

It is therefore crucial to test the anti-reflection coatings in the same en-
vironment that prevails in the amplifier head, i.e. immersed in water. The
present article presents the results of series of laser-induced damage tests
performed on two disks on the BLANCO laser damage testbed at the Centre
d’Etudes Techniques d’Aquitaine, Commissariat à l’Energie Atomique et aux
Energies Alternatives (CEA CESTA), Le Barp, France. We first detail the
materials and methods used; we then present the experimental results for
Laser-Induced Damage Thresholds, following standard procedures (1-on-1,
rasterscan) [14]. We discuss the most salient experimental results, first rul-
ing out thermal or optical non-linear issues, and suggest an interpretation
in the frame of an electromagnetic model. We conclude on the perspectives
opened by the strinkingly good results of LIDTs underwater.

2. Materials and damage threshold measurement method

2.1. Sample description

Two crystal samples were used for LIDT studies, identical and from the
same boule and coating batch as the crystal in operation on the HORIZON
prototype laser.

They are Ytterbium-doped Yttrium Aluminum Garnet disks, 70 mm in
diameter; the first disk has a thickness of 3.2 mm and a doping of 2 atom−%
(sample A); the second has a thickness of 2.3 mm and doping of 1.5 atom−%
(sample B). Due to limited surface available on the disks, there was no at-
tempt to reverse the orientation of the disks; moreover damage sites were
observed essentially on the rear surfaces, showing that the physics of dam-
age triggering is related to the rear surface and antireflection layer. To that
respect, referring to samples A and B means the rear surfaces of the 3.2 mm
and 2.3 mm disks, respectively.

The anti-reflection coatings, from Advanced Thin Films Inc., are designed
to be operated under water; they consist of layers of HfO2 and SiO2. The

4



coating technology was Ion Beam Sputtering, a method chosen for the high
material density of the final layers, and the high damage thresholds that
were reported in few experiments performed at other wavelengths and pulse
durations [11, 15].

2.2. Test chamber

The test chamber is represented in figure 2. It is designed to match the
peculiarities of the laser crystals geometry and mounting, ie circular disks
intended to be dynamically rotated in the laser amplifier head in order to
distribute the heat deposition over a large ring-shaped surface [9, 10]. The
disks are therefore constrained by a central axis; the latter is used to maintain
the disk over a water tub, with fused silica entrance and exit optical windows.
The interval between the window glass and the crystal is set at the same range
as in the laser head, namely, 1 mm. With this setup, two test beam paths
are available, one for underwater experiments, and one for in-air experiments.
The crystal can be easily rotated manually to exploit new crystal areas; the
configuration restricts the areas that can be tested to those for which laser
amplification is expected.

In a first set of experiments, the optical windows benefited from anti-
reflection coatings. It turned out however that the latter presented lower laser
damage thresholds (approximately 15 J/cm2) than the laser crystals, thus
impairing the measurement of the crystal damage threshold under water. In
a long term laser amplification objective, the window anti-reflection coatings
will have to be optimized in turn to reach higher damage thresholds; however,
for the sake of this LIDT study on Yb:YAG disks, the issue was simply
solved by resorting to uncoated fused silica windows, that exhibit damage
thresholds at much higher values than any tested crystal configuration. The
transmission of the uncoated windows in the experimental configuration was
measured to be 93.5 %, consistent with the sum of the Fresnel reflectivities
of the air/glass and glass/water interfaces. In the experimental handling of
data, the laser pulse energy interacting with the crystal under water was
then deduced from the externally measured and calibrated pulse energy by
a 3.25% reduction.

2.3. Laser damage setup and characterization

The laser damage data were obtained on the BLANCO laser damage
testbed, sketched in Figure 3 which has been previously described in details
in ref. [16]. The BLANCO testbed is routinely used in the framework of the
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Figure 2: Sketch of the crystal test tub, with optical path (red) for in-air damage (above)
and in-water damage (below).

Laser MegaJoule project, and has achieved a high reliability in laser damage
threshold characterization [17, 18].

The setup is based on a Q-switched Nd:YAG laser operating at the 1064
nm fundamental wavelength. The laser delivers approximately 800 mJ at a
nominal repetition rate of 10Hz, and may also shoot on a shot-on-demand
basis for 1-on-1 studies. The laser beam is p-polarized, displays an almost
top-hat profile with an entrance full width at half-maximum of 8mm, and
is focused onto the sample by a convex lens whose focal length is f = 4000
mm. It induces a depth of focus (DOF) higher than the thickness of the test
chamber (Fig. 2), ensuring the beam shape to be constant along the DOF,
meaning that the shape and the diameter of the laser beam were the same
on the front and on the rear surfaces of the crystal.

