
Chin. Phys. B Vol. 21, No. 5 (2012) 050301

Mechanism of micro-waviness induced KH2PO4 crystal
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The low laser induced damage threshold of the KH2PO4 crystal seriously restricts the output power of inertial

confinement fusion. The micro-waviness on the KH2PO4 surface processed by single point diamond turning has a

significant influence on the damage threshold. In this paper, the influence of micro-waviness on the damage threshold of

the KH2PO4 crystal and the chief sources introducing the micro-waviness are analysed based on the combination of the

Fourier modal theory and the power spectrum density method. Research results indicate that among the sub-wavinesses

with different characteristic spatial frequencies there exists the most dangerous frequency which greatly reduces the

damage threshold, although it may not occupy the largest proportion in the original surface. The experimental damage

threshold is basically consistent with the theoretical calculation. For the processing parameters used, the leading

frequency of micro-waviness which causes the damage threshold to decrease is between 350−1 µm−1 and 30−1 µm−1,

especially between 90−1 µm−1 and 200−1 µm−1. Based on the classification study of the time frequencies of micro-

waviness, we find that the axial vibration of the spindle is the chief source introducing the micro-waviness, nearly all

the leading frequencies are related to the practical spindle frequency (about 6.68 Hz, 400 r/min) and a special middle

frequency (between 1.029 Hz and 1.143 Hz).
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1. Introduction

Inertial confinement fusion (ICF) is one of the

most effective ways to solve the problem of en-

ergy deficiency.[1] KH2PO4 (KDP) crystals are pop-

ularly used in the terminal optical system of ICF

for frequency multiplication and Pockels cells.[2] How-

ever, the current low laser induced damage threshold

(LIDT) of the KDP crystal (about 12 J/cm2, 1064 µm,

3–5 ns) has become a bottleneck, which restricts the

application and development of ICF.[3] Nowadays,

most of studies on the LIDT of the KDP crystal focus

on the factors inside the KDP crystal. Carr et al.[4]

studied the influence of factors like stationary-state

and transient-state deficiencies inside the crystal on

the LIDT of the KDP crystal. Paul et al.[5] discussed

the relationship between the inner impurity and the

LIDT of the KDP crystal. Wang et al.[6] discussed

the reasons for the light induced damage of the KDP

crystal based on the mechanism of emerging and sta-

bilizing of electron–hole, multi-photon ionization, and

collision ionization inside the crystals. However, the

machined surface quality (waviness, roughness, sub-

surface damage, relief stress induced by processing,

etc) of the KDP crystal also has important effects on

its LIDT.

Because KDP is soft and brittle and is extremely

easy to deliquesce, single point diamond turning

(SPDT) is the best method to process it.[7] How-

ever, after testing the machined surface morphology

of KDP processed by the SPDT method, we find un-

reasonable mid-frequency waviness along the cutting

path, which is called the micro-waviness. The micro-

waviness will add periodic micro disturbance to the

transmission wave front, and sometimes the structure

of the micro-waviness is similar to the gratings. The

near-field modulation of the micro-waviness can lead

to a nonlinear increase of the laser intensity[8] and

consequently lower the LIDT.[9] Therefore, studying

the effects of the micro-waviness on the KDP crystal
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LIDT and finding the chief sources which introduce

the waviness not only can provide the theoretical ba-

sis for increasing the LIDT, but also can guide the

course of KDP processing and the improvement of

machine structure. In this paper, we analyse quan-

titatively the influence of the micro-waviness on the

LIDT of the KDP crystal, and study the chief sources

that introduce these micro-wavinesses from the per-

spective of machine parts based on the combination

of the Fourier modal theory and the power spectrum

density (PSD) method.

