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WD 2004/ 113993 PCT/ DK2004/ 000452 -1 GENERATION COF A

DESI RED WAVEFRONT W TH A PLURALI TY OF PHASE CONTRAST
WO-RWIERS9S1 ELD OF THE | NVENTI ON The present | NRETYDKQEV4/000452

relates to a nethod and a system for synthesizing a

prescribed 5 intensity pattern based on generalized

phase contrast imagi ng. BACKGROUND OF THE | NVENTI ON |t
GENERAGION ifot EBREBNHYEFREATVHTH pald&RAIIRY Qs PHASE

CONW‘RWS&QSlg?EﬁgdS in which phase nodulation of light is
converted 1nto intensity nodul ati on. As opposed to

FIELDt@Fﬂ?HEyiNV @tion, phase nodul ati on does not
I nvol ve 1 oss of energy. 10 A generalized phase

Thé&@&érﬁ%vehﬁ@rgie“ﬁe%té"'%tr%a Gn@)eSdyetdnt for RS 'p‘Pescnbed
I nternational Patent A& icati on Publitcation

integgitypattem P@ﬁeds%ﬂﬂ%@éﬁ“ﬁ Qh%ep}f’@%ﬁ"tl'@éﬁﬂngnt ensity

BAgattern The generalized method is not based on the

RCRAUNIY OF etk EVEISPAbki mati on that the phase shift

is less than 1 radian. An inproved nethod is
It Ism%'\hn@wa QI RAR iMmage Sy pag%ﬁ%ttwaéhlwgda%ed%w wiich phase

moamnrtg igRas eémféﬂew.rttb inflersitfRicuRBsn. t/% SHHRsERRAhRBsity
bet ween 15 resol ution el enments or pixels of a spatial

MOHALAR, RBRAA e atioRdoes S8t inyelvnloss e gY-of t he
generated intensity pattern. The di scl osed phas
A QEWPW&E’tP PRRGPHERSHIBIGY 'BF”‘QQ RPA é&ﬁtﬁmd@d'éc'ﬁ?%%@r'f“@éflft'ona'

Patérﬁttﬁ%’p‘ﬁbéthbnnalbh@eftiﬁn No W0 196)3429?\‘8?%5/&%31’21,9@ aPr&RFibed intensity
dividing the intensity patte Lnto pixel

pattggt dr P&&?@@W\Hﬁq{“ﬁw&d L %‘Hé@??q B'htfl?fso %ei’ €8aika @R?r'iox'mlat'on that

the 9h@§€e§mﬁ> ¢(.e,< le%$ tiedn BraBiR@t ARImPOASEdBRl i Brovidad zw.thout this
i ndi vi dual resqolution elenents (Xx,y

[uralit
assgmpfon é@%P%ﬁe’ldd}’i‘ X IB1RERg qureyrpn W&%cﬁﬁ'@?ie@%tﬁé’nﬁﬁﬁ%@”& between
res@LRSH S1OMBER R bikelsaf babhd) ph8§é feadlatéPand kdsoltibh eRments of the
predet er m ned phasor value e*" ,y), radiating

genéfaé%‘i! INGRRENBREY N T adi ati on towards the spatial phase
nsf or m t he nodul at

5 Fouri er Fr esnel n ed
Theg' %05?%65 AR FoRirgs @“%erigo'ﬂethoﬂIﬁ’zéﬂ’t%?ﬁ'?ffggﬂﬁr%F’t'“PPda'“te“S'ty pattern

I(x, ?-pafowr,sgg}m%tépsldfer (SPF) in a region of spatial
requencies conprising DC in the Fourier or Fresnel

o PdidBRAg tﬁé‘ﬁ]téﬁéﬁylhéﬂe@ﬁ I(®! ﬁQﬁthﬁtdc@orHQﬁ’éeaMtrpfhe di’ébogltlon of

predef er mi ned phase shift value O in relation to t
r@ﬁ%ﬁwﬁ’%‘é)e'ﬁ‘ﬁfﬂﬁ QSvﬁ’) fifesPalipkRass magh&eViRgdr adi at i on, and

