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The technologies in wavefront sensors include Hartmann wavefront sensors (HWS),
and Shack-Hartmann wavefront sensors (SHWS). In the original HWS technology,
a micro-holes array 100 is positioned in front of an optical lens 102, as shown in
Figure 1. The micro-holes array 100 is used to measure the slopes of a wavefront
104 in sub-apertures. The wavefront is reconstructed based on the matrix of slopes
measured at detection plane 106. The reconstruction algorithms are generally

categorized into zonal and modal estimations.
In SHWS, which constituted a break-through of wavefront sensor technology, a

lenslet array 200 is employed, as shown in Figure 2. The lenslet array 200 replaces
the micro-holes array 100 (Figure 1) and fens 102 (Figure 1), by providing an array
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spot size and consequently a relatively small measurement range. On the other
hand, the drawbacks of conventional SHWS include the use of a physical lenslet
array. The features and parameters of conventional SHWS are thus fixed and
restricted by the physical lenslet array. Since the lateral resolution is depend on the
size of lenslet, generally, another drawback of conventional SHWS is the poor
lateral resolution.

Even with the proposed modifications to both HWS and SHWS as described above,

there are significant drawbacks. More particular, the proposed modifications to
HWS still exhibit the drawbacks of HWS mentioned above,. In relation to
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function as a lenslet array, each Ilenslet of the

array focussing an incident portion of a wavefront

o miixRY det ector. The detector may be noveable with
respect to the mani pul ati on device for adaptive

wavefront neasurenments. 20 The controller cont r ol .
t he madh pegc@rdancedaithca Higtrspest afnibe ef%ﬁe@i/ inggrtign there is

| $ronyes ah%pﬁi‘chl"\ﬁ/a@&r&h%e‘ﬁ@&ef:érﬁﬁﬁsﬁ@ra l@ﬁ%é‘ﬁlpulatlon device; a
scanni ng of 'the wavefront | e the mani pulatio

délgtedion dahi drtegling l&%sﬁl&ﬁ@'Sl deuingl b5es; ﬁUSI?CT%e"O the light
w?ﬁﬁ1815|aﬁ6ﬁ @lévﬁ@)’ aR§ éTEMﬁt‘P'olle‘i‘ uBRY & thel Hﬁ'nﬁ:tﬂétlon device, the
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pi xel unit |evel” of the manipulation device. The

céiete@dPl- er may control the mani pul ati on devi ce such

that thgd gaatet ma) bambvedb® dhititesped tbah€mahniplialen device
of the |ight rranl&nl ation device. The controller may

céﬂ&NﬁptWﬁé"aﬂﬁﬁPB §PPWRMEMNS-ce such that the entire

30 i ncigRnEomeyYef Wc&{tro@mé/ nanRillation"@6\B&d saéle that the lenslet
scanned. The controll may further control the

néfiayuisanpyed delative tq éhq wavefrapt for lateral scanning of the wavefront
while the manipulation device remains at a constant lateral position.

The lenslet array may be moved in steps of single or multiple lateral pixel
units of the manipulation device.

The lenslet array may be varied while being moved such that the
scanning is at a sub-lateral pixel unit level of the manipulation device.

The controller may control the manipulation device such that the lenslet
array is rotated in a lateral plane of the light manipulation device.

The controller may control the manipulation device such that the entire
incident wavefront or only a part thereof are scanned.

The controller may further control the manipulation device to function as
a switch to controle an on or off state of lenslet array, for expanding a dynamic
range of the sensor.

The controller may control the manipulation device to function as a
Cartesian coordinate lenslet array.
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The net her 'set
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det ect of, 30 lFcd WthPY! RIcbRG SLPYUEE B Y present invention there is

provided a method of optical wavefront sensing comprising controlling a light
manipulation device to function as a lenslet array, each lenslet of the array
focussing an incident portion of a wavefront onto a detector.

The method may further comprise controlling settings of the manipulation
device and a distance between the detector and the manipulation device for
adaptive wavefront measurements.

The method may comprise automatically controlling the settings and the
distance for the adaptive measurements based on measurement signals
detected at the detector.

BRIEF DESCRIPTION OF THE DRAWINGS
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pol arra array gure
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SCELAL 00 R o) T ren B P,
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dr I ng sub-pi xel scale scanning 20 in
gB%ﬁ@éaccor oﬁ"gﬁ%

Ing to an exanpl e enbodi nent. Figures 11
a Figute asbows henfocus poirdaimay of the Iesslehawrmg ofFigpee 6a.

ggﬁihhpe%Sngasdj ﬁgw @ﬂ‘grergﬁl\é%ﬁ%tgge‘?% il SD@ Cgc%?; ;tf example

ning utrl Igure 3 I gures
t cemibadimnentsaphs shovm ng the reconstructed wavefront

LSRRI o) R Mo bt A0 BEafhYn the s
scoidriguiec3.dr awi ng of a nodified SHWB i n accordance

W It-'llauPé% 16X 818 lbeal%n%%in%ﬂtdrawings illustrating sub-pixel scale scanning

in an SHWS according to an example embodiment.

Figures 11a to d are schematic drawings illustrating slope matrices measured
and reconfigured during digital scanning utilising the SHWS of Figure 3.

Figures 12a to d are graphs showing the reconstructed wavefront corresponding
o x scanning only, y scanning only, X plus y scanning respectively.

Figure 13 is a schematic drawing of a modified SHWS in accordance with an
example embodiment.

Figure 14 shows a coarse measurement graph obtained utilising the SHWS of
Figure 13.

