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A Mounting Configuration for Efficient Third Harmonic Conversion of
KDP Crystals with Large Aperture
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Abstract A mounting configuration is presented to solve the loss of the third harmonic generation (THG) efficiency
due to the gravitational effects. The analysis result of finite element model shows that the loss of the THG efficiency
is nearly absent due to the gravitational effects when the original surface profile of the KDP crystals and mounting
configuration is an ideal plane. Meanwhile, numerical simulation calculations are performed to analyze the influence
of fabrication errors on the THG efficiency. Furthermore, the machining requirements of the peripheral milling have
been discussed. The loss of the THG efficiency is nearly same under the different departure angles. The mounting
configuration with the random error is acceptable, but the convex error and concave error should be controlled below
5 pm to realize efficient third harmonic output.
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1 Introduction

In the inertial confinement fusion (ICF) systems,
the wavelength of the Nd:glass lasers will be converted
from 1053 nm to 351 nm by frequency converters com-
prised of one block of the type I KDP crystal (doubler)
and one block of the type II KDP crystal (mixer)™ .
Considering the input intensity and the limitation of
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damage threshold, the KDP crystals with large aperture
(i.e., 430 mm X 430 mm) and low thickness (i.e.,
12-mm-thick for the doubler and 9-mm-thick for the
mixer) are widely used in high power laser systems.
However, the surface profiles of these KDP crystals are
very sensitive to the external factors (such as the gravi-

tational sag. the mounting configuration and the
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mechanical vibration) , leading to the obvious reduction
of the third harmonic generation (THG) efficiency.
Frequency converters will be placed around the
target chamber in several orientations departing from
the vertical plane. Thus, the KDP crystals will be par-

ticularly sensitive to gravitational effect in ICF sys-
4-8]

tems" Consequently, several mounting configura-
tions have been proposed in order to solve the loss of
the THG efficiency due to the gravitational sag. These
mounting configurations involve two methods to control
the surface profiles of the KDP crystals™ ). The first
method is to manage to maintain the original surface
profile as much as possible; and the second is only to
ensure that the detuning angular distribution along the
extraordinary axis can be negligible. However, there
are still some troubles in the existing mounting configu-
rations. For example. the full edges support could not
maintain the original surface profile very well®’ . and
the silicone fixed scheme could only ensure the detuning
angular distribution for the doubler in order to avoid the
damage of the silicone by the stimulated transverse Ra-
man scattering™" .

In this paper, we present a mounting configu-
ration based on the second method mentioned above
to achieve efficient frequency conversion. The ma-
terial of this mounting configuration is stainless
steel which has a higher damage threshold than sili-
cone. The effects of the gravitational sag on the
THG efficiency by using the mounting configuration
have been analyzed under three typical departure
angles (i.e., 30°, 45° and 60°). Furthermore, the
effects of the fabrication errors with different sizes
(i.e. s 5 ym, 10 pm and 15 pm) and types (i.e.,
random errors, convex errors and concave errors)
on the surface profiles and the THG efficiency have
been discussed in detail.

2 Design of the mounting configuration
2.1 Layout of the cascaded type I/1I1 KDP crystals

The fundamental light is linearly polarized along
the ordinary axis of the doubler. The 1w and 2w lights

emerging from the doubler are linearly polarized along
(5} o

doubler mixer
20

Fig.1 Schematic of the cascaded type I/II KDP crystals

the extraordinary and ordinary axes of the mixer, re-
spectively. Then 3w light polarized along the extraordi-
nary axis is finally generated by the nonlinear effect be-
tween the 1w light and the 2 light as shown in Fig.1.
2.2 Design of the mounting configuration

Fig.2 shows this mounting configuration including
a rectangular metallic frame and some accessories
(tablettings and small screws). The KDP crystals are
held by their two vertical edges which are parallel to the
extraordinary axis with the supporting stripes and the
tablettings, and four small screws are fixed at each side
of the KDP crystals with the equal interval. Because the
dimension of the rectangular frame is slightly larger
than the KDP crystals, the significance of these small
screws is that the center of the KDP crystals could be a-
ligned at that of the rectangular frame, besides, the or-
dinary axis of the doubler and the extraordinary axis of
the mixer could be adjusted parallel to the polarized di-
rection of the fundamental light.

