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Abstract Single crystals of potassium dihydrogen phosphate
(KDP) are an irreplaceable optical material in laser-induced
inertial confinement fusion (ICF), where they are used as
electro-optic switches and for laser-frequency conversion.
The KDP lenses used in ICF applications must be pristine,
high quality, and have a surface roughness of less than 3 nm.
Currently, single-point diamond turning (SPDT) is the prima-
ry method for performing ultra-precision machining on KDP
crystals. However, after the SPDT process, the crystal surface
exhibits micro-waviness and subsurface damage, both of
which have adverse effects on the optical performance of the
KDP elements, especially the laser-induced damage threshold.
In this study, a new method of micro-dissolution polishing
was developed, which is based on the solubility of KDP crys-
tals in water, to achieve controllable material removal. A ma-
terial removal function was formulated to describe the mate-
rial removal in terms of both the path and parameters used to
polish the SPDT-machined samples with a small polishing
tool. An experimental study showed that this method is able
to reduce the surface micro-waviness and surface roughness
(from 6.205 to 2.107 nm) significantly. The method is also
applicable to the polishing of other water-soluble materials.

Keywords KDP single crystals - Micro-waviness - Water
dissolution - Material removal - Surface roughness

P4 Hang Gao
hanggao4187@126.com

Key Laboratory for Precision and Non-traditional Machining
Technology of Ministry of Education, Dalian University of
Technology, Dalian 116024, People’s Republic of China

1 Introduction

Single crystals of potassium dihydrogen phosphate (KDP)
possess excellent non-linear electro-optical properties and
are currently the only material suitable for electro-optic
switches and laser-frequency conversion applications in
laser-induced inertial confinement fusion (ICF) [1]. ICF re-
quires a large number of high-quality KDP elements with
large apertures (0.5—1 m) every year. For example, the
American National Ignition Facility (NIF) has 192 identical
beam lines that use 550 KDP lenses [2]. In 2013, the NIF
made a significant breakthrough by creating a greater output
energy than the input energy for the first time [3]. It is predict-
ed that the demand for high-quality KDP elements will in-
crease with the progression of ICF technology.

KDP crystals are difficult to machine because of their in-
herent softness, brittleness, and deliquescence, as well as their
strong anisotropy and temperature sensitivity. Thus, it is ex-
tremely hard to obtain KDP elements that meet the require-
ments of ICF applications (root mean square (rms) surface
roughness <5 nm; transmission wavefront distortion <A/6
peak-to-valley (PV); laser-induced damage threshold >15 J/
cm?).

A variety of ultra-precision machining techniques has been
investigated for the processing of KDP crystals. Yoshiharu
et al. [4] obtained a super-smooth KDP sample with a rms
surface roughness of 0.553 nm via ultra-precision grinding.
Peng et al. [5] and Arrasmith et al. [6] processed KDP crystals
via magnetorheological finishing (MRF) and achieved satis-
factory results (surface roughness of approximately 2 nm).
Wang et al. [7] polished KDP samples with the traditional
polishing method. SiO, powders with particle diameters of
7-20 nm were used as the abrasive in the polishing process,
and a super-smooth surface with a surface roughness 2-3 nm
was obtained. However, abrasive particles were embedded in
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the surface of the samples and scratches would randomly ap-
pear on the polished surfaces.

Single-point diamond turning (SPDT) is currently the most
important ultra-precision machining method for KDP crystals
[8], and the elements machined with this technique possess a
low roughness and high surface figure [9]. However, during
the SPDT process, a KDP workpiece is fed along the radial
direction of the rotational motion of the diamond tool (Fig. 1).
The feeding pitch causes the formation of cutting marks (mi-
cro-waviness), which adversely affect the optical performance
of the KDP element, especially the laser-induced damage
threshold [10]. To minimize the degree of micro-waviness
and improve the quality of KDP lenses, many studies have
focused on designing and optimizing machine tools for the
machining of large KDP crystals [11, 12].

