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The KH2POy4 crystal is a key component in optical systems of inertial confinement fusion (ICF). The microwaviness

on a KHaPOy crystal surface is strongly related to its damage threshold which is a key parameter for application. To

study the laser induced damage mechanism caused by microwaviness, in this paper the near-field modulation properties

of microwaviness to the incident wave are discussed by the Fourier modal method. Research results indicate that the

microwaviness on the machined surface will distort the incident wave and thus lead to non-uniform distribution of the

light intensity inside the crystal; in a common range of microwaviness amplitude, the light intensity modulation degree

increases about 0.03 whenever the microwaviness amplitude increases 10 nm; 1 order diffraction efficiencies are the

key factors responsible for light intensity modulation inside the crystal; the light intensity modulation is just around

the microwaviness in the form of an evanescent wave, not inside the crystal when the microwaviness period is below

0.712 pmy; light intensity modulation degree has two extreme points in microwaviness periods of 1.064 ym and 1.6 pm,

remains unchanged between periods of 3 pm and 150 pum, and descends above the period of 150 pm to 920 pm.
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1. Introduction

KH>PO, (potassium dihydrogen phosphate, KDP
for short) crystals are mainly used in the inertial con-
finement fusion (ICF) terminal optical system for fre-
quency multiplication and Pockels cells. As an impor-
tant optical index, the laser induced damage thresh-
old (LIDT) has become a bottleneck that restricts
the application and the development of ICF.['=4] Re-
cently, studies of the LIDT have focused on factors
like stationary-state and transient-state deficiency in-
side the crystals, impurity content, multi-photon ion-
ization and collision ionization inside the crystals, in-
cident wavelength, etc.[5~7 However, machined micro-
nano superficial deficiencies (microwaviness, steel pits,
surface stress, etc.) have a great influence on the laser
energy-flux density and operating life of KDP crys-
tals. Using the single point diamond turning (SPDT)
method to machine KDP crystals, periodic tool marks
will be left on the machined surface along with the
cutter path, called microwaviness. The existence of
microwaviness will add periodic micro disturbance to
the transmission wave front, and sometimes the mi-

crowaviness structures are even similar to the grating.
The near-field modulation properties of microwavi-
ness can lead to the nonlinear increase of the intense
laser, and consequently lower the laser induced dam-
age threshold.[®]

Light intensity is the average of the electromag-
netic field energy-flux density in a period of the inci-
dent wave. The modulation caused by microwaviness
on the machined surface will lead to a non-uniform
distribution of light intensity. If the light intensity
peak reaches a critical value in a certain area, it will
provide the electrons with enough energy to trans-
mit to the conduction band, leading to a lot of ef-
fects like multi-photon ionization, collision ionization,
heating, etc. If there are some deficiencies in such an
area, the induced damage probability will be higher,
t00.113 When analysing the spatial frequency on a
KDP element surface by the power spectral density
(PSD) method, we find that the spatial period cor-
responding to the maximum of PSD is very close to
the working feed, which means that we can control
the spatial frequency distribution by choosing dif-
ferent feeds.?) Therefore, making an intensive study
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of the microwaviness near-field modulation properties
can not only provide the theoretical basis for increas-
ing LIDT, but can also guide the choice of effective
working parameters. In this paper we discuss the
light intensity modulation properties of the microwavi-
ness period and amplitude using the Fourier modal

method.

2. Model and theory

The dimensions of the microwaviness and area
scale for study in the light transmission direction are
both very small. Therefore, scalar diffraction theory
and approximate conditions will no longer be ten-
able, and we should use the vector calculus method
based on rigorous electromagnetic field theory.[10:11]
The Fourier modal method is based on the rigorous
electromagnetic field theory without any approxima-
tion and hypothesis, and the basic method is to ex-
pand the electromagnetic field of the phase modula-
tion area by Fourier modals, establish the eigenequa-
tion, solve the modal coefficient by boundary con-

ditions, and finally solve the whole electromagnetic
field.[12=14]

€bE0; U0

Fig. 1. Physical model of microwaviness (one and a half
periods).

