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Abstract: In the micro-milling repair process of surface defects on KH2PO4 (KDP) optics,
residual tool marks are inevitably introduced on repaired surfaces. These tool marks could
present great potential risks in lowering laser-induced damage thresholds of repaired KDP optics,
which has not been reported in the previous works. In this work, the formation process of
micro-milled tool marks was initially modeled and then the effect of these residual marks on
the optical performance of KDP optics was investigated theoretically and experimentally. A
3D surface generation model for repair contours is proposed to predict the profiles of residual
tool marks on micro ball-end milled surfaces, and then a numerical FEM model adopting the
calculated profiles of residual tool marks is established to investigate the light intensification
inside KDP optics based on electromagnetic theory. The relationship between repair machining
processes, tool marks profiles and light intensifications as well as laser damage resistance of
repaired KDP optics, has been discussed comprehensively and systematically. Practical repair
experiments and laser damage tests verified the theoretical results very well. It revealed that
the residual height of tool marks can induce apparent diffraction effect, consequently causing
severe light intensification inside KDP optics. The micro milling strategies (e.g. a combination
of layer-milling and spiral milling paths) can also exert a positive role in improving the laser
damage resistance of KDP optics. An optimized repair process flow, adopting layer-milling path
as rough milling and employing spiral-milling with path intervals of 10∼15 µm as fine milling,
is recommended for the future practical engineering repair of full-aperture KDP optics in ICF
facilities.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Owing to the excellent nonlinear optical and electro-optical properties, potassium dihydrogen
phosphate (KH2PO4/KDP) crystals are currently the unique candidate for terminal frequency
converters and optical switch-Pockels cells in the laser-driven inertial confinement fusion (ICF)
facilities [1,2], such as the National Ignition Facility (NIF) in the USA [3] and the SG-III
in China [4]. Nevertheless, some micro-defects (e.g., cracks, laser ablation) are vulnerable
generated on the surfaces of KDP optics during the ultra-precision fly-cut process and high-power
laser pre-irradiation because of its soft-brittle mechanical properties [5,6]. These defects can
dramatically grow under the subsequent high-power laser irradiation, eventually resulting in the
failure of the whole optical element [7–9]. Considering the expensive cost of crystal growth [10],
it is of great significance to repair these defects for curbing the damage growth and improving the
laser-induced damage threshold (LIDT) of KDP optics. During the last decades, many advanced
techniques, including micro-machining, short-pulse laser ablation, water etching [11], and CO2

#370494 https://doi.org/10.1364/OME.9.003789
Journal © 2019 Received 19 Jun 2019; revised 8 Aug 2019; accepted 8 Aug 2019; published 26 Aug 2019

https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OME.9.003789&amp;domain=pdf&amp;date_stamp=2019-08-26


Research Article Vol. 9, No. 9 / 1 September 2019 / Optical Materials Express 3790

laser melting, have been employed to repair micro-defects on KDP surfaces [12]. Among them,
micro-milling has been recognized as the most promising method to achieve repair tasks and can
be applied in the future engineering mitigation of large-aperture KDP optics [13].
To promote the practical application of micro-milling repair technique in the construction

of ICF facilities, considerable efforts have been devoted to the ductile-regime machining of
KDP crystal and the optimization of repair contours. The first one mainly deals with the cutting
mechanism of brittle-to-ductile transition in KDP machining process for obtaining a smooth and
fracture-free surface [14–16], and the other one focuses on how to design suitable mitigation
contours (e.g. Gaussian, conical and spherical pits) for various types of surface defects with the
aim of ensuring the minimum loss of laser damage resistance [17,18]. However, in addition to
these two aspects, there is another point that could severely affect the laser damage resistance
of repaired KDP optics, which is the surface morphologies on repaired KDP surface. Actually,
after micro ball-end milling process, residual tool marks, the major component of repaired
surface morphologies, are inevitably generated on machined surfaces due to the geometric
cutter-workpiece intersection between successive cutting paths [19]. The height of micro-milled
tool marks is normally at hundreds of nanometers, which is very close to the working laser
wavelength in ICF facilities. There is no doubt that these residual tool marks could exert a
significant impact on the optical performance of KDP optics. But to the state of art, this issue
concerning the detailed role of residual tool marks has not been realized and remains to be
explored systematically.

