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Background: Potassium dihydrogen phosphate (KDP, KH,PO,) crystal is an important kind of nonlinear optical
crystal because of widespread use in high-intensity laser systems. A critical issue in high-intensity lasers is the laser
induced damage to dielectrics since the laser fluence that optical components can stand sets an upper limit to

Methods: Surface scratches on finished KDP surface were artificially generated and characterized with nano-indenter
and atomic force microscope (AFM), respectively. The scratches were characterized with varied depth, directions and
shapes. The morphology of scratches in different directions is quite different resulting from anisotropy of KDP crystals.
The scratched surface along with surfaces free of scratches were irradiated with a 355 nm pulsed laser to acquire the

Results: The experimental results show that scratches can reduce the laser induced damage threshold (LIDT) of KDP
surface by >30%. Comparing the LIDTs of scratches of different depth, directions and shapes, no significant difference is
observed, but they are much lower than scratch-free surface. The morphologies vary from scratches depending on the
orientation of scratches relative to crystals. Moreover, the numerical simulation of light intensity shows that cross-section
shape of scratches also influences the local electrical field of incident laser light.

Conclusions: Scratches with smaller width-to-depth ratio enhance laser light intensity more significantly and more
harmful to the improvement of laser damage threshold of KDP. The results suggest that the mechanical scratches must
be avoided to achieve high-quality surface of strong resistance to UV laser pulses, especially those with smaller width-to-

Keywords: Potassium dihydrogen phosphate (KDP), finite-difference time-domain (FDTD), laser induced damage

Background

Laser-induced damage in optical materials has been a major
issue for several decades since it sets the upper limit of flu-
ence below which a laser system can be operated reliably.
As frequency converters, potassium dihydrogen phosphate,
KDP (KH,PO,), is frequently employed in large aperture
laser systems because KDP is a kind of nonlinear optical
material that can grow to very large dimensions [1-3].
Owing to its deliquescence, KDP is mostly finished by
virtue of diamond cutting/turning under dry conditions or
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using cutting oil [4, 5]. On the other hand, soft but brittle
properties render KDP susceptible to scratches. Scratches
generally have significant impact on damage resistance to
lasers, which has been demonstrated on fused silica sample
[6-9]. Thus it is of great importance to carry out investiga-
tions into the damage characteristics, in particular, the
effect of scratches on laser-induced damage of KDP. Chen
et al. have studied the potential effects of micro cracks on
the laser induced damage of KDP [10, 11]. Using
finite-difference time-domain (FDTD) algorithm, they
find that light intensity of incident laser can be inten-
sified in the vicinity of microcracks and the intensifi-
cation is related to many factors, including depth,
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Fig. 1 (a) Principle of scratching experiment setup, (b) spherical indenter and (c) Vickers indenter

width and shape and the angle of microcacks relative
to crystal orientation as well as the wavelength of
incident laser. However, little experimental evidence
accompanies their simulation and only the surfaces with
brittle, ductile and free of cracks are tested for the damage
performance without corroborating their simulation
results about cracks of various shapes, angles, depths, etc.
The influence of different scratches on laser damage other
than cracks, to our knowledge, is seldom reported.

In this article, surface scratches on finished KDP surface
were artificially generated and characterized with nano-
indenter and atomic force microscope (AFM), respectively.
The scratches were characterized with varied depth, direc-
tions and shapes. The morphology of scratches in different
directions is quite different resulting from anisotropy of
KDP crystals. The scratched surface along with surfaces free
of scratches were irradiated with a 355 nm pulsed laser to
acquire the damage threshold of KDP. The testing results
show that scratches can reduce the LIDT of KDP surface

by >30%. Comparing the LIDTs of scratches in different
depth, directions and shapes, no significant difference is
observed, however. In addition, the experimental phenom-
ena are interpreted by modelling the light field around the
scratches with 2-D FDTD.

