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Abstract: A high-power laser system is employed to drive the fusion ignition to realize sustainable supply
of green energy according to the inertial confinement fusion theory, in which frequency-converting
crystals are sealed in the terminal vacuum chamber and utilized to turn the incident laser (1053 nm)
to the desired one (351 nm). However, the reflected 351 nm laser from the pellet hohlraum that goes
back through the frequency-converting crystal is found to be harmful for the upstream elements
that are located before the terminal chamber. In this study, a specialized coating system for the
frequency-converting crystals was designed and fabricated to both ensure high output power for
the fusion and reduce the reflected 351 nm laser energy by absorption. Furthermore, the structural,
mechanical, and laser-damage resistant properties of this coating were investigated as well.
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1. Introduction

Potassium dihydrogen phosphate (KDP) and potassium dideuterium phosphate (DKDP) crystals
are the very important nonlinear optical materials for the laser-driven inertial confinement fusion
(ICF) [1–6]. In the high-power laser driving system, one KDP and one DKDP are combined together
as a frequency-converting pair (named as FCP). It is sealed in the terminal vacuum chamber and
utilized to turn the incident near-infrared laser (1053 nm, named as 1ω) to the short-wavelength one
(351 nm, named as 3ω). KDP is called second harmonic generating (SHG) element to double the
frequency of original laser (partially), and DKDP is called third harmonic generating (THG) element
to triple the frequency of original laser as shown in Figure 1a. The incident side of SHG element
suffers the irradiation of original 1ω laser, and its exit side suffers the irradiation of the residual 1ω
laser and frequency-doubled laser (527 nm, named as 2ω). Meanwhile, the incident side of the THG
element suffers the same irradiation as the exit side of the SHG element, and its exit side suffers the
irradiation of converted 3ω laser. In order to provide enough power to drive the ignition of ICF,
the output laser energy from FCP is very high [7], requiring the minimized reflecting loss for all sides.
Thus, special coating system should be applied to FCP to improve its transmission and laser-induced
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damage threshold (LIDT) at specific wavelengths (also shown in Figure 1a) [8]. On the other hand,
inevitable reflection of 3ω laser (from the pellet hohlraum) has been proven harmful for the optical
elements located before the terminal chamber by inducing irreversible laser damage [4,9–11]. Therefore,
minimization of the reflected 3ω laser back through the terminal chamber should be taken into account.
Unfortunately, the structure of the high-power laser system is fixed, and no room is available for an
extra 3ω laser absorber, neither for the National Ignition Facility (NIF) nor Laser Megajoule (LMJ).
It is assumed that applying absorption of 3ω laser at the two sides of SHG element and the incident
side of THG element is a potential solution, since the 3ω laser only generates when the laser beam has
passed through the THG element. The optimized coating systems based on this design are depicted in
Figure 1b, which could endow the FCP element with outstanding 3ω laser output power as well as the
protection of upstream elements from damaging by the reflected 3ω laser. However, literature referring
to this application is rare, and related studies were hardly found. Reports from neither NIF nor LMJ
have any specific statement about this application. The main spectral requirement for SHG and THG
sol-gel anti-reflective coatings in LMJ is the reflectance per side (R1ω < 0.5%, R2ω < 0.5%, R3ω < 0.7%),
without the consideration to minimize the reflected 3ω laser [12]. Therefore, the exploration of such
coating systems is performed in this work, and the structural, mechanical, and optical properties of
this coating system have been investigated as well.
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2. Materials and Methods

2.1. Materials

Tetraethylorthosilicate (TEOS) was purchased from Sinopharm Chemical Reagent Co., Ltd.
(Beijing, China). Methacryloxypropyltrimethoxysilane (MPS), tripropyleneglycoldiacrylate (TPGDA),
Darocur 1173 (named as HMPP), and butanol were purchased from Shanghai Aladdin Bio-Chem
Technology Co., Ltd. (Shanghai, China). Anhydrous ethanol, decane, hydrochloric acid, and ammonia
water were purchased from Chengdu Kelong Chemical Co., Ltd. (Chengdu, China). The water was
deionized. TEOS and MPS were distillation purified. Other chemicals were used as-purchased.