In this respect, studying the formation mechanism of tool marks in the micro-milling process
is of high importance. Chen [20] pointed out that tool marks generated in the milling process
are the result of the interaction between the ball-shape cutter and workpiece when the cutter
moves along successive paths separated by an offset distance (named path interval). Irene [21]
revealed that the morphology of tool marks is a function of machining parameters (e.g. depth
of cut, feed per tooth and path interval). Peng [22] and Li [23] further reported that machined
surface textures can be controlled by inclining cutters along different feed direction. To observe
the formation process of tool marks directly, Chen [24,25] has developed a surface generation
model and achieved an accurate prediction of surface textures after machining. However, these
previous works only considered the situation that all machined surfaces are only two-dimension
planes and have not come to complex three-dimension (3D) curved surfaces. These curved
surfaces normally possess varying radius of gyration or varying curvature [17]. This means when
fabricating the predesigned mitigation contours, the micro ball-end milling cutter is supposed
to move along more complicated trajectories rather than simple parallel linear paths [26,27].
Besides, the machining parameters would also exert a different impact on the dynamic interaction
between the ball-shaped cutter and workpiece as the change of gyration radius [28]. But the
knowledge of the relationship between machining factors and the generation of tool marks is
still lacking when micro-milling complex curved surfaces. Thus, the formation mechanism of
tool marks on repaired contours is in urgent need to optimize the micro-milling repair process of
KDP optics.

For improving the laser damage resistance of KDP optics, a great deal of effort has been also
made to explore the damage mechanism when they are irradiated under the high-power laser.
The damage initiation and growth are found to be closely associated with light intensification,
enhanced scattering and nonlinear heat absorption [29,30]. Among them, the light intensification
has been identified as the primary cause of laser damage growth. Using light intensification as
an evaluation index for characterizing the laser damage resistance, Cheng [6] figured out that
light field intensities inside KDP optics can be modulated heavily by surfaces cracks and the
modulation extent is closely dependent on laser wavelength, crack geometry and crack position.
Li [31] stated that scratches can distort heavily the local optical fields of incident laser, and
consequently reduce the LIDT of KDP optics by more than 30%. One can see that any structure



Research Article Vol. 9, No. 9 / 1 September 2019 / Optical Materials Express 3791

change on KDP original surfaces could exert a direct impact on its internal light field intensity. In
our previous works, we have designed and optimized repair contours for different types of surface
cracks to effectively improve LIDTs of repaired KDP optics [17,32]. Larger width-to-depth
ratio (more than 5) is recommended for each type of contours because this size can avoid the
occurrence of total reflection effect and is beneficial to reduce the light intensification. But
these works just regarded the micro-milled contours as ideally smooth surfaces and ignored the
existence of residual tool marks. Hence, taking a thorough investigation on the influence of
residual tool marks on laser damage resistance can not only enhance our understanding of laser
damage mechanisms but also provides instructive guidance for the practical repairing process of
full-aperture KDP optics.

To fill the gap mentioned above, the effect of residual tool marks on the optical performance of
micro-milled KDP optics was investigated in this work. Firstly, a 3D surface generation model
for repair contours is developed to acquire the residual tool marks profiles on repaired surfaces.
Then, adopting these calculated tool marks profiles, a numerical model based on electromagnetic
theory is proposed to simulate the light intensification induced by tool marks using the finite
element method (FEM). Further, the relationship between repair machining process, tool marks
morphology and light intensification has been discussed comprehensively and systematically.
Finally, practical repair experiments and corresponding laser damage tests have been carried out.
The experimental results agree well with the simulation results and an optimization micro-milling
repair process is recommended for enhancing the laser damage resistance of KDP optics.

2. Material and experiments

2.1. Fabrication of conical mitigation pits on KDP optics

A homebuilt multi-axis repairing machine tool has been developed. This equipment can achieve
some specific functions for the repairing process of KDP surface defects, including fast defect
identification, repairing monitoring, precision tool pre-setting and micro-milling repairing.
Figure 1 shows the micro-milling system for the repair of micro-defects. A high-speed motorized
spindle (BMJ-320, NAKANISHI) used in this machine can achieve a maximum speed of 80,000
RPM. The moving stage is linear motion units, which can achieve the resolution of 0.01 µm, 0.01
µm and 0.05µm along X, Y, Z axis, respectively. After fabricated by fly-cutting, a KDP crystal
bulk with a dimension of 50× 50× 10 mm was employed as the workpiece. A cubic boron nitride
micro ball-end milling cutter with a radius of 0.25 mm was utilized in the repairing experiments
(SSBL 200, NS Tool). This micro-milling cutter has two cutting edges and possesses a helix
angle of zero degrees. Meanwhile, the spindle was tilted with an angle of 45° to the horizontal
level.

Fig. 1. Images of machining equipment: (a) the micro-milling sub-system; (b) the micro
ball-end milling cutter.

