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SENSCR FI ELD OF I NVENTI ON 5 The present invention
relates broadly to an optical wavefront sensor and to

woa'gd%wﬁﬁ’éj of opti cal wavefront sensi ng. In WSGZ’QWOQW”
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€ present invention relates to a nodified

Shack- Hart mann wavefront sensor. BACKGROUND 10 The
wavefront of an optical wdve is the |ocus of points
that have the- sane LB i have t he
same opti cal @&ﬂqgﬂnggﬁﬁg)ﬁﬁgﬁmo%e from
whi ch the optical wave originates. Wavefront sensors
are enpl oyed to neasure and anal yse t he wavefront of
aFELPtOE MVEWTI®N Measuring and 15 anal ysing the

wavefront of an opt| cal wave is applied in a nunber

of different techn
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stﬂb%”‘é’g’ngﬁh%%dﬁﬁgﬂr?gﬁﬁ%akgrrﬁ‘ di sksr etc. Cther

ar eas
of application include nmeasurenent of the aberration
é Su ﬁﬁ,d beam 20 quality of lasers in optics
ure, measurenent and anal ysis of aberrations
of eyes in ophthal mic diagnosis, and neasurilﬁggﬁ\ée ?he same
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Wavefront hamk t veave. wadegsuppg and
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m anrat?singl tbs vaweEgNtIGRT gqu%i \%%]lvg Ilﬁﬁ ][“r? gt'nlt‘?tﬂﬁ!?erg%f different
ont'écl:h%%lloglic%n thohi¥itng ARathiewent of the ﬂatness or warpage of wafers or
‘chugks in semiconductor technology, of measurement of the flainess of work
_pieces |n precnsnon enginsering, such as for LCD panels hard disks etc. Other
areas of _apphca’tlon include measurement of the aberfatron of optics and bean;
- quality of d{asers in optics manufacture, measurement and analysis ©
- aberrations of eyes in ophthalmic diagnosis, and measusement and analysis of
. the turbulence of the” atmosphere to improve the quality of -observations in

~.astronomy and adaptive optics technology fizlds.
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9%~ “The technologies in wavefront sensors indlude Hartmann wavefront sensors{HWS),

and Shatk-Hartmann wavefront sensors (SHWS). In the original HWS 4echnology,
a ficro-holes array 100 18 positioned in Font of an opfical lens 102, as shown in
Figure 1. The micro-holes array 100 is used o measure the slopes of a wavefront
104 in sub-apertures. " The wavefront is reconstructed based on the tatrix of slopes
-measured at detection plane 406. The reconstruction algorithms are generally

. categoriéed into-zonal and modal estimations.

In SHWS, which constituted a break-through of wavefront sensor fechnology, a
lenslet array-200 is employed, as shown inTigure 2. The lenslet amay 200 replaces
. the micro-holes array 100 {Figure 1) and lens 102 (Figure 1), by providing an array
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figure 1. The micro-holes array 100 is used to
nmeasure the slopes of a wavefront 104 in
sub-apertures. -The wavefront is reconstructed based
. on the matri x of. sl opes 30 neasured at det 47
WO PMHR4%96. The reconstruction al gorithns a?g&}S@%Omoa
general |y categorized into-zonal and nodal
estimations. in SHW, whichaoconstituted a
br eak-t hrough of wavefront sensor -technol ogy
| enBpHybical sulaup@0es, §.eckpilely étthe qae QFPT@@\lrFWOﬁ?'E}u TE'e yravefront
The_| 0, thaDsdnite a1 16F GAMB) eRlost current
ar fecogg_@ﬁt%%é u'?tém% Qmﬁggd:?};&sloz (Fi-gure 1), by
pr ovmuiiisigl wave Pﬂfaiﬁns%%ﬁﬁyV&OO%PCT/ 'SG2005/ 000417 2
of physical sub-apertures, i.e. lenslets in the one

Sg| Ejlt,grgél}; ﬁ%e@tﬁ éigltn] & \gar%/?e%roq A TCH ﬁ(l)l?§ Béé}%dg@%ﬁe&i to employ a
CUpAAE light Fvelulziar] (Skbty ekr nhys@@hgmﬁsr arey Signgd vth e lensiet
gg%ﬁ!a%%@ eﬂ:{) rsg_‘i\? id ﬂgc%lysﬂ mpofrt%‘ﬁ@s@éi ispt8Barrhy 2lh’(B§nd used to

a spati al ht dul a

( Slsiviichasn ang ngfsth@ @ubgqu[tgrgﬁ oa,tt}edg;n%{q:t TRy t“ﬂ‘ hrgmams the
3 e?&daﬁﬁgﬂé\é%@% 20 sAe.SLM i s placed in front of the

physical [enslet arnmy 200 and used to switch on and
100ff the sub- apertures of the |enslet array 200, which
r e a8 Sisb B@e;f agjgpkg t@bapienan GLVin BWSHISIEvEPP| & sqaaring HWS.
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M1s used ner a
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.d' ! %&Iréc%h ¢ il i) eTrielrobiigngd @B%erdkGandifd Gerpysigal tans 102 (Figure

e sensitivity, dynam c range and accuracy
150f ‘If) mescanaing HWE. f ocusi ng el enent renmi ns the physical
- | ens 102 (Figure 151) in scannl ng HWAE. A physi cal

scanni ng technj que has a ,

ARk FENBRY SRR BE ???%"?’%%%ané%é”é’?ﬂ*ﬁ. which the
pl phgsidaFicasistearty mﬂearstniétecéldn plang (tigirg 2hrg spifted in both x and y
dl ! Cttfgoﬁp S- ;ﬂghl B{]ﬁéqé%l %hnsﬁ rﬂ:?!et &:ﬁhrﬂeq U@ec@&@ :h'@rove the
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ange in t ]
20I atrmaabreuhenterang;@m thederal qifretione YoerP &%%?awr&esgps of every
ev%ﬁx-afelégré‘étﬁ&ﬂts &t 4 Rhgd ated. form a | arger area.