In general, subsurface damage is inescapable when using a
process that mechanically removes material from a workpiece.
The depth of the subsurface damage caused by SPDT varies
from dozens of nanometers to several micrometers, depending
on the cutting parameters [13]. The damaged subsurface layer
can adversely affect the optical properties of KDP lenses.
Figure 2 shows that the micro-waviness is very difficult to
remove because of its small scale (an amplitude of only
dozens of nanometers). The problem of eliminating the
micro-waviness without introducing any new damage to sam-
ple is an urgent issue that must be solved. Several methods
have been attempted to remove the micro-waviness after
SPDT processing. Jacobs [14] machined KDP crystals with
the MRF method and found that an rms surface roughness of
2 nm could be achieved without any diamond-turning marks.
Menapace et al. [15] removed micro-waviness via MRF and
successfully improved the laser-induced damage threshold.

However, because subsurface damage is commonly caused
by the mechanical removal of material, a damage-free machin-
ing method is required to improve the laser-induced damage
threshold of KDP elements. For example, no mechanical
stress is induced during the dissolution of a KDP crystal in
water. Based on the solubility of KDP crystals in water, re-
searchers have attempted to incorporate water into the ma-
chining of KDP crystals to decrease the degree of subsurface
damage. Zhang et al. [16] polished KDP samples by exposing
them to a mixed solution of water and alcohol. However, this
treatment introduced a new problem in that alcohol absorbs
water from the atmosphere, while the volatile nature of
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Fig. 1 Schematic diagram of a SPDT setup
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Fig. 2 Schematic diagram showing the micro-waviness of a SPDT-
treated KDP surface

alcohol was not mentioned. Menapace et al. [15] added water
to the MR fluid to eliminate KDP removed from the sample
via precipitation and re-crystallization.

Recently, the authors of this study have performed much
research on developing KDP machining technology that is
based on the water-soluble nature of KDP. Wang et al. [17]
invented a type of water-in-oil (W/O) micro-emulsion fluid
that can be used as an abrasive-free polishing fluid. The char-
acteristics (e.g., conductivity, viscosity, diffusion coefficient,
and droplet size) of this fluid were investigated, and the exis-
tence of the W/O structure was confirmed. The feasibility of
using such a W/O micro-emulsion fluid to machine KDP crys-
tals was demonstrated with small KDP samples.

The objective of this study was to process KDP crystals
with water to achieve a low-stress machining technique and
remove the deficiencies introduced by common machining
methods. A new method for polishing KDP with a W/O
polishing fluid was developed to achieve this objective. By
using the solubility of KDP in water during the machining
process, a nearly damage-free super-smooth surface was ob-
tained. In terms of a material removal function [18], a
computer-controlled micro-dissolution polishing method for
KDP was developed by combining it with a computer-
controlled optical-surfacing technique and a planned polishing
path. A small tool was used to polish the KDP samples after
the initial SPDT processing. The feasibility of removing the
micro-waviness of large-aperture KDP crystals with the novel
method developed in this study is also discussed in this paper.

2 Computer-controlled micro-dissolution polishing
method

2.1 Principles of micro-dissolution polishing

The solubility of a KDP crystal in water is 33 g per 100 g of
water at 25 °C. If exposed to the atmosphere, an ultra-
precision-machined KDP surface can be destroyed by the wa-
ter absorbed from the air. Therefore, because of the high water
solubility, there are extra challenges when machining and stor-
ing KDP crystals.



Int J Adv Manuf Technol (2016) 85:1347—-1360

1349

Fig. 3 Schematic diagram
showing the effects of water
droplets that are a directly
touching the surface of a KDP

N

Water droplets

(a)

Deliquescent film

AV

KDP Surface

crystal and b wrapped in a
protective film. The water
droplets wrapped in a protective

film cannot dissolve KDP Water droplets

Protecting

An organic material Water droplets (b)

that cannot dissolve KDP

KDP Surface

When a KDP crystal encounters water droplets, its surface
is destroyed by the formation of dissolution pits (Fig. 3a).
Conversely, if a microscale water droplet is enclosed in a
protective organic film that does not dissolve the KDP crystal,
the water droplet cannot directly touch the crystal; thus, the
KDP surface is protected from dissolution by the organic film
(Fig. 3b).