The test laser wavelength of 1064 nm differs little from the operating
wavelength, 1030 nm. This slight wavelength difference is assumed not to
play any significant role. Indeed, the spectral bandwidth of the anti-reflection
coating extends over 200 nm, and beyond the longer wavelength; secondly, the
dependence on laser wavelength of damage processes starts to be significant
for much larger spectral differences, for instance between infrared and visible
wavelengths, as was shown by Gallais et al. [19], Duchateau et al. [20] and
Chambonneau et al. [21].

Due to the overall thickness of the test chamber, the main challenges to
carry on damage tests were to avoid Kerr and Brillouin nonlinear processes.
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Figure 3: Layout of the optical system. Two beam paths are defined, the upper one for
the LIDT measurement, the lower one for real time beam characterization. Upper right
beam diagnostics : temporal and spectral controls.

Non-linear Kerr propagation could indeed lead to the formation of filaments
resulting in unavoidable bulk damage. Brillouin non-linear propagation could
lead to the initiation of front surface damage due to back stimulated Brillouin
scattering [22]. These difficulties were solved by controlling the spatial and
temporal 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 with respect to the Brillouin shift,
and a smooth temporal profile [23]. Figure 4(a) displays the pulse profile, as
captured by a fast photodiode. The pulse full width at half maximum was
6.4 ns; in the context of laser damage studies, it is however more relevant to
supply the equivalent pulse duration, ie, the ratio between pulse energy and
maximum intensity [14]. The equivalent pulse duration was ≃ 6.5 ± 0.15 ns.

Thanks to this smooth temporal waveform, such pulses were shown to
allow one to reduce the impact of the Kerr effect and, because of the wide
spectral bandwidth, to suppress stimulated Brillouin scattering [23]. In the
following experiments, these non-linear processes were hence fully mastered
by use of the injection seeder.

At the focal point, the beam spot had a millimetric size, and was mostly
Gaussian-shaped (Fig. 4(b)). From the image, we determine the beam equiv-
alent area Seq = 5.10−3 cm2 as the ratio between the integrated measured
fluence to the peak fluence [14]. This corresponds to an equivalent diameter
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Figure 4: (a) Temporal profile of the injection-seeded laser, exhibiting an equivalent du-
ration of 6.5 ± 0.15 ns. (b) Spatial profile of the focused laser beam. Image dimension of
6.8 mm.

of 800 ± 31 µm. This value can also be viewed as the beam diameter at 1/e
in intensity for a pure Gaussian profile, in agreement with Fig. 4(b). Note
i) that the measurement was performed on the diagnostics line at the image
plane corresponding to the distance d between the focusing lens and the sam-
ple; and ii) that the beam diameter was actually measured on a shot-to-shot
basis.

The energy measurements were also sampled on a shot-to-shot basis by a
separate diagnostics line as shown in figure 3, and calibrated by a pyroelectric
device. The standard deviation (σ) of shot-to-shot laser energy fluctuations
was measured to be 0.9%. The relative full width at ±2σ of the statistical
distribution of fluences on target is estimated to less than 7%, the dominant
source of uncertainty being the gradual drift in Seq over time. This is the
reason why the beam equivalent area was determined before each data acqui-
sition. A conservative upper limit on fluence fluctuations can be considered
at the level of 10% at 2σ [24].

2.4. Laser damage characterization procedures

Laser damage tests were conducted following the general procedure de-
scribed by the ISO Standard [14], starting with 1-on-1 tests. About 20 sites
were first tested per fluence, on the basis of an ensemble of about 10 fluence
values. Any damage site of few tens of microns could be detected both on
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the front face or at the rear face of the Yb:YAG crystal. The damage de-
tection was performed thanks to a He-Ne laser beam propagating collinearly
to the test beam. For each laser shot, we determine in real time if a dam-
age site occurs or not, so as to extract a probability as function of fluence.
Each occurrence was measured to make results independent from the laser
fluctuations. The online detection was later ascertained by a post-mortem
observation of detected damage sites using a Nomarski microscope, allow-
ing us to validate unambiguously any damage occurrence. This first set of
1-on-1 experiments allowed the determination of the Laser-Induced Damage
Thresholds (LIDT) of the crystal. These results are presented in paragraph
3.1. Rasterscan experiments [25] were then performed at fluences lower or
close to the damage thresholds previously observed, to get additional infor-
mation in conditions where the damage probability is small. Results are
presented in paragraph 3.2.