he 'mai n drawbacks of conventi-onal HWVS include that
the contrast of the 1ight
The main drawbacks of conventional HWS include that the contrast of the light

beam projected on the photoelectric detectors is poor, resulting in poor accuracy of
25 . centroid finding and wavefront reconstruction. The vignetting effect induces a larger
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
30  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
35 HWS still exhibit the drawbacks of HWS mentioned above,. In relation to
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beam proj ected on the photoel ectric detectors is
poor, resulting in poor accuracy of 25 centroid
finding and wavefront reconstruction. The vignetting
effect induces a |larger spot size and consequently a
relatively small measurenment range. On the other
hand, the drawbacks of convgntlonal SHWS i ncl ude t he
use of a physi cal |enslet array. The features and

par r%gg’hgtlgnﬁgf gﬁm@ thé GRRd déﬁﬁﬁc@f@nélﬁw thaht ithoad raodifications

rest hysi cal |ensl et
| at @3l bﬁ@%ovrﬁﬁhi%ntol §°Qf§b%n%{" de{Cth Ba?%ral m%& idr ithout
| enﬁlrS&uctllﬁrd>€baﬂényalIymbth’semedsmamanﬂ(erojrs csmvisault ehphysical

or opeaE i PrTE s TBR s SERP MR v STs o

descri bed -above, there are significant drawbacks.
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ﬁl&géhﬁﬁ%%ﬁmétg% ero?ég\g% ? HWS menti oned above,

In prg efithe abeys mentipngd d Ms of SHWS, the main
drawback renmnins that those nodificati ons have been

unangchi eve an inproved | ateral resol ution
troducti on of {{Jot entially ser us here is
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SUNM%R’ﬁuldﬁoﬁQfeQrcdaaﬁ@ a/\cdritrol&rfqou;sled tos fhecmargpulatiga device, the

\F,J\,;\e, qutn%)}lérn 3 ethcill gﬁ%ﬁﬁulaﬁorpé&\qedts GurithorP RS b%"f{slet array, each

t
deviepelet of tukeanm focusstng aenadsent pjtion @‘mnv?&ega@%@{%tg% Apfgeton
b een H?i{é@r} %t &ﬂltrroﬂ?rt %ﬁ]trlolsgché nhEHbUPAloAt deRitetitiéh aleat thadenslet

er cou to the manip I ation devi
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f un%&?ﬂb Rfsl8t ér%ysk%néﬂl walle beiag mdvedsueh trat thehgcanning is at
arra cuss@@ﬁ; nI |nchgent ﬁogﬁo f a wavefront
ont é‘@tﬂ'@'ﬂ@r Rt levih gt tag mapike &n? f'ol 1'er controls
the mani nﬂba@eteﬂodewaycbesmobeatﬂmt\mthheeslpéﬂtst%ﬁh%ﬁﬁﬁypu'a“o“

is m)vedfreldat |V\ée H@T t for lateral
scaﬁ'ﬁ?"ﬁ% FRPRY SRS and t e lenslet array is "
vari ed wiheecdydiofigr mave@Ofg@t Hhe Hﬁ%ml@tﬂ%’“%‘caﬁﬂ?%éu% that the

a | %n%fe‘cl‘l_lq[lr%vgs %&%d #éneltﬁ/eHSVcﬁé wlvelrb@ foRMitpral dtaroing of the

etector nay veable with_res
t he wayairentl yhﬂebnthgemae@u{agpn RS RMARY oft @ nggﬁsttar]it lateral

tgggNnts. The controller may control the :
rrampulatlondwce such that t S A ¥ndible lateral
moved r el 746§ ‘??toarfqyen%\pgfm% etdrﬁﬁ &# %er‘%@é gggnnn'?%neg o
of tdhe! wRwadfrtisnmanipulation Heviemni pul ati on device
.emal ns aIIhe leR I8P taPrQ)tw 415\} BEalaried 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.



position. The lenslet array may be noved in steps of
single or multiple lateral pixel units of the
mani pul ati on device. The lenslet array may be varied
whi | e bei ng noved such that the scanning is at a

sub-l ateral pixel unit |evel of the manipul ation

devi ce. The control |l er3ammy control the
mani pul ation device such that the lenslet array is
rotated in a lateral plane of the light manipul atio

devi ce. Tha controller THay cootielitad manipHior devisppugipat the entire
”Hn'rguyae% ln&@efﬂﬁanPSnl? H%rﬁﬁ@feoﬁd’i@-s@éﬂdeﬂe i nci dent

wavefTont_or onl part thereof are-sc
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devigge, %@ltéWEtﬁbérﬂfblél%n&)rﬁw bt atdte of damistet latragnfooexpanding a
of f state of Eélet array, for expanding a dynamc -
ran§¥ "fi‘if“ctrﬂ'éges%f OP¢"*Phe controller may control the

mani pul atlihencohevllaenayp cbuhtﬂtth@mnmpldﬁmard%@eaﬁ@ function as a
coor i nat The control |l er
@WP@%IC()?%E% Ieﬁéléf"é(q 1I’on devi ce

he “nmani pu to function as a
polar coordi nate | enslet array. The det ector
may conprise a CCD detector, or a CMOS detector, or a
PSD (position sensing device). The sensor may

further conprise a processor coupled to the detector
for reconstructing the wavefront fromlight signals

detected by the detector. - The processor may
reconstruct the wavefront froma slope matrix
detected by the detector. The sensor nay

further conprise a noving stage coupled to the
controller for noving the detector relative to the
mani pul ati on devi ce.