The ideal pattern of microwaviness is approxi-
mated by a sine wave and the sine wave in turn is
approximated by multilayer lamellar steps. Various
notations are shown in Fig. 1.'%1 The microwaviness
cross section is in the x—z plane with the y-axis parallel
to the microwaviness line, the z-axis is perpendicular
to the substrate layer plane. The 15¢ and P} lay-
ers are two semi-infinite media, i.e. incident air layer
and substrate layer, respectively. The other layers are
microwaviness layers.

In each layer, the relative dielectric constant and
the relative permeability are periodic with period T,

ie, e(x) =e(x+1T), and p(x) = plx +T). In each
layer p,
1 z € (0,TP)U(T — TP, T),

E(x)p’u(m)p = { re (Tp T_ Tp).

€bs Hb
(1)
Writing Eq. (1) in Fourier expansion form as fol-

lows:

N O e (e N )

where TP is the interface coordinate between air and
crystal in one period, from geometrical relationship,
we can obtain

T
" = p arccos[(2F + 2P~ —1)/al, (3)
s

where 2P is the upper interface coordinate of layer
p, and a is the amplitude of the microwaviness. In
layer p, the dielectric constant and the permeability
are e(x)Peg and pu(x)?P .

Because of the periodicity of microwaviness, the
distribution of the electromagnetic field is also pe-
riodic with period T, ie., E(z) = E(x + T), and
H(z) = H(xz + T), which, in layer p, are written in

Fourier expansion form as follows:

[E7 UH]p = eXp(ikOOémx) [ewmeymezmy _hwmhymhzm]p

x explikoy? (z — 2P)], (4)

where a, = g+ Am/T, m =0,£1,+2,...,+£M, .. ;
~P is for the evaluation related to the z-axis compo-
nent of the wave number in layer p; ag = sinf, and 6
is the angle between the incident light and axis z.[1¢
In each layer, the electromagnetic field satisfies the

Maxwell equations:

0B oD
Vfo—E, Vxﬂfﬁ. (5)

Concerning the discontinuation of two different
media in microwaviness layers in the axis x, we use the
Fourier “inverse regulation” factorization theory.!'”]
Substituting Egs. (2) and (4) into Eq. (5), we ob-
tain the component Maxwell equations of matrix style
(omitting layer number p):

peyy = ha, —Ehyy = e,

ezy — ae, = phy, and hey + ah, = eey,

aey = ph, ahy, = —¢e.,

(6)
where ¢, &, p and i are (2M + 1) square matrixes ob-
tained according to the “inverse regulation” theory;
€z, €y, €, My, hy and h, are (2M + 1) x 1 matrixes
(the matrix element of e, is e,) for evaluation by
the eigenequation; « is a (2M + 1) diagonal matrix
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with a matrix element of a,,; v is a value for evalu-
ation by the eigenequation. From Eq. (6) we obtain
the eigenequation of the TE wave as follows:

(¢ — op~a)ey = fiey?”
he = ey, (7)

h, = u_laey.

1

Define A = i~ (e — ap~ta), then the eigenequa-

tion can be rewritten as
Ae, = e,7? (8)
€y = €yY".

Equation (8) is a generalized eigenequation with
(2M +1) eigenvalues and eigenvectors.'7l After equa-
tion (8) is solved, we obtain the eigenvalue matrixes

|

{ Eb = exp(ikoax) WP {expliko I} (z — 2P)]uf + expliko " (2 — 27)]d"},

Iy and I'_, and the eigenvector matrix We,, which
are related by

AWey = We, I, (9)

where We, is a (2M + 1)-square matrix composed of
(2M +1) eigenvectors. I'y and I'_ are two (2M +1) di-
agonal matrixes composed of (2M 1) eigenvalues, I'y
represents an up-going wave with positive eigenvalues
and I represents a down-going wave with negative
eigenvalues.

After the eigenmode field is solved, the general
solution of the modal field is the linear superposi-
tion of eigenmode fields. In layer p, the y compo-
nent of electric-field intensity and the £ component of
magnetic-field intensity can be written as follows:

oHE = exp(ikoox)(—W}r {expliko I} (z — 2P)|uP — explikol” (z — 2P)]dP,

where u? and d? are two column vectors composed of
eigenmode field amplitude coefficients of the up-going
wave and the down-going wave, respectively, which
can be solved by an algorithm of a recursion reflection—
transmission coefficient matrix (RTCM).[18:19]

Light intensity can be obtained from the following

equation (in units of W/m?):

I= %\Re(ExH*)L (11)

3. Result and discussion

To further study the light intensity modulation
properties of microwaviness and simplify the mathe-
matic model, the incident light wave is assumed to be
a unit TE wave with vertical incidence. The refrac-
tive index of KDP is 1.49; incident light wave length
is A = 1064 nm; the thickness of the KDP crystal is
10 mm;1?% z; = 0. Now we come to discuss the light
intensity modulation properties of the microwaviness
period and amplitude separately.