Methods

Scratching KDP surfaces

A nano-indenter (Tribolndenter TI-950, Hysitron Inc.,
USA) is used to slide against the surface of KDP, shown
in Fig. 1la. Spherical tip and Vickers tip were utilized to
achieve brittle and ductile scratches of various dimen-
sions, shown in Fig. 1b and Fig. 1c. The indenter (tip)
was pressed into the surface of KDP at a preset load.
After that, the crystal was translated linearly to generate
a scratch. The force remained constant during the
course of scratching. This way, nine scratches were pro-
duced under various conditions.
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Fig. 2 Three kinds of KDP crystals and artificial scratches on the surface of KDP tripler
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Table 1 Parameters of the scratches

S1 S2 S3 S4 S5 S6 S7 S8 S9
Force(mN) 50 60 70 50 50 50 50 50 50
Shape ellipse ellipse ellipse triangle triangle ellipse ellipse triangle ellipse
Direction 0 ) 0 £l 60 30 0 ) 0
Width(um) 10 " 12 8 9 10 10 8 10
Depth(nm) 300 400 500 300 300 300 300 900 300
Indenter spherical spherical spherical spherical spherical spherical spherical Vickers spherical
W-D ratio 333 27.5 24 26.7 30 333 333 89 333

In high power laser systems, KDP can be used in many sit-
uations, such as Pockels cells, frequency conversion from 1
o to 2 o (KDP doubler) and from 2 w to 3 o (KDP tripler),
depending on the cutting angles of the crystal having differ-
ent phase matching shown in Fig. 2 [1]. KDP tripler (un-
coated) was experimented in this work, and 50x50x10mm?
samples were finished by single point diamond turning.
Nine artificial scratches were created on the surface of a
finished KDP tripler as seen in Fig 2. S1, S2 and S3 were
scratched at different loads (50mN, 60mN, 70mN) with a
spherical indenter. S4, S5, S6 and S7 were scratched in
different directions (90, 60, 30and 0) at 50mN load. S8
and S9 were created with the Vickers and spherical in-
denters at the load of 50mN. The speed of the sample stage
was set to be 0.1 mm/s. The details are tabulated in Table 1.

Testing for laser damage threshold

The setup for damage testing of the LIDT on KDP surface is
sketched in Fig. 3. After the laser passes through the energy
regulator and wave plate, the laser beam is converged by a fo-
cusing lens and illuminates the KDP sample residing on the
sample stage. The energy detector is used to measure the
pulse energy that is sampled with the splitter. The damage
test of a point on the sample is completed through the

computer controlled system. A laser (single longitudinal
model) which runs at 355 nm wavelength, ~400 um spot
diameter (1/¢®) and 10 ns pulse duration was employed.
The incident laser was normal to the surface KDP samples
which were mounted at an electrically controlled stage.
The smallest distance the stage can move is 0.1 mm. The
scratches were located on the front surface, i.e. entrance
surface. The irradiated area was in-situ monitored with a
CCD camera during the damage testing. The testing sys-
tem was used for both R-on-1 and 1-on-1 testing proto-
cols and the R:1 protocol was adopted in this article. R:1
testing determined the damage threshold by ramping the
laser fluence incrementally (0.25-2.5 J/cm?, depending on
the surface to be tested) until the damage occurred and
then another new site was shot again likewise. 10 sites
were tested for each sample. The details can be found
elsewhere [12, 13]. The obtained 10-ns threshold was then
converted into 3 ns-threshold using the empirical formula
of °**for pulse duration of 10 ps~300 ns [13, 14].

Results and discussions
Morphologies of scratches
The morphologies of the nine scratches with AFM
(Bruker UPTI-150, USA) are shown in Fig. 4. S1, S2 and
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Fig. 3 Schematic of laser damage setup for testing the LIDT's of KDP crystal

Energy
detector




Zhu et al. Journal of the European Optical Society-Rapid Publications (2017) 13:33 Page 4 of 10