Based on the dissolution properties of a KDP crystal, a
W/O-structured micro-emulsion was developed for use as a
polishing fluid. Figure 4 shows a schematic diagram of micro-
scale water droplets that are wrapped in a non-ionic surfactant,
where one end is a hydrophilic group and the other end is
hydrophobic group, and form water micelles in an oil-based
solvent.

Figure 5 shows a schematic diagram of the selective re-
moval of material via the micro-dissolution polishing method.
During this polishing process, a small polishing tool moves
along pre-defined paths. Outside of the polishing region, the
W/O structure is maintained without any relative movement
between the crystal and polishing pad; thus, the water micelles
are dispersed in the organic solvent that neither dissolve nor
react with the KDP surface, respectively. Therefore, the KDP
surface is protected by the organic solvent from coming into
direct contact with the water droplets, which are trapped in
micro-micelles.

In the polishing area, at the points of contact between the
polishing pad and KDP crystal, the water micelles are de-
formed by the shear force applied between the polishing pad
and KDP crystal, and the water droplets are released and are
able to dissolve the asperities of the KDP crystal. The disso-
lution layer is then removed by the mechanical friction of the
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Fig. 4 Schematic diagram of a W/O-structured polishing fluid [19]
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polishing pad and the flow of the polishing fluid. Meanwhile,
in the valleys of the KDP surface where the polishing pad does
not directly contact the KDP crystal, the water micelles are
stable and no dissolution should occur. Thus, the selective
removal of material is achieved by ensuring micro-
dissolution only occurs at the asperities of the crystal surface.

The size of the water micelles in the polishing fluid was
measured via dynamic light scattering (DLS). Figure 6 shows
that the dimensions of the water micelles are approaching a
normal distribution. The diameters of the water micelles range
from 1 to 10 nm, and the mean diameter is 1.4 nm.

In practical machining processes, a uniformly flat surface
cannot be achieved. Even when the surface roughness was
approximately 1 nm, there were still height differences of
approximately 10-20 nm in the area measured (0.35x
0.26 mm). In this case, the polishing fluid can improve the
surface quality via the aforementioned technique. Thus, the
properties required for the applications of KDP crystal can
be satisfied.

However, there is still a minimum surface roughness that
cannot be decreased further as the surface approaches a uni-
form flatness. Once this level of surface roughness is reached,
the water micelles twist and break randomly under the shear
force of the polishing pad in machining area, and an equilib-
rium is reached between the random dissolution and selective
removal of material. On the macroscopic scale, this appears as
the uniform removal of material, and the surface quality will
not decrease after reaching the aforementioned limit.

To improve the limitations of this micro-dissolution
polishing technique and reduce the surface roughness further,
research should be conducted on methods to minimize the
diameters of the water micelles in the polishing fluid. The
results of such research may be reported in a future paper.

X-ray photoelectron spectroscopy (XPS, VG ESCALAB
MK?2) was used to determine the composition of a KDP sam-
ple before and after the polishing process with the W/O fluid,
which was performed in the previous study by the authors’
group [20]. The excitation source was Al-Ka (hv=
1486.6 eV), while the working voltage and pressure were
12.5 kVand 3.5x10°° Pa, respectively. The C, K, P, and O
XPS spectra of the KDP crystal before and after the polishing
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Fig. 5 Schematic diagram of the
selective removal of material
from a KDP crystal

Polishing

are presented in Fig. 7. The spectra show that the characteristic
peaks of the KDP crystal polished with the W/O fluid are
identical to that of the KDP before polishing (KH,PO,). The
absence of any new characteristic peaks indicates that no new
compounds are produced during the polishing process, and
after polishing, the surface is still a pure KDP crystal.