Figure 15 shows a fine measurement graph obtained utilising the SHWS of
Figure 13. '

Figure 16 is a schematic drawing of a computer system for implementing a
controller for use in the SHWS of Figures 3 or 13.

DETAILED DESCRIPTION
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30 Figure 13. Figure 16 is a schematic drawing of a
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ofpE9¢hodi dif%eris"hg{ 88idd). PhdpBBge ﬁﬁtﬂl trl&ﬁsﬁ'ﬁiar*éé of each pixel in the
progi\gamﬂ ng exec on a controller 306 coupledt

3023% by seéhgmgr@mrwgc%mcvmsorb@ saialer 696 coupled to

PrAG'SLNB0S. K IehBRt Birslcan ti@@ssséi féhed B;t b&fgtrbhﬁﬂq.ﬁ@blf% pixels
el ement (or binary optics el enment) techniques.

plhasadiQn, diffractiygi Iptirsaplemsnt $PmpinaBaRPEES efqnaﬁﬁt} trehniques. A

| qinsraftly cﬁﬁﬁdﬁlﬁ@mobﬁsﬁﬂt; b §08 froint theq8kdlet sedrdlwn in Figure 3,
f ocusi a portion of the incident wavefront 310 onto

t rvéth ena'st fosHsing @ partigr obihe inddgnl wavefiant ¢ 10 0tq fe image
SH8Rsidgdlardgod.ensl et array can scan a neasur enent

area W thout physical novenent of the optical

conponents, in particular the SLM 302. This

a@éﬁ?é&ﬂ@“ﬁi HhelRSIWSIeso Qh@'l%létaérﬁﬁyaéar{ 8&1 Htmé’é‘surement area
conpared fo 20 conventional SHWS s.” The SLM

covgost physicah movemensof Jhei %‘P%P‘é’ﬁ@ﬁ?@ntér iy Pﬁ'@lcé"ar ithe SLM

WHEh epqd a@aﬁ@ge@%ﬂlyaﬁﬁowd&eEeﬁ@ﬁntdté/ral FeSBdtdRIDdmM Opared to
the anplitude or phasé of incident light. The SLM 3

c &onveeang! 8HVME'Si nci dent 1ight in the node of
anplitude-only, 25 phase-only, or in the combination

phase- anplitude. Each lenslet is a sub-
The SLM 302 consists of an array of optlcal elements or pixels, in which each

pixel can act independently to modulate the amplitude or phase of incident light.
The SLM 302 can modulate the incident light in the mode of amplitude-only,
phase-only, or in the combination phase-amplitude. Each lenslet is a sub-
aperture of the SHWS 300, with each lenslet dissecting the incident wavefront
310 and focusing a beam through each sub-aperture onto the detector, in the
example embodiment the CCD plane 304.

Figure 4 shows a lenslet array 400 set in the SLM 302 (Figure 3). The
parameters of the lenslet array 400, such as focal length, size, pitch etc can be
set by programming executed by the controller 306 (Figure 3). The lenslet or
sub-apertures 402 may be circular, elliptic rectangular, hexagonal, triangular,
octagonal, or other configuration depending on the optical requirements. In the
example embodiment, the lenslet array 400 is set in the SLM 302 (Figure 3) by
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Exiiligirays antl poineiplee A ﬁaacbrﬂartmﬁr\mdélvwﬁror@,oﬁﬁnwem Journal of
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m wave- ope measurenents
vdiromqohase ®nVAtmmeafgmnelﬁ9,9¢@p1066$ A"lBVEk@%pNQJ Hily 1979,
no gatl on i nclude Zerni ke and Legendre
p ynom al [Hi stroy and principle of Shack-Hartmann
20 Wwavefront Sensing, Journal of refractive surgery,

VOl\URE hbmphs Bhidddirt@Rt the [aygﬁll%f fﬂ@"i@hilétoé‘ltr g‘?%&h Rt éHtihged for

from phase ‘derivative heasu
Voﬂheageawuementm&varm wayghonis. 9l7qr 3 unQQrm waygont, the layout as

rﬁpﬁgfegﬁ Bhd 4 E'fé || Y Q4d. OF of Bfiet ARYERNRB! fdhexample the
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25 centre symmetric. For such a wavefront, the layout in polar coordinates as
shown in Figures 6a-c and 7 may be set in the SLM 302 (Figure 3). In Figure
6a, the lenslet array 600 is in polar coordinates, i.e. with concentric rings 602 of
individual lenslets 604. In Figure 6b, the lenslet array is in radial pattern; in
Figure B¢, the lenslet array is in helical pattern. These two patterns can be used

30 to replace two classical Hartmann screen patterns respectively described in
[Hartmann and other screen tests, chapter 10 of Optical Shop Testing, pp374-
379]. Figure 7 shows the corresponding focus point array 700, with each focus
point 702 corresponding to one of the lenslets 604 (Figure 6a).
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may be 25 centre symmetric. For such a wavefront, the
| ayout in polar coordinates as shown in Figures 6a-c
and 7 may be set in the SLM 802 (Figure 3). In Figure

6a.. the l epsle ra s | I rdi . .
ol 4TS Bl R g gHE! S O AP Brcoppven i
60diffetent Fé>gumpmle 6ambodimdngsis| Sincear they lessién arragli il generated by

oS of R FaBS: o IR S5 a8 mplpente.

r efpé adie bevapprécisteddal a ersoraskilledt irethe ant t 2significant area of the
i i hed. i .

| SBREEL e B8 1B, o (A TR Bl 66 W ars

3 7igdtwebh dlue eirduishlensletsh@0C o frigyieodalisegthabthesnpaing wavefront is

1 ¢ e _ : .
oo Rkt ERRa S RogiRn of e ke RN gt provae
( Rusbrie-@itjulanCiopdey lepisias corapasRigos#0 6040 d) Bcluding eg array of
8 | ! , .