(T : S
()

| (a)l T T T I
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- [__] rectangular frame
small screw
I support stripe

section drawing of region A

Fig.2 Schematic of the mounting configuration.
(a) Doubler; (b) mixer
2.3 Deformation model of the gravitational sag
The deformation model is performed by using the
finite element software ANSYS"*.

conditions, the surfaces of the mounting configuration

For the boundary

abutting the KDP crystal could be treated as the contac-
ted pairs in the finite element model and the deforma-
tion of the other surfaces is assumed to be negligible.
The discretization of the KDP crystals is composed of
87 X 87 elements in the transverse plane and 5 elements
in the thickness direction. The parameters used for the
deformation model are as follows.

- KDP
Elastic stiffness (in units of GPa)
C,=71.2
C,=-5.0
C;=14.1
C,, =56.8

0702004-2



Jia Kai et al. :

A Mounting Configuration for Efficient Third Harmonic Conversion of KDP Crystals with Large Aperture

C,=12.6
Ces =6.22
Density: p =2.34 g/cm’
- Stainless steel
Young's modulus E = 206 GPa

Poisson's ratioy =0.3
Density p =7.39 g/cm’
Fig.3 and Fig.4 show the deformation and the de-
tuning angular distribution along the extraordinary axis
of the KDP crystals when the departure angle is 45°.
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Fig.3 Deformation and detuning angular distribution of the doubler
urad
0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
—— 08

deformation

detuning angular distribution

Fig.4 Deformation and detuning angular distribution of the mixer

The peak-valley (PV) and the root mean square
(RMS) values of the surface deformation can be ex-

pressed as
Dy = Gmax ™ Punin » (D
N
Dis = | 23 (g —¢.)* [(N= D (@)

n=1

where ¢ is the amplitude of the surface deformation, N
denotes the number of the sampling locations.
According to the equations (1) and (2), the Dy
and Dy values, as well as the average detuning angle
along the extraordinary axis (Ad,.) of the KDP crystals
have been calculated and listed in Table 1 Conly the data
in the clear aperture 410 mm X 410 mm are recorded) .

Table 1 Deformation and detuning angle
of the KDP crystals

KDP ilegir;‘:r‘j Doe/pm D/ pm M. /prad
30 2.318 0.741 0.451
Doubler 45 3.256 1.049 0.566
60 3.972  1.285  0.646
30 2.206 0.738 0.110
Mixer 45 3.117 1.044 0.153
60 3.816  1.278  0.188

Fig. 3 and Fig. 4 show that the surface profile of
the KDP crystals exhibits several pinstripes along the
extraordinary axis and the central region is sagged due
to the gravitational effects. Besides. the detuning angu-
lar distribution caused by the crystal deformation almost
tends to zero except in the small region near the two
vertical edges which are parallel to the ordinary axis.
Meanwhile, it can be shown from Table 1 that the D,y
value, the Dyys value and Af,,. of KDP crystals increase
with the increment of the departure angle.

Generally speaking, the amplitude of the surface
deformation is proportional to the width-thickness ratio,
but the deformation of the doubler is larger than the
mixer, as shown in Table 1. The reason is that the pe-
ripheral region of the KDP crystals is upwardly curved
due to the gravitational effect and the tablettings would
prevent the upward trend. The peripheral region of the
mixer with the lower thickness would be upswept more
obviously. so the reacting force of the tablettings exer-
ted on the mixer is stronger than that on the doubler.
Therefore, the deformation of the mixer is smaller than
that of the doubler.
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3 Loss of the THG efficiency
3.1 Conversion efficiency of the THG

For type I/II KDP angle-detuning method, the equations of harmonic conversion can be expressed as
IE,

VE |V, I, IE,
R R [ +o. (5
I E,  J'E, J
”izju”l —0—2717f[ . (0) E2+a;
dx )
PE, E . JE. aE

s Ty o, @ [ + o (D5
dx dy c

[13]

- }7 )X(“E E,exp (i) — i "%, E,

dJ . My o

EZ} oxde E,exp (idkz)—i "-(f“-azEz . (3)
JE. : . 7
s 3; }:— C(%X(,HE1 E,exp(—iAkz)— i 1 ;Uga_gEg

Here p is the walk-off coefficient of the extraordi-
nary light; a; = 1/v,; = 1/v,[j =
the fundamental light, the second harmonic generation

1, 2, 3 represent

(SHG) and the THG., respectively]; v, is group veloci-
ty; Ak is phase mismatch; ¢ is the velocity of light in
vacuum; a; is the linear absorbing coefficient of KDP
crystal.