3. Experimental results

3.1. 1-on-1 data

We present in figure 5 the damage probabilities obtained in the air and
underwater environments from the standard 1-on-1 procedure, for sample A
(5(a) ) and sample B (5(b) ).

The raw data were first treated by the cumulative procedure proposed by
Jensen et al. [26], before the determination of the LIDT. The numerical value
of the latter is often calculated by the method advised by the ISO standard
[14], that is, as the fluence value for which the linear interpolation of damage
probabilities between 0 and 1 reaches 0. This method was not applicable in
our case with sufficient rigor, as the highest fluences achievable turn out not
to be sufficient to saturate the damage processes. We therefore chose another
procedure, in which the data are fitted by the Porteus and Seitel theoretical
model for a power-law distribution of defects, taken in the Gaussian beam
case [27], following the equation :

P (F ) = 0 for F < Fth (1)

= 1− exp

[
πw2Np(F )

(F/Fth)p+1

∫ F/Fth

1

u−1(u− 1)p+1du

]
, for F > Fth

(2)
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where P (F ) is the damage probability P at fluence F , Fth is the damage
threshold fluence, w is the Gaussian beam waist at the interaction plane,
Np(F ) is the integral of the distribution function assuming a power law dis-
tribution of defects of index p [27].

The best fits are obtained by a least square optimization, based on the
χ(2) of the data points with respect to the prediction of Eq. (2), and assum-
ing constant uncertainties for all data points.

Figure 5: 1-on-1 experimental data obtained for the A and B samples (a and b respectively)
in the air and underwater configurations, together with optimal model fits. Data handling
makes use of the cumulative procedure of Jensen et al. [26] ; fits are based on the model
of Porteus and Seitel [27].

For the A sample, the damage thresholds thus obtained are slightly higher
than 20 J/cm2, a value which is considered as nominal by the crystal manu-
facturer for HfO2/SiO2 IBS layers [28]; the values in air and underwater are
similar. This is already very good news, as it validates the use of HfO2/SiO2

anti-reflection coatings on Yb:YAG slabs underwater in the same fluence
conditions as in air.

The B sample actually exhibits a higher resistance to damage underwater
than in air. The air result is again consistent with 20 J/cm2; however, in a
water environment, the B sample did not exhibit any damage in the whole
series of tests, up to damage fluences of 50 J/cm2. While it is not possible to
perform a fit in such conditions, it appears extremely likely that the damage
threshold for this sample is at least as high as 40 J/cm2, a factor of 2 higher
than in air. This will be discussed in sections 4 and 5.
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3.2. Rasterscan data

Rasterscans are used to examine in more detail the fluence range close to
the threshold fluence determined by 1-on-1 tests. In such experiments [14],
a large number of sites are scanned in successive lines, with a single shot per
site, allowing one to have access to small damage probabilities.

Tables 1 and 2 present the results of the rasterscan tests on both A and
B samples, in air and under water respectively. Test areas of 1 cm2 were
defined, allowing for scans of 1100 shots per fluence and configuration; all
areas were inspected post mortem to check that no damage was large enough
to falsely classify a neighboring site as damaged.

The rasterscan data for the A sample in air are consistent with the result
of the 1-on-1 data fit, with a threshold around 20 J/cm2. The rasterscan
under water indicates a value somehow higher, presumably close to 28 J/cm2,
while the 1-on-1 fit indicated a LIDT of 22 J/cm2.

During the rasterscan on the B disk immersed under water, no damage
at all was observed, up to a fluence of 28 J/cm2, showing that the damage
threshold is higher than this value, which is in agreement with the results
from the 1-on-1 experiments, that show an LIDT of at least 40 J/cm2.

All the data for both samples and in both environments turn out to be
fully consistent between 1-on-1 and rasterscan measurements.

Fluence (J/cm2) 12 20 24 28
A sample 0/1105 0/1105 19/1104 20/1106
B sample 0/1103 0/1109 4/1108 9/1112

Table 1: Rasterscan data in air : number of damage sites with respect to number of tested
sites.

