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ABSTRACT: Nanosecond laser-induced damage on (potassium dihydrogen phosphate) KDP Sample ’
crystals is a complex process, which involves coupled actions of multi-physics fields. However, the
mechanisms governing the laser damage behaviors have not been fully understood and there have
been no available models to accurately describe this complex process. In this work, based on the
theories of electromagnetic, thermodynamic, and hydrodynamic fields, a coupled multi-physics
model is developed to describe the transient behavior of laser-supported energy deposition and
diffusion accompanied by the surface defect (e.g., surface cracks)-initiated laser damage process. It
is found that the light intensification caused by the defects near the crystal surface plays a
significant role in triggering the laser-induced damage, and a large amount of energy is quickly deposited via the light intensity-
activated nonlinear excitation. Using the developed model, the maximum temperature of the crystal material irradiated by a 3 ns
pulse laser is calculated, which agrees well with previously reported experimental results. Furthermore, the modeling results suggest
that physical processes such as material melting, boiling, and flowing have effects on the evolution of the laser damage process. In
addition, the experimentally measured morphology of laser damage sites exhibits damage features of boiling cores, molten regions,
and fracture zones, which are direct evidence of bowl-shaped high-temperature expansion predicted by the model. These results well
validate that the proposed coupled multi-physics model is competent to describe the dynamic behaviors of laser damage, which can
serve as a powerful tool to understand the general mechanisms of laser interactions with KDP optical crystals in the presence of
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different defects.

1. INTRODUCTION

Potassium dihydrogen phosphate (KDP) has been widely used
in high-power laser systems for inertial confinement fusion
(ICF) drivers such as National Ignition Facility (NIF) in the
US, Laser MegaJoule in France, and Shenguang Laser Facility
in China.'"~* Currently, the low laser-induced damage
threshold (LIDT) of KDP crystals has been the main factor,
limiting the enhancement of the output laser flux of ICF
drivers. Understanding the underlying mechanisms of laser-
induced damage (LID) has significant practical applications in
the :ﬁeélds from optical manufacturing to ignition engineer-
ing.””

gl"he mechanism of LID for KDP crystals is complex, which
has rapidly become a hot research area in recent decades.”” "’
With regard to the LID of transparent dielectric optical
elements, the electron avalanche breakdown model has been
proposed to explain the damage phenomenon.'"'> Setting a
critical limit of free electron density in the local area as the
initiation of LID, the model successfully revealed the regime of
the LID initiation process inside defect-free materials. In
addition, theoretical damage models based on heat absorption
and external impurities have been also reported.”> The model
explained the origin of LID from the perspective of impurities
inside the boules and successfully predicted the damage
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initiation location, which is consistent with the experimentally
observed random distribution of absorptive particles.
However, the underlying mechanisms of LID in KDP
crystals have not been fully understood, especially for the
surface damage induced by the mechanical defects. In the early
days of KDP development, mainly the inclusions were
discussed as a major obstacle in the advancement of the bulk
LIDTs. Due to the improvement of the crystal growth
technology and the advancement of the conditioning process
at present,'* the issues of bulk damage have been greatly
alleviated and the bulk damage thresholds can reach the LIDTs
of the surface damage. Nevertheless, it is found that surface
structures such as pits, scratches, cracks, etc., are prone to
induce laser damage in KDP crystals.">™"” Because of the poor
physical properties of KDP materials, like soft and brittle
characteristics, temperature sensitivity, high water deliques-
cence, etc,, it is inevitable to generate defects on the surface of
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Figure 1. Distribution of light intensification by the lateral crack with the parameters of width w = 600 nm, total depth d, = 300 nm, and gap depth
d, = 100 nm. (a) Distribution on the xoy profile of the KDP crystal. The inset represents the maximum light intensification of the electromagnetic
field simulation. (b) Distribution on the xoz profile sectioning along the maximum hotspot.

the crystal during single-point diamond turning (SPDT)
processes.'”'” Nowadays, in the course of the development
of KDP crystals with excellent quality and power-handling
capability, the problem of laser-induced damage has shifted
from the bulk to the surface. Based on the theory of
electromagnetic field, the effect of structure parameters of
crack defects on the light field enhancement was investigated."
The results showed that lateral cracks on the front surfaces and
conical cracks on both front and rear surfaces can produce light
intensification as high as hundreds of times, which is sufficient
to launch avalanche ionization and reduces the laser damage
resistance of KDP crystals. The model well simulated the
influence of surface defects on the light energy transmission at
the initial stage of the laser pulse. However, it is not able to
obtain the energy evolution after the modulation of the light
field and the subsequent behaviors of the damage processes.
Therefore, a coupled model is needed to simulate the LID
processes spatially and temporally with various physics laws.

Using the electromagnetic field, thermodynamics, and
hydrodynamics methods, we first solve the light field
distribution of a typical lateral crack on the front surface of
KDP crystals and then calculate the temperature distribution
during and after the laser duration. The modeling results show
the effects of physical processes such as material melting,
boiling, and flowing on the evolution of the laser damage
process. Finally, through the artificial preparation of cracks and
laser-induced damage tests on the crystal surface, the damage
morphologies with boiling cores, molten regions, and fracture
zones were observed, which further confirms the effectiveness
of the proposed model. This work provides several methods
for the research of LID. The results have offered further
insights into understanding the initiation and evolution
processes of LID. This work could play an important role in
exploring the LID mechanisms caused by surface defects on
KDP crystals. In addition, the results related to the evolution of
defects on the KDP surface under intense laser irradiation can
also provide technical support for optimizing the mechanical
processes to achieve high-quality optical surfaces with high
laser damage resistance.