3.1. Light intensity modulation property
of microwaviness amplitude

The incident wave generates a new diffraction
field inside the crystal after the phase modulation of

the microwaviness. Denote the light intensity (inside
the crystal) as Ipeys under ideal conditions (without
microwaviness), then the light intensity modulation

degree will be defined as

MI = max/Iperf7 (12)

where [, is the light intensity maximum after mi-
crowaviness modulation. From the viewpoint of failure
resistance, the modulation degree is used to identify
the system security, which means that the bigger the
modulation degree is, the more easily the optical com-
ponent can be destroyed (the definition of modulation
degree here is different from that in Ref. [12]).
Generally, using the single point diamond turning
method, choosing a special machine, optimal work-
ing parameter combination and appropriate work-
ing direction, the microwaviness amplitude is under
200 nm.?'=23] Figure 2 shows the light intensity mod-
ulation degree curves of microwaviness amplitude. We
can conclude that the modulation degree becomes big-
ger as amplitude increases, the reason for which is that
the incident wave diffracts after the modulation of the

microwaviness so that the ideal light field is distorted,
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Fig. 2. Modulation property curves of microwaviness am-
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Fig. 3.
crowaviness amplitudes (the black line represents the

Light intensity distributions of different mi-

boundary of microwaviness, the area above it is inside the
crystal) at @ = 30 nm, "= 1.5 pm (a), and a = 200 nm,
T =15 pm (b).

and a bigger amplitude will lead to a more serious dis-
tortion. In some areas the light waves interfere con-
structively and the light intensity is strengthened; if it
reaches the electron transition critical value or there
exist deficiencies in such areas, the induced damage
may occur. Moreover, in the common range of the mi-
crowaviness amplitude, the light intensity modulation
degree increases linearly with increasing microwavi-
ness amplitude, at about 0.03/10 nm.

The light intensity distributions at ¢ = 30 nm and
200 nm with the same period of T'= 1.5 um are given
in Fig. 3. From Figs. 3(a) and 3(b) we can see that
the light intensity at ¢ = 30 nm distributes more uni-
formly than that at @ = 200 nm, and the modulation
is 1.105. However, the light intensity at a = 200 nm
is badly distorted with a modulation of 1.82, which
is because the bigger amplitude will involve light in-
tensity concentration and result in high light intensity
peak in the local area.

3.2. Light intensity modulation property
of microwaviness period

The light intensity modulation degree curve of the
microwaviness period is is shown in Fig. 4. It can
be found that the modulation degree increases slowly
with increasing period when the microwaviness period
is below 0.712 pm, increases rapidly above 0.712 pum
until 1.064 pm where the modulation degree reaches
the maximum, descends between 1.064 ym and 3 um
for except an extreme point of 1.6 pum, remains un-
changed between 3 pm and 150 pm, and descends
above 150 pm to 920 pum above which the modula-
tion is less than 1.01.
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Fig. 4. Modulation property curves of microwaviness pe-
riod.

The main reason for the modulation property
above is that as the microwaviness period varies, the
number of diffraction orders and the diffraction effi-
ciency of each order vary. Table 1 shows the diffrac-
tion efficiencies of each diffraction order for different
microwaviness periods. From the table we can see
that with increasing microwaviness period the num-
ber of the diffraction orders increases, but the +1 or-
der diffraction efficiencies are much higher than other

orders, so we will focus on them.
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Table 1. Diffraction efficiencies of each order.

microwaviness diffraction efficiency/%
period 0 +1 +2 +3 +4 +5
/pm order order order x10™* orderx10™* orderx10~7  orderx10~°
1 92.86 1.78 0 0 0 0
2 94.87  0.60 29.8 0 0 0
2.5 94.97  0.56 0.46 1.81 0 0
3 95.02 0.54 2.47 1.21 18 0
4 95.06  0.53 4.57 0.63 2.52 2.71
_o0.07] 1064 T so that the maximum light intensity inside the crystal
g e =50 nm becomes smaller.
3006‘ —6— a=100 nm 1073
wngee =200 nm X
So.05 )l (a) 2
=)
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Fig. 5. The £1 order diffraction efficiencies.