——profie of S2
m —— scratch in FOTD model

— profie of $3
om —— scratch in FOTD model

E) wm

—

ofile of S4
—— scratch in FOTD model

—

rofile of S6
o —— scratch in FOTD model

—profie of 7
m —— scratch in FOTD model

— profie of S8
om —— scratch in FOTD model

—profle of SO
o —— scratch n FOTD model

PR

Fig. 4 Morphologies of the scratches S1~S9 characterized by AFM

S3 were cut at different loads (50mN, 60mN, 70mN) with
the spherical indenter and the corresponding depth is
about 300 nm, 400 nm, 500 nm, respectively. Presented in
Table 1 are the details of experimental conditions. It is ob-
vious that greater cutting force results in wider and deeper
scratch with spherical indenter in the same directions. As
to different directions, the depth of scratches is the same
but the width increases slightly from 90 to 0" due to anisot-
ropy of KDP in different directions. In addition, cracks oc-
curred at the both edges of the 90 scratch while no obvious
cracks can be found for the 0" scratch. Based on our experi-
mental results, the fracture toughness in 90" direction is less
strong than in 0 direction. The depth of the scratch is much
deeper when the Vickers indenter was used under the same
indentation load. The cross-section profile is more similar
to a triangle compared to the spherical indenter and there-
fore the aspect ratio (depth-to-width) is far larger. We calcu-
lated the critical depth of ductile-to-brittle transition

according to the formula derived by Bifano et al. d.x (%)

(Kﬁ)z [15]. Substituting the Young’s modulus (24.0GPa),
hardness (2.0GPa) and fracture toughness (0.74 MPa /m)
of KDP into the formula, the estimated critical depth can be
found to be 240~320 nm (the proportional coefficient is
0.15~0.2) [15]. Because of anisotropic properties of KDP,
the critical depth in various directions is accordingly dif-
ferent. Wang et al. reports that the critical depth ranges
from 80 nm to 180 nm of critical depth [16]. In the mean-
while, the most approximate regular profiles (red lines)
used in FDTD simulation in the following are also shown
in Fig. 4. S4, S5, and S8 were fitted in triangular curves
while the others were fitted in elliptical curves.

Laser induced damage on KDP surface
The damage threshold of scratches and scratch-free surface
is presented in Fig. 5. The error bars represent the standard
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Fig. 5 The LIDTs of pristine surface and scratches on the entrance
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Fig. 6 2D FDTD models of surface scratches: (a) semi-oval/elliptical scratch and (b) semi-diamond/triangular scratch

deviation of testing results of 10 sites. It is apparent that the
LIDT of scratch-free surface (16.2 J/cm?®) is much higher
than scratches (8.4 J/cm?*~11 J/cm?) and the threshold is
lowered >30% in the presence of scratches. The average
LIDT decreases from S1 to S2 further to S3 for scratched
surfaces, but there is no significant difference if the error
bars are taken into account. The force to generate S3 is
more than S1 and the resultant scratch is deeper and
wider as well as more defects. However, these do not make
a sharp difference to the LIDTs of scratches, as the experi-
mental results show. The morphologies of scratches in dif-
ferent directions are quite different in Fig. 4. S4, S5 and S6
contain numerous micro-cracks relative to S7 but the
LIDTs of these scratches are similar. The scratches created
with different shaped indenters were also examined for
damage threshold. No obvious different are observed in
terms of LIDT of these two scratches. The triangular
cross-sectioned scratch S8 is damaged at 10.78 J/cm? simi-
lar to that S9 slid by spherical indenter 10.97 J/cm® How-
ever, the depth of S8 (900 nm) is much greater than S9
(300 nm) and some obvious cracks are there along the
scratch S8. In general, the presence of scratches would re-
duce the LIDT comparing to scratch-free surface by > 30%,
but no direct dependence of the LIDT on the scratch
morphology is found from the experimental results.

Some very interesting results occurred during the laser
damage test. That is, for scratch-free surface, damage
sites appeared first within the bulk and then the front
surface was damaged as the fluence of laser increased,
which is consistent with the phenomena that S. Reyne et
al. observed [17]. By contrast, as to the scratches with
apparent micro-cracks the damage mostly happened first
on the scratches, e.g. scratches S4, S5, S6 & S8. The
phenomena suggest that surface damage threshold is
higher than bulk for KDP and the micro-cracks on the
scratches are the initiators to laser damage in our exper-
iments. The micro-cracks must be avoided so as to
achieve high damage threshold surface of KDP crystals.