For type I frequency doubling, E, = E, = E,,/2
and E,, is the ordinary light amplitude of the fundamen-
tal light; E, = E,., and E,, is the extraordinary light
amplitude of the SHG; n, =
the ordinary refractive index of the fundamental light;

n, = n,, and n, represents

Ny = Ny » and M, is the extraordinary refractive index
of the SHG;
— x¥ sin @sin 2, 0 is the phase matching angle, the az-
imuth @ = 45" and the nonlinear coefficient y* = 7.8 X
107" m/V in equation (3).

And for type [l frequency tripling, E; = E,., and

the effective nonlinear coefficient y.. =

E,. is the extraordinary light amplitude of the funda-
mental light; E, = E,,, and E,, is the ordinary light
amplitude of the SHG; E, = E,,, and E., is the extraor-
dinary light amplitude of the THG; n, =
the extraordinary refractive index of the fundamental

n,. represents

light; n, = n, represents the ordinary refractive index
of the SHG; n, =
refractive index of the THG; y. = y*
@ = 0.

For the sake of simplicity but without loss of prac-

N represents the extraordinary

sin fcos 2@, and

tical interest, suppose that the spatial distribution of the
fundamental light is the uniform plane wave. The ex-
pression of this fundamental light is given by

E(t) = %exp[iwf —ikz ]+ c.c. 4

According to equations (3), (4) and the 4th
Runge-Kutta equation, the relationship between the in-
ternal angular offset of the doubler and the THG effi-
ciency is obtained and shown in Fig.5.

Fig. 5 shows that if the largest THG efficiency
could be achieved by type [ /I KDP angle-detuning
method, the doubler should have internal angular off-
sets of 180, 220, 230 purad for the intensities of the fun-
damental light of 2, 3, 4 GW/cm®, and the THG effi-

100

—_2 GW/cm:Z

3w conversion efficiency /%

“““““ e 4 GW/eme?

O0 50 100 150 200 250 300 350 400
Internal angular offset /urad
Fig.5 THG efficiency of the plane wave
ciencies are 83.27% , 88.77% , 90.95% , respectively.
Because of the gravitational effects, the amplitudes
of the surface deformation ¢(x,y) are converted into a
phase fluctuation in order to simulate the changes in the
phase-matching direction:

#(x,y) :%gb(x,y). (5)

Then. equation (4) can be expressed as:

E(x,y,z,t) = %exp[iwt*iszﬁi?S(x,y)]JrC. c. (6)

When the original surface profile of the KDP crys-
tals and mounting configuration is an ideal plane shown
in Fig.3 and Fig. 4, the maximal loss of the THG effi-
ciency is only 0.02% due to the gravitational effects,
indicating that this mounting configuration can maintain
the THG efficiency very well when the surface profile of
components is the ideal plane.

3.2 Loss of the THG efficiency due to fabrication errors

Peripheral milling of flexible components is a wide-
ly practiced manufacturing process in the machining in-
dustry™ "', The problem of machining is complicated,
having periodically varying milling force exciting the
flexible structure of the components both statically and
dynamically. so fabrication errors are inevitable in this
mounting configuration., especially in the support
stripes and the tablettings.

Because each of the KDP crystals exhibits a differ-
ent original surface profile and the debates focus on this
mounting configuration, without loss of generality, the

KDP crystals with an ideal surface and the mounting
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configuration with fabrication errors have been analyzed
to find out the relationship between fabrication errors
and the loss of the THG efficiency. Fabrication errors
can be divided into random errors, convex errors and
concave errors by different machining types. Mean-
while, the sizes of fabrication errors analyzed are as-

sumed to be 5, 10, 15 pm, respectively.

deformation

3.2.1
Fig.6 and Fig.7 show the deformation and the de-

Condition of the random error

tuning angular distribution along the extraordinary axis
of the KDP crystals when the departure angle is 45° and
the fabrication error is a 10 pm random error. And the
D,y values, the Dgys values, Af0,. and the loss of the
THG efficiency are reported in Table 2.
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Fig.6 Deformation and detuning angular distribution of the doubler under random errors

Deformation
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Fig.7 Deformation and detuning angular distribution of the mixer under random errors