2. Physical model of micro-

waviness and Fourier model

theory

The size of the micro-waviness period and am-

plitude are in the nm scale. The traditional scalar

diffraction theory is not suitable for such small di-

mensions. Therefore, we use the Fourier model theory

based on the rigorous electromagnetic field theory to

solve the effects of diffraction of micro-waviness.[10−12]

The ideal pattern of the micro-waviness is approxi-

mated by a sine wave as shown in Fig. 1, and the sine

wave is approximated by a multilayer structure. The

micro-waviness cross section is in the x–z plane with

the y axis parallel to the micro-waviness line, the z

axis is perpendicular to the substrate layer plane. The

first and the (P0 + 1)-th layers are the incident and

the emergent air layers, respectively. The second to

the (P0 − 1)-th layers are the micro-waviness layers ,

and the P0-th layer is the substrate layer.
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Fig. 1. Physical model of micro-waviness (two periods).

In each layer, the electromagnetic field satisfies

the Maxwell equations

∇×E = −∂B/∂t, ∇×H = ∂D/∂t, (1)

where E is the electric field, H is the magnetic field,

D = εE, B = µH, ε = ε0εb, and µ = µ0µb, ε0 is the

vacuum permittivity, εb is the relative permittivity of

the material, µ0 is the vacuum permeability, and µb is

the relative permeability of the material. In the p-th

layer, ε, µ, E, and H are periodic with a period of T

(with the amplitude of a). They can be written in the

Fourier modal form as

[ε, µ]
p
= [εn, µn]

p
exp (i2πnx/T ) , (2)

[E, σH]
p
= exp (ik0αmx)

× [exm eym ezm,−hxm hym hzm]
p

× exp [ik0γ
p (z − zp)] , (3)

where zp is the upper interface coordinate of layer p;

αm = α0 + λm/T , m = 0, ±1, ±2, . . . , ±M . . .; γp

is related to the z axis component of wave number in

layer p; k0 is the vaccum wave number; and α0 = sin θ,

with θ being the incident angle.[13]

Concerning the discontinuation of two different

media of the micro-waviness layers in the x axis (T p

is the interface coordinate), we use the Fourier in-

verse regulation factorization theory.[14,15] Substitut-

ing Eqs. (2) and (3) into Eq. (1), we obtain the

eigenequation of transverse electric (TE) wave asAey = eyγ
2,

hx = µ̄eyγ, hz = µ−1αey,
(4)

where A = µ̄−1
(
ε−αµ−1α

)
; ε, ε̄, µ, and µ̄ are

(2M+1) square matrices obtained according to the in-

verse regulation theory; ey, hx, and hz are (2M+1)×1

matrices (matrix element of ey is eym) for evaluation

by the eigenequation; and α is a (2M + 1) diagonal

matrix with the matrix element being αm.

From Eq. (4), we are able to obtain the eigenvec-

tor matrix Wey consisting of (2M + 1) eigenvectors,

and the eigenvalue matrices Γ+ and Γ− composed of

(2M + 1) positive eigenvalues and (2M + 1) negative

eigenvalues, respectively, where Γ+ represents the up-

going wave, and Γ− represents the downlink wave.

The general solution of the modal field is a lin-

ear superposition of the eigenmode fields. In layer p,

the y component of electric-field intensity and the x

component of magnetic-field intensity can be written

as
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Ep
y = exp (ik0αx)W

p
ey

{
exp

[
ik0Γ

p
+ (z − zp)

]
up + exp

[
ik0Γ

p
− (z − zp)

]
dp

}
,

σHp
x = exp (ik0αx) (−W p

hx)
{
exp

[
ik0Γ

p
+ (z − zp)

]
up − exp

[
ik0Γ

p
− (z − zp)

]
dp

}
,

(5)

where σ is the conductivity of the material, up and

dp are two column vectors composed of eigenmode

field amplitude coefficients of up-going and downlink

waves, respectively, which can be solved by an algo-

rithm of recursion reflection–transmission coefficient

matrix (RTCM).[16−18]

The light intensity can be obtained using the fol-

lowing equation:

I =
1

2
|Re(E ×H∗)| . (6)

Assume that the incident light intensity through

the KDP crystal is I, the relative laser induced dam-

age threshold (TR) is defined as

TR = I/Imax, (7)

where Imax is the maximum light intensity inside the

crystal after the micro-waviness modulation. The TR

represents the degree to which the LIDT decreases,

which means that the smaller the TR is, the larger the

LIDT decreases.