2. RESULTS AND DISCUSSIONS

2.1. Light Intensity Distribution Calculated by the
Electromagnetic Field Model. Light intensity enhancement
factor (LIEF) is introduced to quantitatively characterize the
localized light intensification caused by surface cracks.'>*’
Figure 1 depicts the light intensification profile modulated by
the lateral crack on the front KDP surfaces. The lateral crack is

600 nm wide and 300 nm deep totally with a narrow gap of
100 nm. Due to the unique geometry of the lateral crack,
significant diffraction occurs during laser propagation. The
laser is incident along the front surface of the crystal. When it
propagates through the lateral crack, the reflection and
refraction of light will occur at the crack boundary. Once
reflected light, the refracted light, and other incident light
intersect at a certain point, the light intensity may increase
sharply due to the phase addition of the light wave. In the
center of the lateral crack, there is a distinct light intensity
hotspot due to the effect similar to the lens focusing.'”
Compared with the intensity of the uniform distribution of
light field inside the perfect crystal, the local light intensity can
be enhanced up to more than 4 times. However, it is believed
that damage is likely to occur when the LIEF is greater than
3.”' Thus, this is unbearable for optical components such as
KDP crystals. On the other hand, due to the lower mechanical
properties, heat sensitivity, and enhanced absorption rate of
the defects,” the damage at the position of the hotspot near
the defects is more likely to occur. For other regions inside the
KDP crystal, the light intensity distribution also exhibits
obvious fluctuations. Distinct diffraction patterns as shown in
Figure 1b can be observed on the xoz profile at y = =74 nm,
which is the location of the light intensity hotspot. Especially,
in the back side of the lateral crack on the xoy profile as shown
in Figure la, the weak region is formed by a standing wave.
Even some dark field can be seen on the simulated cross
section. Uneven energy distribution inside the KDP crystal will
have serious impacts on the damage. However, how light
intensification affects the subsequent damage processes, the
electromagnetic field model does not give an accurate
explanation. Therefore, in the thermodynamics and hydro-
dynamics simulations, we use the local energy hotspot
calculated by the electromagnetic field model as an input
condition and simulate the influence of the lateral crack on the
energy absorption, thermal field distribution, and other damage
processes during laser irradiation. In general, the hotspot
generated by the lens effect of the lateral crack will greatly
reduce the laser damage resistance of the KDP crystal and play
a dominant role in the damage initiation throughout the
damage processes.

2.2, Temperature Distribution Simulated by the CET
Model. Coupled with the results of the electromagnetic field
model, as well as the Beer—Lambert law and Fourier heat
conduction theory, the local temperature in the damage region
is solved under a pulsed laser (3 @, 5 GW/cm? and 3 ns).
Since the energy integral of the rising edge of the laser pulse is
less than the ideal state, the initial time of the solution is

https://dx.doi.org/10.1021/acsomega.0c02950
ACS Omega 2020, 5, 19884—19895


https://pubs.acs.org/doi/10.1021/acsomega.0c02950?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02950?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02950?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02950?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02950?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

lpm
L |

lpm

(c) 3000ps

lpm
—

Figure 2. 2D simulations of temperature distribution inside the KDP crystal by the CET model at different times during and after laser irradiation.

(a—f) are at t = 0, 1500, 3000, 5000, 10,000, and 15,000 ps, respectively.
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Figure 3. Temperature changes of KDP crystals simulated by the CET model at different times during laser irradiation. (a, b) 1D curves distributed
along the x axis on the front surface and the y axis on the center line of the model during laser irradiation, respectively.

postponed with several picoseconds. Two-dimensional (2D)
simulations of temperature distribution on the profile of the
xoy profile at z = 0 inside the KDP crystal by the CET model at
different times during and after the laser irradiation are shown
in Figure 2, where (a—f) are at 0, 1500, 3000, S000, 10,000,
and 15,000 ps, respectively. Comparing the 2D temperature
simulations near the surface defects during and after laser
irradiation, the main behavior is an interaction between the
crystal material and the strong laser, which would cause
absorption and transport of laser energy inside the crystal. The
high-temperature region gradually expands outward. During
the period of 0—3000 ps (the laser duration), the region
changes from an initial ellipse to a long strip in the reverse
direction of laser propagation and finally appears to be a
semicircle-like bowl shape. It indicates that the initial thermal
distribution under laser action is related to the distribution and
size of the light intensity hotspot induced by the defects. The
subsequent high-temperature region changes to a bowl shape,
which is dependent on the laser pulse parameters. Due to the
correlation between the heat absorption coefficient of the
material and the temperature, it is considered that a bowl-
shaped heat absorbing region is formed in the late stage of the
laser pulse. When the laser energy disappears, the internal
temperature of the crystal begins to decrease, but the high-
temperature region still expands as time goes by. The
distribution of the high-temperature region differs from that
during the laser action. At this time, the morphology of the
high-temperature zone is almost similar, as shown in Figure
2d—f. However, its relative size is increasing from 426 to 707
nm. Moreover, according to the 2D simulations, the expansion
rate of the high-temperature region remains almost constant
(~28 m/s), which indirectly reflects that the energy
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distribution inside the crystal at the later time is mainly
related to the laser parameters.