Computer-controlled optical surfacing techniques are wide-
ly used in the field of large-aperture optical surfacing, which
involves the use of a small polishing tool to process optical
elements [21, 22]. By incorporating the micro-dissolution
mechanism into a computer-controlled optical surfacing tech-
nique, this study has developed a new method for KDP crystal
polishing that uses a small polishing tool. In this method, the
surface of the KDP crystal to be polished is divided into a grid,
the amount of material removed from each grid point is deter-
mined by measuring the surface-figure error of the crystal, and
then, an appropriate removal function is chosen to calculate the
dwell time of the polishing tool at each grid point.

2.2 Formulating the material removal function

The Preston equation is widely employed in chemical-
mechanical polishing (CMP) to describe the correlation be-
tween the material removal rate and polishing parameters. In
this equation, the material removal rate is proportional to the
polishing velocity (v) and polishing load (P), i.e., the polishing
material removal rate, MRR= KPv, where K is the Preston
coefficient.

However, in addition to v and P, MMR is also dependent
upon the water content and temperature of the polishing fluid,
the polishing pad material, and other factors during the micro-
dissolution polishing of a KDP crystal. These factors are
accounted for with K. During the polishing process, the
polishing head executes a planetary motion, as shown in
Fig. 8, and the polishing velocity at an arbitrary point, P(r,
), can be determined according to Fig. 8. The MMR equation
is shown in Eq. (1):

MRR(r, 0) =KP J \/(nr(,t + nrev)ze2 + (nmtr)Z*Z(nmt + Ryey ) Mrorercos(f—a)da (1)

(&3]

where n,,, and n., are the rotational and revolving
speeds of the polishing head, respectively; e is the ec-
centricity (radius of revolution); a;=0—cos '[(®+r*—
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Fig. 6 Particle size distribution of the radii of the water micelles in the
polishing fluid, as measured by DLS [20]
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Fig. 7 XPS spectra of a KDP crystal before and after the polishing
process [20]
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Fig. 8 The rotational and
revolving motions of the
polishing head
X

2.3 Polishing dwell time

After determining the correct MRR expression, a dwell-time
distribution map (i.e., the time function for the polishing tool
dwelling on each point of the crystal surface) is obtained. The
dwell-point grid of the crystal surface is generated, and the
initial surface-figure error is measured with an interferometer
to determine the ideal amount of material to be removed at
each dwell point (Fig. 9).

The polishing head moves along a pre-defined tool path
during the polishing process, as shown in Fig. 10. The mate-
rial removal equation for an arbitrary point is shown in Eq. (2):

EFinal(xa y) :Hlnitial(xa y)_MRR(xﬂ y)D(xv y) (2)

where Erina(x,y) is the residual error distribution function of
the surface after the polishing process, Hiyitial(¥, ¥) is the func-
tion describing the ideal amount of material to be removed
(initial surface-figure error distribution map), and D(x, y) is
the dwell-time function.

During an ideal polishing process, the residual error is ex-
pected to be zero, i.e., Erjha(x, ¥)=0. Thus, Eq. (2) can be
transformed into Eq. (3).

Hpigial (X, ) 3)

D(x’ y) = MRR(x, y)

Figure 10 shows that the central revolving axis of the
polishing head moves along a raster path. However, the
polishing head cannot completely move to the edges of
the crystal surface because of the eccentricity of the

KDP crystal

Fig. 9 Schematic diagram of the surface profile of a KDP crystal that
shows the initial heights of the asperities, as measured with an
interferometer

revolution; otherwise, it will result in the tilting of the
polishing head. Therefore, a certain distance (D) is re-
served between the starting point of the polishing path
and edges of the crystal surface to avoid the tilting of
the polishing head.