The controller may control settings of the

mani pul ati on device and the noving stage for the
adapti ve neasurenents. The control |l er may
further be coupled to the detector, and automatically
controls the settings of the manipul ati on device and
the novi ng stage for the adaptive neasurenents based

on neasurenent signals detected at the detector. The
mani pul ati on device may conprise a spatial |ight
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5 Figure w ng of S. Figure
2 |mammhb&mgpnald%ﬂmta@né?a@”g@% F| gure 3is a

schemati G, gE@t%Pﬁé‘rﬂ:lefntfPa 58ty 'a%ﬁe@*d’ﬂ‘ﬁel p’ie@ém invelatiorethere is

\glr trpgg\?g@ie gﬁmptgqap gf_gg’uclggg@yg(% %ggsqr&qﬁ cégr(]gﬂ%l @coﬁtpc?l!m% 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; confroliing the
manipulation device such that the lenslet array is moved relative to the wavefront
for lateral scanning of the wavefront; and varying the lenslet array while the
lenslet array is being moved such that the scanning is at a lateral sub-pixe! unit
level of the manipulation device.

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.



10 enbodi nment. Figure 5 shows the focus point array
of the lenslet array of Figure 4. Figures 6a-c shows
three exanples of lenslet arrays set in SLM
according to an exanpl e enbodi nment. Figure 7 shows
the focus point array of the lenslet array of Figure
6a. 15 Figures 8a to d show digf ferent lenslets set in
an SLM according to exanpl e enbodi ments. Figures 9a
to c are schematic drawings illustrating latera

scanning_in the SHAS &figure 3. Figures 1 d b_are
schemat i dharasiNAGEnaY) ?%r%ﬁrisﬁt?‘ﬁﬂ“%‘tlf%}%?%fc’% atF‘S settings and

Scaﬂhﬁldiﬁaﬁ& 1loﬂ i a&ipiibe asBUdnMgtd Dassd @x angaberement signals
%% qe |g §§ 1lla to d are schematic draw ngs
|II geted phiged %ﬁ "matrices neasured and reconfigured
during digital scanning utilising the SHAS of Figure

. BRIEF DESCRIPNON OF FHE DRARINGShowi ng the
reconstructed wavefront corresponding to X
scanni ng-only, y scanning only, x plus y scanning
respectively. 25 Figure 13 is a schematic draw ng of
a nodified SHWS i n accordance with an exanple
enbodi nent. Figure 14 shows a coarse neasurenent

.graph obtained utilising the SHA5 of Figure 13.

figure 15 -shows a fine neasurenent graph obtained
utilising the SHAS of 30Figure 13. Figure 16 is a
schematic drawi ng of a conputer systemfor
i mpl enenting.a



~controller for use in the SHAS of Figures 3 or 13.
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wEbodbdent s described provide a nodified SHABSEH0/#G17

an | nproved lateral resolution conmpared wth _
conventional SHW' s, and for neasuring the details of
specific areas of interest S5of a wavefront. 5 Figure 3

is a schemati dravm n | £t VN AUy apparent to
ac'iéﬁl?%'rﬂ@“tﬁé’fgﬁ 9.\/81 H%ogﬁ rrenri The. SEME 300 :
C ¥Rl df SRGinAryl s!qhtn mmrqdmrmtha;fvﬂewgc\@ﬂfr% dersriptnaPYvay ©

2 ML R02 OS89t iR Ble Glanermotidet oct or

ctor may e.g. be in the formof a

' CCD detector, or a CMOS detector, or a PSD (position

103

%niar@g rQ%‘ébﬁ@%aﬁth%mﬁase HWE. transm ttance of each

in the 10 et by pr ogranm ng
ex@@ﬁ?@dsé‘ﬁcﬁe%? @H*“@r WOU led to the SLM 30

A Higits| Bis ardohgnetio drdwisg bé af mpﬁ@ad ﬁHVaﬁdgr%%ﬂﬁdﬁaceoW“h an

th"rei‘&' X %rfs]Pbéxs £on diffractive optl cs elenment (or

bi errent) t echni ques plurality. o

i nﬁgmdﬁashhd@c@siamglebé’éfﬁfvm lf*r%?n%‘ﬁ\é P perainy tgrén example
drﬂ igure 3, with each lenslet focusing a ‘
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phyS| c of the optical conponents, in
pa‘?’ﬁ”&%ﬁ%‘r“ ﬁig’%i_lvl

. .Figure 7 shows the focus pointarray of the lenslet array of'Figure 6a.
Figures 8a to d show different lenslets set in an SLM, according to example |
embodiments. . o

- Figures 9a to ¢ are schematic drawings iliustrating lateral scanning in the SHWS

of Figure 3. o

F[gures 10a and b are schematic drawmgs ﬂluslratmg sub-pixel scale scanning

in an SHWS according to an example embodiment.

_ Figures 11a o d are- schematic- drawings fllusirating slope matrices measured

and reconfigured” during digital scanning utilising the SHWS of Figure 3.

... Figures12a to d are graphs showing the reconstructed wavefront corresponding
to X scanmng{m!y y scannlng only, X plus y scanning respectively.
Flgure 13 is a schematic drawing of a modified SHWS in accordance with an

example embodiment.
Figure 14 shows a coarse measurement graph obtamed utlhsmg the SHWS of

Figure 13.
Figure 15 shows a fine measurement graph obtained ufilising 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 3or13.

DETAILED DESCRIPTION
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302. This advantageously provides a high |ateral
resol uti on conpared to 20 conventional SHWS' s. The
SLM 302 consists of an array of optical elements or

i n which each pixel can act indepepggbtioysso0s17

q;‘)':lﬁ'xel S,
WOHAHI 74 t he anplitude or phase of incident Iight.
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The -SLM 302 can nodul ate the incident |light in the
node of anplitude-only, 25 phase-only, or in the