S\ BB SR 0 HEepBAt, 100 RO s
t hadjbesrd|teteash radijeri withyewhatantially ihe eptigareardfibe dfnsiitarray 808
P o546 0L T Bk SERIRCRN B pLERS P creron
arembodimesitgnican c#nts abeaadfustase Fooeding efto adiffgyents application
NOfeotirbinRifd Tha Jiﬁ&eﬁkégfﬂélﬂrm Y rbgadsedct%rggl'tréé? &ridus Edifeerns, for
dark areas =~ bet ween cTTcUrar I ensl ets 800 1n _

Fi gxanaplBadiffeastion sfficiensyi neiswisng, diffecsntdight seurceetc. The different
Full ¥ SRR E Bsed it WRtcFe R TROGA TR gfotrihﬁn,pfoféﬁ%g{esthe square

Xltl ﬁn af
I nventi on can proviae none-cCl _rcu ar or nat ensil e .
( clorrpat i stitpblecfor gonabregpnsirudtioni agd hexageng) format is suitable for

hemg?gﬁgkgléﬁtwﬁgh%tém (Figure 8c), in which the

| ens can be ‘aligned 10 adjacent to each other
with substantially the entire area of the |enslet

or bai. L ©
orFRuSre PSS L by QAT AR, SEDhe oxampe
t hermbpdimenit psoddesiadugllifieyibility, diet the easitiapsfieveiy temslet can be

r eQul T I.ff .
LSRRGS T atecoh AR ) e At Depac it stm e
ef Thesietreylatarsl sganojna of theflersielrarray ighealisag theowghprogramming
Th i f 5 cang: j en o

705 ] SEUF P A1 e AN Sl bl Exampi igha
f osGrINING teshniauies dhatoeary bagmpleyen stithuihei examplggembodiment will

hemggq{ sEﬁﬁé@t is suitable for nodal reconstruction
etc. Fur eherm)r'e, since the lenslet array is generated

utilising a SLM the exanple 20 enbodi nent provides a

Egﬁﬁgféés% R & il¥trate 18terdiWBaRARG i He LhirEMRIVFIdtRE 98§, and in the
y direction (Figure 9b), from an original lenslet array (Figure 9a). The lenslet
array can be controlled to execute a combined x and y directions lateral
scanning. The step of scanning in the x and y directions can be in multiple of
the pixel size, by shifting the original lenslet array 900 (Figure 9a) in the x
direction by multiples of the pixel size, to arrive at lenslet array 802 (Figure 9c),
or in the y direction to arrive at lenslet array 904 (Figure 9b). As can be seen
from Figure 9, in this scanning technique, the pattern of the lenslet remains the
same during the scanning. However, it will be appreciated that the pattern of
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programm ng of the SLM pixel, and is thus a digital
scanni ng techni que. Exanple digital scanning
t echni ques that can be enpl o?ed with the exanple

e ' . r G -

1 EdpRE mi cneraf bt AR BE fotglod 18 47 pleietior aial
9cipfatinal i seanhing, ywhicheist m@n'tIC(Lﬂ'arb'urseutablp, fdrr ¢ime alayout in polar
oré&ibai%tel enslet array (Figure 9a). The lenslet array

e controlled to execute a conbined x and y

directions |ateral 30 scanning. The step of scanning

in f. .
ot RS S hekndpb oo alhel o Balten bl the Rrtidt s chipe during
( Flihgmcengmp the siifl step i thecsdaoningycanube ispt t%smh-pmhbscale in the
ﬁémﬁé@nbécﬁm@ﬁf ' ‘fﬁlsalteclln‘:ﬁaﬁé Hill HolPe %@%c&tﬁ%ogmtﬁ refe);ence to

Irection to arrive at ens
gumEsglfiecab b, Indigiie 1|@e, theeBLMfpixets BigyUli0§0Grejcontrolled such

it SR80, ARG P LS Bla {400 BT Lotng of s
wi neigiouingr Riseladwing ﬁ@ﬁnmnm theiseing of eactup®l TOfEEis changed
thEE% rsﬁHgﬁyZGI)n éfiﬁg?%?é§7ﬁqg§mp CT6§Q%QOéJrF§%%éng pixel 1000b

I t1onal alternative
r otag Bef been ﬁ%t tp-the pﬂaﬁWeOffltﬂ nejpbeurn pixelct02i @igure 10a), but to a

Scﬁ‘iﬂ‘@@al Y}Htéw sliéh Fﬂ?é t4 E@hﬁ%lp\blrﬁufd@b&eth%okn%@? 1006 has been

| ayout coor | nat I't has further
r d0eYed é)ydatw@tplml digtanpatt0dB8ncanpaned wishdhetoriginal centre point

chan@e e nﬂ%& tlf‘ﬁnlﬁﬁ@aﬂ r%%tatétfﬁ"na?h?é tsuﬁtp“ﬁfjél sBaIUk%armlng can

scannlng ca set to pi xel scale In exanpl e
enifodehieyed lnﬁheg-,tsecwrmmdlramqnsnawlffﬁéemte@nbwmnw th
reference to Figures 10a and b. In Figure 10a, the

SLM EI xels e.g. 1000 are controlled such that rather

t Harthe ﬁ%{ﬁ@’ipiﬁgemh@d@'ﬁfth githep thecantire firga of theodpcidgnt wavefront may