At R(x, y) of the polishing path, the polishing head executes
planetary motion around R(x, y) with a dwell time of T, P, (r,
0) represents the coordinates of an arbitrary point (P,,) on the
crystal surface where the material removal rate is given by
MRR,,(r, 0). Therefore, the amount of material removed (/)
at P, is given by Eq. (4):

H = [[MRR,,(r, )T, dxdy (4)

which can be set to Hyjial(x, ¥). Thus, the discrete form of
Eq. (4) is obtained (Eq. (5)):

i=n,j=m

Z MRRy;, (r,'7 Gj) Txy, = Hitial (Xn )/j) (5)
i=1,j=1

where n and m are the dimensions of the dwell-point matrix
and are related to the step length (d) of the dwell-point grid.

Grid-step length of

the dwell points — D (Reserved distance)

o — — —

Moving
Direction

=
R (x’.};<

|

Fig. 10 Schematic diagram of the polishing path
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Fig. 11 Micro-waviness of the SPDT-machined KDP crystal

The value of n can be adjusted during the actual polishing
process depending on the quality and size of the KDP crystal,
e.g., during an ultra-precision polishing process, d is de-
creased (the density of dwell points on the grid density is
increased). According to Eq. (5), the dwell-time distribution
is determined by solving Eq. (5) for the polishing process of
the KDP crystal.

The surface is then measured after the polishing process. If
the accuracy of the polished surface is not satisfactory, the
above process is then iterated until the surface accuracy meets
the required level.

2.4 Measuring the initial surface topography of the KDP
sample

The size of the KDP crystal after the SPDT process, but
before the polishing process, was 50x50x10 mm. The
micro-waviness of the SPDT-machined KDP crystal was
measured with a three-dimensional profilometer (ZYGO
Newview 5022) over an area of 0.35x0.26 mm.
Figure 11 shows that the amplitude of the micro-

I +0.2240

45.01 mm

45.01 mm

Fig. 12 Surface interferogram of the SPDT-machined KDP crystal (valid
dimensions=90 % of the central region)
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waviness ranges from 20 to 30 nm and has a period of
approximately 25 pum. The surface interferogram of the
SPDT-machined KDP crystal was measured with an inter-
ferometer (Flatmaster 200), as shown in Fig. 12, to deter-
mine the amount of material to remove. The SPDT-
machined KDP crystal exhibits a high surface accuracy
(PV value of 0.498A).

Tie et al. [13] measured the depth of the damaged sub-
surface layer under various SPDT parameters (e.g., feed
rate, cutting depth, and cutting velocity) with the MRF
spot method. In brief, a spot was polished at a particular
location of the KDP crystal with the MRF method to
expose the subsurface layer. The damaged subsurface lay-
er was then observed along the axis of symmetry of the
MRF-polished spot. The depth of the damaged subsurface
layer was calculated with the geometric relationship be-
tween the profile of the MRF-polished spot and the posi-
tion where there was no subsurface damage. The depth of
the damaged subsurface layer as a function of the process
parameters was reported. Thus, for the SPDT-machined
KDP sample shown in Fig. 11, a depth of 200-300 nm
was estimated according to the cutting parameters.

In general, a polishing method is widely used to
measure the depth of the damaged subsurface layer be-
cause it is believed that the polishing method does not
introduce any extra subsurface damage [23-26].
Moreover, a polishing process that uses the principles
of water dissolution will further reduce the possibility
of defects compared to traditional polishing methods. In
this study, it is believed that there is no subsurface
damage in the KDP crystal after it is adequately
polished.

2.5 Determining the experimental removal function

To uniformly remove the micro-waviness and damaged
subsurface layer while improving the surface accuracy, a
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suitable removal function must be chosen to determine
the dwell time of the polishing process. The polishing
head executes a planetary motion, and a Rohm & Hass
IC1000 single-layer polyurethane pad was used in this
study. The polishing parameters (e.g., the ratio of n, to
N1, polishing speed, polishing pressure, diameter of the
polishing tool, and water content of the polishing fluid)
must be optimized to achieve a low surface roughness,
and the effect of the polishing parameters on the surface
roughness of KDP crystals has been investigated in the

— - —- Experimental curve

—— Simulation curve

MRR (nm/min)

-20 -10 0 10 20
Distance from dwell point (mm)

Fig. 14 Simulated and experimental curves of the MRR

previous study by the authors of this paper [27] (as
shown in Fig. 13).