conbi nati on phase-anpl,tude. Ea | ensl gt 4 .
o b e CTREIGINS SBTTRH (HOBRIE Rdleg SrivS Having an
diy§S8edd NGelan erebagiiste mompareef vaiht conentiprel f SOUST hgaad for
beam t hro ch, sub- L wabaetor, in
e R L s Sl i) o e R P
shows a lenslet array 400 set in the SLM 302 (Figure
3).. . Je Rag ATRLELF Qfadifie df eNalodifiearsawsA000 ssoakiingsto an
f%c'%’l I eng%h; sl ze, pltc c_can_be . . i
presgnalsemipdEReEyTEs H”Z’b CORPFEM B ﬁ&gdgg?wt%tf? rnede\_"ce "
3he TG dreNSl Rtz pesitnad &r fromted AA0mgregeteocd§4 Uhngrimage
elliptic rect ular,. h , -an 0S detector,
o CEKGER amay %Q?iggﬂhéﬁ‘ecfgﬁgi)&ggr at | gr?ﬁéggg'eﬁﬁ% zr%Mon nghee Or_ orha
O ST Glosiien| sénstmpdiice). The plesg snd Fanpnistagrh stfareRe! in the
t L&l n&rd, ' jdbutddeorSh Mo alldr FEogurcapled to
3;&&@%&%&5 BB By SRR S B o r APH D Giels
pit@BLMIB02s Avfensies 28RRFAD U BEfAEE%YY P@Qﬁ@ﬁ@\,@ ,
t 2089 R Sllffrac/cLBpRE element (or binary opfics element) techniques. A
pluraiity of indivi&ﬁal focusing beam 308 from the lenslet are shown in Figure 3,
With-each lenslet focusing a porﬁon of the incident wavefront 310 onto the image

sensing plane 304.

Significanily, iﬁ'the SHWS 300, the lenslet array can scan a measurement area.
- without physical rﬁovament of the optical components, in particuiar the SLM
302. This advantageously provides a high lateral resolution compared to

conventional SHWS’S.

The SLM 302 consists of an array of optical elements or pixels, in which each
pixel can act independently io modulate the ampiituc_ie 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-ampiitude. Each lenslet is a sub-

' aperture of the SHWS 300, with each lenslet dissecting the incidg_ant 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 lensiet or
* sub-apertures 402 may be circular, elliptic rectangular, hexagonal, triangular,
octagonal, ot other conﬁguraﬁon depending on the optical requirements. In the
example embodiment, the lenslet array 400 is set in the SLM 302 (Figure 3) by

SUBSTITUTE SHEET (RULE 26)



grey levels, or opague. One exanple of a suitable SLM
is aliquid crystal nodulator array. 5 Figure 5 shows
the focus point array 500 detected at the CCD pl ane ,
304 (Figure 3) through the lenslet array 4G0/SGRIGHPEL

Woﬁ‘j{’?’”'&gdéh focus point 502 corresponds to one of the
sub-apertures 402 (Figure 4) of the lenslet array 400
(Figure 4). Centroids can ‘be cal cul ated based on the

~image detected aj the foiger Barbparenhdstep of
VRIv@RMBHEY BRPH WY o‘?fgﬁ'%gﬁgoﬂzﬁ(g%luﬁ%ﬁgg t %ef L Qa3 st
(Geg U Is Gr3dpaam. beneevempls ¢F FedG8Im T Kb "
reconstruction algorithms. As mentioned i'h the -
bRERYREUAT S ect i on, reconstruction al gorithns can be
categorised into zonal and nodal estimation

s, o
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changi ng the setting of each pixel 1000 to the

setting of its 10 nei ghbouring pixel during scanning,

the setting of each pixel 1000 is changed

i ndependently. In other words, in Figure 10b, the
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val ue of its nei ghbour pixel 1002 (Figure 10a), but

to a setting cal cul ated such re point 1004

of the lenslet '10@@%5”935@4@%% ﬁﬂfy%e;a[a%sub- pi xel

di stance 1008 conpared with the original centre point

15 1010 (Figure 10a). It will be appreciated that the
sub- pi xel scal e scanning can be achieved:in the x-,
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Furthermore, since the lenslet array is generated u’uixsmg a SLM the example
20 embodiment provides a high flexibility, i.e. the position of every lenslet can be
shified in lateral direction without any physical movement of the SLM itself.
Therefore, lateral scanning of the lenslet array is realised through programming
of the SLM p:xel and is thus a digital scanning techmque Example digital
scanning techniques that can be employed with the example embodiment wﬂl

25 now be described.

Figures 9a to c iliustrate lateral scanning in the x direction (Figure 9c), and in the

y direction (Figure 9b), from an original lenslet array (Figure 92). . The lensiet
array can be controlled to execute a combined X and y directions lateral

30 | scanning. The step of scannmg in the x and y directions can be in muliiple of
the pixel size, by shiﬂ:ng the original lenslet array 900 (Figure 9a) in- the X
_direction by multiples of the pixel size, to arrive at lenslet array 802 {Figure Qc}

or in the y direction to arrive at lenslet artay 904 (Figure 9b). As can be ssen

from Figure 9, in this scanning technique, the pattern of the {enslet remains the

35 same during the scanhing. However, it will be appreciated that the paﬁem of
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thcdy direction, Ax is the shift of the centroid-in
the x- direction, by is the shift of the centrold in
y- direction, and (is the focal Iength. The range of

y is ‘mainly United by the pitch of ptigG2005/000417

W?%ﬂr‘@f?@?warray, 15 whereas the range of f is mainly

20

.25

30

35

limted by the lenslet diffraction efficiency, Wich
isinturn related to pixel? size, pixel phase range,

| ens size and ot her Ien

t Hbe densieh e aseppaly Fateiadia BETREleR in ik K Slarle P digita
ar eationd sEmeingeaskicke nenpartiawigdy satehle afoy, thenkpyout in polar
| ateral .resolution of the SHW5 of the exanple

enBOMR%t are determined by the parameters of the

| ensl et array. These parameters include focal |ength,

5 el?ﬁ!ﬁ%urtﬁla?t?eerﬁ%@ séi tﬁﬁt if &iazcbaftletmdf tixe lenslehistalenged during
adJ acent

ensl et t.he y,
t othelseaning [tag Shifj %%g s?éérbr}mq E l{rl% SL\%—?PE)%Q lééé!e In the
paé;@mﬂ@émbsﬁmehe Jals hyhmqmgwaimnvnge ofseriped| \@H\s[eé?rence to