3. Experiments of KDP SPDT

machining and LIDT testing

We firstly divide the sample surface into 18 areas

and cut each area using the SPDT method with dif-

ferent processing parameters. The specific processing

parameters are shown in Table 1. The topography of

each area is then detected using an atomic force micro-

scope (AFM) and a white light interferometer (WLI).

Take area 1 of group B for example, the results are

shown in Figs. 2(a) and 2(b).

Table 1. Cutting conditions for KDP samples..

Conditions
Group No.

A B C

Spindle speed /r·min−1 400 400 400

Cutting speed/m·min−1 792 792 792

Depth of cut/µm 10 15 20

Feed rate/µm·s−1 7, 47, 73, 100, 133, 200 7, 47, 73, 100, 133, 200 7, 47, 73, 100, 133, 200

Tool rank angle/(◦) –45 –45 –45

Tool nose radius/mm 5 5 5

20
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Fig. 2. Three-dimensional (3D) topographies of KDP surface processed by SPDT method (area 1 of group B) obtained

by (a) AFM and (b) WLI.

From Fig. 2, we can obviously see the periodic tool

marks, which show that the sine wave model of micro-

waviness is feasible to a certain extent. We carry out

the laser damage experiment for each KDP sample us-

ing a tri-band Nd: YAG Q-laser of single longitudinal

mode, which is able to stably and effectively output
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the TEM00 mode laser at the wavelength of 1064 nm.

The laser path is shown in Fig. 3. The testing work

takes the 1-on-1 mode. There are 20 testing areas on

each sample, and the testing areas are separated by

3 mm or more to avoid the interfering. The experi-

mental parameters used are given in Table 2.

We take the mean of the lowest two energy densi-

ties at which the KDP is damaged and the largest two

energy densities at which the KDP is not damaged as

the LIDT of the KDP crystal, and consider their stan-

dard deviation as the error. The experimental LIDTs

for different testing areas of the KDP sample are given

in Table 3.

Nd:YAG laser source (1064 nm)

polarizer

energy meter

KDP

reflector focusing lens

splitter

platform

λ/2

Fig. 3. LIDT experiment setup.

Table 2. Parameters used in the LIDT experiment.

Parameters of the laser beam path system Environmental parameters

Pulse Optical Wavelength Focal rea Incident
Vacuum state Temperature Moisture

width/ns divide ratio λ/nm A/mm2 angle

4.5 1:25 1064 0.3784 0◦ atmosphere 20–23◦ 72%

Table 3. Experimental data of LIDT of KDP crystal (J/cm2).

Testing area
Group No.

A B C

1 12.78±0.95 13.40±1.00 12.26±0.71

2 14.63±0.60 12.45±1.01 8.63±0.49

3 14.65±0.44 11.97±0.47 8.50±0.37

4 15.64±0.93 12.18±0.41 8.01±0.62

5 15.10±0.40 11.46±0.51 9.44±0.64

6 16.33±0.81 12.08±0.56 9.02±0.69

4. Results and discussion

4.1.Obtaining frequency and amplitude

information of micro-waviness

Firstly, we analyse the frequency and the ampli-

tude information of the micro-waviness on the KDP

surface. The relationship between the PSD and the

amplitude of frequency fm is[19,21]

a(fm) = 2
√

2× PSD(fm)∆f, (8)

where ∆f is the sampling frequency, ∆f = fm+1−fm.

For the surface shown in Fig. 2, the one-

dimensional average PSD curve of surface profile along

the x axis is shown in Fig. 4. From Fig. 4, we can

see that the topography of the KDP surface consists

of lots of frequency components, and several sub-

waviness components with the characteristic periods

marked in Fig. 4 account for the greatest propor-

tion. The micro-waviness with the period of 437.5 µm

occupies the largest proportion of the original sur-

face, that with the period of 291.67 µm occupies the

3
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291.67 mm 437.5 mm

880 mm

Fig. 4. PSD curve of area 1 of group B KDP sample.
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second largest proportion, and those with the periods

of 880 µm, 194.44 µm, 102.94 µm, 84 µm, 65.32 µm,

and 30.45 µm are also significant. We should spe-

cially notice the micro-waviness of spatial period of

30.45 µm, which is nearly consistent with the feed of

30 µm. It is in fact the tool marks on the KDP sur-

face. These sub-waviness components are all potential

factors that cause the LIDT to decrease. The sub-

waviness topography with the characteristic frequency

can be obtained by the multi-scale decomposition of

the original surface using the two-dimensional contin-

uous wavelet transform (Wavelet: Mexican2d).[22,23]