To establish the experimental material removal func-
tion, an experiment was conducted on a KDP crystal.
Before polishing the sample, the initial surface topogra-
phy was measured with an interferometer to act as a
reference plane. The polishing head then executed plan-
etary motion with its center remaining immobile. Due to

-

-

Fig. 15 Schematic diagram of the polishing paths applied to the KDP
sample to remove the micro-waviness
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Fig. 16 Simulation of the material removal distribution (units of elevation=nm)

the micro dimension of waviness on initial surface, the
material removal rate needs to be controlled at an ap-
propriate level. In order to improve surface quality
while reducing the material removal rate, the polishing
parameters were selected according to the plots shown
in Fig. 13. Because of the dimensions of the SPDT-
machined KDP sample (50%x50 mm), a polishing head
with a diameter of 25 mm was used in this study. The
Niey and n.,. were both set to 100 rpm, and the
polishing pressure was 40 kPa. The eccentricity which
has no obvious influence on surface roughness was
5 mm. The water content of the polishing fluid was
4-7 wt.%.

After polishing the sample for 30 min, the polished surface
topography was measured with the interferometer and
subtracted from that of the reference plane to obtain the ex-
perimental curve for the material removed (the dash-dot line in

40

Y axis (mm)

40

50 i
S0 40 30 20 -10 0 10 20 30 40 50

X axis (mm)

Fig. 17 Simulation of the material removal distribution when polishing
with the protective blocks (units of elevation=nm)
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Fig. 14). Figure 14 shows that the experimental curve is in
good agreement with the simulated results, which proves the
accuracy of the model used for the material removal function.

2.6 Planning the polishing path

The uniform polishing raster path shown in Fig. 15 was
chosen to process the KDP crystals after the SPDT ma-
chining because of the high surface accuracy after the
SPDT process, which has met the needs of this study
(KDP crystals used in practical engineering applications
could achieve higher surface accuracies via SPDT ma-
chining). The center-of-revolution performs a reciprocat-
ing motion in the vertical direction at a constant speed
until the whole surface is covered. The direction of the
reciprocating motion is then changed from the vertical
direction to the horizontal direction to eliminate any
machining marks caused by the polishing tool. After
three changes in the reciprocating direction, the
polishing head returns to the starting point of the
polishing path. Thus, the uniform polishing of a KDP
crystal is achieved by repeatedly changing the polishing
feed direction.

Y axis

Dual rotator
mechanism

Polishing head

Fig. 18 Schematic diagram of the polishing equipment
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Fig. 19 Schematic diagram showing the five measurement points on the
KDP crystal (units=mm)

When a uniform path is adopted for the polishing process,
i.e., the dwell time at each dwell point on the crystal surface is
equal, the dwell-time function in Eq. (5) is reduced to a con-
stant (7). In view of this, Hemoval(X, ¥) is transformed into

Eq. (6).
i=n,j=m

H temoval (xia y,) =T Z MRRX:;V, (ri’ 9/) (6)

i=1j=1

In the polishing experiments, the grid step length of the
dwell points was 3 mm, and D was 8§ mm to account for the
size of the polishing head. According to the estimated depth of
the damaged subsurface layer, H emoval(X, ) Was set to 250 nm
to remove all traces of the micro-waviness and subsurface
damage. By substituting 250 nm into Eq. (6), a dwell time
of 7=0.23 min was obtained for each point, and H .=
248.6 nm was obtained by using 7=0.23 min in Eq. (6)
(Fig. 16).

Based on the polishing path shown in Fig. 15, the
polishing tool scans each dwell point four times during
a single iteration of the polishing process. Therefore,
the expression for the dwell time can be written as
follows:

T = 4(d/F)N (7)

where d is the length of the grid step (3 mm), F is the
feed speed of the revolving center of the polishing
head, and N is the number of iterations.