5 CFioures a@@ﬂl n'r‘—eﬁfrgﬁbﬁgthefsﬂww&é% 3066 a\/@édrﬂiéﬂed such

araneters settln% p‘ ‘i
Chﬁﬂgmihersﬂhﬂtg chhegiparthe $@mn9|<?f QasAtd (T OPrFC’ the seffing of its

COH ?I“% ? gtxé gﬁ‘s&ﬁﬁ‘lﬂﬁf theO s@ttigt) bf edic&nb:xalhm()cislchanged
T oS i altoba PEASHER B 10000
ramgepqrﬁeﬂ%l e gthef NE@rfis N8 %\LHS t c%‘?{
| ngxLARebeaRE: thdehemal of iengdiisbomapixelel EsEigses dde) hut o a
the SHWS of t | e b
bt P PR, £ R Pt STl g e b
t h@oteray 4 emgipixet: distdree| T0HBecasanpred-with Hap rﬁgpgla! cenige point
hl %11(4 (?Igure 10a). 1t will be appreciated that the sub-pixel scale scanning can
be achieved in the x—; y-, or both directions in different embodiments-

In the example embodiment, either the entire area of the incident wavefront may
be scanned, or alternatively or additionally selected areas of the wavefront may
be scanned. -Tl'ie improved lateral resolution of the example embodiment
compared to existing techniques can provide measqrement of the detailed

topography of the incident wavefront.

The reconstruction of the wavefront in digital scanning the S_HWS of the
éxampié érhbodiment is similar to that ofrconvenﬁona} SHWS. For example, the
Southwell algorithm can be. used’ for the reconstruction in a Cartestan
coordinate, as shown in Figure 11. InFigure 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 ¢ show the slope matrices 1108, 1108 after one step scanning inyand x
directions respectively, whereas Figure 10d shows the slope matrix 1110 aftera
full scan in an example embodiment. After the full scan, the size of the slopes
matrix.1110 is much larger than the original slopes mairix 1112 (Figure 11a),
which provides an improved lateral resolution after scanning. The
reconstruction will use the data of slope mairix 1410 (Figure 11d) after the full
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WD 2007/ 070006PCT/ SG2005/ 000417 11 resol ution is
desired, the |l enslet aperture can be decreased. It -
will be appreciated by the person skilled in the art
t hat sel ected settings can be chosen to bapapng€sosinonsi?
WORRYRENM t he various desired characteristics. 5 Figure
12 shows the reconstructed wavefront nmeasurenents
corresponding to the skgpe matrices in Figure 12.
More particular, Figure 12a shows the wavefront i
ccarTERSHT EARIngl 308 Whplooed lsteaminiregplutioingur &0 196 SHERE™

I VG ey vl

. c shows the wavefront . ..
sub-Epatse arbat. 2004 aiiFrjta@tiOﬂﬁ maizp;s&léﬁ?vﬁﬁftgﬁia ﬁ%[e?%“i‘"g the
Lre . an i gure shows e wavefront -
fanowglgseﬁ%%ﬁt 1206 after full scanning in both the x
and y directions. It will be appreciated that the

ag@) ital scanning -SHWS of the exanpl e enbodi utif -can

Ily applied to nodal reconstruction,

or 15 exanple the Zerni ke pol ynom al for polar
coordi nates. Returning now to Figure 3, another
application of the exanple enbodinen relates tg

@ﬁﬁa’ﬁig&t | ensl etscanning. In this scanning t echi? que,

dvhe | £teral position of each | enslet defined by
the SLM 302 does not change during scanning. 20
However, each tenslet can be switgched on or off

t hr déghy)s yj Tatare the =lopd inchkot
whegdg fﬁm gédﬁy?gé@%@;ﬁrgﬁﬁ%é&mn B enlsa?/et is -

N L
cenBBR e diceforhund Aetedncallengtled in the art that this
techni que can 25 : n‘crtegsgxt gcre]did%na{ng range gf the
b o B e S o, 408 oy
e e el s o ot
which s in tum related 10 pixel Sizk, prgelsf%géseﬂ%%& lens size and otter

fenslet parameters.

I sing

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

The measurement range, accuracy, and lateral resolufion of the SHWS of the

" example embadiment are determined by the parameters of the lenglet array.
" These parameters include focal length, lenslet size, sensor size, _and piich
hetween iwo adjacent lenslet. Typically, the pitch may beé equal to the lenslet

size. Al of those before mentioned parameters can be set by programming of
the lenslet. For example, for measuring of wavefronts of various different

scales, the paramelers seifing can be changed using the same SLM. In

contrast, in_conventional SHWS, a change to a different physiczl lenslet atray
must be ma;de. 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 & high measuramelt resolution is
desited, the focal {ength can be increased. Furthermore, if a high lateral
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unli ke that previous proposal, the digital |enslet
scanni ng in the exanpl e enbodi nent does not utilise a
physi cal separate |enslet together wwith a SLM 30

Wamf%fwe In t he exanpl e enbodi ment the shut teen/sare0ap00417
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ensl et array are both created in the SLM
thus providing a reduction in optical conponents,
together with full use of flhe flexibility of the SLM

fgirag:gt;,tg)%t :csg :Aeg%%;ﬁ,pﬁ%h % slgf" ra%%hu%h Wb e %@re'a@élﬁ' eft will be

gure 3 according to anot her embodi ment

|s shovvn in Figure 13. The SHWS5 1300 conprises a SLM
§ Lkl Biedebaititictet aravb8ot pasuemens ppppskending 1o
per onal conput er t H{ﬂlare egbRdi PR ¥hows the
LSOl TR 50 4 D g e
tmaa\femrom Em@ésmemn 1308 wﬁuwteacw'% nB‘QFﬁ"‘g agacews