Fluence (J/cm2) 20 28
A sample 0/1102 2/1102
B sample – 0/1107

Table 2: Rasterscan data underwater : number of damage sites with respect to number of
tested sites.
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3.3. Damage location and Post-Mortem images

The location and morphology of some defects damage sites in air and
under water may differ. Figure 6 shows microscope pictures of damage sites
obtained in air (a, c and d) and underwater (b), ranked by increasing values
of the fluence at which damage was observed.

(a) (b) (d)(c)

28 J/cm2 36 J/cm2 56 J/cm2 70 J/cm2

Figure 6: Post-mortem pictures of laser damage areas, for increasing laser fluences, in air
and underwater. (a) in air at 28 J/cm2; (b) underwater at 36 J/cm2; (c) in air at 56
J/cm2 ; and (d) in air at 70 J/cm2. For an illustration purpose, the background color is
chosen as grey in air, and blue for the underwater case. Each image has a dimension of
0.8 X 0.8 mm.

In air, the damage sites appear at the rear interface at the lowest fluences.
At the highest fluences, we could notice also few damage sites at the entrance
interface, mostly joint damage sites at the entrance and rear surfaces. Typical
damage morphology is round, with sizes of the order of few tens of µm, except
at extremely high fluences.

In contrast, defects obtained underwater were observed exclusively at the
rear interface of the crystal. Their size could be much larger, in the 300 µm
range, with irregular shapes, and faint dark lines on the periphery seeming
to originate from a central point.

The fact that most damage sites are located at the rear surface is a known
phenomenon, discussed by Papernov and Schmid [29]. Indeed, when a small
scale damage starts, the absorption front results in a sharp bulk/plasma
interface, that may either enhance or mitigate further laser absorption, de-
pending on the relative position of the bulk and plasma at the rear or at the
front respectively. This feature is therefore not distinctive of our experiment;
we can note however that it draws our attention to the electromagnetic issues
in the overall damage process.
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4. Discussion

4.1. Discussion on experimental data

The first aim of the experiments was to compare the LIDT with the am-
plification saturation fluence of Yb:YAG, while keeping in mind the duration
of our pulse, namely, 1 ns. However, all experimental data were obtained
with a pulse duration of 6.5 ns; if we assume the

√
t law [30], known to be

strictly valid for glasses but also usually true for other optical materials ,
then the equivalent damage threshold at 1 ns can be obtained by dividing
by

√
6.5 ≃ 2.5. As a result, the damage threshold measured at 20 J/cm2

both in air, or under water for sample A at 6.5 ns, translates into a 8 J/cm2

threshold at 1 ns, which coincides with the saturation fluence of the Yb:YAG
as measured by [8]. This opens up the prospect of an efficient laser amplifi-
cation.

Secondly, the two samples used exhibit different behaviors. While the
A sample yields damage thresholds are consistent with with typical values
obtained for IBS hafnium oxide coatings in air, the B sample consistently gave
null damage results underwater, pointing to a damage threshold as high as
40 J/cm2 at 6.5 ns from the 1-on-1 data. It should be stressed that the 1-on-
1 and rasterscan data are fully consistent in showing a major improvement
in underwater conditions with respect to air conditions for the B sample;
the results are also consistent for the A sample, with rasterscan data even
pointing to a slightly higher LIDT underwater.

Thirdly, the morphology of the damage could be different in air and under
water. The damage craters in air are standard; some damaged areas under
water display irregular shapes over a large size.

These experimental findings may turn out to be of major importance for
new generations of water face-cooled laser amplifiers at very high average
power levels. Their origin should hence be investigated. The second and
third points may hint that a specific microspic process is at stake, that may
depend on the sample. However, more simple hypotheses should first be
put under scrutiny : is it possible that temperature increases would appear
on a slow time scale, differing between the two samples and between water
or environments? Or could the different sample behaviors be due to their
different thicknesses in view of non linear optical effects? We first consider
these two hypotheses.
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4.2. Discussion on potential thermal and non-linear optical effects

Let us first consider the thermal behavior of samples A and B under irra-
diation by the BLANCO laser. Temperature rises in the slabs, and in water
may indeed be expected, due to linear laser absorption, and can be readily
evaluated with elementary thermodynamics. The calculation differs for sam-
ples A and B, because of their different lengths, doping levels and volumes,
also resulting in different optical paths in water, and different volumes of
water in the tub.