To ensure the uniformity of the polishing process, the
number of iterations is increased to reduce the dwell
time at each point in the polishing process. In this
study, the number of iterations was 6 (N=6). The
polishing feed speed can be solved by substituting N=
6 into Eq. (7), resulting in =313 mm/min, which was
rounded down to F=300 mm/min.

The amount of material removed from the edges of
the crystal surface is less than that in the central area
because of D, and the shape of the polishing removal
distribution is a square frustum (Fig. 16). The material
removal distribution in the central polishing area of the
crystal surface is uniform, and this planar region of the
material removal distribution is dependent upon the size
of the polishing tool and D. To improve the quality of
the polished surface, the size of this uniform plane must
be enlarged.

Decreasing the size of the polishing head also de-
creases the size of D and increases the size of the uni-
form plane. However, a reserved distance still exists
because the polishing head cannot completely move
off the crystal surface with this method. In this study,
protective blocks were arranged around the KDP crystal
with the purpose of enlarging the size of the uniform
plane. Four rectangular KDP crystals with appropriate
sizes were ground to the same height, which was equal
to the height of the SPDT-machined KDP crystal, and
closely placed around the crystal. The KDP crystal and
the four protective blocks were fixed in place with a
vacuum chuck. Therefore, the polishing head was able
to move to the edges of the KDP crystal surface with-
out tilting, and the region that is divided into the grid
was expanded to enlarge the central polishing area.

Based on these theoretical calculations, the uniform plane
was increased to cover the entire KDP crystal surface by in-
creasing the dimensions of the dwell-point grid to 84 x 84 mm.
Figure 17 shows that the coordinate values range from —25 to
+25 mm (the area indicated by the dashed yellow line), which
is the KDP crystal surface.

3 Experimental study
3.1 Experimental conditions

An experimental study to remove the SPDT-induced micro-
waviness was performed to verify the feasibility of the new
method with a homemade, five-axis, optical polishing setup
(Fig. 18). The polishing experiments were conducted in a
clean room (class 1000) at 25 °C under a relative humidity
of 50 %. The optimized polishing parameters and polishing
path described in Section 2 were used.

To ensure that the measurements of the micro-waviness
and surface roughness were accurate, five points on the KDP
crystal were measured with the three-dimensional
profilometer, as shown in Fig. 19, and the results of the five
measurements were averaged.
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Fig. 20 Surface topography of the KDP crystal after various polishing
iterations (the center of the KDP surface, point no. 5 in Fig. 19). a Crystal
surface after the SPDT machining process (before being polished). b—d
Crystal surface after 2 (b), 4 (¢), and 6 (d) polishing iterations

3.2 Experimental results and discussion

The surface topography of the KDP sample before the
polishing process is shown in Fig. 20a (the same as the sample
shown in Fig. 11). The average rms surface roughness is
6.206 nm, while the average profile surface roughness (R,)
is 4.822 nm. The micro-waviness is obvious, and its amplitude
ranges from 20 to 30 nm.

During the polishing process, the surface roughness
changed with the number of polishing iterations, as shown
in Fig. 21. The surface roughness of the sample rapidly re-
duces at the beginning of the polishing process, and then, the
rate of change becomes relatively gentle. After two polishing
iterations, the micro-waviness is still present, but its amplitude
has been greatly reduced (Fig. 20b). After four polishing iter-
ations, the surface roughness and micro-waviness of the KDP
crystal have been significantly reduced, with only the deepest
cutting marks still present on the surface (Fig. 20c¢).
Figure 20d shows the surface topography after six polishing
iterations. In this case, the undulation of the surface has been
significantly decreased to 8—10 nm and the initial micro-
waviness has been completely removed.

In addition, after the polishing process, the average rms
surface roughness of the KDP sample has been reduced to
2.107 nm, while the average R, value has decreased to
1.674 nm. Compared to the initial surface figure (0.498A PV,
Fig. 12), the surface figure has been improved slightly (0.308A
PV, Fig. 22).