13@%@;{?}?}{/ cL0Getieht ﬁ?faﬁéﬁuﬂ Reaffig Mothehagdeeclidhd-igure 12c
re

y are cou to the ol l er 130
st baUwERO0BTERITEEON L] BT GERTIRG b o Bfoton
of Jc{‘? PJF‘& % Qhovi38f Waverone sigasdreipotl 205 afier full ﬁp@fgﬂ:ng in
add HW5S neasurenments.. 10 For exanple, at the

e@fhrﬂ*%aféﬁyﬁ"ﬂ%tﬁ’%‘renent of a wavefront 1310, the
scal e of the vvavefront 1310 may not be known. :
Therefore, a |ar B éc%ﬂﬁﬁ C@Fivt@ @‘T @@ﬁxample
£ okt willo b5 2BPTRS enen?r*g%% agsrml{ diising for
| eagbbdisent icant he équady eapnlipdalp 1‘315’2‘ reFRTSEHEON, utising for

def ec SAnbidi i poriricesdmatisng focal plane
ut?’l‘aré‘:ig%é %&nﬁ@& ﬁ/n stage 1308. Figure 14 shows an
exanpl e 15 coarse rreasurerrent 1400 of a wavefront

un Q%furﬁtﬁ&tnowa\id Figurd e, Rinettieri appligation oxfribe example embodiment
measur ement

cal e.of |
k nEsiptes ghgfg{’:aﬂ ierg_q%/ﬁi%;wgc lBQ§g‘¥?éﬁ'];iéF@BhMEﬂ? khd Bferalipdsition
 appf-ehEh Mdlataddined hynther ﬁh@g‘bsﬂzzépe%mﬁ@@ngq F’Uli"}?e scanning.
\lil%tnreegrt ega\dﬁ {88kn be sRitcRed BRIE off @ibagh sit@bEepbgragiming
executed by a controller 306 coupled to the SLM 302. When a lenslet is

- switched off, that lenslet will block the incident portion of the wavefront 310.

It will be appreciated by a person skilled in the art that this fechnique 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 physu;al lenslet array as has previously been proposed. However,
unlike that previous proposal, the digital lensiet scanning in the example
. embodiment does not utilise a physuca! separate lenslet together with a SLM.
Rather, in the example embodiment the shutter airay and the lenslet array ate
both created in the SLM, thus providing a reduction in optical componenis,
together with full use of the fiexibility 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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20 the SLM 1302 can be changed to a setting with a
smal | nmeasurenent range and a hi gher resol ution, for
a fine neasurenent 1500 as shown in Figure 15. It .

‘W || be appreciated that the nmeasurenent raogecaosiooos17
WA on may be bal anced automatical ly utilising

the controller 1304, for providing an optim sed

resolution with a sufficieng neasurenent. range

suitable for the wavefront under test. .Such,.a L¥&ent i

ShMoifification obit SHSuRIIFBE SashoRa R Sraines gnbbdifient i
' nquer ig%@pé)k@:aﬁ-hglﬁ{wéwsc@xmmbr‘aeé@r Ste130zhaptipded 1o a

nEagu? efre :

of a wavefront that c £ I
camhirllsr g1 g T G B PERCRloppiSy PHPL ' Ry example

r ,
SUCh: ARRLIC ahibanawst tED0SHING aBalissa s impagHctagtoryin dag form
the measurenent range ' h 865.t BewaY €forPNB06 and the |

5 sdma&mﬁéowﬂwn?ﬁ#”%} 8%%@%%?%?2@83) and 1?13:6 4 The movin
( Fheuii@sthad 1808 tdspeetivalyire G@Hﬁ@éi‘%ﬁﬁt@“ﬁﬁ@ﬁrb - oo i
i mpl enent.ed ¥ Soeiior 600 detdotTdBDE & hylesire
3?@%&%“%%%%3%&%8 rm%bbe | np! emented as
sdbtalplaae dutied adaptye SMYERFESUE P ogr am bei ng '
executed within the conputer system 1600, and ,
‘instructing the conputer, s : DUE 1310) ¢he scale

10 cdrarespmgle, %f@eé}?m%‘“g "-fﬁ]')é%%%%ﬁ? g?oftse\%?\g? 1600 escz +

| COSfhE SRS/eROMOTPIN mey mod Udeekna@oR, Thﬁ'i?iﬂrenﬂg]%@@% measuremen
such as_a, keyboar 1. 2hdaBBeaRnl 686nENd small focal length set

© pl'@hge F?ri/b%f’%é?l%ﬁ%talg%%g%asu%h é%q a_dj %gkoa%elécg-?esponding
ang the ileistet 26401302 @ngd dhp ARSI HCM Y s | o
connec t o SFnd &taner k3051 Figlira & showsilsineexample
tr%@cé‘?&%rﬁ%wg@%lr@t oaygw?&lw%r@ég@_ess to e.g. the

15 | nearsremeasuremzet 1409 ¢ WRYSICL e Such as Local

Area Network (LAN) or Wde Area Network (WAN). The
o GhesGe ot R AR e A MRt e 0
a Rertbwa)|and MaeDSYM( DY) cas 2e. rq@tmg%éw%@e%ﬁ%e_mem
| RGP E 3 RPEE 1 AR tockanul e i i e
20 di #e! SyM 180Bcamhe chatgsd P& ¥ with & sm astirement range an. :
a -higher 'reéolution, for a fine measurement 1500 as shown in Figure 15, It will
be appreéiated that the measurement range and resoluﬁon may be balanced
automatically ufilising the- controlier 1304, for providing an optimised resolution
with a sufficient measurement range suitable for the wavefront under test.
25 _
Such adapfive SHWS in the ekam_ple embodiment can be useful for a number of
applications, for example for ihe dynamic measurement of a wavefront that
changes over time, such as mdnitoring a turbulence of an airflow. For such
applications, the SHWS 1300 can dynamicglly set the measurement range by

30 tracing the wavefront scale.

