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High-Precision Transmission-Wavefront-Processing Technology of
Large Aperture Ti:sapphire Crystal at Full Spatial Frequency
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Abstract Ti:sapphire crystal is a widely-used working material for ultra-short and ultra-intense laser oscillator. Its
aperture and surface full-spatial-frequency wavefront errors determine the output energy and beam quality of ultra-
short and ultra-intense laser system. However, owing to the extreme difficulty in obtaining good optical
homogeneity and high Mohr hardness in the Ti:sapphire crystal, it remains a great challenge to fabricate a large-
aperture Ti: sapphire with a high-precision transmission wavefront and super-smooth surface. High-precision
transmission-wavefront measurements of the Ti: sapphire crystal are realized through the design of a linear
polarization interference detection method to match the crystal axis, which solves the problem that the interference
fringes of transmission-wavefront measurements cannot usually be resolved owing to the birefringence caused by the
structural characteristics of the Ti: sapphire crystal. Based on the measurements and analysis on the optical
homogeneity of the Ti: sapphire crystal, a fast polishing convergence process for the transmission wavefront is
developed using an uniaxial machine. In order to realize the process for transmission wavefront with high accuracy
and low frequency error and the process for super-smooth surface with high frequency error, orthogonal experiments
combined with the grey relational analysis method are used to optimize the processing parameters of a computer-
controlled small-grinding-head polishing. A small-grinding-head smoothing process using silica sol polishing fluid is

developed to reduce the mid-spatial-frequency errors. Experimental results show that the transmission-wavefront
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errors of the large-aperture Ti:sapphire crystal at full spatial frequency can be effectively controlled by using multi-

way processing technologies. For a large-aperture Ti:sapphire crystal with a diameter of 120 mm, the peak-valley

value of the transmission wavefront can reach 0.2831 (A =0632.8 nm), the power spectral density of intermediate

frequency shows that there is no obvious error modulation at special frequency. A super-smooth surface is realized

with a high-frequency roughness R, of approximately 0.262 nm.

Key words materials; Ti:sapphire crystal; transmission wavefront; super-smooth surface
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Fig. 1 Ti:sapphire crystal
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Table 1 Experimental parameters of grinding and polishing of single-spindle machine
) Abrasive disc Diameter ) i Speed /
Proces Abrasives ) Time /min Force /N
(®120 mm) size /pm (remin" ")
Diamond
) Iron plate 20.0 30 35 10
Grinding powder
Diamond Aluminum
10.0 40 35 5
powder plate
Diamond Resin
Rough polishing 2.0 120 30 5
powder copper plate
Diamond Polyurethane
2.0 120 25 2.5
Fine polishing powder plate
Resin
Silica sol 0.1 20 25 2.5
copper plate
# 2 NERMOCER S
Table 2 Experimental parameters of small-grinding-head polishing
Lapping and Diameter Time / Pressure / Revolution / Rotation /
Process o Abrasives ) )
polishing plate size /pm min Pa (remin ") (remin ')
Rough Resin Diamond
L 2.0 970 10000 50 100
polishing copper plate powder
Fine Polyurethane Diamond
2.0 770 5000 40 90
polishing plate powder
Super Resin
Silica sol 0.1 60 5000 0 125
smooth copper plate

2.2 EHEETR NS AT

TS B R G TR o S I B N T T ST A
P S ARG ) AT BR A A L A A, R —
RITI XS R A P SOEER 0 R e G, I E IR i 1
FHEE B R R 8k B A e L XF T R AR Y
1o R 35 SR T ARG o 5 SR P — e B T 9 ARG I e
FAREI g 8 i IR O 5 7 B i R e R 7 A XU S

PG ad AU 230 A% BG4k 05 AT T
o B e Bl Y 4 1 AR B IR R T B A0 AY
PRB ST PRT ¢ 09045 5 RRT I R CRARIEE L
TV TR A, 2

$(x,y) =nl(x,y)L(x,y)/2,, @D)
X (1) AR G053 vT LA 3
d¢(xsy) =[n.0L(x,y) +L.dn(x,y)]/A,, (2)

0903002-3



th i

i ot

AP A TR a 1Y 5 R8I B R I B 1

¥ ot 5 e b TWAMALE NG AT L4433
O=¢,+¢. =L+ 1)L+, +nIL]/2,.
3

BE o JEHT e S BB B+ ¥ 2 SCE AR+
P BT W AR EUTC A BT XE LS B S i
Rl . P2 D BR S Al AT S B o T e A v DR A
TrEEAN 5 BT W 4 SO0 A BT i 4 2R
®) .
PO