Atomic force microscopy (AFM, XE-200, Park Systems)
was used to observe the crystal surface before and after the
polishing process (measuring area=10x 10 um). By compar-
ing the high-resolution mapping results of the initial (Fig. 23a)
and polished (Fig. 23b) surfaces, the SPDT-induced micro-
waviness has been completely removed by the micro-

Rms surface roughness (nm)
(3] W £ W (=)} ~ e 2]
N ) ) ) ) )
/
-

Number of polishing iterations

Fig. 21 Variation of the rms surface roughness of the KDP crystal as a
function of the number of polishing iterations

Fig. 22 Surface interferogram of the KDP crystal after completing the
polishing process (valid dimensions=90 % of the central region)

dissolution polishing method, and the surface after the
polishing process is nearly a super-smooth plane. Figure 24
shows the power spectral density (PSD) curves of the KDP
surface before and after the polishing process, which demon-
strates that the surface errors have been improved. The ab-
sence of peaks that range in size from 15.9 to 49.3 mm ',
which are caused by the SPDT machining, proves that the
surface quality is improved by the micro-dissolution polishing
method.

To evaluate the effects of the water-dissolution polishing
on the laser-damage performance versus that obtained with
SPDT machining, a 1-on-1 laser-damage test was performed
on KDP samples. A Nd:YAG laser (355 nm, pulse duration=
6.8 ns) was used for the tests, and the laser beam area was
0.22 mm?. Figure 25 shows the damage probability of the
KDP crystal after the water-dissolution polishing and SPDT
machining as a function of the laser energy density. The plots
have been fitted with a linear function to obtain the laser-
induced damage threshold by extending the fits to the damage
probability of zero. The laser-induced damage threshold of the
sample obtained with water-dissolution polishing is 3.21 J/
cm?, which is higher than that obtained after the SPDT ma-
chining (2.30 J/em?).

According to the results of the preliminary laser-damage
test, the water-dissolution polishing method improves the
laser-induced damage threshold of the SPDT-machined KDP
crystal. In addition, the results of further laser-damage tests for
more sample processing methods and other types of laser (A=
1064 and 532 nm) will be reported in a future paper.

4 Conclusions
By incorporating the principles of micro-dissolution wa-

ter polishing into a computer-controlled optical surfac-
ing technique, a new polishing method was developed
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Fig. 23 AFM measurements of the KDP surface a before and b after the polishing process. The dashed lines in (a) indicate the locations of the
maximum micro-waviness

that uses a W/O-structured micro-emulsion as the (2) The optimum removal function, which was obtained by

polishing fluid for KDP crystals to remove the micro- optimizing the polishing parameters was adopted in this
waviness of the SPDT-machined surface. The following study to remove the micro-waviness. The optimum
conclusions were obtained. polishing path was derived according to the initial topog-

raphy of the KDP surface.
(1) Based on the principles of micro-dissolution polishing, a  (3) After the polishing process, the micro-waviness of the
material removal function was established and verified SPDT-machined surface was completely removed and
with an experimental investigation. the surface quality was improved (rms and R, surface
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roughnesses were reduced from 6.205 and 4.822 nm to
2.107 and 1.674 nm, respectively; the surface-figure er-
ror was reduced from 0.498A\ PV to 0.308A PV). The
enhanced smoothness of the surface after the polishing
process was confirmed with PSD analysis.

According to the results of the preliminary laser-damage
tests (355 nm, pulse duration=6.8 ns), the water-
dissolution polishing method improved the laser-
induced damage threshold of the SPDT-machined KDP
crystal. The laser-induced damage threshold of the sam-
ple obtained with water-dissolution polishing was 3.21 J/
cm?, which was higher than that of the SPDT-machined
surface (2.30 J/em?).

To improve both the polishing efficiency and surface
quality after the polishing process, the dwell time and
polishing path must be optimized. Further research on
such subjects is required, and the results will be reported
in a future paper. This novel method for micro-
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25 Laser-induced damage threshold of the KDP crystal after the

water-dissolution polishing and SPDT machining
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