The absorption coefficient of 1064 nm laser light in water is given by ref.
[31] as 0.13 cm−1. The beam paths in water were 1.8 mm and 2.7 mm for
samples A and B, and the corresponding heat capacities of water in the tub
were 60 and 67 J/K. Considering the setup to be thermalized, due to the
low repetition rate at which the experiment was performed, this results in
temperature rises in water of 6 mK and 8 mK for a series of 20 shots; of 0.3
K and 0.4 K for a rasterscan series of 1000 shots, again for samples A and B
respectively.

Calculations of temperature rises by laser absorption within the slabs are
similar. We take an upper limit to the Ytterbium ion absorption cross-section
in the YAG crystal from the work of Brown et al. [32] ; and heat capaci-
ties given by the crystal manufacturer. Yb:YAG happens to be essentially
transparent to 1064 nm light at room temperature. This results in extremely
low temperature rises of only 0.002 K for 20 shots, for both samples, or less
than 0.1K for 1000 shots. We note that the temperature rises for samples
A and B are actually similar, as volume, length and doping effects tend to
compensate one another.

These remain very low figures; in comparison, the detailed theoretical and
experimental study by K. Mikami et al. [33] shows that it takes temperatures
variations of the order of 100K to start seeing some changes in Laser-Induced
Damage Thresholds.

From these thermodynamic calculations, we conclude that macroscopic
thermal effects are highly unlikely to be the origin of the difference in be-
haviors between the two samples, and of the improved LIDT for sample B
underwater.

Apart from thermodynamic phenomena, optical and especially non-linear
optical processes might depend on the sample doping levels and thicknesses.

We do not expect any effect of doping – the doping levels were 1.5 and
2 atom-%, which are low numbers, that do not affect the lattice structure.
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Doping affects the thermal conductivity, but a 0.5 % difference in doping
levels is a negligible level.

Non-linear optical effects might occur differently, due to the 1-mm length
difference between the samples. Two spurious non-linear processes could in
principle depend on the sample length : Brillouin and Kerr.

As explained in section 2.3, the BLANCO test facility operates in a large
spectral bandwidth mode, designed to mitigate the Brillouin instability [23].
A test was performed in the course of the experiment, by reverting briefly to
a narrow bandwidth operation; whether in large or narrow bandwidth mode,
no effect of Brillouin backscattering was detected.

A Kerr self-focusing effect could also depend on the sample length. In
a separate experiment, this process was experimentally investigated on the
BLANCO facility. The result is that Kerr-induced self-focusing is negligible
for all samples less than 10 mm in length – which is largely the case here.
Therefore, the difference in LIDT behaviors can not be due to the slightly
different thicknesses between these two thin samples.

5. Electromagnetic model with lacunar permeation

Once macroscopic thermal or non-linear optical effects are ruled out as
the origin of the experimental observations, we may explore how microscopic
effects may come into play, in the process of laser-induced damage underwa-
ter.

The admitted general scenario for laser induced damage is as follows
[34]. During the first stage, the laser pulse is absorbed through intrinsic
processes or defects. In the case of intrinsic processes, absorption is due to
nonlinear electronic processes including multiphoton absorption. In the case
of precursor defects, the material band structure is modified locally, possibly
leading to linear absorption. For both cases, the complex refractive index
is modified prior to or during the interaction. For nanosecond laser pulses
with moderate intensities, the scenario based on defects is the most probable
[34, 35, 36]. During the second stage, the local material temperature rises
due to absorption, leading to an increase in the pressure and possibly the
formation of a shock wave. The latter may then induce structural defects,
leading to the observed damage.

At first glance, the presence of water is expected to increase the plasma
pressure through a confinement effect (as for laser produced shock waves
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for various applications [37, 38]), and thus increase the damage probability,
resulting in a decrease in the laser damage threshold. Since the opposite
behavior is observed, this suggests an influence of water different from the
contribution to the hydrodynamic response. The first stage of damage pro-
cess relies on both the local value of the laser intensity and complex refractive
index. Since the refractive index of water is 1.33, which is significantly dif-
ferent from unity (air), we suggest that it is the laser propagation and local
laser intensity variations that can be influenced by water.

Pu et al. already observed improvements of LIDTs when the highly re-
flective coatings they studied had a water layer due to ambiant moisture in
air, with respect to the vacuum conditions in which any water is removed
[13]. However, their model, based on the asymmetric changes in thermal con-
ductivity in air and vacuum, does not look adequate to our conditions. The
experimental conditions for which they observed the highest LIDTs actually
correspond to those for which we measure the lowest LIDTs. The physical
regime is therefore clearly different.