Figure 3a,b shows the 1D curves distributed along the x axis
on the front surface and the y axis on the center line of the
model during laser irradiation, respectively. The distance
between every two neighbors of temperature curves from 500
to 3000 ps is continuously reduced, indicating that there is an
initial moment of strong nonlinearity induced by surface
defects under laser irradiation, which leads to a huge amount of
local energy deposition and instantaneous temperature
increase. During subsequent laser irradiation, the temperature
of the crystal gradually increases as a whole but the rising rate
decreases. It is deduced that it is mainly related to the energy
diffusion limit between crystal lattices. The maximum temper-
ature of the KDP surface is located directly above the hotspot
of the defect-induced light intensity. The surface temperature
is almost the highest except for the surface temperature at S00
ps, which is lower than the temperature of the body. From the
results, it can be considered that the position on the crystal
surface directly above the hotspot is the weakest region of
laser-induced damage. It is very likely to be transformed into a
thermal damage pit during the damage evolution processes. As
for the expansion of the heat absorption front of the crystal, the
lateral and radial heat absorption fronts at 3000 ps are located
at x = +250 nm and y = 300 nm, respectively. Although the
heat diffuses rapidly in the radial direction from the surface, it
is mainly related to the position of the initial hotspot along the
radial depth of the crystal. In terms of the relative positional
change of the heat absorption fronts, the lateral and radial
relative expansion displacements from 150 to 3000 ps are both
100 nm, which suggests that the expansion speeds are similar.
By performing a time-resolved investigation of the emission
that is produced by the heated damage material, Carr et al.”*
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Figure 4. 2D simulations of temperature distribution inside the KDP crystal by the CETH model at different times during and after laser
irradiation. (a—f) are at t = 0, 1500, 3000, 5000, 10,000, and 15,000 ps, respectively.
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Figure S. Temperature changes of KDP crystals simulated by the CETH model at different times during laser irradiation. (a, b) 1D curves
distributed along the x axis on the front surface and the y axis on the center line of the model during laser irradiation, respectively.

measured the local temperature of the crystal material during
strong laser irradiation based on the blackbody principle.
When the crystal material is exposed with strong laser
irradiation (~5 GW/cm?, 355 nm), the results of damage
dynamic experiments show that the local temperature of laser
damage at 3 ns is 11,800 K. Compared with the simulations
that the maximum surface temperature at the end time of 3 ns
is 15,026 K, they are on the same temperature level with a
difference of nearly 4000 K. This shows that the CET model
makes sense to a certain extent. However, it also implies that
factors such as melting, evaporation, and fluid flow play a
critical role in the damage processes, which would greatly
influence the calculation.

In a word, the CET model can roughly simulate the
temperature change inside the crystal during and after
irradiation of the strong laser, but the model needs further
modification as well.

2.3. Temperature Distribution Simulated by the
CETH Model. In order to optimize the temperature
simulations of the CET model, the multi-physics CETH
model combined with a series of physical laws such as material
melting, boiling, and flowing is established based on Darcy’s
law, phase-field method, and Navier—Stokes equation. The
simulated local temperature distributions on the profile of the
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xoy profile at z = 0 in the damage area are shown in Figure 4.
Figure 4a—f shows the temperature distribution of the cross
sections at different times calculated by the CETH model
during and after the pulsed laser.

Compared with the simulations of the CET model, it can be
seen that the 2D temperature distributions obtained by these
two methods are similar at the initial time of t = 0 ps. However,
as the time of laser irradiation increases, the high-temperature
region obtained by the CETH model is close to spherical at ¢ =
1500 ps. In addition, after the end time of the laser pulse (¢ >
3000 ps), the high-temperature region has always exhibited a
bowl shape. The width—depth ratios of the high-temperature
region at t = 5000, 10,000, and 15,000 ps are 1.81, 2.16, and
2.34, respectively. The values increase with time, which is quite
different from the CET model. As for the overall temperature
distribution inside the crystal, the diffusion speed is slightly
higher than that in Section 2.2. This phenomenon may be due
to the physical processes of material melting, evaporation, and
flow. When the internal heat distribution of the material is not
uniform, the fluid convection will play a considerable role in
material energy exchange. In addition, it may be caused by the
influence of the fluid boundary layer. Once the phase change
interface produces a large speed difference, the influence of the
fluid viscosity force near the wall surface cannot be ignored.

https://dx.doi.org/10.1021/acsomega.0c02950
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The velocity of the boundary layer changes gradually, and the
dissipation of kinetic energy will be expressed in the form of
thermal energy. Therefore, a large temperature gradient is
generated near the boundary layer, and the form of energy
exchange is more diverse, which will eventually improve the
energy diffusion efficiency of the damaged region.

Combined with the 1D simulations of temperature variation
at different radial positions along the center line during pulse
laser irradiation (see Figure Sb), the heat absorption center,
which is the position with the highest temperature, is located
below the front surface and gradually moves toward it.
However, in Section 2.2, in addition to the initial state of the
pulse laser, the heat absorption center is almost always on the
front surface of the crystal. According to the previous report on
laser damage of optical components, the thermally induced
plasma appears below the front surface during the front surface
damage and gradually grows in the opposite direction of laser
propagation during laser irradiation.”* >° Therefore, we can
believe that the high-temperature center corresponds to the
plasma observed during the damage transient processes, which
will gradually move to the front surface with the laser action,
and has a greater effect on heating the surrounding material.
The energy of the laser pulse reduces rapidly at t = 3000 ps. At
this time, the maximum temperature of the damaged area is
13,855 K, which is still slightly higher than the experimentally
obtained temperature of 11,800 K.** However, the 1D
temperature simulations at different moments on the front
surface of the crystal during laser irradiation (see Figure Sa)
indicate that the maximum temperature on the front surface is
12,172 K at t = 3000 ps, which is closer to the experimentally
detected results. However, there are three questions at this
stage. First, the specific location of the damage area (such as
the crystal inside, the front surface, or the plasma in the air) in
the experiments is unknown. Second, natural convection and
radiation on the crystal surface, even the chemical changes
such as dehydration and decomposing due to the high
temperature in the damage processes, are ignored when
building the multi-physics coupling model. Third, the plasma
generated during laser irradiation will shield the KDP crystal,
which will result in a decrease in the deposition energy inside
the crystal. However, these three points will affect the final
solution of the damage model more or less.”” In addition, as
can be seen from Figure Sab, the temperature differences at
different times are smaller than those presented in Section 2.2,
which also confirms that the models possess higher stability
and accuracy to the reality when considering as comprehensive
multiple physical factors as possible on the laser damage
processes.