Sedd é@éhn‘gd bf ?It%aﬂ@él?%‘?%%ftlﬁﬁaw &8 ctgH rdr@é’s SEMR WA front may

the setti each I's C
i RfeFEAT |yThenmmrﬁ\@d Vrfetrd, renSﬁlumgmfetlmo@xam@ embodiment

Vgcftfngﬁégga dingxili |te&mgﬁbs '&Qﬁ gt‘?)tv o%e%e%%erﬁ%tt Be the detalled

i ts nei ghbour pi xel I gure 10a
a tos@mrtaphgoémecluplgeebwgwwrﬁhat a centre point 1004 of
the lenslet 1006 has been noved by a sub-pixel
di stance 1008 conpared with the original centre point
15Thep Tecqrtigighien 1efathe (wavigfront e ¢igtaleecanning tthet SHIWS of the

S Ué(aﬂ'lﬁigo rr%nﬁeﬁﬁ@@ﬂhﬁ& t& gﬁ‘a}t R eoRvitRhaPsivs h f*orexample the

rections In ferent enbodi nents
t rﬁoléh\aﬁkbl algerithonli eamt be eisagerfor Hbeereganstryetian dn ah&artesian

| NoGiRbte VAL ESHRWH ifRigure 11. In Figure 11, the dots 1100 (Figure 11a)
represent the centre point of each lenslet, whereas the bars 1102, 1104 (Figure
11a) represent the slopes in the x and y directions respectively. Figures 11b
and c show the slope matrices 1106, 1108 after one step scanning in y and x
directions respectively, whereas Figure 10d shows the slope matrix 1110 after a
full scan in an example embodiment. After the full scan, the size of the slopes |
matrix 1110 is much larger than the original slopes matrix 1112 (Figure 11a),
which provides an improved lateral resolution after scanning. The
reconstruction will use the data of slope matrix 1110 (Figure 11d) after the full
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be scanned, or alternatively or additionally sel ected
areas of the wavefront may 20 be scanned. The
WO proweds | at eral resol ution of the exanpl e enbOTSEENS/000417
conpared to existing techni ques can provide
measurenent of the detailed topography of the
i nci dent wavefront. The 1geconstruction of the
wavefront in digital scanning the SHAS of the 25
scapx ahps e pevistiog nthet imprayad |lakgera'o reRalution. coHVéﬁPl &xgmple
ertidiifent Ob BB thd)SvavERETA SIGbLOF D MRAoRPIN each

reconstruction in a Cart
subeaETidire in ﬁwe XrAnshynirgooRs @%ﬁ;@cwelwqanpbege%ulffd ¥igd the
igure 1la) represent the centre point of
1bmgﬂﬁ eﬁé%@W&F whereas the bars 1102, 1104 (Figure
11a) represent the slopes in the x and y directions
ec{,j vely. Figures 11b 30 and c¢ show the sl ope
éﬁgngté%% 1106, 1108 after one step scanning in y{&hd x
rectf ons respectively, whereas Figure 10d shows the
slope matrix 1110 after a full scan in an exanple
enbodi nent. After the full scan, the size of the
d¢@mybegﬁ)natr|x 1110 is much Iarger t han the Oflgk§|
opeanatrlx 1112 (Figure 11a), which provides ‘a
i'nproved | ateral resolution after scanning. The 35

reconstruction will use the data of slope matrix 1110
(Fi 1d) after the full SUBST) ﬁ SHEET ( RULE
whel6) H the0§0pe RCTHSE2 0DEERM0) is trenslopkus the y-

provi ng the i nproved | ateral resol@tion. In the

drre?ﬁ 3 e&g js eré"é’Hh T e {aﬂtr&ﬁciﬂrlﬁé M S:{greEﬁgn V‘%?’ZJ I{I '%.néhlfttdﬁhe

wave ran the x-
centmitl in-y-diineetinn, end fievthedfioraMeanhgthcan be cal cul at ed usi ng
the follow ng equations: 5do(xY) = Ax (1) dx f
dq(x,Y) Ay (2) d.v f 10 where d ((xxY) is the
Thes rage iof Zphanst-Ayliis eainynlimied by e ipiich b ieolessieh array,
t 10 f .20
wh% Egs ythegfahgé téfoﬁls @‘?&n‘]lz l{nlﬁged; H{ ftthe ifenELé? Cﬁﬁ%ce%%“?’?) %ﬂ' idlency,
whigh igliin dutri clatednto plxekssrtzﬁepb@whars@rrgﬂﬁe tEmeE $faﬁg@0bpthef

Iens?lé%ﬁ% F%té)‘é is minly limted by the pitch of the

array,

In HWS, fis the distance between the image detector and hole arriy.

The measurement range, accuracy, and lateral resolufion of the SHWS of the
example embodiment are determined by the parameters of the lenslet array.
These parameters include focal length, lenslet size, sensor size, and pitch
between two adjacent lenslet. Typically, the pitch may be equal o the lenslet
size. All of those before mentioned parameters can be set by programming of
the lenslet. For example, for measuring of wavefronis of various different
scales, the parameters sefting can be changed using the same SLM. In
contrast, in_conventional SHWS, a change to a different physicz! lenslet array
must be made. If a larger measurement range is desired, the lens aperture can
be increased and the focal lengths may be descreased in the SHWS of the
example embodiment. On the other hand, if a high measuremeit resolution is
desired, the focal length can be increased. Furthermore, if a high lateral
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and other lenslet paraneters. In HA5 f is the
di stance between the imge detector and hol e array.
20 The neasurenent range, ac1c?uracy and | ateral

resol,uti on_of th ar
dEERHIL 4° <§,e3[|rﬁ par ane%lé,# 2& ﬂ%ﬂ@nﬁ%ﬁéﬁh I will be
Timaeqhaitedlbgttbe personl skilledfindiag artdhaft seledted skHings |C,@E be chosen