We therefore present here a model that concentrates on the electromag-
netic issues of wave propagation in a layered medium, taking into account
the existence of damage precursors, namely micro-defects close to the surface
of the YAG crystal.

Two types of micro-defects are known to exist : metallic nanoparticles
as residues of the polishing powders; or nanometric or micrometric voids,
for instance cracks resulting from subsurface damage [39] (SSD) created dur-
ing grinding and polishing of the YAG crystal. We consider in particular
the possibility of nanometric voids at the interface between YAG and the
multilayer coating, which might be planar in case of stress-induced grazing
between crystal and layers, or appearing as ribbons in case of mechanical
scratches. The role of these sub-surface damage and defect precursors has
been understood as instrumental to trigger high flux optical damage [39]; our
approach follows directly from the discussion of Grua et al. [40] on surface
scratches. We bring forward the hypothesis that, when the sample is brought
into the cooling water, such voids may be gradually filled with the coolant,
on the timescale of several hours or days, as the air gets dissolved through
the layer porosity. Fluid permeation into a porous media is a known subject
in other fields of physics [41]. Physics of permeation is of high complexity, as
the resulting permeability depends not only on the layer porosity [42], but
also on shape factors during the deposition process, and on such by-processes
as oxidation and carbonization. From Darcy’s law [41], and considering the
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typical thicknesses of multilayers, size of micro-voids, centimetric immersion
depths, and water kinematic viscosity, it turns out that permeabilities as low
as 10−26 m2 would be sufficient to fill in internal lacuna with water over few
tens of hours. Therefore, it appears fully possible that a slow water perme-
ation process may occur in immersed optical coatings, sufficient to fill in the
internal lacuna with water, or with any other small molecule outer medium.
In this water permeation scenario, the optical index within the voids matches
that of the external environment, whether air or water. A one dimensional
electromagnetic model is sufficient to capture the essential physical elements.
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Figure 7: Scheme of the 1D electromagnetic model, in which the rear surface of the YAG
crystal (area 1) presents a lacuna, ie a microscopic void volume (area 2) due for instance
to a scratch, sandwiched between the garnet and the antireflection multilayer, that makes
the transition to the outer medium (area 6). In the lacuna permeation hypothesis, the
optical index of the micro-void matches that of the exit medium.

The model structure of the rear surface is represented in figure 7, with 4
sections : first the Yb:YAG bulk volume (area 1), then the lacuna (area 2),
whose width may range typically from few nanometers to tens of nanometers;
then the anti-reflection coating, composed of 3 layers (areas 3, 4 and 5); and
finally the exit medium (area 6), which may be either air or water. The
anti-reflection coating is taken in a common three-layer configuration [43],
with a theoretical reflection ratio less than 10−4.

Modeling the wave propagation in this 1D model is similar to the general
modeling of any multi-layer structure. The electric fields are noted as E±

i (z),
where the i stands for the area number; the exponent indicates whether the
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wave is along the incident direction (label +, left to right propagation on
the figure) or along the reflection direction (label −). Each amplitude E±

i is
taken at the right frontier of the area, except for the exit medium, where it
is taken at the left frontier.

For each intermediate layer, the transition and electromagnetic equations
can be put in matrix form [44]:(
E+

i−1

E−
i−1

)
= Ui

(
E+

i

E−
i

)
with Ui =

1

2ni−1

(
(ni−1 + ni)e

jφi (ni−1 − ni)e
−jφi

(ni−1 − ni)e
jφi (ni−1 + ni)e

−jφi

)
,

(3)
with φi = nik0dxi, i = 2 to 5, where k0 is the vacuum wavevector at the laser
frequency, dxi is the physical length of area i, and φ6 = 0.

Matrix multiplication yields for the whole structure :(
E+

1

E−
1

)
= U

(
E+

6

0

)
with U = U2 U3 U4 U5 U6 =

(
u11 u12

u21 u22

)
,

from which the overall reflected field E−
1 and transmitted field E+

6 can be
deduced as :

E+
6 =

1

u11

E+
1

E−
1 =

u21

u11

E+
1 .