2.2. Synthesis of UV-Curable Prepolymer Sol

MPS was utilized as the matrix to perform hydrolysis and polycondensation under the addition of
1 mol equiv. acid water (HCl 0.1 M), corresponding to the stoichiometric proportion. Produced methanol
was then evaporated, and fresh butanol was added after 4 h of stirring (500 rpm), adjusting the viscosity
and concentration of matrix. Decane (1:3 of butanol in volume) in combination with TPGDA (1:10 of
butanol in volume) was introduced to modulate the volatility of this sol and provide excess C = C
group, respectively. The resulting sol was stirred for another 2 h (500 rpm) and filtered through 0.2 µm
polyvinylidenefluoride (PVDF) membranes. HMPP photoinitiator (PI) with certain proportion was
added and stirred before coating preparation.

2.3. Synthesis of Colloidal Porous Silica Nanoparticle Sol

The colloidal silica nanoparticle sol was prepared via the polycondensation and self-assembly
of hydrolyzed TEOS, in which anhydrous ethanol and ammonium hydroxide aqueous solution
(containing 30% ammonia) was applied and stirred at 6 ◦C for 3 h (500 rpm). The aging process was
then carried out by keeping the resulting sol in a sealed glass container for three to five days at room
temperature. Such sol was further refluxed for 10 h to remove the excess ammonia. The prepared
colloidal suspension contained about 3.3% silica nanoparticles by weight in ethanol and was filtered
through a 0.2 µm PVDF membrane filter prior to use.

2.4. Coating Preparation

Generally, three different types of coating system were needed according to the demand of FCP as
shown in Figure 1a. Theoretically, a single-layer coating is needed for the incident side of SHG and exit
side of THG to enhance the transmission at 1ω and both 3ω, respectively. Meanwhile, a dual-layer
coating system is required for the exit side of SHG and incident side of THG to enhance the transmission
at 1ω and 2ω (named as dual-wavelength coating system) simultaneously. The dual-layer coating
system was fabricated by one layer with high refractive index (HRI) and another layer with low
refractive index (LRI) to meet the specific spectral demand. In this study, prepolymer sols with PI
concentration of 1%, 2%, and 3% by weight were prepared to fabricate the HRI layer, followed by an
addition of colloidal silica nanoparticles to adjust its refractive index to proper value. A 180-s UV
irradiation from a Hg lamp whose intensity was measured (EIT UVICURE Plus II) to be 200 mW/cm2

was then applied to cure the HRI coating. This layer is the key part of this design and is discussed
particularly in this work. Colloidal silica nanoparticle sol was then spin-coated under the certain
velocity and time to fabricate the LRI layer over the HRI layer to form a dual-layer coating system
for all sides except the exit side of THG. This special design could not only maintain the original
spectral demand from high-power laser system but also induce 3ω absorption at the sides without
3ω transmission requirement. All layers were deposited under the instructions of theoretical design
by TFCalc® (v.3.5) (Harvest Lane, Portland) [13–15], in order to satisfy the requirement shown in
Figure 1b.
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2.5. Sample Characterization

The PI behavior inside the HRI coating was analyzed using nitrogen adsorption–desorption
measurement (Micromeritics ASAP 2460). Pull-off adhesion tester (Elcometer F106) was utilized to
estimate the coating/substrate adhesion. Hardness of the HRI coating was extensively studied via
nanoindenter (HYSTRON TI 950). Dynamic profiler (4D NanoCam Sq) was employed to characterize
the surface roughness (Rq) and power spectral density (PSD) of the HRI coating. 1ω (beam diameter is
about 610 µm, repetition frequency is 1 Hz, measurement error is within 6%) and 2ω (beam diameter is
about 540 µm, repetition frequency is 1 Hz, measurement error is within 9%) LIDT of the HRI coating
was determined using R-on-1 mode (laser was focused on one spot, and its energy was continuously
increased with each pulse until the coating was broken), in which 100 sampling spots were tested
in each sample. For the dual-layer systems, transmission spectra were recorded using UV-Vis-NIR
spectrometer (PE Lambda 950) in the range of 300 nm to 1100 nm.