'}
¢ ‘ »
1 *
£
)

i

I_t‘
gy
W

P2 RO B A S 7 A BT S R BT W AR BN RE M T I LA . () T3 2 BUIE 5 (b) i 5 i i P

Fig. 2 Phenomenon that interference fringes cannot be resolved due to birefringence produced by detection

light transmitted from crystal. (a) Interference fringe; (b) transmission wavefront
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Fig. 3 Schematic of using Ti:sapphire crystal

HE— 2543 B & BUARK 5 A AR 4 1 5 O 3
PR UIAR G BK 52 A A A 1Y WO 38 W SCRk 18],
IER S A W SOG 3% AT DR Y 8K A AR Y 32 0%
WA 1 FELAE I O DX B S WIS T A A5 1) D
TFeME Ot R RS C frATE, Ry ~ )
Wl i g R s C i B, RN o I
W, BR A A 11 9 O 35 0 A7 TE AR 58R 1) O 31 A 2
m PR ARG ISR EE KT o D AR O . AR AR 2638 2 1y X
o O A1 A5 14 8 45 90O i 19 4R 1 06 4 B 95 I D IR
o PR, TR SE PR T Ak AR v, S T R A A R
Wz O G R K TEE T o fill, i R
it E VAT T Bl RGN SR B 52T E L B
P& J7 a1 4ihaz o DT 352 B 9 080506 BL e O 4 19 J7 =X
AR XA G RE LT JC AR Y 37 5 W] I S 4
o i % BTG 1 R

BT UL ot B s BBk 5 A iR i TAEIRAS
X B A i VR SR A T 325 S 9 i AGE I F) 9 D' R 2R

AL AR I HL 7 228 8 o w I 07 1) 16 T 38 O
D) HPAT T C fl s 3XORE T 3 Gt BT S B 4 .
2.3 BEHERRUNAR

WA 3 B A AR S B el R OIR A 1 4
X T VAN B Hin HE 1 90O RO LA 4 D R R
i1 AN AT GEAE T #5438 I A 22504, % 18 A+
VAN I AR R B A ' o i 41 1l 90 2% ST
AR SCR FH R i #45 RS AR 4 7 A B A T ) 1 2k A Bk
Jt. BN Fizeau T HAT 56 I 09 £ 40, s
A i 4 1 28] 375 SR A 1 B 5 S SR HE B =2 P T LU R
e ARG BRI ' 2 0 2 X ) 5% SR #1452 W) 4 e A 00 SR
B 24 FEF (1 BEF=2.54 cm) K T8 T AL G
5 248 7 T AN EHLE RN SR — B P E i Ok
1A 1) B 38 7 B4 AR D IR 4 1200 8 T &1 4 P g
2 Fin . 2w 6 BE (LP) %3 76 ] UL 360° I 5% 1 4
HEIR 3 I R IR R AR A O TR £

6 7 9

5

v #3
1 2
1: interferometer; 2: linear polarizer (LP); 3: reflective mirror;
4: secondary lens Kkits; b: reflective mirror; 6: collimator lens;
7: transmission standard mirror; 8: Ti:sapphire crystal;
9: reflective standard mirror

4 IE 32 i A I R 4t

Fig. 4 Schematic of orthogonal polarization detecting system

0903002-4



H

i b

PRI7 1] A AP AT TR A S R B C il AT e A
TR LA ST A SR A

3 SR

R 1E 52 Ot I A I 5 52, 5 S R D 26 v R
FAT AR BT O 2 Y S A T T 5 AT AR R
OB S 262 B 51 290 53 X10°°, BKE A
s VAR 19 375 S I T 15 22 1 T HBRL AT SRR

T=S,+an(x,y)+t+S,+C, 4
KT B AT N TR, C'has Wil
s an (s y) NPT EY RS0 Sy BT B9 S ST T
WS, NBES S MZE S2 MM RFHEE. ATLLE
th o 375 5 I BOER T a2 e A A BT Y TR 2R 22 B
FHG 3950 P DA KT WA A s i TR 15 2510

e
(@)

