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Abstract: Micro-milling has been proved to be the most effective method to mitigate the growth
of laser-induced surface damage on potassium dihydrogen phosphate (KDP) crystals used in
high power laser systems. However, the secondary peak of downstream light field modulation
caused by Gaussian mitigation pits on the rear KDP surface would cause potential risk to damage
downstream optics. In order to explore the effect of the mitigation pits on the secondary peak, we
numerically calculated the downstream light field modulations caused by Gaussian mitigation pits
on the rear KDP surface based on the angular spectrum diffraction theory. The results suggest
that the secondary peaks are dependent on the parameters of the width, depth, depth error and
title error. Among them, the tilt error and depth have greater influence on the mitigation effect.
To reduce the laser damage risk caused by the secondary peak, the depth of the pre-designed
mitigated contour should be optimized according to the actual operating conditions. The tilt
error and depth error are proposed to be controlled within 1” and 2 pm, respectively, during the
micro-milling. Also, the experiments verified the calculation results of downstream modulations
and the effects of these parameters on the secondary peak. This work can not only provide
available models for evaluating the laser damage risk of secondary peak caused by mitigation pits
on the KDP surface but also contribute to the development of optimal micro-milling parameters
for laser damage mitigation as well as the installation strategy of optical components employed in
the high power laser systems.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Owing to the unique nonlinear optical and electro-optical properties, potassium dihydrogen
phosphate (KDP for short) crystals are used in high-power laser facilities for the inertial
confinement fusion (ICF) such as the National Ignition Facility in USA, Laser MegaJoule in
France and Shenguang Laser Facility in China. In these laser systems, the KDP crystals are
generally employed as photoelectric switches and frequency converters [1-3]. However, due
to the weak mechanical and physical properties (e.g., soft and brittle, extremely water soluble,
thermally sensitive, prone to fracture and scratch), it is inevitable to introduce some surface
defects on KDP surfaces during the processes of machining and handling [4,5]. A large amount
of these defects can contribute to the laser damage on KDP crystal when irradiated with high
fluence laser [6-9]. Then, the laser damage sites would cause large optical transmittance loss,
strong light-field modulation and laser beam quality reduction. As a result, high risk of laser
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damage growth exists on KDP surface under subsequent multiple laser shots, especially for
damage sites with macroscopic fracture [6,10,11]. The issues of laser-induced damage (LID) and
damage growth for optical components have seriously affected the normal operation of ICF laser
facilities [12—14]. Therefore, it is of great significance to find a suitable method for mitigating
the laser-induced damage on KDP crystals to extend their service life and optical properties.

The “recycling” strategy was first proposed to maximize the lifetime of the large-aperture and
high-cost optical components, which are prone to suffer from laser damage [15]. For KDP crystals,
the methods, such as CO; laser processing, short-pulse laser ablation, aqueous wet-etching and
micro-machining, were then performed to remove the initial laser damage sites for increasing
their service life [15,16]. When comparing these repairing methods, the micro-machining was
verified as the most promising one to repair the surface laser damage sites and mitigate their
growth behavior under the subsequent laser pulse irradiations [16—18]. In order to fabricate any
geometric contour to meet laser damage morphology, the micro-milling repairing technique of
KDP crystal has been also developed from the initial direct dimpling to the current multi-path
milling based on the numerical control code [15,17]. Although the mitigated contour could
improve the laser damage resistance of the KDP crystals, Geraghty ef al. [19] found that the
repaired shallow mitigation pits on the KDP surface would alter the wave front of the outgoing
light beam and cause downstream light field perturbation. Then, the effect of KDP mitigated
surface on the enhancement of downstream light field was studied by Yang et al. [20]. The results
showed that there was generally a peak of light intensity first, then a sharp decrease, and finally a
stable trend, in the curves of downstream light intensification. The light intensity may rise slightly
in stable region of the curve, wherein the small peak is generally defined as a secondary peak
[21,22]. As for the effect of the downstream light intensifications, Guss et al. [23] were in belief
that the light intensification greater than 3 would threaten the downstream optical elements with
laser damage crisis. In order to prevent the secondary peak of downstream light intensifications,
a new method for mitigating the fused silica has been developed by Bass er al. [24] and the
downstream light intensification could be finally decreased to acceptable levels. These studies
provide evidence that the secondary peak of downstream light intensification produced by the
mitigated contours on fused silica is a threat to the downstream optical elements. However, the
related researches on KDP crystals are relatively blank at present.