Figure 5 shows four examples of the 3D topography of

the micro-wavinesses with the characteristic frequen-

cies. Each frequency is related to a certain processing

factor. We can find these factors and control them

effectively.
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Fig. 5. 3D topographies of micro-wavinesses with the characteristic periods of (a) 30.45 µm, (b) 84 µm, (c) 194.44 µm,

and (d) 437.5 µm on the original KDP surface.

4.2. Influence of micro-waviness on

LIDT

With the Fourier model method, we create a simu-

lation code to calculate the light intensity distribution

inside the KDP crystal. Having found the character-

istic frequencies on the KDP surface, we can obtain

the amplitude information using Eq. (8). Then we are

able to use our code to analyse the influence of micro-

waviness on the LIDT of the KDP crystal. We assume

that the incident wave is in the TE mode plane with

a normalized amplitude and incident angle θ = 0◦.

Figure 6 shows the relative thresholds with different

spatial periods of micro-waviness on the surface of area

6 of group A. From Fig. 6 and by comparing it with

Fig. 4, we can see that different micro-wavinesses have

different influences on the LIDT of KDP. Although

the micro-waviness of period 437.5 µm occupies the

largest proportion on the original surface, it does not

greatly reduce the LIDT. The micro-waviness of pe-

riod 102.94 µm leads to a sharp reduction of 5% with

respect to the LIDT of KDP, but it only occupies the

fourth largest proportion on the KDP surface.

Figure 7 shows the distributions of light intensity

modulated by the micro-wavinesses with the spatial

periods of 65.32 µm, 102.94 µm, and 437.5 µm inside

the KDP crystal. From Fig.7, we can clearly see that

the micro-waviness of period 102.94 µm has a larger

modulation degree than the other frequency compo-

nents at the same laser propagation distance. The

larger peak intensity lowers the LIDT.
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Fig. 6. Relative thresholds on the surface of area 6 of
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Fig. 7. Light intensity distributions inside the KDP sam-

ple with the spatial periods of (a) 65.32 µm, (b) 102.94 µm,

and (c) 437.5 µm.

We consider the lowest value of the relative

threshold curve as the relative threshold of the cor-

responding area, and consider the corresponding fre-

quency of micro-waviness as the leading frequency.

The relative threshold of this area is 95.09%, the lead-

ing frequency corresponds to the period of 102.94 µm.

Table 4 provides the relative thresholds of all the 18

machined areas, and Table 5 gives the corresponding

leading spacial periods. If we consider 0.99 as the

minimum limit of relative threshold, we find that the

processing factors that bring in the periods between

30 µm and 350 µm should be controlled effectively,

and especially the ones between 90 µm and 200 µm.

Table 4. Relative thresholds of all areas (in percentage).

Area No.
Group No.

A B C

1 88.69 97.84 98.2

2 94.09 95.96 95.7

3 94.42 94.01 94.22

4 93.76 94.77 92.31

5 94.72 94.00 93.32

6 95.09 94.91 93.93

Table 5. Leading spacial periods of all areas (in µm).

Area No.
Group No.