Damage mechanics of scratched KDP

The influence of the shape and dimension of scratch on
electric field/light intensity

2D finite-difference time-domain (FDTD) method was
employed to simulate the light intensity around the surface
scratches, which is helpful in understanding the possible
phenomena of damage tests. Based on electromagnetic field
theory, FDTD method is used to numerically solve the Max-
well’s equations to obtain electric field intensity distribution.
For plane wave input, the light intensity is proportional to
the square of electrical field (|E|?), which is associated with
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the electromagnetic energy density, 1/2eon’|E|%. Here &, is
the vacuum permittivity and ) is the refractive index of ma-
terial. The light intensification is characterized by light in-
tensity enhancement factor, which is uniform distribution
inside a perfect KDP crystal. The amplitude of light field is
responsible for non-uniform energy distribution, nonlinear
increase of intense laser and consequent decline of laser
damage resistance [18, 19]. In numerical simulation, a 3w
(A = 355 nm) laser with an electric field intensity normal-
ized to 1 V/m was assumed to irradiate the front surface of
the KDP crystal in normal direction, i.e. along the -z axis. A
time-harmonic plane wave was adopted in this work. The
simulation domain was rectangular and gridded with a uni-
form grid size. The grid size was § = 0.01 pm, which was
less than \/12 to weaken the effect of numerical dispersion
caused by differencing in 2D FDTD and consequently guar-
antee the accuracy of the simulation [11]. The perfect
matched layer (PML) boundary condition was utilized
along the z axis, and periodic boundary condition along the
x axis [20]. KDP is a uniaxial crystal, and hence the index
ellipsoid is given in the standard crystallographic coordinate
system by the equation

xX* y* z?

R R R — |
2 2 2

nO no ne

The refractive index of KDP crystal at A = 355 nm,
T = 298 K is n, = 1.53, n. = 1.49. As a result, the
refractive index matrix of anisotropic KDP crystal used

153 0 0
in this workwas | 0 153 0 [21-23].
0 0 1.49

We first simulated the effects of scratch cross-section
shapes on light intensity to find out whether the shape
affects the electric/light field significantly. Simplified 2D
models of surface scratches in our experiments
(semi-oval or ellipse and semi-diamond or triangle)
are illustrated in Fig. 6. The incident wave was
normalized to 1 V/m and the corresponding electric
field intensity inside the crystal is E = 0.7926 V/m
for a perfect surface without scratches. Figure 7
shows the electric field distributions inside the KDP
crystal around two kinds of surface scratches, where
width and depth of both scratches are 10 um and
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500 nm. One can see that electric field distributions
are similar for two surface scratches and the electric
field intensity of the region directly under the
scratch for both scratches is relatively low (0.6 V/m
vs 0.8 V/m) and electric field is enhanced at two
flanks of the scratches (1.1 V/m vs 0.8 V/m) and
symmetrically distributed. The causes are that the
transmitting wave through the surface scratch over-
laps with the incident wave inside the crystal and
they constructively interfere with each other. The
light intensity enhancement factor inside KDP crystal
for two scratches in simulated region was extracted
to be 2.07 and 1.34, respectively, the maximal
electric field intensity around elliptical scratch 1.24
times that of triangular one.

The maximal light intensity in investigated region for
various dimensions (width, depth) was modelled in Fig. 8.
For both elliptical and triangular scratches, the maximal
light intensity due to scratches increases with the depth
of the scratches and decreasing the width will also result
in the enhancement of light intensity. The enhancement
of light intensity by elliptical scratches seems more
remarkable when the depth and width of elliptical and
triangular scratches are similar. For instance, for 1.0 um
deep, 8 um wide scratches, the light enhancement can
be 2.93 times incident light for elliptical scratches and
2.05 times for triangular scratches. According to the
simulation results, an elliptical scratch with 10 um width
and 300 nm depth (like S1) would cause 1.6 times light
intensity enhancement, while 1.8 times for S2 and 2.0
times for S3. S8 would cause 1.9 times light enhance-
ment, and S9 would cause 1.6 times light enhancement.
As a result, scratches can reduce the LIDT of KDP
surface by >30%. But the difference of light enhancement
among scratches is not large enough to make a signifi-
cant difference to the LIDTs of scratches, as observed in
the experiment.