Although the secondary peak of downstream light field modulation caused by mitigated KDP
crystals is much smaller than the main peak near the rear KDP surface [20,21], the secondary
peak in some special cases would also pose a threat to downstream optical elements. Moreover,
unlike the downstream main peak generally within 100 mm distance far from the mitigated
surface, the position of the secondary peak varies greatly, which undoubtedly increases the
difficulties for installing the KDP crystals after repairing. Therefore, it is significant to clarify the
effect of mitigated contours on KDP surfaces on the secondary peaks of downstream light field
modulations and make the corresponding standards for manufacture and application.

The mitigated contours are dependent on the pre-designed width and depth, as well as the
processing errors like the depth error caused by the deviation on tool setting point and the tilt
error caused by the angle between the cutter revolution plane and the KDP surface. In order to
understand the relationship between mitigation pit geometry and secondary peak of downstream
light field modulation, we first built a model to calculate downstream light field modulation
based on the angular spectrum diffraction theory. According to the calculations corresponding
to the mitigation pits with various widths, depths, depth errors and tilt errors, the effects of
the secondary peaks were analyzed. The experiments were implemented by the micro-milling
and downstream light field detection to verify the effect of the rear-surface Gaussian mitigation
pits on the secondary peak. The results cannot only be used to comprehensively evaluate the
performance of the repaired KDP crystals, but also provide technical indexes for the installation
of mitigated KDP crystal and the downstream optical elements.
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2. Model and theory

The repaired KDP surface with Gaussian mitigation pits would cause the disturbance in the
downstream light field. In order to investigate the effect of the geometric structures of the
mitigation pits on the secondary modulation peak, we utilize the scalar diffraction theory to
calculate the downstream light field behind KDP surface with the mitigation pit. Figure I is
the sketch of the far-field modulation caused by the Gaussian mitigation contour on rear KDP
surface. After the beam passed through the Gaussian mitigation contour, wave turbulence would
occur in the downstream light field.
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Fig. 1. Sketch of the far-field modulation caused by the Gaussian mitigation contour on rear
KDP surface.

The incident laser is simplified as a uniform plane wave and propagates along the z-direction
of the Cartesian coordinate system o-xyz. The diffraction distance from the rear surface of the
crystal to the observation plane is Z. U(x,y,0) and U(x,y,Z) are the complex amplitudes of the
light waves on the rear surface of the crystal and the observation plane, respectively. According
to the angular spectrum diffraction theory [25,26], the transfer function in frequency domain for
the beam propagating from the rear surface of the crystal to the observation plane:

H(fx.fy) = exp [ikzx/l — (AK)* - (Afy)Z] : (1)

k=3 h=1z > )

where A is the wavelength of the incident laser. fx and fy are the coordinates of the plane wave in
the x and y directions of frequency domain, respectively.

The propagation of the diffracted light field between given planes is a transformation process of
linear space invariant system. Referring to the Fourier transform and inverse transform algorithm
[27], the complex amplitude of the light wave on the observation plane can be expressed as:

Ux,y,Z) = FH{F{U(x,,0)} - H(fx. fy)}- A3)

Here, ¥{...} and ¥~ '{...} denote the Fourier transform and the inverse Fourier transform,
respectively. The (xg, yo) in the coordinate system of xoOyy in Fig. 1 is equivalent to the (x, y, 0)
there.
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The light intensity at any point in space can be expressed as |U|? [28]. The modulation M is
defined as the maximum light intensity enhancement at a distance from the rear surface of the
KDP crystal. Thus, according to the initial complex amplitudes corresponding to the mitigation
contour, the modulations in downstream light field are easy to calculate.

In the actual processes of KDP surface mitigation, the geometric morphology of the mitigated
contour is not only related to the pre-designed parameters, but also affected by machining errors,
such as the depth error Ad caused by the deviation on tool setting point (Fig. 2(a)) and the tilt
error A6 caused by the angle between the cutter revolution plane and the KDP surface (Fig. 2(b)).
In the schematic diagrams, the dash lines and solid lines represent the pre-designed contours and
the mitigated contours of the pits, respectively. The micro-milling processes generally begin at
the ideal tool setting point O. During the processes, while the tilt cutter is rotating at high speed
in the direction I, it also spins around in the revolution direction II. The actual tool setting point
O’ is always below the KDP surface, which is the main reason of depth error Ad, in Fig. 2(a).
Due to the local cutting effect on the edge of the mitigation pit in the direction III of sectional
view, curved steps would be generated around the mitigated counter. In Fig. 2(b), the ideal and
actual revolution planes of the cutter during micro-milling are shown by the dot circles of green
and black, respectively. The axis of the outline is indicated by a dash-dot line. The tilt error A9
would cause a significant change to repaired morphology as the solid of mitiagated contour. The
mitigation pit morphology began to become asymmetrical.

