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Shack-Hartmann wavefront sensors (SHSs) are insensitive to environmental vibration and air
turbulence, thus they have good advantage over general phase shift interferometers (PSls). We
have developed a SHS applied to highly precise alignment of a space telescope, named SOT, on
board SOLAR-B satellite. One of features of the SHS is frame accumulation and averaging
operation for suppressing fluctuation caused by vibration and air turbulence. Performance
verification tests for measurement accuracy of the SHS independently on bench top have been
done. From results on the bench top test, the accuracy of the SHS has been comparable to PSIs.
The SHS have been applied to alignment test for the space telescope SOT. The measured data
of wavefront passed through SOT have showed good repeatable accuracy using frame accumulat-
ing and averaging. The results of these tests suggest that SHSs are applicable to wavefront
metrology of large optical systems like space telescopes.
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Table 1 Specification of HPSHS.

Item Performance

Accuracy <5nm RMS
Wavefront mode Ay, Az, By, Az, Ass, Bis, By,

(Zernike mode) Ay, Ass, Ao, Bis, Bu
Dynamic range 122 (1=632.8 nm, peak to valley)
Pupil diameter 30 mm
Wavelength of light source | 679 nm
Repetition measuring speed |7 Hz (170 ms per frame)
Dimension 122X141X355 mm
Weight 29 kg
Power of light source <1l mW
Sub-aperture pitch 3 mm
Number of sub-apertures 10

across the pupil diameter
Reducing magnification of 0.2

afocal optical system
Pixel pitch of CCD 7.5 um
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e =¥ — (SHS) 285 %, SHS OFHHIA 74
= AL, F1 ORI B T %P E % lenslet array
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Fig.1 Schematic diagram of HPSHS.
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Fig. 2 Simulated wavefront error on SOT caused by grav-
ity deformation of the primary mirror. Peak to valley =221,
A =632.8 nm.

Table 2 Relation between Zernike modes and alignment parameters.

Zernike mode Polynomial Related parameter
An X, Decenter and tilt of M2*!
By, Y, Decenter and tilt of M2
Ay —1+2(X,2+ Y, Displacement along optical axis of M2
Asy Xl —2+3(X2+ Y2} Decenter and tilt of M2
B;, Y {—2+3(X2+ Y2} Decenter and tilt of M2
Ass X —3X,Y,* Gravity deformation of M1*2
Bss =Y +3X,2Y, Gravity deformation of M1

*1 M2: secondary mirror, ** M1: primary mirror.
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Fig.3 Experimental setup for calibration about tilted
wavefront.
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measured by PSI
(up to the 8th order Zernike mode )

measured by PSI
(up to the 4th order Zernike mode )

measured by HPSHS
(up to the 4th order Zernike mode )

(a)

(b) (c) (d

Fig. 4 Comparison of wavefront contour maps measured by HPSHS and PSI. All data were
measured when the wavefront was reflected by a part of a sample mirror, and pupil diameter =30
mm, gaps between contour lines=0.11, 1 =632.8 nm. (a), (b): Each data were measured when the
wavefront was reflected by same part of the mirror, but (b) was applied pupil obscuration mask.
(c), (d): Each data were measured when the wavefront was reflected by different part of the mirror
from (a), (b).
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Fig.5 Configuration of space telescope SOT, the figures
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Fig. 6 Coordinates for alignment test.
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Optical bench

Fig. 7 Geometrical setup in alignment test for SOT with
HPSHS.

DOl (X5, Yy MER (@, B) BRILCY 2 v=7 € —
R (As, Bi) OWHEBEAERECSEZHT, WLOFHE
CERIORBEREMEFZ o5, a, B OREHER,
X, Yo OFABHELERIFACTHL DT, KimX Tk
Xoy Y ICHETZHHBICOWTOAHHT 2, kB, BIEE
D Zs BTN OENNE T 7 4 — 7 AP HEBEEELC S ¥
205, T 7 & —h AT b B HRBHIEEE C X o TH
ERRETH 2 2 &, Z g b D OEERT T IEDEE R
ThrIOEHTEXL P OERBEOTREELEL L
W,
3.2 EHEIR DM

SOT D27 T4 X > M2B T 2 HEBERERK % Fig. 71
Y. EH - BISH A ERE T 5 7 V- AEOENEE &
B/NRET 2728, SOT IHFENYF FICHARERO
ZAE B 2 0E B S cEE 5, SOT 0B L ix
FHEFESEEZEy b L, HPSHS BEH I 7 — iz Unic
Bl L, “FHESIC X > THEE S B 7EHIE — 2 O ¥ 2
FHEIL 72,

FHHloFTIc, HPSHS OXH¥RE Y A — ML Y X TH

TCEWSRERE TR L m 2L, IO
HIFE R 52 LI AU A T 5 7z, BIERFE, SOT FH#l
[ @ Hartmanngram % Fig. 8 127~ 9. SOT #1121



BlgE, BLO3ARDA A Y —H D Hartmanngram 533
WMINHEZTWBEDObNE, £z, W ODLDELANR
v N DS T WS, SAOROSEED 5 b
R, EXAVT 4 YT TELIODTH S, L IZESsH
HDEFRY T 4 Y 7INKREWERARY NS, WHEFEAERE
FUIROX R S FR L7z,
3.3 FHAIBRMEOFHE

E HRRE TR EHI &2 50 43 [ 10000 7 v — 2HfE L C
T, iRkE), KK S ZAREDOFHHNIL S D & OFHli 21T -
7. V=7 E— FRIORRINES D&% Fig. 912, 7
TAR IR A= —ICBRT 2 a5 (As, Ba)
IZOWT, FHEREEFHINT S D & ORI 2 5Hl L 72 /55
% Fig. 10 w9, Ko, FHEIFESME 5 nm RMS DUF %2
WRET 27-0121F, 90 7V — A FORBEFH 21T 213
FwZerbrsd, ZORR»S, LIEOFHENIE 100 7 Vv
— LA DB 2 EREIT - 7z, 100 7 v — LB I HE
FHHIFFEIX 33s ThH 5.
3.4 RRBREDERE

FHEARERICIE, SEHONHERZES, EME Rt
& o THREND € — FORHBRESFERFICEHIlI S iz, Z
o OWHERAEZRITE, EHER L R2) FHZEHEATS
FPURBRECBVWTHHFEELGET 2HEOYHETHY, Hf
AT W, LLRDS, IS OFHERERS DT
— KRBT IA R INTG A= —LHBED D 5 2 <5 &
DHERE—RTHY, »OV V=7 F— NADREBI

1 . > N SoE At N N = N
Fig.8 Hartmanngrams measured by HPSHS. Upper: ref- BT 5 FEAE R SN EE el S T b 2 5E, 55X
erence wavefront, Lower: after double passed through
SOT.

Sequential measurements number Sequential measurements number
; 0 2000 4000 6000 8000 10000 0 2000 2000 6000 2000 10000
3 0.3 0.1
E S Tz o2 =
x % || £ £
® 3 S11€ 01 g
= SRS S
— == =
R T3 o &
-1 -0.1
Sequential measurements number Sequential measurements number
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
0.3 Y - - — 0.1

= _ =
7 02 S E g
2 ol & *
% ale i
2 ,‘2\ @ $
g o1 o1 21§ S
S oo 02 = <

-0.1 -0.3 -0.1 -0.3
Fig.9 Temporal fluctuation of measured wavefront mode (in 50 min).
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Fig. 10 Relation between number of accumulated frames
and repetition accuracy about coma wavefront mode.
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