I
30 1oL mng LA ot ensl LY BRLLeLn by Foprien o Faesiohy)

modulating the phase of electromagnetic radiation incident upon it with a

predetermined phasor value e**¥),
e radiating electromagnetic radiation towards the spatial phase mask,
e  Fourier or Fresnel transforming the modulated electromagnetic radiation,

e phase shifting with a spatial phase filter (SPF) in a region of spatial frequencies
comprising DC in the Fourier or Fresnel plane, the modulated electromagnetic radiation
by a predetermined phase shift value @ in relation to the remaining part of the

electromagnetic radiation, and

o forming the intensity pattern by Fourier or Fresnel transforming, respectively, the phase
shifted Fourier or Fresnel transformed modulated electromagnetic radiation, whereby
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shifted Fourier or Fresnel transformed nodul ated
el ectromagneti c radi ati on, whereby WO 2004/ 113993
wWERIMDKRID4/ 000452 -2 each resol uti on el enent PCRPKR003/000452
the phase nmask is imaged on g_correspondi ng
resolution elenent (x',y") of the inmage, calculating
t - *X! § ;
Rt ea3lor BEiHER: G o the Phadc el BB bp oreRinaing
| resolutiom eBmen) (QY') ofthedéhags,ed phase shift values 6, a
bei ng the average of the phasors e*x'v) of the
* r ealollatirigahe phaswvabies £t hef thhabesammskk and tlequhasaghiftivatue 6 in
e | ution el ement, one of two phasor val ues
\Aﬁ?%ﬁéa?%gr“é@ent a particular grey level, and 10
suppl ying the sel ected phasor values e*x'Y) to the
resol ution el enentSI(QCny)=E’f¢("tyP1$56w§t4 E phase mask.
I n one enbodi ment disclosed in WD 96/ 34207, the
s i ' 03] i @ly)
oA el 1Ace Sl faluBs BB bR Aol fiq o[ Q8m of he
pesplutiomel@nients ¢fdhe phdsefroasd, pl ane of the | ens,
whereby a first electromagnetic field at the spati al
e phelsaingafk each Fsaluiien eleBent, ans bbitwreghaspr vdieed whish reprresent a

aP%ﬁ&ﬂgldgfgk%%f gﬂ@gneti c field at the spatial phase
friter. s,

specific spatial frequencies of the

+ B R e RERT RS R Y i e R8s (xy) o the spatia
ppisaseimask. of t he phase filter. For instance, the

energy of the electronmagnetic radiation at zero
In dneesgmizigyer{tdidclassd oG D&/a4 207, theespattialghake Intask isipakitioned at the

fror%ﬁcgc%iglghggfﬁZenn%&qtilgg?é nf(aft"lélspg}%%% ﬁger‘ﬁg iﬁgéiti%dgﬁ ﬁ}()a':t?auc{( ifgzc:ral plane of
thed@medrepha fizﬁred:ecrmfoidfaggelﬁoi‘ﬁakhatth? spated) bbasesmyﬁ('hiisﬂohyer

a5t BRRY o (R RS 2o R FIRB G e R Tl o Jfer. s,
spetctiie spatied imet nengesr df tod firsreleﬁ:cmnztgmfmﬁa:idtv\m;:b? Hgmsmitted\ through the
s AGRRE Rl PR aeRskr paene PR el Ge s poeroy orthe
electenmeagmietig rauation et zérodreguendyr (D) gnmbdified ayltret praseififer and

v PRSP AR P oS B0 S e e s
also delici¢d the Zeso-samehdiffradtibatedidre phase shifting part of

the phase filter will be destroyed by it. For exanple
Tyrically.dbespatial phawg, filtehis adB@ied do phasef shifhthel RG-partloé the elegiromagnetic
: f i L ¢
P BodlePBal B A BB BB BladRE HOAR Bhpb e
Altgrhativplyathe DC-padiof teudlectoatagnetis mo@tioh rerains ahslmnged and the

renﬁﬂﬁrﬁi%f P‘ta tﬁgkeyie%:ﬁjén{aﬁgetgﬁler?gi%%%%%ﬂggé ghlft&?'ﬁ‘iéx Q%r&aﬂﬁe is preferred
when the energy level of the DC-part of the electromagnetic radiation is so high that the
phase shifting part of the phase filter will be destroyed by it. For example in laser cuiting, the
DC level of the laser beam can be so high that a phase shifting dot positioned at the
intersecting point of the DC part of the laser beam at the phase filter would deteriorate. It is
also possible to block the electromagnetic radiation (no transmiitance) in the zero-order

diffraction region, however, the DC energy of the radiation is then lost.