T TTS . I

Cutter

I Mitigated contour
I
I

(b)

Fig. 2. Schematic diagrams of the machining error production during the mircro-milling
processes on the KDP surface. (a) The depth error Ad caused by the deviation on tool setting
point. (b) The tilt error A@ caused by the angle between the cutter revolution plane and the
KDP surface.

3. Experiment

In order to study the effect of the mitigated Gaussian contour on secondary peak of downstream
light field modulation, we first fabricated the Gaussian mitigation pit on the crystal surface. Then
the optical platform for detecting the distribution of downstream light field at different locations
behind the mitigated surface was designed.

The Gaussian mitigation pit was fabricated on the rear KDP surface by a self-developed
multi-axis micro-milling equipment [29]. The rounded Gaussian profile with the structural
parameters of 800 um width and 10 um depth was designed. The reasons for choosing the
Gaussian mitigation pit with the parameter are as follows: Firstly, there have been a few research
results about the Gaussian repair contour on fused silica surface. Choosing Gaussian repair
shapes helps to facilitate subsequent reference and comparison. Secondly, it is found that the
width-depth ratios greater than 4.3 should be applied to the Gaussian repaired contours for
optimal mitigation effects [29]. Thirdly, the maximum depth and width of the surface defects to
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be repaired on the KDP crystal are less than 5 pm and 400 wm, respectively. Due to the cracks
and modified material near the defect, we generally set the mitigation parameters to twice the
sizes of the defect. Last but not least, the processing quality is related to the width-depth ratio
of the mitigated contour. Small width-to-depth ratios would reduce the surface smoothness
of the mitigation pits and even cause interference between the cutting tool and the mitigation
profile. Even though there are many sets of structural parameters that meet the above criteria,
the mitigation pits with large width-depth can avoid the effect of the poor surface quality on
laser propagation. Adopting the structural parameters of 800 pm width and 10 um depth, we
could process high-quality repaired surfaces by using a ball-end cutter with the diameter of 500
um. Thus, the rounded Gaussian profile with the structural parameters of 800 wm width and 10
um depth is designed to replace the brittle fracture on the original damage site for improving
the laser damage resistance of KDP surface. During the repairing process, the micro-milling
cutter always maintained a high speed of 50 000 r/min, and the tool tilted an angle of 45° to
the crystal surface, which ensured that the material could be milled in plastic mode and finally
achieved repaired smooth surface without brittle cracks [30,31]. The depth error and tilt error
were relatively random according to the system without human intervention.

Subsequently, the distributions of downstream light field at different locations behind the
mitigated KDP surface were detected with the light path in Fig. 3. The laser outputted a
continuous laser beam with a wavelength of 527nm. Then, the laser was spatially filtered and
collimated by using the aperture and lens. The laser spot diameter that applied to irradiate the
mitigated KDP crystal was ~ 5 mm. The Gaussian mitigation pit on the KDP surface was able
to be completely covered by the laser spot. After the laser passing through the mitigated KDP
sample, the diffraction patterns induced by the laser light perturbation would be imaged onto a
digital CCD camera.

CCD .
KDP sample

CW Laser Lens

Aperture

Fig. 3. Light path for detecting the distribution of downstream light field at different
locations.