2.4. Comparison of Temperatures Calculated by the
CET Model and CETH Model. Based on the results of the
above models, we select the maximum temperatures of the
crystal at different times during and after laser irradiation and
draw the curves of temperature versus time, which are shown
in Figure 6. The red line represents the temperature curve
calculated by the CET model, and the blue line represents the
temperature curve obtained by the CETH model. The laser is
loaded by a flat-top pulsed laser with a wavelength of 355 nm,
an intensity of 5 GW/ cm? and a pulse width of 3 ns, as shown
by the black curve. The maximum temperatures corresponding
to the calculations of the two models are 15,026 and 13,855 K,
respectively, with a difference of 1171 K. These values appear
at the time of around 3000 ps. However, there is a little delay
in the maximum temperature calculated by the CET model.
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Figure 6. Comparison of the maximum temperature variations with
respect to time calculated by the CET model and CETH model.

The temperature during laser irradiation calculated by the
CET model is much higher than that calculated by the CETH
model. The general understanding is that with the CETH
model considering the cooling effect of the phase transition
processes such as melting and gasification, the fluid flow would
increase the thermal diffusion inside the crystal. After the end
of laser pulse irradiation, the maximum temperatures of the
crystal obtained by the two models start to reduce, but the
temperature decrease calculated by the CET model is more
obvious. The two curves meet at around 8000 ps. Before this
time, the calculated temperature of the CET model is higher
than that of the CETH model. After t = 8000 ps, the
temperature calculated by the CETH model is slightly higher
than that of the CET model. It means that the temperature-fall
period corresponding to the results of the CETH model is
more moderate. It is inferred that the external gaseous medium
works. During pulse laser irradiation, the KDP crystal first
interacts with the laser to deposit a huge amount of laser
energy and the surrounding gas medium is passively heated.
Since the gas part stores a large amount of energy, when the
laser pulse stops, the external gaseous medium plays a key role
in energy supply and heat insulation through energy exchange
with the crystal. Compared with the exyerimentaﬂy detected
temperature in the laser damage test,” the results of the
CETH model agree with the real situation better. The results
of damage dynamic experiments show that the local area of
laser damage at 3 ns is 11,800 K. Although there are some
errors between the simulations and the experiments, the
temperature calculated by the CETH model is closer to the
experimental data than that of the CET model. The physical
processes such as material melting, boiling, and flowing during
the damage processes have an inhibitory effect on the damage
evolution for the cooling effect.

2.5. Results of Laser Damage Test. The laser damage
occurred when the cracks around the indentation on the front
KDP surface were irradiated by a laser pulse with a 355 nm
wavelength and 20 J/cm? fluence. Figure 7 shows the transient
behavior of the laser damage process at 0 ns delay (initial
state) and 10 ns delay. At the initial time of laser irradiation,
there is no damage site except the artificial surface defects. At
time ¢t = 10 ns, three circular black shadows appear in the
original lateral crack area. The shape and appearance time of
the shadow are consistent with the simulations of temperature
distribution in Section 2.3. Thus, it is detected that the dark
shadow is the boiling core of laser damage. As for the transient
behaviors when the black shadow initially appears during the
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Figure 7. Transient behavior of the laser damage initiated by a 355
nm wavelength light and the cracks around the indentation on the
front KDP surface at (a) 0 ns delay (initial state) and (b) 10 ns delay.

laser damage processes, we can infer that there would be
shallow vignetting on the trigger point of the laser damage
according to the predamage sites with the laser damage
precursor being transformed.”® When the lateral crack is
irradiated with the strong laser beam, the hotspot of laser
energy is generated by light intensification. A large amount of
energy deposition near the surface defects would rapidly
increase the local temperature. Then, the phase change of the
KDP material like melting or boiling occurs. Due to a longer
heating time of 10 ns delay, it is believed that the local
temperature of the material is high enough to cause boiling. In
addition, the dark shadows are caused by the effect of strong
absorption by boiling matter for energy from the probe laser
light. The high-temperature material forms a local blackbody
region, causing the illumination light to not transmit
completely. The dark shadows of boiling cores prove that
the heat absorption coefficient of the damaged local area
increases with the increase in temperature. The locations of the
boiling cores are evidence that the laser damage is triggered by
surface defects, which can lead to light intensification and
energy deposition in the early period.