;l‘he controllers 306 (Figure 3) and 1304 “(Figure 13) of the example
embodiments may be implemented on a computer system 1600, schematicaliy
35 _shown in Figure 16. It may be implemented as software, such as a computer
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. 1626 to the keyboard 1604. The conponents of the
conputer nodul e 1602 typically comuni cate via an-20
i nterconnected bus 1628 and in a manner known to the
wlBiS@Heki Il ed in the relevant art. - The BOPEERRYI0BH 7
progran1|s typically supplied to the user of the
conputer system 1600 encoded on a data storage nedi um
such as a CD-ROM or floppy18isk and 25 read utilising

/ rdgtiding the
gtnggér@gls Sﬁ’ Igggk}g%{)mﬂﬁﬁ %eaggmpﬁgf W8 &Hh 11680 OAndRi ding the

tion rogramls read
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ecific enbo nts
W RBRddm depasd Megory cmwlhé6§baaqie Ryad s‘a%ksg}? ory {ROM) 1622.
15 MYEDLLON, 88 RIORH Yegesd iRshudelhe minszenst InputiOutput (0)
e

are, therefore e co |
T emﬂcssxior bxample 4t infariags 1 §%ﬁ B DA, ol lgnteriace
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25quggad dﬂ'b‘?“ﬂ%la ﬁg&%spoegtﬁ c{d? Sttagé i rive

provide advapt age
_eXjebickNe38HW R esapplitationipreayan i erd gk ‘F%WPP%gﬁ %ﬁ?cm’onhb:
all the functi.qgpalli £ Sbirogrhidagt Ingybaaccomplishe
r effh%EEq%S?fﬂ&ﬂ?u !rg%r')rlxgetﬁié? wodul at or g??r ay can al so be
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30 The example embodiment described can provide an optical wavefront sensor

and opfical wavefront sensing- method which can provide improved lateral

resolution compared to existing techniques. This can allow the detalled

measurement of a wavefront topography. The entire incident waveiront, or )

selected portions thereof may be scanned. Furthermore, no phye:cal lateral
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20 the reflective condenser array. Received 04 July

2006 15 CLAIMs 1. An optical wavefront sensor

conpr|S|ng a light mani pul ation device; a detector

or detecting |ight signals having been su <

‘VQH@”Vmﬂﬁt 5 mani pul ati on device; and a con?%oil Boshoboar

coupl ed to the mani pul ati on device, the controller

controll'ing the mani pul ati o device to function as a

| ensl et array, each lenslet of the array focussing an .

i noiodement pbcernpenatts af figwenseimre gtuled Kiirpe thedigital scanning

whergin the controller controls the manipulation

device such that the 10 Ienslet array is noved

relative to the wavefraont ter scanni
walh 84! IrQ?rﬂPPEﬁ?lf‘t?%Ey 2 @ﬁﬁcgtskg?cﬁ I ﬁ rt\?ljéart nnere: s%a?%ﬂotng Gndior
5 noviedificetets magtbd meadscaninengesant amveatrqrmae reglown in the SPech c

Su bnir%:dx n%nlils\%ﬁodt %‘éﬁém@iﬁ&ﬂ Qhé‘r%ﬂﬁtmr' lse&[ieogf #l& YiveRtion as broadly

or a , wherein the
defli@ctli‘md The presendiembodimentsiass farefoten 1o bR consideral gl irgpects

det%'b%‘?rrufsﬁétuvégﬁ@hblfr%sm&%f ront 15 nmeasurenents.
he sensor as clainmed in clains 1, wherein the

controller controls the manipul ati on devi ce such t hat
10 t hEorleezélﬁbl@ta RIdrayhina amay ethybelused ingiffevertiesbadivehtsdn form the

for teral .sc e ef
th 808h YWRbOFMERE, the wavefront
rra[ﬁl‘% |2y 8?1% %tggpgtﬁgﬁ%sd%ﬁc\éa 1554} an? (ﬁm tl‘
posansing wocurs in reflective mode. Such embodiments may therefore be useful for
particular applications, such as wavefront measurement of ulfra-violet (UV) waves or
beams.  While physrcal movement at a microdevel is involved in the reﬂectrve

15 condenser setting using a micro-mirror array, the micro-mirror array :tself remains at

 a constant lateral position. Such embodiments, which may be referred to as
providing scanning in a quasi-digital mode, can stil provrde advantages over
existing SHWS's. The mrcro—mrrror variant can have all the functionalities of the
.SLM Similarly, a reflective liquid crystal modulator array can also be used to form

20  the reflective condenser array.
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- 204. The sensor as clainea in any one of the preé%@@ﬁ@ia4hﬂy%ms

~clainms, wherein the controller controls the
mani pul ation-device such that the lenslet array is
rotated in a lateral plane of the |ight mani pul ati on
device. 5. The sensor as claifged in any one of. clains.
1to 4, wherein the controller controls the
namQMNMﬁlon device such that the entire incident 25

‘é\’:\r’g‘;: 02{3 Olr A‘Alb'pgcaawawﬁbnﬁeaﬁc&@f)mmwgscanned 6. The
¢l ai ne ny one of the preceding clains,
wher ei n # figt E@H‘PF'B?‘CI“eC?e %ﬁ'rt her controls the _g
mani pul af yeacideior @etebi(ingf light igoais having kednt ghiepigd to the light
ont r.ol %p on_or state of lenslet array, for :

Exp&IHeY ﬁ‘@?ﬁ?n?c range of the sensor, 307, T
sensor as coltmileradupiad dmipe orasirgifatiph ée"r‘freeg“@cﬁoﬁ@o"@f 5?’“@”'"9

V\/nerhee rprfutr E\fﬁatﬁ)ﬂr}}e(/% lt@fun&%rr\tzfsoﬂ fndRearaRnédeH lidisie0 of the array - |

devi unction as a Cartesian c ate | ensl et .