4. Results and discussion
4.1. Effect of the repair width on the secondary peak

The scalar diffraction theory was used to calculate the downstream light field modulation behind
rear KDP surface with the Gaussian mitigation pits. Figure 4 shows the curves of downstream
light field modulation with respect to laser propagation distance caused by the Gaussian mitigation
pits with the depth of 10 wm and width of 800 um, 1000 um and 1200 wm, respectively. The
three curves are almost parallel. As the propagation distance from the rear surface increases,
the light field modulation increases sharply first, and then decreases to a stable value. When
the curve of downstream light field modulation tends to be stable, the secondary peak appears.
The inset is a partial enlargement of the modulation curves near the secondary peak. When the
width of the repaired contour increases, the secondary peak of the modulation curve increases
slightly. As for the mitigation pits with the width of 800 um and 1200 um, they are ~2.2 and
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~2.8, respectively. The modulation increases by 27%, which is not so big compared to the
50% increment in width. The diffraction pattern shown in the inset of Fig. 4 describes the light
intensity distribution caused by the mitigation pit with the width of 1200 um and depth of 10
um at the position where the downstream secondary peak modulation is. Light intensifications
are caused by on-axis hot spot and off-axis ring caustic in the diffracted field [24,32], which are
clear in this pattern. The maximum light intensity is at the center of the diffraction pattern. This
indicates that the repair width increment results in the enhancement of the on-axis hot spot at the
far position of the diffraction. Previous studies have also suggested that the on-axis hot spot is
related to the overall contour of the repaired area [32]. Thus, it can be believed that the secondary
peak due to the width increase is related to the on-axis hot spot that generated by diffraction.
Besides, the modulations of the secondary peaks are too small to cause laser damage. It could
not be paid more attention in the optics installation.

10 - T . T r : : :
j j w=800pm
—— w=1000um
8+ —— w=1200um

1 1
250 300

1 "
350 400

n 1 n 1 n 1 n 1 n
0 200 400 600 800 1000
Z (mm)
Fig. 4. Modulation curves of downstream light field modulation with respect to propagation
distance caused by the Gaussian mitigation pits with depth of 10 um and widths of 800 um,
1000 wm and 1200 pm, respectively. The inset is a partial enlargement of the modulation
curves near the secondary peak, wherein the inserted diffraction pattern describes the light

intensity distribution caused by the mitigation pit with the width of 1200 um and depth of 10
um at the position corresponding to the secondary peak.

4.2. Effect of the repair depth on the secondary peak

In order to determine the effect of the repair depth on the secondary peak, we calculated the
downstream light field modulation caused by the Gaussian mitigation pits with the width of 800
um and depths of 10 wm, 20 wm and 30 wm, respectively. Figure 5 is the curves of downstream
light field modulation with respect to laser propagation distance. Different from the effect of
the width variation of Gaussian mitigation pit on the rear KDP surface on the downstream light
field modulation, the modulation degree is more sensitive to the depth variation of the Gaussian
mitigation pit. The inset is a partial enlargement of the modulation curves near the secondary
peak. The secondary peaks of the downstream light field modulation generated by the Gaussian
mitigation pits with widths of 10 um, 20 um and 30 um are ~2.2, ~4 and ~2.6, respectively.
The modulation degree of light field increases firstly and then decreases with the increase of
the repairing depth. Its growth is nonlinear. From the secondary peak values of the light field
modulation, they increase significantly as the depths of mitigation pits increase. The repair depth
doubles from 10 pum to 20 wm. Then, the secondary peak gets 82% higher. Thus, the depth
variation has more influence on the secondary peak than the width variation. The cross section of
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light intensity distribution at the position corresponding to the secondary peak of the modulation
curve for the Gaussian mitigation pit with the width of 800 um and depth of 20 um is shown in
the inserted diffraction pattern in Fig. 5. As can be clearly seen from the pattern, the on-axis hot
spot dominates with the largest light intensity. The light intensity contrast is even more obvious
than that in the diffraction pattern of Fig. 4. The increase of the repair depth introduces more
phase components, which contributed to the enhancement of diffraction. However, for some
special damage points, deep mitigation contours should be designed for damage material removal.
Thus, for deeper Gaussian mitigation pits, it is important to reasonably avoid the secondary peak
of the downstream light intensification.

12 . . :
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Fig. 5. Modulation curves of downstream light field with respect to laser propagation
distance caused by the Gaussian mitigation pits with the width of 800 wm and depths of 10
um, 20 um and 30 wm, respectively. The inset is a partial enlargement of the modulation
curves near the secondary peak, wherein the inserted diffraction pattern describes the light
intensity distribution caused by the mitigation pit with width of 800 um and depth of 20 um
at the position corresponding to the secondary peak.