A B C

1 134.62 194.44 116.67

2 83.33 92.11 116.67

3 145.83 92.11 145.83

4 145.83 116.67 145.83

5 250.00 102.94 194.44

6 102.94 194.44 154.40

Figure 8 shows the comparison between the the-

oretical relative thresholds provided in Table 4 and

the experimental LIDTs provided in Table 3. From

Fig. 8(b), we can see that the changing regulations

of the theoretical value and the experimental data

with different feeds are completely consistent when

the depth of cut is 15 µm. From Figs. 8(a) and

8(c), we can see that the fitting curve of experimen-

tal data is in accordance with the theoretical data,

although the changing trend between two neighboring

points does not strictly accord with the experimental

error extent, comparing the curves generally shows the

same changing trend. As a whole, the experimental

LIDTs and the theoretical relative thresholds accord

very well with each other. From the discussion above,

we can conclude that the micro-waviness model es-

tablished by us and the combination of the Fourier

model method and the PSD method are feasible for
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analysing the influence of micro-waviness which exists

on the KDP surface processed by the SPDT.

20

18

16

14

12

16

14

12

10

16

14

12

10

8

0 10 20 30
Feed/mSr-1

100

95

90

85

90

92

94

96

98

98

94

90

86

R
e
la

ti
v
e
 t

h
re

sh
o
ld

/
%

R
e
la

ti
v
e
 t

h
re

sh
o
ld

/
%

R
e
la

ti
v
e
 t

h
re

sh
o
ld

/
%

L
a
se

r 
d
a
m

a
g
e
 t

h
re

sh
o
ld

/
J
Sc

m
-

2

experimental error bar comparing curve

theoretical points
theoretical fitting curve
experimental points
experimental fitting curve

theoretical points

theoretical fitting curve
experimental points

experimental fitting curve

theoretical points

theoretical fitting curve
experimental points

experimental fitting curve

experimental error bar

experimental error bar

comparing curve

0 10 20 30
Feed/mSr-1

0 10 20 30
Feed/mSr-1

L
a
se

r 
d
a
m

a
g
e
 t

h
re

sh
o
ld

/
J
Sc

m
-

2
L
a
se

r 
d
a
m

a
g
e
 t

h
re

sh
o
ld

/
J
Sc

m
-

2

(c)

(b)

(a)

Fig. 8. Comparing theoretical relative thresholds with the

experimental LIDTs for (a) ap=10 µm; (b) ap=15 µm; (c)

ap=20 µm (ap is the cutting depth).

4.3.Analysis of the vibration sources

which introduce micro-waviness

From the discussion above, we can see that the

micro-wavinesses, especially the ones with the lead-

ing frequencies, induced by the SPDT method have

important effects on the LIDT of the KDP crystal.

Therefore, finding the processing factors correspond-

ing to these micro-wavinesses is critical for reducing

or eliminating the influence of micro-waviness on the

LIDT of the KDP crystal.

The SPDT allows the direct obtainment of sub

micrometric form accuracy with nanometric roughness

without complementary operations such as lapping or

polishing,[24] so it is widely used in processing high-

quality optical elements. The machine adopts a ver-

tical architecture, the spindle installed on aerostatic

bearings is mounted axially in the z direction. The

slides are fixed on a massive granite block, which itself

is located on four self-leveling pneumatic isolators. A

large disk is fixed on the bottom of the principle axis,

and the diamond tool is fixed at the edge of the big

disk. Because of the special structure of the SPDT

machine, if the spindle is not strictly vertical to the

surface of the workpiece, the slight vibration of the

spindle will lead to several-fold vibration between the

tool and the surface. Therefore, the spindle vibration

may be the main cause of micro-waviness during the

processing in the SPDT method. Of course, we can-

not completely neglect the effects of other elements,

such as the straightness of the slides, the anisotropy

of the material, and the environmental vibration.[25,26]

An et al.[27] established Euler’s dynamic equations for

the angular displacement calculation of gas spindles,

and pointed out theoretically that a middle frequency

which is a fraction of the spindle frequency (6.25 Hz,

with their processing parameters) exists as a main fac-

tor inducing the micro-waviness on the KDP surface.

With the SPDT machine specially built for processing

the KDP crystal in Haerbin Institute of Technology,

they tested the axial vibration of the spindle and found

that the middle frequency was about 0.94 Hz (1.07 Hz

in theory). When the spindle speed was 400 r/min, the

experimental value of spindle frequency was 6.41 Hz,

and the theoretical time frequency is 6.67 Hz, the er-

ror is caused mainly by the fluctuation of the spindle

speed.