In the current study of repairing KDP optics, the layer-milling is adopted as the general way to
transfer micro-defects to smooth contours, but the machined surface quality is not pretty good.
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Thus, to better improve the optical performance of repaired KDP optics, an optimal milling
approach is proposed in this work, combining the layer-milling and spiral-milling process. The
essential difference between these two kinds of milling strategies is the trajectory of the cutter in
micro-milling process. In the layer-milling process, the damaged material is normally removed
by layer-by-layer, while in the spiral-milling process the cutter can fabricate the predesigned
contours along a spiral trajectory with a constant path interval. How milling strategies influence
the surface morphology is also the primary purpose of this work and will be discussed later. The
path interval used in the layer-milling process was set as 40 µm as it can not only improve the
machining efficiency but also guarantee the ductile-regime machining. While in spiral-milling
process, the path interval was set from 5 µm to 30 µm (in steps of 5 µm). The depth of cut was
set as 1µm as this is the allowed minimum value due to the ploughing effect [33], indicating that
the repaired surface quality using the depth of cut of 1µm is close to the best surface quality
at the same milling condition. The spindle speed and feed rate were set as 50,000 RPM and
1.2 mm/s, respectively, as listed in Table 1. Owing to the soft-brittle property of KDP crystals,
brittle-regime machining could be easily caused by even very small cutting forces, causing cracks
or fracture left on the machined surfaces. One of our previous research [15] has revealed that the
undeformed chip thickness plays a vital role in the brittle-to-ductile transition and stated that the
machining parameters should be selected carefully when micro-milling KDP crystals. All of
these parameters have been proved to benefit the ductile-regime machining of KDP crystal, and
can be referred in Ref. [34,35].

Table 1. Parameters applied in micro-milling mitigation contours on KDP surfaces.

Parameters Values

Cutter radius R (µm) 250

Milling strategy Layer-milling; Spiral milling

Feed rate f (mm/min) 48

Cutting depth ap (µm) 0.1

Spindle speed n (RPM) 50000

Spindle inclining angle (°) 45

Path intervals (µm) Layer-milling: 40

Spiral-milling:5,10,15,20,25,30

The morphology of repaired pits was observed by white light interferometer (Newview 8200,
Zygo), which can also be used to measure the surface roughness. The morphology of tool marks
was observed by AFM (Dimension 3100, Veeco) and SEM (JCM-5000, JEOL). Benefitting from
the nanoscale resolution of AFM, the residual tool marks height can be accurately acquired. For
each repaired contour, the surface roughness and residual tool marks height are the average value
in five times tests.

2.2. Test of the optical performance of micro-milled KDP optics

The influence of various tool marks on the optical performance of repaired KDP optics can
be evaluated by the optical transmittance capacity and laser damage resistance through laser
irradiation experiments. Conical mitigation contours were firstly fabricated using various path
intervals listed in Table 1. For each path intervals, a total of 10 test sites were produced. Then, the
optical transmittance of these samples was tested via Lambda 950 spectrophotometer, which can
measure the transmittance of optics at wavelengths from 900 nm to 1200 nm. After irradiation,
the transmittance at 1064 nm wavelength was picked up and estimated as the average values to
qualitatively validate the calculated light intensification induced by various tool marks.
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The laser damage test was also carried out to measure the LIDTs and to evaluate the laser
damage resistance of repaired KDP optics with different tool marks. Figure 2 illustrates the
schematic of the laser damage test system, which consists of the Nd: YAG lasers, high precision
translation stage, and laser focusing lens, etc. The intense pulsed lasers used in tests worked at
the wavelength 1064 nm, the pulse duration 10 ns and the pulse repetition frequency 1 Hz. The
laser normally irradiated on repaired KDP mitigation contours, which was mounted on the 3-axis
transition stage. In addition, an in-situ CCD camera was employed to monitor the morphology
evolution of sample surfaces. The R-on-1 [7] protocol was adopted in this work, and for each
kind of repaired surfaces, a total of 10 test sites were irradiated with laser fluence ramping up
until the damage takes place. The LIDT is estimated as the average value of the lowest fluence
corresponding to the initiation of laser damage. More experimental details can be found in Refs.
[32,36].

Fig. 2. Schematic of the laser system designed to test the LIDTs of micro-milled KDP
surfaces [36].

3. Modeling of repaired contour formation and residual tool marks

3.1. Characterization of tool marks on micro-milled conical contours

Figure 3 illustrates the schematic of micro ball-end milling repair processes of surface defects on
KDP optics. One can see that a micro ball-end milling cutter could remove surface defects along
predesigned paths, and then transfer them into predesigned contours like conical contours. But
due to the geometric tool-workpiece intersection between successive cutting paths (Oi and Oi+1),
a shaded area ABC, named residual tool mark, will be inevitable left on the machined surface.
These tool marks normally possess a residual height of several hundred nanometers which is
very close to the working laser wavelength in ICF facilities. Therefore, these periodical surface
micro-structures must exert a direct role in the light propagation once the repaired KDP optics
are irradiated by the high-power laser.
To clarify it better, Fig. 4 displays the morphology of practically repaired conical contours

and corresponding residual tool marks. One can see that residual tool marks on conical contour
surfaces are clearly visible and mainly distribute perpendicular with the feed direction. In
contrast, the residual tool marks along feed direction are so small that their impact on the laser
damage resistance of KDP optics can be ignored [37]. Similarly, the high-frequency features on
the repaired surfaces, as shown in Fig. 4(b) should also be neglected in this work. Meanwhile,
the period of these tool marks is approximately equal to path interval (15 um) used in the
spiral-milling process. The section profile, as shown in Fig. 4(d), verifies that the formation of
tool marks is due to the overlapping of adjacent two ball-end shape milling cutter. The above
experimental results can effectively verify the existence of residual tool marks and indicate that
the influence of tool marks cannot be ignored when analyzing the surface quality as well as the
optical performance of repaired KDP crystal.
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Fig. 3. Schematic of the generation process of tool marks in the micro ball-end milling
repair process of KDP optics.