Table 2 Influence of random errors on frequency tripling

Departure Random Loss of the THG efficiency /%
. KDP Dpy /pm Druvs /pm Ab... /urad - -
angle /(°)  error /um v o " 2GW/ent 3 GW/em? 4 GW/ent
Doubler 10.37 2.78 5.09
5 ] 0.025 0.19 0.32
Mixer 9.54 2.73 2.65
Doubler 10.99 2.85 6.56
30 10 ) 0.046 0.30 0.56
Mixer 10.23 2.78 4.32
Doubler 11.66 2.90 7.80
15 . 0.062 0.43 0.73
Mixer 10.93 2.82 5.49
Doubler 13.99 3.85 6.09
5 0.040 0.26 0.53
Mixer 13.23 3.83 3.16
Doubler 14.80 3.95 7.60
45 10 ] 0.065 0.39 0.82
Mixer 14.10 3.95 4.85
Doubler 15.43 4.02 9.16
15 . 0.100 0.56 1.24
Mixer 14.76 3.99 6.39
Doubler 16.69 4.65 6.62
5 ] 0.049 0.30 0.64
Mixer 16.09 4.67 3.56
Doubler 17.70 4.80 8.41
60 10 . 0.083 0.47 1.06
Mixer 17.12 4.86 5.18
Doubler 18.31 4.86 9.88
15 0.120 0.65 1.47
Mixer 17.74 4.89 6.86
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Fig. 6 and Fig. 7 indicate that the restraint region ficiency is less than 1.5% .

of the mounting configuration with the random error be- 3.2.2 Condition of the convex error
comes less, so the amplitudes of the deformation and Fig.8 and Fig. 9 show the influence of the mount-
the detuning angular distribution increase. But the sur- ing configuration with a convex error on the KDP crys-
face profile is close to the gravitational deformation with tals when the departure angle is 45°. And the Dy val-
the ideal plane. Table 2 shows that the mounting con- ues, the Dyys values, Ad,,. and the loss of the THG effi-
figuration with the random error is still used to achieve ciency are reported in Table 3.
the efficient THG, and the maximal loss of the THG ef-
prad
pm 60
40
-5
i 20
‘ -10 0
1 -20
-15
-40
-20 -60

deformation detuning angular distribution

Fig.8 Deformation and detuning angular distribution of the doubler under convex errors

T b B
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‘ 18
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Fig.9 Deformation and detuning angular distribution of the mixer under convex errors

Table 3 Influence of convex errors on frequency tripling

Departure Convex Loss of the THG efficiency /%
. KDP Dpy /pm Drus /pm Al /prad
angle /(°) error /pm 2GW/ e 3GW/em* 4 GW/em?
Doubler 13.05 3.04 18.84
5 ] 0.49 2.09 5.71
Mixer 11.93 2.88 16.57
Doubler 16.04 3.49 30.20
30 10 ] 1.29 5.11 13.29
Mixer 15.32 3.45 29.48
Doubler 18.19 3.88 38.73
15 . 2.13 8.07 20.10
Mixer 16.97 3.73 39.29
Doubler 16.74 4.11 19.93
5 . 0.56 2.35 6.43
Mixer 15.69 3.98 16.93
Doubler 20.01 4.55 32.93
45 10 1.56 6.08 15.60
Mixer 19.29 4.48 31.68
Doubler 22.74 4.98 43.78
15 ] 2.71 10.11 24.39
Mixer 21.51 4.79 43.46
Doubler 19.53 4.83 20.41
5 ] 0.59 2.46 6.73
Mixer 18.58 4.85 17.14
Doubler 22.91 5.38 34.67
60 10 1.74 6.74 17.14
Mixer 22.18 5.28 34.67
Doubler 25.86 5.78 46.06
15 . 2.99 11.12 26.36
Mixer 24.49 5.59 45.33
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The valid restraint region of the mounting configu-
ration with the convex error shown in Fig. 8 and Fig. 9
is only the central part of the support stripe and the tab-
letting as well as the small screws, so the surface pro-
file exhibits an ‘X’ shape. Furthermore, the THG effi-
ciency is very sensitive to the convex error and reduces
obviously with the increase of the convex error, as
shown in Table 3. Especially, the loss of the THG effi-
ciency is far more than 10% when the convex error is

V.i
L 4

deformation

-20

pm
-5
-10

-15

larger than 10 pm and the input intensity is relatively
high (i.e., 3~4 GW/cm®).
3.2.3 Condition of the concave error

Fig. 10 and Fig. 11 show the influence of the
mounting configuration with a concave error on the
KDP crystals when the departure angle is 45°. And the
D, values, the Dyys values, A0,. and the loss of the
THG efficiency are reported in Table 4.

urad
60

40

detuning angular distribution

Fig.10 Deformation and detuning angular distribution of the doubler under concave errors

'.‘i
. e

deformation

detuning angular distribution

Fig.11 Deformation and detuning angular distribution of the mixer under concave errors