3. Results and Discussion

Based on the design from TFClac®, the transmission at 1ω can achieve nearly 100%; however,
the transmission at 3ω is as high as 98.4% for mono-layer 1ω coating. As for dual-wavelength coating
system, the transmission could exceed 99.5% at both 1ω and 2ω, while the transmission at 3ω was
about 96%. However, the transmission at 3ω still needs further reduction because about 2–10% of the
original 3ω laser energy could be reflected according to different hohlraum structures [16,17], and this
energy is yet quite harmful. Since UV curing has been applied for the coatings in high-power laser
system [18], the UV PI is considered not only to be able to cure the HRI coating but also to absorb the
reflected 3ω laser energy. In this study, optimized coating design using TFCalc® software and 3ω
energy absorption using UV PI are applied for the FCP in order to meet the spectral demand shown in
Figure 1b.

Optimized coating design for 1ω coating system and dual-wavelength coating system was first
performed and the results are listed in Table 1. In order to insert the HRI coating into 1ω coating
system to endow it with 3ω absorption, the transmission of 1ω coating at 1ω has been sacrificed a
little. Therefore, it is found that these two coating systems have nearly the same optimal parameters.
The transmission at 1ω and 2ω could both reach 99.6% while that at 3ω was about 95.7% (see Table 1).
Thus, 1ω coating system and dual-wavelength coating system can be consolidated as one coating
system. The preparation of this consolidated coating system was divided into two steps, one was to
deposit HRI layers with refractive index around 1.38 and thickness about 127 nm using prepolymer
sols, the other was to utilize the colloidal silica nanoparticle sol to prepare LRI layer with refractive
index around 1.22 and thickness about 144 nm over the cured HRI layer.

Table 1. Optimized coating design for 1ω coating system and dual-wavelength coating system from
TFCalc®.

Type HRI Layer LRI Layer Transmission (%)
n d (nm) n d (nm) 351 nm 527 nm 1053 nm

1ω coating system 1.38 127.16 1.22 144.31 95.7 99.6 99.6
Dual-wavelength coating system 1.38 127.18 1.22 144.29 95.7 99.6 99.6

A series of consolidated coating systems was fabricated by applying different PI concentration
(1%, 2%, and 3%) to form the HRI layer. Nitrogen adsorption–desorption analysis was performed to
figure out the behavior of PI molecule inside the HRI coatings. Specific surface area of the coating
was analyzed by Brunauer–Emmett–Teller (BET) method, and pore size distribution was analyzed
using Barrett–Joyner–Halenda (BJH) method [19–24]. It is found from Figure 2 that contributing pore
size for the pore volume is below 10 nm, implying that large pores hardly existed inside the coating.
In addition, the inset of Figure 2 shows that bigger pores contribute more for the pore volume with the
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increase of PI concentration, indicating that the PI molecule started the occupancy from the smaller
pores inside the coating. Moreover, the specific surface area of the coating gradually decreases with
the increase of PI addition (listed in the upper right of Figure 2), which confirms the occupancy of
micropores by the increasing PI molecule. The coating refractive index increases with the increasing
of PI concentration because of the decrease of coating porosity. Thus, further addition of porous
silica nanoparticles is applied to keep the refractive index of HRI coating at 1.38 under different PI
doping amounts.
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Figure 2. N2 adsorption–desorption results of HRI coatings with different photoinitiator (PI) concentrations.