Fig. 4. Morphologies of repaired conical contour measured by optical profiler (a) and tool
marks measured by AFM (b) an SEM (c). (d) is the cross-section profile of tool marks
extracted from (b).
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3.2. Surface generation modeling in micro-milling conical contours

With the aim to accurately predict the morphology of residual tool marks, one calculation
algorithm based on homogeneous matrix transformation (HMT) was developed to predict the
surface morphology of conical pit after machining. And it mainly consists of the following
steps: Firstly, the cutting edge is discretized into a series of points and is described with a
numerical function. Secondly, the dynamic function of all discretized points on the cutting is
also established based on the HMT. Finally, the Z-Map method considering various milling
trajectories is applied to predict the final machined surface.

3.2.1. Cutting edge modeling and the homogeneous matrix transformation

To obtain the surface topography of the repaired workpiece, a spherical coordinate system is first
established. The geometry of the ball-end milling tool and corresponding cutting edges is present
in Fig. 5. The cutter spherical center O is defined as the origin point of XcYcZc tool coordinate
system. For any point Pi, its position can be expressed by two parameters: (i) included angle α
between line OPi and OX axis; (ii) included angle β between OPi and OZ axis; Therefore, the
coordinate function of point Pi can be expressed as

xi = Ri · sin βi · cosαi

yi = Ri · sin βi · sinαi

zi = −Ri · cos βi

(1)

In the micro-milling process, the movement of cutting edge is dynamic, consisting of the rotation
around the cutter axis and the translation with the cutter. The rotation movement will change the
phase angle α of point Pi while the translation movement will change the relative position of Pi to
global coordinate, as shown in Fig. 5(c) and (d). Assume the ball-end milling cutter moves along
a specific path from location A (x0, y0, z0) to location B (xt, yt, zt), the coordinate of infinitesimal
point Pi relative to the workpiece coordinate can be described as:
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(2)

where fx, fy, fz denote the components of feed rate along with different coordinate directions.
The top-point of ball-end milling cutter possess a zero-cutting speed and could damage the

machined surface quality [34]. Thus, tilting the tool-axis with an inclination angle relative to the
normal direction of the machined surface is a usual method to avoid cutter top-point engaging
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Fig. 5. Illustration of ball-end milling cutter geometry (a)–(c) and the cutter movement in
the workpiece coordinate system.

into cutting. Once the tool-axis is tilted, the coordinate will become as
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where βx, βy are the inclination angles of the cutter relative to the original coordinate system
XcoYcoZco.

The Eq. (3) is the dynamic function of the cutting edge for a ball-end milling cutter in
micro-milling process.

3.2.2. Surface generation simulation

As mentioned above, layer-milling and spiral-milling paths are used as main milling strategies to
repair KDP optics in this work. Figure 6 displays the schematics of layer-milling and spiral-milling
strategies, respectively. In layer-milling process, a layer-by-layer milling path is adopted to
remove the damaged KDP material as shown in Fig. 6(a). That is to say, at the same depth of
repaired pits, the cutter will feed along a concentric circle path by increasing the gyration radius
with a step of 40 µm, and when this cutter reaches the contour boundary, it will go down to the
next layer with a depth of cut of 1 µm and continue to feed along concentric circular paths. It
can be found that residual tool marks are generated at the contour boundary by the geometric
tool-workpiece intersection between adjacent layers rather than adjacent paths. This is because,
for all tool marks on each layer, only the outermost tool marks will be retained and the other inner
tool marks will be removed during the next layer milling process. Thus, the formation of residual
tool marks is dependent on the thickness of each layer and has no relationship with path interval.
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Fig. 6. The milling path in layer-milling (a) and spiral-milling process (b).

While in the spiral-milling process, a spiral milling path is adopted to fabricate the aimed
contours with a constant path interval. As shown in Fig. 6(b), the cutter starts milling process at
the bottom of the aimed contours and then gradually goes up along the spiral trajectory. One
can see that residual tool marks are generated by the geometric intersection between adjacent
milling paths. Therefore, as opposed to layer-milling process, the path interval would have a vital
influence in the formation of residual tool marks in spiral-milling process.
These milling paths can be generated based on Computer Aided Manufacturing (CAM)

software and the corresponding manufacturing codes can also be easily acquired. The diameter
and depth of these conical contours are 800µm and 20µm, respectively. The Z-Map method is
employed to generate the final machined surface [25]. This method is to plot the minimum Z as a
function of X- and Y-coordinate in the workpiece coordinate system. The simulation accuracy
(∆s), indicating the resolution of simulated results, is set as 0.1 µm. This value (∆s) ought to be
less than the calculation accuracy (∆f ) which denotes the discrete resolution of cutting edges.
That is to say, the ∆s should satisfy the following condition:

4s ≥ (Rω + f ) · 4t

4s ≥ R4β
(4)

The parameters used in the simulation are listed in Table 1. Substituting these parameters in
Eq. (4), the time discrete resolution is calculated to be less than 1×10−9 s and the discrete arc
length less than 4×10−3 rad.
After calculation, the next step is to analyze the simulation data and calculate the residual

height of tool marks and surface roughness. As shown in Fig. 7, point A is one peak of calculated
tool marks profiles and line BC denotes the section profile of ideal conical mitigation contour.
The angle γ is inclining angle of conical contours. Thus, the residual height of tool marks can be
estimated as the difference between the peak of whole tool marks and the ideal surface, expressed
by the following equation:

h = AC = ABmax sin(γ) (5)
And the surface roughness is referred to the arithmetic average value of tool marks profile
determined from deviations about ideal mitigation contour within the evaluation length. And it
can be expressed as:

Ra =
1
l

l∫
0

AiBidx (6)
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where AiBi denotes the difference between tool marks and ideal mitigation contour.

Fig. 7. Illustration of the calculation of tool marks on micro-milled mitigation contours.

4. Light intensification simulation induced by residual tool marks

Once the practical repair contours are acquired, the calculated results can be employed to build
the actual profiles of residual tool marks for simulating the light modulation inside micro-milled
KDP optics. Because the laser-induced damage of KDP is a complex process, which involves the
anisotropy of KDP and the nonlinear heat absorption, it is very challenging to precisely simulate
the damage process of KDP optics caused by residual tool marks and to build their theoretical
relationship. Thus, some assumptions are made in this work: the KDP crystal is homogeneous
and isotropic; the heat absorption during laser irradiation is ignored in the following simulation.
Besides, the light intensification inside KDP is used to characterize the laser damage resistance
of repaired KDP optics with various tool marks.
The model design and calculating details considering different tool marks morphologies

are shown in Fig. 8. The light intensity modulation can be solved by Finite Element Method
(FEM). As the light is a specific kind of electromagnetic wave, the propagation of laser can be
regarded as the irradiation process of an electromagnetic wave, which conforms to the rigorous
electromagnetic field theory. Because the electric field intensity has a functional relationship
with light intensity, the electric field intensification induced by various residual tool marks is
theoretically investigated. The nonhomogeneous vector wave equation of the electric field can be
expressed by [29]:

∇ × (∇ × E) − κ2εrE = 0 (7)

where ∇ is the differential operator, E, κ and εc denote electric field intensity, wave number and
relative dielectric constant, respectively.

Fig. 8. The schematic of the FEM model for simulating the EM fields caused by residual
tool marks on micro-milled mitigation contours
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As shown in Fig. 8, the laser incident direction is parallel to Z-axis. Thus, the component (Ez)
of Eq. (7) in the Z-axis direction can be described as:

∂

∂x

(
1
µr

∂Ez
∂x

)
+
∂

∂y

(
1
µr

∂Ez
∂y

)
+ k20εrEz = 0 (8)

where k0 = ω
√
ε0µ0 denotes the free-space wavenumber.

A time-harmonic plane electromagnetic wave with TE model was adopted as the incident
laser and its electric field intensity was normalized as 1V/m. A scattering boundary condition
(SBC) is applied in the laser coming- and outgoing-boundary while a perfect magnetic conductor
(PMC) is adopted for the boundaries which are parallel to the laser propagation direction. A
reasonable meshing for the calculated domain can greatly improve the solution accuracy and
save the calculation time. In this work, a free triangle mesh with two sizes of grids was adopted.
Refine grids with a maximum dimension of 20 nm were employed to divide the domain in the
vicinity of residual tool marks, and slightly bigger but no more than 50 nm grids were used in
the other area to enhance the calculation efficiency. Meanwhile, under the incident wave of
1064 nm, the relative dielectric constant ε r is 1.49, the corresponding electric conductivity σ and
relative magnetic permeability µr are 0 and 1.0, respectively. The detailed parameters used in the
simulation process are listed in Table 2.

Table 2. Parameters applied in light intensification simulation models.

wave length (w) relative dielectric constant (ε r) electric conductivity (σ) relative magnetic permeability (µr)

1064 nm 1.49 0.0 1.0

The light intensity inside optics is given by [38]:

I =
1
2

RE[E × H∗] =
1
2

√
ε

µ
|E |2 (9)

where |E/H | is equal to
√
µ/ε for a time-harmonic plane electromagnetic wave.