Surface/Wavefront Map

+0.21082

PaN
Peak

wave

Valley

~

-0.15355

B () 2T 3T A5 4 R AR B 3 G R 2 1 5
PE 51 B35 5 0% AT w4 2B 4 24 (1 =632.8 nm,
TEDCANE 5 B, A E K B R R i T
U 8 2x 0 1 52 B R NG BE OB M R R AR AR . NI S
T 43 A0 o] L Bz 6 R B O 24 1 5] 1
GYAT R XK 4 A i o HOR W AR B
POWER, K it , 75 L4 B Bz A H 54 %l B % 335 3o 1
S2 v gy IR R 22 AT R K B & o T, 52 B
POWER 15 22 i A 28030 il o 3#E 107 5¢ B ik 5w i PR
MR B E . 33X 02 i T SRR AL AR 4 R X RR IR 25 1Y
I TR R /N B Sk, T DLk e R B D T
HRR LB EE 51 A I 2 0 b s A8 D8 2%, 52
J5 BERCTARL A . ) B Sl ALK 4R 5 B ) 7 A
T A4 T A 5 TR .

(b) +0.65845

PaN
Peak

Surface/Wavefront Map

wave

Valley
~

-0.72635

[pv 0.364 wave |
|rms 0.079 wave
[Power 0.183 wave |
[size x 119.9 mm |
Size Y 119.3 mm

[ev 1.385  wave |
[xus 0.376 _ wave |
[power -1.305  wave |
[size x 119.6 mm |
Size Y 119.6 mm

K5 B URLL S P R TR RSB . () ST LIRS B9 TS 2 5 (b) S2 DML I 9 TR A B2

Fig. 5 Two sides of surface accuracy after rough polishing by single-spindle machine. (a) Surface accuracy of

side S1 after rough polishing; (b) surface accuracy of side S2 after rough polishing
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of sample after rough polishing by single-spindle machine
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Fig. 8 Measurement results of surface roughness of sample. (a) Surface roughness of sample

after rough polishing; (b) surface roughness of sample after fine polishing
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Table 3 Orthogonal experimental factors and horizontal distribution table
Factor Polishing plate(A) Pressure (B) /Pa Rotational speed (C) /(remin ')  Silica sol concentration (D)
Level 1 Resin copper plate 5000 100 1:1
Level 2 Pitch lap 6000 125 2:1
Level 3 Polyurethaneplate 8000 150 4:1
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Table 4 Orthogonal experimental scheme and results
Serial Defect rate
A C D RMS/nm
number (107° mm™ ")
1 1 1 1 1 0.380 1.6
2 1 2 2 2 0.401 2.2
3 1 3 3 3 0.525 2.4
4 2 1 2 3 0.812 1.6
5 2 2 3 1 0.717 1.8
6 2 3 1 2 0.977 2.0
7 3 1 3 2 0.995 1.8
8 3 2 1 3 1.117 2.6
9 3 3 2 1 1.000 2.8
#5 WMESIER
Table 5 Results of range analysis
Factor A B C D
RMS 0.427 0.105 0.087 0.119
Defect rate 0.47 0.64 0.13 0.13
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Table 6 Calculation results of grey relational analysis degree
Greyrelational Grey
Factor  Level coefficient relational
RMS Defect degree
1 0.919 0.7 0.81
A 2 0.554 0.836 0.695
3 0.458 0.573 0.516
1 0.679 0.938 0.809
B 2 0.671 0.63 0.651
3 0.581 0.541 0.561
1 0.637 0.723 0.68
C 2 0.665 0.696 0.681
3 0.629 0.71 0.67
1 0.697 0.748 0.723
D 2 0.64 0.703 0.672
3 0.594 0.658 0.626
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Fig. 9 Surface roughness of Tisapphire crystal
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Fig. 10 Results of fine polishing by small grinding head. (a) Transmission wavefront of sample after fine polishing by

small grinding head; (b) power spectral density at mid-spatial frequency (spatial period is 2.5-33 mm)
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Table 7 Smoothing parameters of small grinding head
Parameter Content
o Resin
Polishing plate
copper plate
Abrasives Silica sol
Diameter size /pm 0.1
Pressure /Pa 5000
Rotating speed of smoothing plate /(remin ') 42
Rotation speed of C-spindle /(remin ') 33
Moving range /mm —30 to 30
Moving speed /(mmemin ') 273
Time /min 7.3
C axis rotation
7 \smooth polishing
/ \plate: 100 mm
d \
[ ; )
l | translational l otation
motion:
& +30mm /
\
N
B 11 e T F s = E
Fig. 11 Schematic of smoothing process
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Fig. 12 Results of smoothing. (a) Transmission wavefront of Ti:sapphire sample after smoothing;

(b) power spectral density after smoothing (spatial period is 2.5-33 mm)
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