Table 4 Influence of concave errors on frequency tripling

Departure Concave Loss of the THG efficiency /%
. KDP Dpy /pm Dius /pm Ay /prad -
angle /() error /pm s s * 2GW/em*  3GW/em? 4 GW/em?
Doubler 11.92 2.75 14.66
5 0.34 1.32 3.61
Mixer 12.17 2.81 15.89
Doubler 15.50 3.20 31.13
30 10 1.46 5.52 14.26
Mixer 15.94 3.31 31.84
Doubler 18.92 3.88 47.60
15 ] 3.29 11.85 27.66
Mixer 20.21 4.11 47.59
Doubler 15.41 3.80 14.07
5 ] 0.32 1.23 3.38
Mixer 15.81 3.89 15.70
Doubler 18.99 4.10 30.66
45 10 . 1.43 5.38 13.92
Mixer 19.58 4.26 31.83
Doubler 22.54 4.64 47.18
15 . 3.26 11.71 27.31
Mixer 23.77 4.92 47.62
Doubler 18.10 4.63 13.64
5 0.31 1.17 3.23
Mixer 18.64 4.76 15.53
Doubler 21.62 4.84 30.41
60 10 ] 1.42 5.33 13.76
Mixer 22.39 5.05 31.84
Doubler 25.23 5.29 46. 85
15 ] 3.23 11.58 27.03
Mixer 26.48 5.62 47.66
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Because of the mounting configuration with the
concave error, the restraint on the KDP crystals is e-
quivalent to the four corner supports and the surface
profile exhibits an elliptical shape, as shown in Fig. 10
and Fig. 11. Meanwhile, the relationship between the
concave error and the loss of the THG efficiency is simi-
lar to the case of the convex error. Similarly, the loss
of the THG efficiency is also very severe when the input
intensity is larger than 3 GW/cm®.

From the above numerical analysis, we can draw
some conclusions. Firstly, the influence of the random
error on the frequency tripling is the lowest and the fre-
quency tripling can be always efficient even if the ran-
dom error is up to 15 um, whereas the convex error and
the concave error would cause a larger loss of the THG
efficiency. It implies that the peaks of fabrication errors
are intensively distributed in certain peripheral regions
that make the THG efficiency reduced much more seri-
ously. Secondly, the loss of the THG efficiency is close-
ly related to the input intensity of the fundamental
light. Furthermore, the higher input intensity, the lar-
ger loss would happen. For example, for the same fab-
rication error, the maximal loss of the THG efficiency is
less than 3.5% when the input intensity is 2 GW/cm®
and it is up to 27.7 % when the input intensity is 4 GW/
cm”. The reason is that the second harmonic conversion
efficiency should be 66. 7% in order to achieve the
maximal THG efficiency for the frequency tripling, and
the frequency doubling is very sensitive to the detuning
angular distribution for a higher intensity of the funda-
mental light. Consequently, the variation of the second
harmonic conversion efficiency is much larger and it
would cause the larger loss of the THG efficiency for
the higher input intensity under the same condition of
the detuning angular distribution. Thirdly, the THG ef-
ficiency is sensitive to the size of fabrication errors and
reduces obviously with the increase of fabrication er-
rors, especially the convex error and the concave error.
Fourthly, the loss of the THG efficiency increases with
the departure angle under the condition of the same in-
put intensity and fabrication error, except the case of
the mounting configuration with the concave error. We
consider that the restraint of the mounting configuration
with the concave error on the KDP crystals is equivalent
to the four corner supports, making in the influence of
the gravitational sag on the KDP crystals more signifi-
cant and the surface profile in the central part of the
KDP crystals along the extraordinary axis smoother
with a larger departure angle.

4 Conclusion

A mounting configuration has been presented in
this paper. The KDP crystals are held by their two ver-
tical edges which are parallel to the extraordinary axis

with the supporting stripes and the tablettings. Accord-
ing to the analysis results, this new mounting configu-
ration could make the frequency tripling with an effi-
cient conversion. Meanwhile, the influence of fabrica-
tion errors on the THG efficiency has been discussed.
The loss of the THG efficiency due to fabrication errors
is closely related to the input intensity and becomes ag-
gravated with the higher input intensity. Furthermore,
the requirements of the peripheral milling have been
presented and it would be very helpful to the practical
machining process. The mounting configuration with
the random error is acceptable, but the tolerance of the
convex error and the concave error should be controlled be-
low 5 pm.
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