The SEM image of the damage morphology after single-shot
irradiation of the 355 nm pulse laser is shown in Figure 8. In

Figure 8. SEM image of the damage site initiated by a 355 nm
wavelength light and the cracks around the indentation on the front
KDP surface. The main image shows the whole area of the laser
damage site. The inset is the enhanced microscopy image showing a
small region of damage with the boiling core.

general, the damage size has a larger increase than that of the
previous indentation pit. Traces of melting and fracture can
also be clearly observed in the micrographs of the damage sites.
In addition, the small boiling cores can be found in site I,
which is similar to the bowl-shaped high-temperature area, as
shown in the simulations. Obvious melting traces can be seen
around the core, which is consistent with the damage
morphology.zg_31 However, it is interesting that no similar
core is found in the rest of the damage area. Only the deep and
trim fracture can be seen at the damage boundary. Comparing
with the microscopic images of the indentations with cracks, it

can be found that the lateral crack in site II before laser
irradiation is the neatest and clearest. Such crack clusters are
most prone to generate strong energy accumulation. The
mechanical strength of such cracks themselves is often the
lowest. Therefore, we deduce that during the damage process
in site II, the lateral crack leads to a large amount of energy
deposition near the front surface of the crystal during pulse
laser irradiation, and then a series of phenomena like melting,
boiling, and flowing are generated. However, the local thermal
stress produced by the uneven heat distribution causes a large
stress concentration on the originally fragile boundary of lateral
cracks, which makes the substrate material around the lateral
cracks flew out as a whole part with the heated region and
boiling core during the damage processes.”” As a result, a deep
and bordered damage pit is left. By carefully observing the
damaged area, it can be found that there is a large piece of
broken material at the bottom of site II, which can also provide
evidence for this view. In addition, there is no lateral crack
occurring in sites III and IV. In these areas, no source would
initiate laser damage during laser duration. However, once the
damage occurs, the weaker parts of the surrounding material
are often destroyed and form a passive damage area due to
thermal action. As for the laser damage probability, the damage
probability of the perfect defect-free crystal surface is only 1/
20 (5%) under single-shot irradiation with a fluence of 20 J/
cm?, which is much lower than the damage probability (90%)
of artificial defects. This means that the existence of the cracks
can greatly increase the damage probability. It also shows the
evidence that the defects play a major role in initiating the laser
damage on the KDP surface. In a word, the lateral crack in the
experiment causes multiple damage sources to erupt at the
same time during the damage processes. This provides a
possibility to find obvious heat-affected regions in the final
damage morphology. Combined with the above simulation
analysis, the original damage process can be understood as a
sharp light absorption point on the surface or subsurface of the
KDP crystal induced by the defects. Then, the surrounding
material interacts with the high-power laser. The temperature
rise of the material is accompanied by melting, boiling, flowing,
and even ejecting processes. In addition, the uneven
distribution of the thermal field will cause a large thermal
stress. Once there is a natural weak link inside the crystal, the
material will be broken and a huge damage pit will be formed.
However, the damage processes under the action of a
nanosecond laser are inseparable from the thermal action in
any case. The only difference is whether the phase changes of
materials are caused by high temperatures or the material
fracture is induced by a large thermal stress.

3. MODEL AND THEORY

As for simulating the processes of nanosecond laser damage, an
electromagnetic field model or heat conduction model® is
generally used. Sections 3.1—3.3 are the electromagnetic field
model, the model coupling of electromagnetic field and
thermodynamics (CET model for short), and the model
coupling of electromagnetic field, thermodynamics, and
hydrodynamics (CETH model for short), respectively, which
are developed to describe the complex damage processes. In
order to save the computing resources and improve the solving
efficiency, we built a 2D model for laser damage simulation.
Figure 9a is the schematic of the model for LID initiated by the
lateral cracks on the front surface of the KDP crystal. Lateral
cracks form below the surface in the plastic zone and propagate
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Figure 9. (a) Schematic of the model for LID initiated by the lateral cracks on the front surface of the KDP crystal. (b) Heat absorption coefficient

a(T) dependent on the temperature T as the defined models.

parallel to the KDP surface. They are formed by residual elastic
stresses caused by relaxation of the deformed material around
the region of contact. These cracks extend upward to the
surface and may join the radial cracks. When the lateral crack
was completely propagated to the crystal surface, the boule
material would be desquamated from the substrate. In order to
study the effect of lateral cracks on laser damage, we choose
unexfoliated lateral cracks as the research object in this work.
Thus, the simplified crescent lateral crack shown in Figure 9a is
built, where w is the crack width, and d, and d, are the total
crack depth and the gap crack depth, respectively. The crack
gap is considered to be an air medium. The incident laser light
is a pulsed laser with a laser intensity of S GW/cm® at a
wavelength of 355 nm. It should be noted that the anisotropy
of material parameters has not been taken into consideration.
Figure 9b is the heat absorption coefficient a(T), which is
dependent on the temperature T and will be explained in detail
in the following parts.

3.1. Electromagnetic Field Model. Due to the presence
of machining defects on the crystal surface, the light field
would be modulated during laser propagation. The distribution
of light intensity can be obtained by solving Maxwell’s
equations of electromagnetic field.”

In this model, the overall width and height of the KDP
domain are 4 and 2.5 pm, respectively. The plane wave with a
355 nm wavelength irradiates along the direction normal to the
front KDP surface. Under the temperature of 20 °C and light
wavelength of 355 nm, the relative dielectric constant ¢, is 1.54
(n’kpp), and two other electromagnetic parameters of relative
magnetic permeability y, and electric conductivity o are 1.0
and 0, respectively.

3.2. CET Model. The CET model mainly focuses on the
physics of photon transport, laser energy deposition, and heat
flow. So, as to investigate the influence of manufacturing-
induced defects on the thermodynamics processes of the laser
damage, we assume that the maximum hotspot of light
intensity modulated by the surface defects would generate
ionization at the initial moment and form a heat-absorbing
sphere that is consistent with the hotspot in size. The presence
of defects would affect the thermodynamic properties of the
material, and there may be even free electrons or sub-band gap
structures at the defect sites, which are easily excited under
strong laser irradiation. The new free electrons absorb a lot of
energy due to the high electromagnetic field.