Mechanical properties are very crucial for the practical application of high-power laser coatings.
Coating/substrate adhesion determines the lifetime and hardness decides the reliability of the coating.
Figure 3 illustrates the adhesion and hardness of the HRI coating with different PI concentrations.
Each sample was tested at three different places, and the results displayed in Figure 3 are the
average value. Coating/substrate adhesion of three samples almost stays the same around 1.7 MPa,
indicating no obvious effect of PI molecule on the adhesion. Meanwhile, coating hardness exhibits
prominent variation along with the increasing of PI concentration. An increase followed by a decrease
is observed in the coating hardness results, which may be ascribed to the role switch of the PI
molecule. Increasing PI at the beginning provides more free radicals that help to facilitate the curing of
prepolymer, but further increasing of PI concentration might separate the prepolymer and prevent it
from cross-linking, which means the PI molecule actually acts partly as photoinitiator and partly as
isolator. It acts more like isolator than photoinitiator and incomplete curing of coating takes place if its
concentration increases.
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LIDT is the acknowledged standard to estimate the laser-damage resistance, which is an important
characteristic for the coatings being applied in the high-power laser system, and such a test has been
performed on the HRI coatings with different PI concentrations. As the HRI coating only suffers 1ω and
2ω laser, its 1ω and 2ω LIDT has been verified using R-on-1 mode. Figure 4 depicts the testing results
of different HRI coatings, in which the LIDT of 1ω is estimated to be around 48 J/cm2 (5 ns equiv.) and
that of 2ω is about 32 J/cm2 (5 ns equiv.). No obvious variation trend can be observed for the LIDT
with the increasing of PI concentration, indicating that the addition of UV PI does not deteriorate the
1ω and 2ω laser-damage resistance of coating.
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Figure 4. 1ω and 2ω laser-induced damage threshold (LIDT) of HRI coatings with different
PI concentrations.

In the high-power laser system, some other key characteristics that influence the transmission
quality of the laser beam also need to be taken into account, especially for the roughness, such as the Rq

(high-frequency spatial part) and PSD (middle-frequency spatial part) [25–27]. The Rq (0.01–0.12 mm)
results of HRI coating are illustrated in Figure 5a, in which a gradual but slight increase can be observed
while the PI concentration increases. Figure 5b shows the PSD2 (0.12–2.5 mm) results of HRI coating
with different PI concentrations. Nearly the same trend as the Rq results is noticed, but the variation
is a little larger than that of Rq. This means that the addition of the PI molecule gradually degrades
the Rq and PSD2 of HRI coating and deteriorates the transmission quality of high-power laser beam
further. This is assumed to be attributed to the behavior of the PI molecule mentioned above. With the
increasing of the PI molecule, more and more micropores are occupied inside the coating, resulting
in coating structure deformation (as demonstrated in Figure 6) and unexpected degradation of Rq

and PSD2.
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Figure 7 demonstrates the transmission spectra of the consolidated coating system with different
PI concentrations in HRI coating. It is found that the transmission at 3ω keeps decreasing with the
increasing of PI concentration and drops below 90% when PI concentration reaches 3%, proving the
predicted absorption of 3ω laser energy by UV PI. It is also found that the transmission at 1ω hardly
changes, but the transmission at 2ω slightly decreases after the addition of PI, which might be ascribed
to the refractive index variation caused by the PI occupancy of micropores inside the coating (the
transmission at 2ω is more sensitive to the refractive index than that at 1ω because 2ω is located around
a peak in the spectrum). This drawback can be overcome by the precise control of coating refractive
index, and related study is currently in progress. Unfortunately, the sol becomes invalid for neither
coating nor curing if PI concentration keeps increasing over 4% because the presence of too much PI
molecule affects the original status of sol (like viscosity, volatilization rate, matrix concentration) and
prevents the MPS prepolymer from cross-linking (leading to incomplete curing of the coating).
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4. Conclusions

UV-cured silicone high-refractive-index coatings with different photoinitiator concentrations
were fabricated. The addition of excess photoinitiator can provide extra absorption at 351 nm while
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maintaining high transmission at 1053 nm and 527 nm for the coating. The laser-damage resistance
of such coating was above 45 J/cm2 at 1053 nm (5 ns equiv.) and 30 J/cm2 at 527 nm (5 ns equiv.).
The adhesion of the coating was proven to be almost free for the photoinitiator addition, but the
hardness, Rq, and PSD2 of the coating degraded if the PI concentration increased. Transmission spectra
of the optimized dual-layer coating system proved the predicted absorption of 351 nm energy, while the
refractive index of the HRI coating should be precisely controlled if high transmission at both 1053 nm
and 527 nm is desired. This provides a potential solution to both ensure the high output power of the
351 nm laser and protect the upstream optical elements from damage by reflected 351 nm laser in the
high-power laser system.
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