4.3. Effect of the depth error on the secondary peak

The solving results of the downstream light field modulation can be seen in Fig. 6. The three
curves correspond to the Gaussian mitigation pits with the depth error Ad of 0, 1 um and 2 pm,
respectively. All these curves rise slightly after 100mm. From the inset, the modulation of Ad =1
um increases the most among the range from 100 mm to 300mm. Compared with the secondary
peak of Ad =0, its value adds from 2.2 to 2.4. But as Ad increases to 2 um, the secondary peak
is not larger than that of Ad =1 um, even with some slight decline. This is similar to the effect of
depth on the variation of the secondary peak. The depth error would alter the overall depth of the
mitigation pit, which should be the reason for the similarity. However, different from the repair
depth variation, the depth error only changes the local details of the contour. Thus, the depth error
plays a minor effect on the secondary peak. As for the depth error less than 2, their secondary
peaks are all less than 3. The modulations are safe for downstream optical elements. The inserted
diffraction pattern describes the light intensity distribution caused by the mitigation pit with
Ad =1 um at the position corresponding to the secondary peak. The maximum light intensity is
located on the off-axis ring caustic. The off-axis ring caustic is mainly due to the arc contour
around the mitigation pit, which produces the effects like a convex lens [32,33]. According to the
theoretical analysis (Fig. 2(a)) in the Section 2, the depth error would generate curved steps at the
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edge of the repaired contour. This is the reason why the secondary peak rise with the depth error
added. Due to the lower enhancement of the secondary peak, depth errors less than 2 um caused
by the deviation on tool setting point are acceptable in the actual micro-milling process.

]0 T T T T T T T T
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Fig. 6. Modulation curves of downstream light field with respect to laser propagation
distance caused by the Gaussian mitigation pits with the depth error Ad of 0, 1 um and 2 pum,
respectively. The inset is a partial enlargement of the modulation curves near the secondary
peak, wherein the inserted diffraction pattern describes the light intensity distribution caused
by the mitigation pit with Ad =1 um at the position corresponding to the secondary peak.

4.4. Effect of the tilt error on the secondary peak

The modulation curves of downstream light field with respect to laser propagation distance are
exhibited in Fig. 7. These three curves correspond to the Gaussian mitigation pits with the tilt
error Af of 0, 1’ and 2’, respectively. In general, as the tilt error of the mitigation pit increases,
the tendencies of other modulation curves are nearly the same with the modulation over that of
AG =0. And these two curves fluctuate strongly. When A8 = 1’, the curve increases the most and
the secondary peak is greater than 3. The curve of A6 =2’ almost overlaps with the curve of
A@ =1’, with the secondary peak a little bit smaller. The results suggest that the small variation
of tilt error would have great influence on the modulation. It is because that the tilt error results
in a great change in the geometry of the mitigated contour. As shown in Fig. 2(b), the contour of
perfect spatial symmetry is broken. When a light beam passes through the surface, it is easier to
generate diffraction points with high light intensity. The inserted diffraction pattern is the light
intensity distribution caused by the mitigation pit with A@ =1’ at the position corresponding to
the secondary peak. Due to the tilt of the repaired profile, the bright rings are slightly offset to
one side, and not perfect concentric. The on-axis hot spot is also off the center with the largest
light intensity. The modulation degree exceeds 3, which would cause ionization breakdown or
high-temperature ablation for the downstream optics, resulting in irreversible material damage.
Thus, the tilt error should be controlled within 1’.

4.5. Experiment on the downstream light field modulation

The Gaussian mitigation pit on the KDP surface was first fabricated. Considering the influence
of machined surface quality on downstream light field modulation, we selected a mitigation pit
with larger width-depth ratio under the premise of meeting the basic criteria of width-depth
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Fig. 7. Modulation curves of downstream light field with respect to laser propagation
distance caused by the Gaussian mitigation pits with the tilt error Ag of 0, 1” and 2’,
respectively. The inset is a partial enlargement of the modulation curves near the secondary
peak, wherein the inserted diffraction pattern describes the light intensity distribution caused

by the mitigation pit with depth error A@ =1’ at the position corresponding to the secondary
peak.

ratio. Figure 8 is microscopic morphology of the manufactured surface observed by the micro-
profilometer. The three-dimensional contour of the whole mitigation pit is displayed in Fig. 8(a).
In general, the mitigation pit is of good machining quality, with smooth surface and no burrs.
Its surface roughness is controlled under 30 nm. The geometric contour after micro-milling
processes in the three-dimensional view can show the characteristics of the pre-designed Gaussian
contour. Due to the depth error and tilt error in the machining process, the overall mitigated
contour is inclined with the curved steps on the edges, which can be seen in Fig. 8(b). The depth
error Ad and tilt error A9 are 8.13 um and 4.42’, respectively. Besides, both the width and the
depth of the Gaussian mitigation pits expand for that reason.
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Fig. 8. Microscopic morphology of the manufactured Gaussian mitigation pit. (a) The
three-dimensional contour. (b) The two-dimensional profile.