The temperature variation inside the KDP crystal during the
laser damage process is calculated by the heat transfer equation
in eq 1. In addition, convection and radiation effects are
included on the surface, but under the conditions of strong

19890

laser irradiation, they had little effect on energy deposition
during the action of the laser pulse.34

oT
pcg _ V(K'VT) = Q= a(T)IIaser (1)

where p is the density of the KDP crystal, C is the heat
capacity, k is the thermal conductivity, and Q is the absorption
energy of the crystal. Because the phase change is not taken
into consideration, the effect of temperature on the material
properties is neglected and these parameters are all defined
with the solid-state parameters of KDP: p = 2338 kg:cm ™, C =
2 JK em™, and k = 1.9 W-m™-K~1.** In order to compare
with the measured local temperature of the experiments,™ we
adopted the laser intensity I .., = S GW/cm?, which propagates
through the vertical direction toward the surface. a(T) is
temperature-dependent heat absorption coefficient, and ¢ is the
time during laser pulse irradiation. T is the solution variable in
the model.

During the interaction between the strong laser and the
KDP crystal, the increase in temperature often leads to changes
in the thermodynamic properties of the material. Therefore,
the deposited energy from the laser pulse into the KDP crystal
is solved by the Beer—Lambert law,***° and the energy
deposition process is dependent on the variation of the local
absorption coefficient, which is simulated with respect to the
temperature.

The heat absorption coefficient of the KDP crystal is
dependent on the temperature, which is shown in Figure 9b.
Fused silica and KDP are both transparent dielectric optics
components with a wide band gap. The coefficient of KDP at
20 °C is 0.005 cm™, which almost has no effect on the laser
energy transmission. Under strong laser irradiation, the local
material temperature of the laser damage region rises sharply,
which in turn would increase the subsequent laser energy
deposition efliciency. The local temperature of the damage
region on the KDP crystal can exceed 10,000 K at the end of
laser duration. This indicates that the absorptivity a(T) of
intrinsic defect-free KDP increases strongly with T. In addition,
the material parameters would change greatly at the temper-
ature of the phase change for KDP. Under those conditions,
a(T = 2273 K) is sufficient to generate violent thermal
absorption. When the temperature T increased by the
absorption by surface defects is high enough, the material
around would become absorbing. In addition, the absorption
of the KDP material increases the temperature, which would
increase a(T) in turn and eventually lead to destructively high
temperatures.

Regarding the initial boundary conditions of the heat
conduction model, it is very important to set the initial
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temperature of the hotspot. As previously noted, we assume
the damage initiates at £ = O ps. The initial temperature of the
hotspot is ~9000 K inside the light intensity hotspot calculated
by the multiphoton absorption model assisted by the sub-
bandgap energy level structure near the defects.”’

3.3. CETH Model. The damage process is complicated.
When the temperature rises to a critical point, the processes of
melting, boiling, flowing, etc., may influence the damage
behavior. Therefore, in this model, the physical processes
involved in different states like solid phase, liquid phase, and
gas—liquid are individually described mathematically.

First of all, the whole model needs to meet the law of energy
conservation and the governing equation is shown below:

JoT
ALméd
= V(KVT) + Ilasera(T) - mT@ (2)

Here, the latent heat during the phase change AL is ~4048 J-
mol. i is the phase change rate on the phase interface. ¢ is the
Dirac delta function. ¢ is the solution variable of the phase-
field equation, which will be illustrated in the following section.
v is the velocity vector to describe the motion state of the
damage area. In order to consider the effect of nonisothermal
flow, the parameters related to particle velocity are added to eq
1. On the other hand, the phase change reaction due to the
temperature rise in the material is a cooling process. Thus, the
energy lost is added on the interface of phase change.

It is difficult to use one equation to describe the speed at
each point in the solution domain of the hydrodynamic model.
Thus, we use various methods for defining the momentum
conservation in the solid—liquid phase, gas phase, and liquid—
gas interfaces. The material in the solid and liquid phases is
assumed to be incompressible. The velocity in these domains is
described by the incompressible Navier—Stokes eq 3.”

A

oy, (Vo)
— 4y, v
ot s,1 s,

= Vel=p, I+ u (Vo + (Vi))] + )

with the unit matrix I and dynamic viscosity in the liquid phase
;. Considering the convection and diffusion in solid and liquid
phases, the method of heat transfer in the porous medium
interface is utilized. Based on the convection—diffusion theory,
the average model of thermodynamic properties is used to
describe the solid and fluid in the temperature equation. The
solidification of the material would result in momentum loss.
The lost momentum is calculated by the Darcy friction Fp,,
on the solid—liquid interfaces as shown below:

PDarcy = Kvs,l (4)

K= —c[L;fl) ]
fi +b (s)

where K is the Carman—Kozeny coefficient in the porous
medium model of the solid—liquid phase, which is the seepage
coefficient as well.*® The parameters of C and b are constants.
In the calculations, C takes a larger value, and g takes a smaller
value to ensure that the formula is meaningful.

A temperature-dependent function f; is defined. When the
temperature is much higher than the melting temperature of

the crystal, its value is 1. When the temperature is much lower
than the melting temperature of the crystal, its value is 0. When
the local temperature is near the melting temperature, f| takes a
certain value between 0 and 1, depending on the accurate
temperature, and at this time, the crystal is in a solid—liquid
mixed state.

The Darcy friction is related to the value of f|. The f of the
pure liquid phase is 1, which corresponds to the Darcy friction
of zero. When the f; of the solid—liquid mixing zone ranges
from O to 1, the value of K is determined by the unsteady
convection and diffusion in the fluid dynamics equation. There
is a very strong Darcy friction in the solid phase region with f|
= 0. It can be considered that the fluid in this region has a large
dynamic viscosity coeflicient, which makes the particle velocity
approach to zero. The porous media model can describe the
distribution of the velocity and the pressure in solid and liquid
phases, as well as the solid—liquid transition process.