The relationship between the time frequency of

micro-waviness and its spatial frequency is

ft =
1

60
fkvf, (9)

where fk is the spatial frequency in µm−1; v is the

spindle speed in r/min; and f is the feed in µm/r.

Using Eq. (9), we can obtain the time frequencies

corresponding to the characteristic spatial frequencies

in all the 18 machined areas. We classify these val-

ues based on the multiple relationship between them,

the result is shown in Table 6. From Table 6, we

can see that there are about four sources that induce
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the micro-waviness on the KDP surface. The base

frequency is about 6.48–6.86 Hz in group 1, which is

nearly equal to the spindle frequency (6.67 Hz in the-

ory). So, we know that the micro-wavinesses in group

1 are induced by the spindle frequency. These micro-

wavinesses are related to the feeds, and their periods

are the integer multiples of the tool marks on the KDP

surface. The base frequency of group 2 is between

1.029 Hz and 1.143 Hz. The middle frequency men-

tioned above (1.0672 Hz in theory) is in this range.

So, we know that all the micro-wavinesses in group 2

are related to the middle frequency. From the data

in group 2, we are able to conclude that this middle

frequency is truly the main factor that leads to the

micro-waviness. The time frequencies of the leading

frequencies provided in Table 5 are highlighted in Ta-

ble 6. From the distribution of these marked data, we

can see that the spindle vibration is the most impor-

tant element that induces the micro-waviness on the

KDP crystal. By improving the dynamic property of

the spindle it could be possible to increase the LIDT of

KDP. We do not know exactly the factors that cause

the micro-wavinesses in groups 3 and 4, which will be

investigated in depth in the future.

Table 6. Classification of time frequencies of micro-waviness.

Group No. Time frequency/Hz Base frequency/Hz

1 0.0686, 0.0343,0.6857, 0.6857, 0.0343, 0.0686, 0.6857, 6.48–6.86

0.6857, 0.0174, 0.0648, 1.2953, 1.2953, 1.3714

2 0.5029, 0.0498, 0.5143, 0.5333, 0.5066, 0.5029, 0.5867, 1.029–1.143

0.2667, 0.0267, 0.0267, 0.2743, 0.2514, 0.2933, 0.2857,

0.56, 0.5714, 0.0571, 0.1333, 0.1333, 0.1029, 0.1067,

1.0286, 1.0667, 0.0114, 0.1143, 0.2286, 0.2273, 0.2272,

0.4571, 0.4571, 0.0457, 0.4571, 0.4571, 0.5029

3 0.08, 0.8, 0.16, 0.8,0.4, 1.6, 0.8 1.6

4 0.019, 0.1943, 0.3772, 0.3810, 0.7619, 0.7619, 1.9429, 1.9429, 1.9429

5. Conclusions

In this paper, we analyse the influence of micro-

waviness on the LIDT of the KDP crystal based on

the Fourier model method and the PSD method. In

addition, we also briefly discuss the main sources that

introduce the micro-waviness by studying the time fre-

quencies of the micro-waviness. The following conclu-

sions are obtained.

1) The surface topography of KDP processed by

the SPDT method is composed of micro-wavinesses

with different characteristic frequencies. The micro-

waviness occupying the largest proportion of the KDP

surface is not always the one that causes the greatest

reduction in LIDT.

2) The micro-wavinesses with leading frequencies

may appear repeatedly, and they are introduced by

some intrinsic vibration elements of the machine.

3) If we consider 0.99 as the minimum limit of

relative threshold, we find that the processing factors

that bring in the frequencies between 350−1 µm−1 and

30−1 µm−1, especially the ones between 200−1 µm−1

and 90−1 µm−1, should be carefully controlled, be-

cause nearly all the leading frequencies are in this

range.

4) The spindle axial vibration is a critical fac-

tor that introduces dangerous micro-wavinesses on the

KDP surface. The practical spindle frequency (about

6.86 Hz, 400 r/min) and the special middle frequency

(between 1.029 Hz and 1.143 Hz), introduce nearly all

the dangerous micro-wavinesses on the KDP original

surface.
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