From Eq. (9), one can see the light intensity is clearly proportional to the square of the
electrical field (|E |2). As mentioned above, the light intensification has been found to be closely
related to the laser-induced damage growth of KDP crystals and other optics [29]. Once the
light intensification exceeds a critical value, impact ionization and photon-ionization would take
place. The thermal absorption of free electrons could also enhance the deterioration of the laser
transmission of KDP optics [6]. Therefore, we introduced the maximum relative light intensity
modulation (IRmax) here to characterize the laser damage resistance of repaired KDP optics with
various tool marks:

IR max =
Imax
I0

(10)

where I0 is the ideal light intensity inside the original KDP crystal with no tool marks, and IRmax
is the maximum light intensity inside KDP crystal modulated by residual tool marks. It is clear
to understand that the larger IRmax is, the more probably to suffer from laser damage the KDP
optics are.

To verify the accuracy and feasibility of the built FEM model, the light intensity I0 inside flat
KDP surface with no tool marks was calculated. It is found that the calculated I0= 1.2759×10−3

W/m2 is very close to the theoretical one Itheo= 1.2756×10−3 W/m2 according to the theory of
Fresnel reflections [39], proving the proposed method is accurate and reasonable.
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5. Results and discussions

5.1. The simulation results of repaired contours and tool mark profiles

The surface simulation was carried out based on Matlab using the parameters listed in Table 1.
Figure 9 displays the simulation results of conical contours (width: 800 µm×height: 20 µm)
adopting layer-milling and spiral-milling paths, respectively. Because the inclined angle (γ) of
conical pits keeps the same with the change of contour height, only the bottoms (width: 200
µm×height: 5 µm) of conical pits were exhibited. One can see that the surface contour adopting
spiral-milling path is smoother than that adopting layer-milling path. And the simulated tool
marks profiles can be acquired by extracting the cross-section contour on X-Z surface. As shown
in Fig. 9(c), the fluctuations of residual tool marks on the spiral-milled surface is slight than
that on the layer-milled surfaces with 10 µm path interval. Thus, the spiral-milling process has
a more powerful ability than layer-milling to produce slightly tool marks with lower residual
height. This indicates that the spiral-milled surfaces may have a better optical performance than
layer-milled surfaces, which will be discussed in next section. It is interesting to find that although
the designed depth for every mitigation contour is 20 µm, the practical machined depth in the
layer-milling process is less than 20 µm. This is because the circle milling path cannot be formed
at the bottom of conical contours in the layer-milling process due to the narrow workspace. In
addition, the cutter moving along a smaller circle path can fabricate a salient point at the contour
bottom, as shown in Fig. 9(c). This salient point can be removed if the cutter moves with a zero
radius by only feeding in Z-axis direction. But there is no need to perform this step as it has no
positive effect on decreasing tool marks residual height at both sides of the repaired contours.
Meanwhile, this salient point and the other residual tool marks could be amended by an optimal
repair process proposed in Section 5.3, adopting layer-milling path as rough-finish milling and
employing spiral-milling as fine-finish milling. Anyway, the spiral-milled contour is closer to the
predesigned conical contours when comparing with the layer-milled one.

Fig. 9. Simulation results of conical mitigation contours processed by layer-milling (a) and
spiral-milling (b), respectively. (c) shows the tool marks profiles extracted from (a) and (b).
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Meanwhile, the practical repairing experiments were also carried out using the same parameters
(width: 800 µm× height: 20 µm). The AFM and white light interference were utilized to measure
the machined surface morphologies and quality. Figure 10 shows the simulation results and
experimental results in terms of surface roughness (Ra) and residual height (H). One can see that
no matter for Ra or H, the simulation values and measured values agree well with each other.
This means that the calculation Eqs. (5) and (6) of Ra and H are all accurate enough to evaluate
the simulated results. Only a tiny discrepancy occurs in spiral-milling process at small path
intervals (P= 5 µm), which may be caused by the plowing effect when the undeformed cutting
depth is very small [14]. Thus, it can be emphasized that the simulation values are well consistent
with the experimental results in the parameter domains in this work. In addition, as shown in
Fig. 10(b)–(c), the morphology of simulated tool marks coincides well with that of measured
one, evidencing the accuracy and rationality of the proposed surface simulation model.

Fig. 10. The comparison of simulation and experiments results: (a) surface roughness (Ra)
and residual height of tool marks (H); (b) the simulated tool marks morphology; (c) the
measured tool marks morphology.

5.2. Light intensification induced by residual tool marks

5.2.1. Light intensification caused by spiral-milled tool marks

To investigate the influence of tool marks on the optical performance of spiral-milled KDP optics,
the simulated tool marks profiles were adopted in the proposed FEM model to calculate the light
intensity modulation inside KDP optics. The path intervals used in the simulation process were
set from 5 µm to 30 µm in a step of 5 µm.

Figure 11 shows the evolution of IRmax induced by residual tool marks with respect to various
path intervals on front- and rear-surfaces, respectively. As for the front surface processed by
spiral-milling, the light intensification (IRmax) witnesses a slight decrease when the path intervals
were at small values, reaching to the minimum at a path interval of 10 µm. Then there is a sharp
upward trend in the IRmax with the increase of path intervals, peaking at 30 µm path interval
(IRmax = 1.48). Meanwhile, a similar trend is found in the evolution of IRmax with respect to
residual tool marks on rear-surface, but it is necessary to note that the IRmax caused by rear-surface
tool marks is higher than that caused by front-surface tool marks for all path intervals. Besides,
the IRmax for layer-milled surfaces is quite different from that for spiral-milled surface, which will
be discussed in the next section.