The material of the KDP crystal boils at temperatures above
3273 K.’ The density of the material would change greatly
with the variation of the temperature and pressure. The
governing equation in the gas domain is the hydrodynamic
equation in compressible form. Assuming that the KDP
gaseous substance is an ideal gas, the density satisfies the ideal
gas state equation. The boundary conditions of hydrodynamics
at the interface between liquid and gas in this laser damage
model are rather complicated because the interface velocity,
liquid velocity, and gaseous velocity nearby are not necessarily
equal. Once the phase change occurs and the liquid density is
not equal to the gaseous density, the variation of the gaseous
density will introduce an inward flow velocity normal to the
interface. Then, there will be a velocity in the outward
direction normal to the interface of the gas domain to make up
for the speed difference. This leads to a discontinuity in the
velocity field across the interface.

The continuity equations of hydrodynamics characterize the
mass conservation in this system. However, some trans-
formations are employed for governing equations on various
calculation domains.

The solid—liquid phase is described by eq 6. The gas phase
is built on eq 7.In addition, the continuity equation at the
liquid—gas interface is modified with eq 8 to describe the phase
change process.*’

V'vs,l =0 (6)
apv B
o + V-(pu) =0 )
Vow = m(s(q))[l - i]

2P (8)

In addition, the mass flux leaving the liquid—gas interface
can be evaluated from the conductive heat flux shown in eq 9,
which is obtained by neglecting the kinetic energy due to the
viscous force.

n-Mx, VT
AL )

The equations above can describe the total transitions for
the dynamics process of laser-induced damage. It is the fact
that the arbitrary Lagrangian—Eulerian method is effective to
solve these equations in principle, which is widely used in some
previous work."" However, no topological changes can occur

m =
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there. By making some suitable assumptions, the complex
damage model can be perfectly solved on a fixed mesh with the
phase-field method. Based on the Ginzburg—Landau and
Cahn—Hilliard equations (two additional transport equations,
one for the phase-field variable and the other for the mixing
energy density), the advanced numerical method is particularly
suitable for tracking interfaces with complex morphologies and
motions. Also, the movement of the surface is determined by
minimization of free energy. Thus, the algorithm is convenient
and highly efficient. Combining with the phase-field method,
the governing equation for simulating the liquid—gas interface
during laser-induced damage processes can be represented as
eq 10." By tracing the liquid—gas interface, the gasification
process can be simulated with the material detached from the
element base, which is the most important expression of laser
damage in the initial stage. It is also helpful for laser damage
evolution analysis, such as liquid ejecting, by focusing on the
unstable liquid—gas interface.

0 Vi
a—g: + vV — md(p)| —= +

V;
el vy,

2
P K € (10)

where ¢ is a dimensionless phase-field variable, ranging from
—1 to 1. The volume fractions of the liquid phase and the
gaseous phase are Vi and Vi, respectively, at the liquid—gas
interface. The quantity y is the mobility, 7 is the mixing energy
density, and ¢ is the capillary width that scales with the
thickness of the interface. The mobility determines the
timescale of the Cahn—Hilliard diffusion and must be large
enough to retain a constant interfacial thickness but small
enough so that the convective terms are not overly damped. In
addition, the other two parameters of 7 and ¢ are related to the
surface tension coeflicient.

4. EXPERIMENTAL SECTION

The effect of surface defects on LID of KDP crystals is
experimentally investigated by performing LID tests and
observing the morphology of damage sites. Because of the
poor physical properties of KDP materials, like soft and brittle
characteristics, temperature sensitivity, high water deliques-
cence, etc,, it is inevitable to generate defects on the surface of
the crystal during SPDT processes. The crack formation on
KDP crystals can be also approximately equivalent to the
process of repeated indentation of a mechanically loaded hard
indenter (diamond tip) on the crystal surface during fly-
cutting.”” Through statistical analysis for the large amount
fracture behavior of brittle materials, the microcracks on the
surface or subsurface of the brittle materials (e.g, KDP
crystals) are roughly divided into conical cracks, lateral cracks,
and radial cracks.*>** As for the lateral cracks and the radial
cracks, they are mainly generated by a sharp indenter, which is
often the case for sharp diamond tools. Thus, the micro-
indentation is an effective method to prepare defects of the
radial and lateral cracks on brittle materials.>** The radial and
lateral cracks caused by the microindentation are slender
planar cracks and crescentic cracks, respectively. They share
the same shape with some of the defects caused by SPDT. In
addition, the manufacturing-induced surface defects generally
possess different dimensions (from nanometer to millimeter
scale) in nature. The overall size of the surface cracks prepared
by the microindentation method is dozens of micrometer, and
the cracks in natural conditions of SPDT can reach the similar

size. Moreover, due to the randomness of defect formation in
SPDT processing, it is difficult to obtain multiple identical
defects for damage experimental investigation. The micro-
indentation method for surface defect preparation meets the
challenges. Therefore, it is applied to produce defects on the
KDP surfaces in this work. Figure 10 is the schematic diagram
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Figure 10. Schematic diagram of artificial lateral cracks prepared by a
Vickers hardness tester.

of artificial lateral cracks prepared by a Vickers hardness
indenter. A four-side pyramidal diamond tip on a standard
Vickers indenter with a section angle of 136° is adopted to
apply a load of 100 g (0.98 N) on the surface of the crystal.
The maximum cross-sectional radius of the diamond is ~500
um. The nose radius of the indenter tip is ~50 nm.