Calculation of field values within each area is then straightforward.
Based on this numerical approach, figure 8 presents the total intensity

n|E+(z) + E−(z)|2 relative to the incident intensity, along the structure, in
three cases : air permeation, with air void in area 2 and air output in area 6
(n2 = n6 = 1 : blue line); water permeation, with water-filled void in area 2
and water output in area 6 (n2 = n6 = 1.33 : red line) ; and a no permeation
scenario, with air void in area 2 and water output in area 6 (n2 = 1, n6 = 1.33
: black line). Fields are computed in the case of a 80-nm thick lacuna.

The existence of the defect breaks the optimal negative interference pro-
cess between reflected waves in the layers, that makes the coating anti-
reflecting in normal conditions. The spurious reflection induced by the defect
leads to interferences both in the YAG and in the multi-layers; however, fig-
ure 8 shows that this interference effect is more severe on the YAG side,
which happens to be the area with the largest density of defects [45]. These
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(meters)

Figure 8: Laser relative intensity distributions in the successive areas, showing the in-
tensity enhancements in the YAG bulk close to the surface, in the permeation scenarios
(water/water, air/air), and in a no-permeation scenario (air void /water output) . The
nominal exit intensity is taken as the reference.

interferences result in local over intensities, that are directly responsible for
damage initiation and enhancement.

The water/water situation, corresponding to the case where water has
permeated through the layer porosity to fill the lacuna, presents the smallest
value of over intensities; conversely, the air/air situation presents the highest
over intensities.

Non permeation of water would lead to lacuna remaining full of air even
when the slab is immersed under water. This situation, shown in black,
exhibits intermediate excess intensity values, and should therefore induce
more damage events than in the water permeation case.

This is possibly the origin of the different behaviors observed between
samples A and B, as the permeation is known to be a slow process, and the
time of previous immersion of each sample may have differed.

6. Conclusion

This article reports experimental results concerning the laser-induced
damage threshold of Yb:YAG laser crystals with an Ion Beam Sputtering
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Hafnium oxide - Silicon oxide anti-reflection coating, and operated underwa-
ter for direct face cooling. With no previous reported result of that type, the
possibility that the damage thresholds would be worse underwater than in
air was initially considered as a serious technical risk. On the contrary, our
experimental results indicate that laser crystals coated by IBS HfO2/SiO2

multilayers may operate underwater with damage thresholds at least as high
as in air, with one sample exhibiting major resistance to laser damage.

A one-dimensional electromagnetic model, based on the permeation of
water into the precursor lacuna was proposed, that gives predictions quali-
tatively consistent with the observations. Obtaining any quantitative agree-
ment is obviously not the objective – a one dimensional electromagnetic
model is not fit for that, as it would require three-dimensional modeling of
a realistic surface defect such as a microscopic scratch. However, one di-
mensional models are known to supply physically relevant considerations on
field amplitudes, and have been extensively used for that [46]. We therefore
put forward the hypothesis that this lacuna permeation scenario might be
one possible explanation to the different behaviors observed between sam-
ples A and B, as the permeation status of the samples was not known. Other
studies will be required, either to propose alternative or complementary ex-
planations, or to explore the physics of fluid permeation into optical coatings.

In summary, our results show that the resilience to laser damage may be
at least as high underwater as in air. In the case of Yb:YAG slabs amplifier
immersed in water, the fluence of laser damage threshold is higher than or
equal to the saturation fluence of Yb:YAG for a 1-ns pulse duration. From
a laser development perspective, especially for chirped pulse amplification
technologies based on Ytterbium:YAG media, this is important to compare
the advantages and drawbacks of the different solid-state, diode-pumped,
high average power amplification technologies. Helium face-cooling at cryo-
genic temperatures allows indeed for enhanced amplification cross-sections
of Ytterbium:YAG, on a reduced amplification bandwidth; conversely, liquid
face-cooling at positive temperatures allows for amplification on a broader
bandwidth, consistent with one-picosecond amplified pulses, at the expense
of a higher saturation fluence of 8 J/cm2. This work shows that the un-
derwater laser-induced damage thresholds can reach indeed this value for 1
nanosecond amplified pulses. This is an essential piece of information for
all laser development projects, similar to the HORIZON project [10], based
on direct face-cooling of immersed amplifier slabs, and aiming to address
the need for future MegaJoule-class, high repetition rate lasers as drivers for
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Inertial Confinement Fusion facilities.
The present study should be viewed as a preliminary exploration of the

underwater damage behaviors and mechanisms. Further investigation and
systematic exploration of materials, conditions, and permeation regime are
required; our study thus opens exciting new perspectives to study the detailed
mechanisms of laser damage in a liquid environment.
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