T3fs%°£anr:e'be el RS BB Cne et 25

si ze. of those bef ore nenti oned par aneters can be

S I

Sl RS B B i i
t Hee psloperehatrsesemt Figgire at2. beMore riggsticulat, npigtiffe 1§é‘rr’éh°WS the
SLM n n t

di ‘Q’?V‘afr%ﬁ'{ Q%ggﬁhﬁnlt 158(?1 ﬁlﬂﬁb&n@caw Bigh & 9@? fQ\cﬁ/vs the

pPNysSi Cs | en array be“made
| angyesfrome axaserementr Beaiter fll sicapdingtindhe endirgcetion, Figure 12¢

aps (rga&v%(r:r eg@é\’a&%ﬁ@ t 5%%{_%@&?1@(?? aftae f\flpféﬁnrﬁrﬂ‘ﬂf hn%n?ﬂﬂrectlon
oartdqéugmeh dRd rshows the wavefignt mr@n@m 1206 gfter fulrsgagning in

f ngth can be increased.
Fur‘#ﬁg?en’étraggy‘?’%;@é°¢fegh lateral SUBSTI TUTE SHEET

(RULE 26) WO 2007/ 070006 PCT/ SG2005/ 000417 11
elgol s 'b%n a'Pf&réz:‘?eftIa& ethat! e | %ﬂﬁil e&céﬂ?ﬁ’ﬁ USAV¢SNoP&he example
decrease

apprecr at ed Ci/ e person
skembedjmelnttdam det enhally sarplied etp deedalnfpeopsifugtion, utilising for

we ?@nﬂ@: g%mﬁﬁigaﬁqweafmeé.eSI red

char erls ICcS I gure ows the reconstructed
wavefront nmeasurenents corresponding to the slope

“E'Iﬁéf.u?rﬁﬁ | ol it Lﬁi@uézs %B@\epair?$1|8é{‘o@1r of hd) Wx8mbi& embodiment
shows The "Wavefront neasur ene t hout
scretatestp digitajuensiatzisaphivgs Ip s saaning &ﬁﬁh“iﬁb@s theclgiaqal position

12%263%11{ ?énsl#l &efﬁ%@ BY e | SL N0 X o‘il:béeﬁét' éﬂhndé' EIHﬁ scanning.

efront neasurement 1204 after ful .
scldowever, ieacth Ilﬁnsjet diandast switcherioom rg offi thipughisitablgopegramming
th by" t t | 365aNAhRE 4 Nenslet

%)he%}:e% b9 éﬁﬂ'gﬁéﬁgtsgocr%%% & tﬁé ébl_gvap%‘r:em hed enslet is
t hswitdhed aff, @natdenaﬁeiamﬂ] blogk Shenpcistent pertiorafirewavefront 310.
enbodi ment can be equally applied to nodal

reconstruction, utilising for 15 exanple the Zernike
poltymdrbmlappmcnqjedd)y aoperspnagkdlled in the art that this technique can

increase the dynamic range of the measurement, similar to expanding the
dynamic range of conventional SHWS by using a separate SLM array positioned
in front of a physical lenslet array as has previously been proposed. However,
unlike that previous proposal, the digital lenslet scanning in the example
embodiment does not utilise a physical separate lenslet together with a SLM.
Rather, in the example embodiment the shutter array and the lenslet array are
both created in the SLM, thus providing a reduction in optical components,
together with full use of the flexibility of the SLM for creation of both different
shutter and lenslet arrays, for example of varying size and pitch according to

different applications.
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Returning now to Figure 3, another application of the
exanpl e enbodi nent relates to digital |enslet

waeanmaiege I n this scanni ng techni que, the | atRCEHEG2005/000417
position of each |enslet defined by the SLM 302 does
not change during scanning. 20 However, each |ensl et
can be switched on or off thtdugh suitable progranmi ng

risrmeeenas oGy 300 2 Pighpe Biakfordhg, & adip; pbodiment s
bl slgrlcav\gt e Figuee dent (‘jnngrSHWS GBODmWr@mLMMOZI toupled to a
Wi appr.eci ate a . person skille n t,
CreRReE "0 T Uk '9HR 128, PP BRso TR, A d his,grample
of efnbedifRas.u nmmwslshgmgnrmey cexyAisds rEginidge detgotomiic the form
range nt J sin s r at

5 ar? = Cﬁgﬁ?ﬁ%ﬁé@n@cﬁo? FOWPV'5§ ) a%%g%@% aﬁ%ﬁ\eﬁae%ébg/ﬁoaeyand the
asmbaingEtaye 0868 yespeetivaly aposagledimtiressontrolied 13@. t Tlaé moving
orfpP 4308 BB se oAbt prQLOLB AR 30 0 desired
Sefogabplané enghg hdaptiyet SievwSninehsareSidvits.30 Rat her, in
t he exanpl e enbodi ment the shutter array and the

| ensl et array are both created in the SLM thus
10 pr Pui ¢kamgple, atettie ticgomingiobp easureveniafenvayefrandd@tlAethe scale