Figure 12 shows the light intensity distributions inside KDP optics in case of tool marks with
10 µm and 30 µm path intervals. One can see that because of the modulation of tool marks,
some light intensifications take place inside optics, causing the original uniform-distributed
light field distorted severely. Taking front-surface tool marks with a path interval of 30 µm
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Fig. 11. The calculated light intensification IRmax induced by tool marks generated in
different milling strategies. The path intervals used in the spiral-milling process are in the
range from 5 µm to 30 µm in the step of 5 µm.

for instance, strong light intensifications, up to around 1.5 times, take place right beneath the
peak point of residual tool marks, indicating that the corresponding spiral-milled surfaces are at
higher risk of being damaged. Some diffraction ripples are clearly visible, which are formed
by cross distribution between the light-enhanced regions and weakened regions, as shown in
Fig. 12(c). It means that the diffraction effect is the primary cause for the light intensification
inside micro-milled KDP surfaces [40]. As for the rear-surface under the same path interval, the
induced IRmax is 3.2 times than the original surface with no tool marks. As can be seen from
Fig. 12(d), destructive interference has been resulted from the interaction between the incident
wave and reflected wave, causing higher IRmax around the rear-surface tool marks. This finding
can quietly explain why the rear surfaces of KDP optics are more vulnerable to be damaged than
the front surface in the practical operation of ICF facilities [6].

Fig. 12. The internal distributions of light intensity modulation induced by spiral-milled
tool marks with path intervals of 10 µm (a, b) and 30 µm (c, d). (a) and (c)is in case of tool
marks on KDP front-surface; (b) and (d) are in case of tool marks on KDP rear-surface.

When it comes to tool marks with a path interval of 10 µm, no matter for front-surface or
rear surface, the induced light intensification is quite slightly. This scenario is attributed to the
smaller residual height (less than 100 nm), as shown in Fig. 10. Besides, these IRmax values are
also slightly lower than that related to the path interval of 5 µm. Two factors are responsible
for the occurrence of relative stronger light intensification with respect to path interval of 5 µm.
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One is due to the slightly higher residual height at 5 µm, as mentioned above. The other one
is that with the decrease of path interval, the diffracted ripples induced by adjacent two marks
could interfere with each other, further enhancing the light intensity [18]. Thus, based on the
simulation results, the path intervals in the range from 10 to 15 um are beneficial to reduce the
light intensification for spiral milling process of KDP optics.

5.2.2. Difference in light intensification induced by spiral- and layer-milled tool marks

To compare the effect of various milling paths on the optical performance of the repaired optics,
the light intensification induced by layer-milled tool marks were also calculated. As shown in
Fig. 11, it is interesting to find that the light intensification related to layer-milled tool marks is
quite different from that related to spiral-milled ones. On the one hand, the IRmax induced by
layer-milled tool marks is higher than that induced by spiral-milled tool marks with periods of
5-15 µm. On the other hand, this value is lower than that with periods of 20-30 µm. In other
words, the IRmax induced by layer-milled tool marks approximately equals with those induced
by spiral-milling with 15-20 µm. This is because the residual height generated in layer-milling
process is approximately equivalent to those generated in spiral-milling with 15-20 µm path
interval, as shown in Fig. 10(a). The similar relationship also exists in the IRmax values induced
by rear-surface tool marks. Therefore, it can be concluded that the induced light intensification is
quite dependent on the residual height of tool marks.
When it comes to the modulation patterns, the distorted light field induced by layer-milled

tool marks is also different from that induced by spiral-milled tool marks. Figure 13 shows the
light intensification distribution inside repaired KDP optics by the layer-milling process. One
can see that the maximum IRmax occurs beneath the bottom of conical contours. This scenario
is attributed to the salient point produced by the layer-milling process. As shown in Fig. 9(c),
the residual height of this salient point is much larger than that of other points on this tool mark
profile [41], meaning that a more severe diffraction effect could take place in this area. In other
words, the bottom of layer-milled contours is more susceptive to be damaged when they are
irradiated by a high-power laser.

Fig. 13. The internal distributions of light intensity modulation induced by layer-milled
tool marks: (a) tool marks on KDP front-surface; (b) tool marks on KDP rear-surface.