Using the testing morphology of the fabricated Gaussian mitigation pit in Fig. 8, we have
simulated the downstream light field modulation caused by the mitigated contour. Since the same
mitigation pit is used in the experiments of downstream light intensity detection, it is believed
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that the structure parameters of the mitigation contours used for experiment and simulation are
consistent. The calculations and experiments on the downstream light field modulation are shown
in Fig. 9. In the graph, they are represented by the blue curve and the red curve, respectively. As
we can see, these two curves show similar trends. With the light propagation distance 10 mm <
Z < 50 mm, the curves drop steeply. When Z is more than 50 mm, there are three peaks (I, II and
IIT in the graph) in both of them. Besides, the three peaks increase with the diffraction distance.
The maximum of them is located in a position ~180 mm far from the rear KDP surface. The
modulations of the calculations and the experiments in this distance are greater than 5. It would
threaten the downstream optics with laser damage crisis in the engineering application. With Z
over 400 mm, the curves tend to be stable. The experimental results in the blue, green and red
regions correspond to the diffraction patterns on the right, respectively. The light propagation
distance Z of the diffraction patterns in the first blue row is 50 mm ~ 70 mm (Figs. 9(a)-(c)). The
brightness of the off-axis ring caustic in these patterns gradually increases. According to the
analysis in Section 4.3, the arc edge due to the depth error is a major cause. Although the depth
error is 8.13 um, the induced modulation does not increase much. Thus, it suggests that the depth
error has limited influence on the secondary peak, and the standard of depth error less than 2 um
is safe enough. The diffraction patterns in the second green row are corresponding to Z of 70 mm
~ 100 mm (Figs. 9(d)-(f)), with the modulation larger than the first blue row. There is an on-axis
hot spot in the center of the pattern with the highlight. As for diffraction patterns in the third red
row corresponding to Z of 100 mm ~ 200 mm (Figs. 9(g)-(i)), the maximum light intensity is still
in the center. The difference is that the modulation has increased significantly. The offset on-axis
hot spot can be used as evidence that the tilt error would increase the secondary peak. But both
the width and depth also contribute to on-axis hot spot in the far-field. Thus, the modulation in
the peak II and the peak III can be considered as a combination effect of all three. The maximum
modulation in the peak III is very big, which demonstrates the effects of width, depth, and tilt
error. According to the simulation results, the tilt error should be controlled below 1’. The width
and depth can be designed based on the actual damage site and the secondary peak should be
avoided in the application.
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Fig. 9. Comparison between the calculations and experiments. The curves of downstream
light field modulation caused by the manufactured Gaussian mitigation pit on the rear
KDP surface are displayed in the graph. The blue represents the calculation results of
downstream light field modulation. The red one is fitted according to the experimental data.
The diffraction patterns (a-i) on the right side are obtained by experimental detection. The
photographs in each row are correspond to locations inside the regions with the same color
in the left graph.
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As for the error between experiments and simulations, it may be due to the influence of stray
light during the experiment. In a word, the experiments verify the correctness of the simulations
to some extent. What’s more, the research proves that the morphology factor of the Gaussian
mitigation pits, such as the depth, the width, the depth error and the tilt error would affect the
secondary peak of the downstream light field modulation.

5. Conclusion

The effects of Gaussian mitigation pits on the rear surface of KDP crystals with various width,
depth, depth error and tilt error on the secondary peak of downstream light field modulation were
theoretically and experimentally investigated. The depth error would strengthen the off-axis ring
caustic and increase the secondary peak. The other parameters of the width, depth and tilt error
affect the secondary peak mainly due to the modulation at the on-axis hot spot. The modulation
variation of the secondary peak caused by the width and depth error is small. The depth error
less than 2 um can be acceptable. When the components actually installing, it is unnecessary to
worry about the width variation on the secondary peak, and the modulation would not affect the
downstream optical components generally. However, the depth and the tilt error play vital roles in
the secondary peak. In order to ensure the safety of system operation, the tilt error of the mitigated
contour is supposed to be controlled within 1’. The depth should also be optimized according to
the operating conditions. The experimental results also well verified the simulations based on the
diffraction theory, as well as the structure parameter effects of the Gaussian mitigation pit on the
secondary peak. This work provides further insights in understanding the mitigation effects of
the Gaussian contours on the KDP surface by micro-milling. Besides, the conclusions could also
be referenced in the engineering applications like mitigation pits fabrication or optics element
installation.
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