with full he fl exibilij f f
cr et e o Pk 58 Kb, ot Efoer measurement
ar ramye,cahe preasgtfa avtoarae yesgustrmentainel with glsmall focal length set
accoy di t di f [y ' TLT .
S e e e 2 i3t200 o B R Ssh 1305 JBeysbi e Sgesponding
rmﬁ:icﬁl pw;egngl_iﬁing e ShM&h@&ﬁbgﬁ 1BDgur Eigm;elck}rﬂﬂstjg\lzs\s armp example
anot her enbodi nent. 4 sho . e
15 136?)2"8%Hﬁ%sgé%n%ﬁglﬁgﬁfgﬁzw%geﬁa%Eh?%lrrtES&Cont rol | er
1304 in the formof a personal conmputer (PC), in this
ex I di t, Th '
B0 B SRR Soree Bt ol A 58 RO fcer e
a isokmoven,shiad)éhd BB 1BORhcarh deQEBsdi3®6anmpprowiatevneagrement
stage 1308 r td.vel t. ;
e 100 GRS NS R R 0l AS AR i ot o
20 pothet Slovl 1@02tdam iketheriged td 20&ting withl@ssmaltimebseraiment range and

I dur i d ' . .
2 B RRO R S ERPUAE 0L B B Fiure 15. 1w
wabefappnécididdthat the meakerencénttriasgeaanelf rasotutivd idayde balanced

not be known. ..Therefore r : t .
bR RIS FLoL Bt 358 ERERNARELN opfes resouton
snwith af saffidientengasursment iange Isaitalda SorctheavavefrohBoderdeast.
25the detector 1306 noved to the correspondi ng

Such adaptive SHWS in the example embodiment can be useful for a number of
applications, for example for the dynamic measurement of a wavefront that
changes over time, such as monitoring a turbulence of an airflow. For such
applications, the SHWS 1300 can dynamically set the measurement range by

30 tracing the wavefront scale.

The controllers 306 (Figure 3) and 1304 (Figure 13) of the example
embodiments may be implemented on a computer system 1600, schematically
35 shown in Figure 16. It may be implemented as software, such as a computer
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focal plane utilising the noving stage 1308. Figure 14
shows an exanple 15 coarse neasurenent 1400 of a
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measurenent, the scale of the wavefront under test is
known, and the SLM 1302 can be re-set to an
appropri ate nmeasurenent ranb®. For exanple, if the

wavefront under test i.s.of a small scal S [ .

o P3gr Lot Frem B wifisciner oottt $78e8L 168 A Dstoing the
s nedrhputeasysteneltOOnacgaductdhe eomira)loéther 86kL ut i on, for

a fine neasurenent 1500 as shown in Figure 15. It wll

be appreciated that the neasurenent range and

r eblod udmpotemsystem HB0& nemdrised @oatputed myduiei 1602| imgput modules
the controller f i dj i, 17 .

r CSTLET heedhioal oo o, i 1 A B bIARFRS output devices
s wsuchidsea fizplaynB08aaed pdnterdfder test. 25 Such

adaptive SHWS i n the exanpl e enbodi nent can be useful

for a nunber of applications, for exanple for the
dyTizericompederumedelet 1602 is wanmdatedtto thaomputeampaiwody 4612 via a
ti u . i tori a e f LWL T

gt g B 018 EES58e8 0 U A0E hEhet or ot
seetivioek ispsismsesesit asadnmpal Fyrea Idetinosc i(bYN) o Widee AremtNetwork
SCAUR )The controllers 306 (Figure 3) and 1304 (Figure

13 oPI ‘the exanple enbodinents nmay be inpl enented on

a conmputer system 1600, schematically 35 shown in

Zi %&cg@utééﬂ%l#ﬁ#@gghg@Ee%@aéﬁ&%%O ?7%83’2 1618, a

PORASBER0 05rces9 Memory3ARANMY 1620 bot regRerd Qnle dMethetyi (ROM) 1622.
t 0 , ' cti h
cofstrnttufir BT, aldlinaiie WCilitbel "5, ingutoutput (10)
SLinterfEHgces clompuamplesiQtinterfac® 0 624 fip the displayciidduaed 1/O interface
no j t dules 5 such as a keyboard 1604
ang&n%ﬁ’;tgg%g&%%ﬁJ@m urality of output devices such
as a display 1608, and printer 1610. The conputer

e r r ;
v B, Boltiels S MRTEATDEP B AEINR, yBRANP Chnfiicate via an
aciotessonnected) bus HE2Brangt irea manoghigrowrl o tlae wergen skilled in the
syﬁ%tchh as Local Area Network (LAN) or Wde Area
Net"wo (WAN). The conputer nodule 1602 in the
exanpl e includes a processor 1618, a Random Access

NE'FPé Xpél%%n ]p%&'aﬁpﬂ @pigﬁ%ugblliééd bty é(sér%(f]me &gr%auter system

1600 encoded on a data storage medium such as a CD-ROM or floppy disk and

read utilising a corresponding data storage medium drive of a data storage
device 1630. The application program is read and controlled in its execution by
the processor 1618. Intermediate storage of program data maybe accomplished
using RAM 1620.