The indentations with peripheral cracks around on the
crystal surface after loading are shown in Figure 11. BF

(a-BF)

Lateral
i crack

(b-DF) (c-SEM)

100¢ [Vac-High PC-Std. 10 kV ——20um
Figure 11. Indentations with peripheral cracks around on the crystal
surface after loading. Here, bright-field optical micrograph, dark-field
optical micrograph, and scanning electron micrograph are represented
by SF, DF, and SEM, respectively.

represents the optical micrograph in the bright field of Vickers
indentations and cracks around the KDP surface. DF
represents the optical micrograph in the dark field, and SEM
represents the scanning electron micrograph. Comparing the
different micrographs of the indentation pit, there are four
obvious radial cracks and lateral cracks around the indentation.
The lateral cracks propagate narrowly to the KDP surface due
to the connection of the KDP material in the lateral crack area,
which meet the research requirements. Due to the anisotropy
of the KDP crystal, the length of the radial cracks varies with
the fracture direction. The upper radial crack is the longest,
followed by the left and right cracks. The lower crack is the
shortest. Furthermore, all of the lateral cracks almost take place
above the indentation.

Figure 12 is the diagram of light paths for generating the
laser-induced damage sites on KDP crystals and capturing the
transient damage behavior near the surface defects. The pump
laser light is emitted by a single longitudinal mode nanosecond
laser, modulated and collimated, and then finally focused on
the front surface of the KDP crystal. The energy regulator
includes a 1/2 wave plate and a polarizer. The 4/2 wave plate
can adjust the linear polarization direction of the output laser
beam. When the linear polarized beam passes through a
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Figure 12. Diagram of light paths for generating the laser-induced
damage sites on the KDP crystal and capturing the transient damage
behavior near the surface defects.

polarizer placed at a fixed Brewster angle, only a specific
component of the polarized beam can pass through. Thus, the
combination of 1/2 wave plate and a polarizer can achieve the
purpose of energy adjustment. A pulsed laser with a
wavelength of 355 nm and pulse width of ~8 ns (FWHM)
is used to perform single-shot irradiation on each indentation
pit and on the perfect defect-free KDP surface for comparison.
The experimental laser duration is greater than that of the
simulation. Thus, a laser fluence over 15 J/cm? is needed to
irradiate the KDP crystal and cause laser damage. In addition,
we found that the surface LIDT of the KDP crystal with the
artificial defects is a little less than 20 J/cm® When the laser
fluence is 20 J/cm?, plasma is generated in the vicinity of the
artificial defects under laser irradiation and the damage
morphology is clearly visible. Therefore, the fluence is selected
for the experiment. The output laser energy has a spatial
distribution of the Gaussian profile on the front surface of the
crystal with an effective spot diameter of 336 pm, which is
larger enough to radiate the whole region of each defect. In
addition, according to our previous work, the light intensity
enhancement generated by the slender radial cracks is much
lower than that generated by the lateral cracks. Therefore, we
believe that the damage initiation is mainly caused by the
lateral crack in this laser damage test.'” However, it can be
seen from the Figure 11 that even the lateral cracks in a certain
location are not a single crack. They are a cluster formed by
numerous cracks with various shapes and sizes. Thus, the small
difference between the lateral cracks will inevitably affect the
damage results. However, it also provides a good access to
investigate the mechanism of LIDs initiated by the surface
defects. As for the detection system for capturing the transient
damage behavior, it consists of a probe laser and a microscopy
imaging device.***” The probe pulse with a 532 nm
wavelength and ~70 ps duration (FWHM) is used for strobe
light illumination. The timing of the probe pulse in reference
to the pump pulse is controlled by a delay signal generator.
The resolution of relative time delay between pump and probe
is ~1 ns. In order to capture the process of transient transition
for materials near the surface defects during laser damage, the
microscope is positioned perpendicular to the surface of the
sample on the air side. The focal plane of the microscope
intersects at the sample’s surface at the pump beam location.

5. CONCLUSIONS

Based on the theories of electromagnetic field, thermody-
namics, and hydrodynamics, we simulated the distribution of

light intensity and temperature evolution near a lateral crack
on the KDP surface irradiated by a strong laser pulse with an
intensity of 5 GW/cm?”. The calculations show that when the
lateral cracks are located on the front surface of the crystal, a
lens effect would occur. Also, the light field modulation will
generate an intensified hotspot, which plays a triggering role in
the process of laser-induced damage. Combining the CET
model and the CETH model to solve the temperature
distribution near the hotspot, the models can simulate the
processes of sharp increase and slow decrease of temperature
inside the crystal during and after the laser action. Compared
with the experimentally detected temperature during laser
damage processes in the previous report, the CETH model is
more accurate and reliable because its calculations are closer to
the experimental results than those calculated by the CET
model. Thus, it is proved that physical processes such as
material melting, boiling, and flowing during the damage
processes have an inhibitory effect on the damage evolution
due to the cooling effect. Owing to the existence of bowl-
shaped high-temperature regions near the defects, the boiling
cores and molten regions in the damaged areas are also
probably to be generated, which has been well verified by the
laser damage test and temperature detection experiments. In
addition, a large amount of material fracture zone is
experimentally observed in the damaged sites. The thermal
stress accumulation and weak mechanical properties of the
crystal with defects should be responsible for the fracture
damage features. In general, the thermal effect induced by
nanosecond laser irradiation plays a key role in the damage
processes that the direct melting, evaporation, or indirect
thermal stress-induced fracture greatly contribute to the final
damage morphology. This work not only deepens our
understanding in nanosecond laser-induced damage mecha-
nisms for transparent dielectric optics components but also
provides potential insights into how to improve their laser
damage resistance.
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