Figure 9 shows the maximal light intensity enhancement
for two kinds of scratches with respect to the width of
scratches when width-to-depth ratio keeps constant. The
width-to-depth ratios are 2 and 20, respectively. It can be
seen from Fig. 9b that the maximal light enhancement is
more significant for elliptical scratches than triangular ones
for the ratio of 20. This discrepancy increases with the
width of scratches. The light enhancement is nearly linearly
proportional to the width of scratches while it is almost
unchanged for triangular scratches when the width of
scratches exceeds 3 pum in the modeled situations. By con-
trast, the triangular ones affect the light intensity more
than elliptical ones in the case of width-to-depth ratio 2.
The critical width-to-depth ratio is dependent on the width
of scratches, see below. For micro-cracks usually with
width-to-depth far much less than 1, the light field intensi-
fication is more severe than those with rounded tips.
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The light enhancement of various width-to-depth
ratios was also simulated in Fig. 10. The scratches with
two sorts of width 2 um and 10 pm were numerically
modelled. The maximal light enhancement decreases
with the width-to-depth ratio for both kinds of
scratches. When width-depth ratio is less than 5 for
10 pm wide scratch, maximal light enhancement caused
by triangular scratches is more pronounced than
elliptical ones. However, the enhancement is relative less
strong for triangular than elliptical scratches as the ratio
is in excess of 5. On the other hand, 2 um scratch with
triangular shape plays a more important role than
elliptical scratch as width-to-depth ratio is <8.

Effect of cracks on scratch on light enhancement

The scratches in different crystal orientations under the
same conditions feature different morphology. Some are
full of micro-cracks but some contain few cracks. Thus we
imposed microcracks onto scratches to simulate the light
enhancement as shown in Fig. 11. The maximum of light
intensity inside KDP crystal modulated by the scratches
was extracted in Fig. 12. From the results, the cracks at the
edges of scratches would cause higher light intensity. The
light enhancement is increased from 1.24 to 1.98 and 1.99
for triangular scratches with cracks and from 1.6 to 2.55
and 2.56 for elliptical scratches. Mirco-cracks make a big
difference to light enhancement, but the number micro-
cracks seem to have little influence on light enhancement.
According to the simulation results, the light intensity en-
hancement factors caused by S4, S5, S6, and S7 would be
2.56, 2.55, 2.55, and 1.6, respectively. However, no signifi-
cant difference among the LIDTs of scratches was observed
in the experiment. There may be two reasons: the differ-
ences on light enhancement are of small difference to
make a significant influence on the LIDTs of different

Light intensity enhancement factor

Elliptical

Triangular

Fig. 12 The maximum of light intensity modulated by the scratches

along with microcracks
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scratches in our experiments and other factors may be
dominant.

Conclusions

Surface scratches of various features were artificially
generated and damaged with UV laser. The effect of
scratches on laser damage was investigated there. It is
found that the morphologies vary from scratches
depending on the orientation of scratches relative to
crystals. That in 90" direction is full of micro-cracks while
the scratch in 0'direction contains few micro-cracks. The
causes are the anisotropy of KDP. All the laser damage
thresholds of scratches are much lower than scratch free
surface, but no obvious dependence of the LIDT on the
scratch morphology is found. Moreover, the numerical
simulation of light intensity shows that cross-section
shape of scratches also influences the local electrical field
of incident laser light. Scratches with smaller width-to-
depth ratio enhance laser light intensity more significantly
and more harmful to the improvement of laser damage
threshold of KDP. The results suggest that the mechanical
scratches must be avoided to achieve high-quality surface
of strong resistance to UV laser pulses, especially those
with smaller width-to-depth ratios.
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