The example embodiment described can provide an optical wavefront sensor
and optical wavefront sensing method which can provide improved lateral
resolution compared to existing techniques. This can allow the detailed
measurement of a wavefront topography. The entire incident wavefront, or
selected portions thereof may be scanned. Furthermore, no physical lateral
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I nput/Qutput (1/0O interfaces, for exanple I/0

WO piogof@ee 1624 to the display 1608, and |/ O i PECESGZ08000417

5

10

15

20

1626 to the keyboard 1604. The conponents of the

conmput er nodul e 1602 typically communicate via an 20

i nterconnected bus 1628 and ilA a manner known to the

person skilled in the el evant _art. Th lication .
o BERREL of Sambara< of i st 6 froniEd, ABRoyfE Wt scanning
conmagieer system 1600 encoded on a data storage nedi um

such as a CD-ROM or floppy disk and 25 read utilising

. UL SRR 8L A B Psgors artr

anohodifinationk | mdy i be imzgleetoethe possebly invehorprascessor in the specific

16 Nt ' rage of progr ta maybe .
acEaeRagE} aSai Faaohe Bl Tha B €8 enton as broaay
e mbiestiribeci t Theggesent echbodimentoanedthesaforepta loeabonsiderdd mndll respects
se . ' ront sensing nmethod which can
pr%\%%'QUS?%Y%\Q/%%SSQF%@QW& resol ution conpared to

exi sting techniques. This can allow the detail ed

RS RITAL i REET lhen p forn ve

elepslaharcay offthetligbt manipulation daviss.c &l slicht enbbdiments, the wavefront

b

SU

C BB RS ML i SReedliR dnex tpretpre be usetul for
s eparticular applieajions exlict asiwayefrom niéaguterhert of nitiangoletni® waves or
I t,.\ . at e ski l,l.ed | { .

¢ o S TE RO G, oy A RSBl B Tl renectve
becorwidasersetting ysingsemicromirort aroay, e mivosvminrer artay itself remains at
spgcifi [ 11 ho [ :

b oot JA808! SRR, $usiCHnpGTREHS, Mo JRa) BR referred o as
deprovidingd scarimgngpiire se quasirdigil meores Gane stilt peovideoreglyantages over
be [ [ - . to_he 1]l at |

nog D, SANES, hellecbHRGE aark et AF e il of e
ma§lLMeSinsiady, a reflecties bautid eryistadlimueintatort ardyoram albe be used to form
| epsl i ght mani pul ation device. In

su{:ﬁ rgﬁﬁgg&d%%nr#é,s&{bﬁ@yMVef ront sensing occurs in
reflective node. Such enbodi nents may therefore be

useful for particular applications, such as wavefront
nmeasur enent of ultra-violet (UVY) waves or beans.

Whi | e physical novenent at a mcro-level is involved

in the reflective 15 condenser setting using a

mcro-mrror array, the mcro-mrror array itself

remai ns at
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a constant lateral position. Such enbodi nents, which
may be referred to as providing scanning in a

wea37@gi t al node, can still provide advant aREESG®E5/000417
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existing SHA&' s. The mcro-mirror variant can have all

the functionalities of the LM Simlarly, a

reflective liquid crystal no Bl at or array can al so be
usegAjasf orm 20 the reflective condenser array.

SUBSTI TUTE SHEET (RULE 26) WD 2007/ 070006

PCT/ S&2005/ 080#pticalveavefiont a@hsbr campoipingcal wavef r ont

sensor t mani pul ati on device; a

det ect orqgmhghl?g}gth?ﬁdle{/gght signal s havi ng been

subj ect édiett@pt@'hf@rIdeémtlngshglrémlwlahawng dwgnceybjectdd do the light
COpahfulonCRNREEdnd 0 the mani pul ation device, the
controller controlling the manipul ation device to

f unct i of cestrallergespled torthaynaripylatior devise, tfe cardralier agntrolling
f odsHbABuURBoh %\/Q@'}B fAREHINO Qfleﬁslwgﬁ%); %Hc{nolg&ﬁel QPthe array

detector. 2. The sensor as clained In
t hiocHesiag aBingident portianefshvaveirartt onte hecdetector.he

mani pul gt | OnTI‘i‘@Vééh%of Ods @Qme'dv?r? VayiRt rPnWhFreln thf detector is

measurenments. 3. The sensor al med

wh@eueaple h‘é""’&o‘i@ﬁpéﬂl & tbenmesinulatione dwwepmratadantlve wavefront
deykessureHidntd. hat the lenslet array is noved rel ative

to the _wavefront for |ateral scanning of the

wavef r oht whiNesensoragmigimestin shrimevi cehered thermaintroller controls

a menﬁtaﬁlﬁuldtléhedéi)lc@%bﬁ 'tﬁé‘b th‘é Ieﬂ%f‘etse?rF%pf A e\%%lallerﬁﬁle to the

in claim3, wherein the lenslet arra
stwpeent §pn lpterab scanrning (oif dhe avavesionpwhie thei meniptilatine device

NBhitihhi #BokkeNntQSteralPosiliBf. sensor as claimed in
claim3, wherein the lenslet array is varied while

bei ng tbved SHR BeRsRlt as ikaimednini elgin 3, awhereifuthg lansiedlarray is
Pi mBled! N dtepL8F élﬁd@'or%ulﬁﬁls ELEh BHer%hlPsnoﬂﬁtg'ng&lplﬁatlon device.

The sensor as clained in any one rece
cl ai ms,d- whethg gepsr %rﬂ%l@leplem clain r&alvgherh@ the Ienslet array is

”WHrI%H' \ﬁl’fnléJBeiﬂﬁVl‘nS@ed5 QEE’h ttﬁ‘éitthér?ba]nﬁﬂﬁt Slat &'s ?M?ﬂeﬁal pixel unit

rotated in a |ateral plane of the mani pu
ddeyelef the mappulatingslevigs. ¢l ai ned in any one of clains

3 to 6,s.Whergid skhsor %é El‘éﬁﬁé@l heén)?ocmer %lfsthtahgrecedmg claims,
mani pul ati on devi ce such e entire incrd
wherein the controller controls the manlpulatlon device such that the lenslet
array is rotated in a lateral plane of the light manipulation device.