Figure 5 shows the +1 order diffraction efficiency
curves. The +1 order diffraction efficiencies are both
zeros while the microwaviness periods are below 0.712
pm and increase rapidly until 1.064 pm where they
reach their maxima, descend between 1.064 um and 3
pm, and remain unchanged above 3 pm. From Figs. 4
and 5 we can see obviously that the changes of light
intensity modulation degree with microwaviness pe-
riod are quite similar to those of +1 order diffraction
efficiencies. We can conclude that £1 order diffrac-
tion efficiencies are the main reason for inducing light
intensity modulation inside KDP crystals, but there
are still some differences between Figs. 4 and 5 which
we can explain as follows: a) the difference below
0.712 pm is caused by the evanescent wave, which
attenuates rapidly along the light propagation direc-
tion (Fig. 6(a)); b) the difference at 1.6 um is caused
by the diffractions of other orders, whose diffraction
efficiencies are only obvious when the microwaviness
amplitude is bigger; c¢) the difference above 150 pm
is caused by the periodic distribution of the light in-
tensity in the z direction (Fig. 6(b)), and the longer
the microwaviness period is, the longer the period of
the light intensity in the z direction will be because
the thickness of the KDP crystal is a constant, and
when microwaviness period is longer than 150 pm the
peak value of the light intensity is outside the crystal

z/pm

z/pm

Fig. 6.
crowaviness periods (the black line represents the bound-

Light intensity distributions of different mi-

ary of microwaviness, the area above it is inside the crys-
tal) in the cases of (a) a = 100 nm and T = 0.5 um, (b)
a =100 nm and T = 1.064 pm, and (c) a = 100 nm and
T =3 pm.
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The light intensity distributions in the cases of @ = 100 nm, and 7' = 0.5 pum, 1.064 pm and 3 pm are given
in Fig. 6, respectively. From Fig. 6(a) we can see that when microwaviness period is 0.5 ym (below 0.712 pm),
there is only a 0 order diffraction wave, so the light intensity modulation is just around the microwaviness in the
form of an evanescent wave, but not inside the crystal; from Figs. 6(b) and 6(c) we can see that +1 and higher
order diffraction efficiencies will cause non-uniform distributions of the light intensity and periodic distributions
both in the = direction and in the 2z direction. Moreover, the microwaviness periods around 1.064 ym and 1.6 pm
are sensitive periods, others are insensitive periods. From Figs. 6(b) and 6(c) we can also see that the peak
value of light intensity in the sensitive period of 1.064 pm is much higher than that in the insensitive period
of 3 pm, with modulation degrees of 2.2 and 1.6 respectively. Therefore, we must take an effective measure to
make sure the microwaviness periods are not in sensitive periods so as to lower the light intensity modulation
degree and enhance the induced damage resistance.

4. Conclusions

Using the Fourier modal method based on rigorous electromagnetic field theory, the modulation properties
of microwaviness inside a KDP crystal with microwaviness amplitudes ranging from 10 nm to 1000 nm and
periods covering from 0.1 pm to 2 mm are discussed. The study results are as follows.

(i) The £1 order diffraction efficiencies are the main reason for the light intensity modulation inside KDP
crystals.

(ii) A large microwaviness amplitude will increase the £1 order diffraction efficiencies and lead to a serious
distortion of the diffractional field. In some areas the light waves interfere constructively and the light intensity
is strengthened.

(iii) In the common range of the microwaviness amplitude, the light intensity modulation degree increases
about 0.03 whenever the microwaviness amplitude increases 10 nm.

(iv) The light intensity modulation is just around the microwaviness in the form of an evanescent wave
when the microwaviness period is below 0.712 um; there are two peak values of modulation degree in 1.064 ym
and 1.6 um; the modulation degree remains unchanged between 3 ym and 150 pm, and descends above 150 um
to 920 pym above which modulation is less than 1.01.
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