_ ar r &aﬂusenmeneé?mpma@, ofcd WRYREGNS %‘[%Iﬁ?/d%ﬁ Q% claims 1
WhghSLiR thdQonirolier c6@Rily Blel manimoationodeyice harch that the

%E‘r”le‘é'e?t@%ré’ﬁ.s%{ﬁv% oA R s R

sens@iefami ehaithe deristet ampy onoratsd whée beiag daoveg suPh;thal the

V\'h:r Efgg%& tggee %t?aeltaé?al gﬁr@%&%it ®eS cﬁ‘th%nﬁﬁﬁa%@ﬁ @éwceor a

2. The sensor as claimed in clarm 1, wherem the detector is

moveable wrth' respect to the mampulaﬂon devrce_ for adapftive wavefmnt'

15 measurements
3. The sensor as claimed |n claims 1 wherern the contrc[ler controls

the manlpulatron device such that the lensiet array is moved relafive fo the

. wavefront for lateral scanning of the wavefront while the manrpulairon device
remams at a constant lateral positiort. ‘

20 4. The sensor as claimed in any one of the preceding cla[ms

. wherein the controffer controls the manipuiation device such that the Ienslet

array is rotated in z lateral plane of the light mampulatron dewce
5._ " The sensor as claimed.in any one of claims 1 fo 4 wherein the -

~ confrolier controls the mampuiatton device such that the entire incident
25 wavefront or only a part thereof are scanned.- o
6. The sensor as claimed in any one of the precedlng clarms
wherein the controller further controfs the man[pu[atton device ta function as a
' switch to control an on or off state of lenslst amray, for expanding a dynamic
| _range of the sensor. ) |
30 7. The sensor as claimed in any one of the preceding claims,

wherein the controller con’{rols the manipulation device to function as a

Cartesran coordinate lenslet array.
8. The sensor as claimed in any one of claims 1 to 6, wherein the

| eohtroiler conirals the manrpu!atro_nr device fo funclion as a po[ar coordinate

35 fenslet array. '
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(position sensing device). 10. The sensor as clﬁmmﬂ&d04hﬂyzmm
in any one of the preceding clainms, further '

Sconprising a processor coupled to the detector for
reconstructing the wavefront fromlight signals

detected by the detector. 1145 The sensor as clai med

in claim210, wherein the processor reconstruct sd t he |
wavef r ong. f r drheaserisopes reRiMEX &% e Chine Rigceding claims,

det We?e%n ih%%eteT:'le?ur t ﬁ&%@& QSO @b aBe of ACANS astectaf or a PSD

cl ains 10conprising a noving stage
couripféﬁﬁloﬂeeﬁﬁ’ﬂ@ eietol 1 er for novi ng the detector :
rel ative 40 thi J¥R&rRYlcRinan day beecf i3 plEhedinprsios, ugher

| d I 12, whe
e ity € At ol el S0, 40 G b RE OB Phstron

- st aq&:ﬁnym&bre;m&iaatwmﬂreaeiacteiments 1514. The sensor
as cl ai i nt\,{}rfélré;efthe '
migupl J}? ? lJ'”{yto ﬁe dé flet Ir B o l spmcessor

further ector, and autonatical ly
contreainstridiethe etaveimgé frem arstpe wsPptestacddy Brdstedoand
the nmovi ng stagesdp EQ%Ia@rﬂé’ep'id ey BRE S N RABa S tchas efdrther

on measurenment signals dete et e 1
fhe coBWREYHRY asmeying ﬁ@ge {CRUR r{)]l%é %' rné%\élgg{ the c?eteotor

cl ai Bmived0 Wrahstipuate devite. pul atl on devi ce conpri ses a

atial 1jght_nodul at s
oy one. 6 mEenast a8 oy g Foln TR iR ol

devweemgempnneesanq:um:cu oiem:er reof the rre@wlng stage for the adapﬁve '

_ measuremenis A
15 ' 14. The sensor as claimed in clazm 13, wherein the control[er is

'-further coupled to the detector, and automatlcalty controls ‘the settmgs of the
maniputation device and the movmg etage for the adaptive measurements

based on measurement eugnals detected al the detector.
15.  The sensor as clalmed in any one of the preceding clazms

20 wherem the manipulation device comptises a spaﬂai light modulator.
16. The sensor as clalmed in any one of clalms 1 to 14, whersin the

mampu!at[on device oompnsee a micro-mirror array.
17. The sensor as cialmed in any one of the precedmg claims,

wherein . the lenslets of the ‘array compnse circular, elliptic, - rectangular,

25 triangular, hexagonal, or octagonal apertures.
“18. A method of optical wavefront sensing comprising conirolling a

'hght manipulation device fo funct[on as a lenslet array, each Ienslet of the array

focussing an incident portron of a Wavefront onto a detector;
confrolling the manipulation device such that the lenslet array is moved

30 | relative fo the wavefront for lateral scanning of the wavefront; and |
' varying the lenslet array while _tizae lenslet array is being moved such that
the séanning is at a lateral sub-pixel unit level of the manipulation device.
A 19, The method as claimed in claim 18, further comprising rcontroliing.
settings of the manipulation device and a distance between the detector and the

35 manipulation device for adaptive wavefront measurements.
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'17. The sensor as claimed in any one of the pre@edwm@io‘ﬂulym%
clainms, wherein the lenslets of the array conprise

“circular, elliptic, rectangular;. 25triangul ar,

hexagonal , or octagonal apertures. 18. A nethod of

optical wavefront sensing cepprising controlling a

" light manipul ation device to function as g |ens l L tical
array, each ﬁr%nfhle&md ofs tihignedrin sjaim ot SRS auom Z
i nci dent per n_of j@pavalpkeairanents base
corftoRBPHNg Fﬁ i ndathié\%t ?‘%1%@3%\}},%;(3 Such that the.
| engl iRéasarerant slgnmw@b’t@b?té[ﬁa‘ﬁt%rt o the wavefront
for lateral scanning of the wavefront; and varying
the lenslet array while the lenslet array is being
noved such that the scanning is at a | ateral
sub-pi xel unit |level of the manipul ati on device. 19.
The nmethod as clainmed-in claim18, further conprising.
control l'ing settings of the manipul ati on device
and a di stance between the detector and the 35

~mani pul ati on device for adaptive wavefront
measurenents. Received 04 July 2006 17 20. The ret hod-
as claimed in claim 19, conprising automatically
controlling the settings and the distance for the
adaptive neasurenments based on neasurenent signals
detected at the detector. : '
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