7. The sensor as claimed in any one of claims 3 to 6, wherein the
controller controls the manipulation device such that the entire incident
wavefront or only a part thereof are scanned.

8. The sensor as claimed in any one of the preceding claims,
wherein the controller further controls the manipulation device to function as a
switch to controle an on or off state of lenslet array, for expanding a dynamic
range of the sensor.

9. The sensor as claimed in any one of the preceding claims,
wherein the controller controls the manipulation device to function as a
Cartesian coordinate lenslet array.
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wavefront or only a part thereof are scanned. 8. The
sensor as clained in any one of the preceding clains,

WOk 070006 he controller further controls the PCT/SG2005/000417
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mani pul ati on device to function as a switch to
controle an on or off state of lenslet array, for
expandi ng a dynam' c 30 rang@ of the sensor. 9. The

sensor @as clgd g? %OIP a@néial a%yﬂ%n@roqcc% 91 %%‘ Wherein the

wherein the co er con € mani
deontrelierocénirads itoe raamaulaﬂzan to@sylcantoc ﬁmo@ipn aase al ewer goordinate
a% STl TUTE SHEET (RULE 26) WO 2007/ 070006
/000417 16 10. The sensor as clained in any
one of 1dl.ai righel steos@ aah@la'@ired timeany @mer of |tae presedipgsclaims,

t héh | ngﬁg lo%?éc?& t@CW&%Qﬁraér A" etectord or a PSD

coordr ensl et arra € sensor as c
i {pesitiormaensing dh‘ﬂC@recedl ng clainms, 5 wherein the

get ect g& COMRd %&%o?a%lﬁ*‘é&ﬁﬁ%ﬂ ’onerofgh&%l& ﬁﬁg éiﬂ{s further

(position sensing eV| or
clcoimmigingna @nycesaer mupdeﬂbtqoﬂediajewgr tarapeenstiugting ¢he wavefront

C?FH%'II %&lgagﬁ \yet?‘gtg&&g?,to t he detector for

recons ront romlight signals
det ect e1dB by 'El‘lee sgoselctagr claimed 3in ﬂﬂémséﬁsdwh%@lfbltb@ ngpcessor

{
ST ST e sSGED e .

det ect ovd. 14Ther h@nwm%rd%iﬁ\eél Hi 8BY one alﬁyd@f’f@ gf to 13, further
C'c%' %19} 9 A1§v.ngugt5§§ couﬁ%ﬁp{d fHe BortrdIiRY 1189 v the detector

uple to the nmovi ng the detector
reﬂ?@tlvtvéo the ma@lpn@hppdewe(m devi ce. 15 15. The sensor

as claiqed ifhLiaidy %& clMEHSh '&lﬁﬁlﬂel&Wr&h'tﬁé controller controls

controls settings o e mani pul ati on device and the
meettingss obdfee froanipyation zﬂﬁVIO@e angethsumeningt stageefor Tthe adaptive
S‘?ﬂé%ur@ﬁﬁeﬁ {s@i med in claim15, wherein the controller
rther coupled to the detector, and autonati cal Ity .
cont r ol #.t heThsesensefs asfclaimed i alif 181 avhesaingthg centroller is

a&@nﬁé}%&@é&% heItdRsr, faa{a @Hfa‘tl?f%hﬂ@@ﬁthﬁ@gﬁé”s%ﬁmgs of the

based asur enment SI g etecte at t
1 martinelatien sdaviegs agd atheemqvmgaﬁ?gm éorothe pdaphive: dapafyrements

Cli4sBB on measurement signals detected at the detector.

17. The sensor as claimed in any one of the preceding claims,
wherein the manipulation device comprises a spatial light modulator.

18. The sensor as claimed in any one of claims 1 to 16, wherein the
manipulation device comprises a micro-mirror array.

19. The sensor as claimed in any one of the preceding claims,
wherein the lenslets of the array comprise circular, elliptic, rectangular,
triangular, hexagonal, or octagonal apertures.

20. A method of optical wavefront sensing comprising controlling a
light manipulation device to function as a lenslet array, each lenslet of the array
focussing an incident portion of a wavefront onto a detector.

21.  The method as claimed in claim 20, further comprising controlling
settings of the manipulation device and a distance between the detector and the

manipulation device for adaptive wavefront measurements.
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wherei n the mani pul ati on device conprises a spatia

i ght nodul ator. 18. The sensor as clained in any one
w@booch#ions | to 16, wherein the 25 mani pul at i PCT/SEN0E@00417

conprises a mcro-mrror array. 19. The sensor as

claimed in any one of the preceding clains, wherein

the lenslets of the array cdﬁgrise circular, elliptic,

rectangyl ar ,Thet ARG AT claiR&@9RNG@him U1, ARSI automatically
apertures. A met hod of optical wavefront sensi

ng

c &RpirPling, gﬁh% 6%‘#‘8? [andghg disignee &Htthﬁt?rﬁaﬁw%m%um@@é based
t @nfH8sdUremeABsignbi8 it &ite bl ¥ detd@br.| ensl et of the
array focussing an incident portion of a wavefront
onto a detector. 21. The nethod as clained in claim

5 20, further conprising controlling settings of the
mani pul ati on device and a di stance between the
detector and the nanipul ation device for adaptive
wavef ront measurenents. SUBSTI TUTE SHEET (RULE 26) WD
2007/ 070006 PCT/ S&G2005/000417 17 22. The method as
clainmed in claim 21, conprising automatically
controlling the settings and the distance for the
adaptive neasurenents based on neasurenent signals
detected at the detector. 5 SUBSTI TUTE SHEET (RULE 26)
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