5.3. Test of optical transmittance and laser damage of micro-milled KDP surfaces

Figure 14 illuminates the measured optical transmittance for KDP optics with conical mitigation
contours processed by various paths intervals. Overall, the optical transmittance witnesses a
moderate decline with the increase of path interval for spiral-milled surfaces. For tool marks with
path interval of 10 µm, the corresponding spiral-milled surfaces possess the largest transmittance
(T= 90.75%), which is very close the measured one of original fly-cut KDP surface (T= 90.95%).
The similar transmittance values mean that the spiral-milling processes can be preferred in the
practical engineering repair of KDP optics. And it can be found that about 0.4% transmittance
loss for tool marks with 30 µm path interval (T= 90.56%) could be caused, which is obviously
detrimental to the fluence outcome of the high-power laser system. While for layer-milled tool
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marks, as shown in Fig. 14, the measured transmittance (T= 90.72%) is quite close to that for
tool marks with 15 µm path interval. This result is in accord with the simulation results as shown
in Fig. 11. that the light intensification induced by layer-milled tool marks is at the middle of the
IRmax induced by spiral-milled tool marks with various path intervals.

Fig. 14. Experimentally measured optical transmittance (T) of repaired KDP surfaces by
layer-milling and spiral milling processes. The error bar is the standard deviation of the
measured data.

The measured laser-induced damage thresholds (LIDTs) for KDP optics with different tool
marks are exhibited in Fig. 15. It is shown that original fly-cut KDP surfaces possess a maximum
LIDT up to 74.3 J/cm2, while spiral-milled surfaces with 10 µm path intervals have a very close
value as 72.1 J/cm2. This means spiral-milling processes can produce a laser-friendly surface
which has a similar laser damage resistance comparable to fly-cut surfaces [6], and tool marks
with a path interval of 10 µm are strongly suggested for the future engineering repair of KDP
optics. While with the increase of path interval, the LIDTs present a decreasing trend and the
value for spiral-milled surface with 30 µm path interval is only 34.6 J/cm2, indicating the tool
marks with bigger path intervals have an inverse effect on the laser damage resistance and thus
should be seriously considered before practical application in actual repair process.

Fig. 15. The measured laser-induced damage threshold (LIDT) of repaired KDP surfaces
with different types of tool marks.

Figure 16 exhibits the laser damage morphologies on KDP surfaces repaired by layer-milling
process and spiral-milling path with path interval of 10 µm, respectively. It is clear to see that
crack-type damage occurred on the layer-milled surface while shell-type damage took place on the
spiral-milled surface. The higher LIDT for the spiral-milled surface (P= 10 µm) is responsible
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Fig. 16. Morphologies of micro-milled KDP surfaces when laser damage took place: (a)
repaired surface by the layer-milling path; (b) repaired surface by the spiral-milling path
with path intervals of 10 µm. The applied laser fluences are 50.9 J/cm2 and 72.1 J/cm2,
respectively.

for this phenomenon because the shell-type damage morphology is often accompanied by higher
laser fluence [7]. From the perspective of LIDT, the value for layer-milled surfaces (50.9 J/cm2)
is only below that for spiral-milled tool marks with path intervals of 10 µm and 15 µm. This
scenario is quite different from the traditional concept where people always believe that the
layer-milling process is not as good as spiral-milling for improving the laser damage resistance of
repaired KDP optics. It is found for the first time that whether the spiral-milling is better than
layer-milling or not for the optical performance of repaired KDP optics is dependent on the path
interval used in the spiral-milling process. Therefore, based on the advantages of layer-milling
and spiral-milling process, a new approach can be put forward to improve the efficiency and
effectiveness of the repairing process. Considering the higher efficiency of removing material,
the layer-milling can be adopted as rough milling to fabricate the predesigned mitigation contours
quickly. Then, the spiral-milling can be utilized as fine-finish milling to produce a smooth surface
with slight residual tool marks.

6. Conclusion

In this paper, the influence of residual tool marks on the light field intensity modulation
inside micro-milled KDP optics and laser damage resistance was investigated theoretically and
experimentally. The strategy for calculating the light intensity modulation induced by tool marks
on complex 3D contours is demonstrated clearly. The experimental results verified the simulation
results well under the same machining parameters. The main conclusions can be summarized as
follows:

(1) A 3D surface formation model was developed to simulate the morphologies of repair
contours processed by micro ball-end milling. The residual tool marks profiles on repaired
surfaces can be accurately predicted.

(2) By adopting the predicted tool marks profiles, a light intensification model based on the
finite element method was proposed to calculate the light intensity modulation inside
micro-milled KDP optics with different tool marks. It is found the residual height of
tool marks can result in strong diffraction effect inside KDP optics, causing higher light
intensification.

(3) It reveals for the first time that in terms of improving the laser damage resistance of KDP
optics, the spiral-milling process is not always better than layer-milling process. Whether
the spiral-milling is better than layer-milling or not depends on the path interval used in the
spiral-milling process. Only the spiral-milled tool marks with path intervals from 10∼15
µm can have a better effect than layer-milled tool marks.
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(4) An optimized repair process flow is recommended for the practical engineering repair of
KDP optics in ICF facilities. The layer-milling process can be adopted as rough-finish
milling to fabricate the predesigned mitigation contours quickly. Then, the spiral-milling
can be utilized as fine-finish milling to produce more slight residual tool marks, improving
the laser damage resistance of KDP optics.
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