In US 2003/0030902 a microscope system is disclosed for obtaining images of optimum
image quality comprising 1) an illuminating device which emits light from a light source to an

object, and generates a luminous flux including information of the object, 2) an illuminating
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30 diffraction region, however, the DC energy of the
radiation is then lost. In US 2003/ 0030902 a

won@noswepe systemis disclosed for obtaining POEDES008/000452
opti mum inmage quality conpriging 1) an illumnating
device which emts light froma |ight source to an

llgkﬁh#oggﬁg? nggfﬂlﬁ{?ﬁ%?@ugaééts%? %‘é%gﬁn% Fr%aveﬂ%ﬁﬂq d%aﬁe intensity,

polarwmpmlmg@hmmmgmgmﬁed to. tBe|obigiet byribeuliuminating device, 3) an
objgﬁ?(/bcf&s"%dcéh ﬁﬁgmg%rﬁs\gﬁbh l’o%ﬁﬂheoll] JR{: s fay ﬂcﬁﬂﬂ'@r{he information of

ase, I ntens rrzation, oherency
thelqbgm toefierm teaiimagetd éhecmm@czttdr)@pqnﬂémdulajm igigvice ghich is disposed

neé?%vﬁlﬁ)ﬁ fola?’ﬂe Glhe 91?]&&67/5 s, % RSo80Y e@%t 'le'%@g%ﬁégofl gHase, intensity and

ocus um nous [ ux |nc
dirgatipr pﬁmlar@wtl@m of thﬁéimlbp@s:ﬂunloclﬂ@nmhqqrefqrmatgm offthe Rkject, 5) an

im Afe?cg& d@/l I\A{I’ﬁb‘i’i: lg EEBS%Qd% g}:ﬂb ?\&léﬁ‘ﬂh& 'ﬂnéie %’tﬁ@ 85186 is
formed Qv ﬂtee@bJ%ﬁtNE é%@tand rilee magpﬂwg@s andtm|wyh@mge of the object, 6)
an H‘hef VIC%% £ did Ib)%”th@ mé%ooﬁgoﬁﬁl&%&ké@%p by thg image

|nc e I n orna 1 oNn 0
D'ClﬁlPCQ’@YﬁS?ed )/@rwnamu anRlysis dgvise vhist a@ﬁlyaeqatr@n@agﬁ ofnthieohject picked up

by fh@‘?mbg@ﬁﬁkﬁée d&hi&, ARk 8 é bﬁamétgrd'a%% idVadvite \Mj%r‘?&%bé‘t& fhe

I 'ens I magi ng pi cks up th

mogyaticsgraeunts gf theadhlrmmt@@ hdhtsipp@;}atm\/dememddhe Hupibneguating
de\}iééeoy h@flmﬁg@sn%?}r%%n Bi thé %gjle‘dpa )asegl% éﬁ@mﬁﬁag#oanaly&s device.

pi cKup devi ce an | nmage anal ysiI s

Thé"ﬁ?ﬂlMﬁ&ﬁJlét'ﬁ% dggf\s’kg% QEhé&%@nI?Pbﬁ&h dHeOrik g@clo&)ﬁ ddiBodiments (Fig.

I mage pi ckup I ce a paraneter decl sion
7) 5 B 2P e RS et PG U@ W B 1B amoutar. 1o
nodul at i ng deV| ce by using the image information of
anqihes Oéﬁ]ee%‘tcl%ﬁmew@amwt% {Fig. i thiperhiasa sPifh is egedlite @ andthe phase
filteP %Fdl\l'ldé@ﬂtﬂ é‘blu&gltﬁ&\’rb\QE év%ryase%ﬁé? Rov hé\ﬁﬁd ?lﬁ"é’?s@g v&m&e'@ and being

of the disclosed enbodi nent's (Fig.
'nteélﬂquW"‘%th@q'éﬁ‘la""!@ rQWQﬁ‘éV'f‘gl@”'ep‘Pfﬁéf ‘éﬂ*\W ?l .ng area of t he
se filter is annul ar. anot her of the encl osed

us @RB%/@PW&O@W@’[ digglosera Wﬁﬂ@g@f swnthesizigg ag ingensity patterdy
desidMhgPh BESse ﬁ]bélfy?rfg élénght%m%ab&t\%l%g@wp &bic gbété%f frdr? Wensity

every second row havi n F asor n an
n

Va'lieﬁtcéMea@%&!fewlfttﬁn&”u@aﬂ@rﬁa i $g00HAL302RI thg Phinee mquéﬁng element is
a sé/rﬁblb' et 1QobtktRed @&%4%@99% 2AARRsRGe. q*h%%'ag%?e i@ n@?&&@ ed with

synt hesi zi ng an nsity pattern b design
the&“iﬂ?&%@f ﬁ@@ﬁrﬁ%%cﬂ%ﬁr@iﬁnsw pattashasor vaI ues eWx'
cal culated fromintensity values of the desired

SUMNAGYSPEYTHRINVGNTIOM Us™ 2003/ 0030902, the phase

nodi fying element is a sanple that is obtained for
Thesr%reww?hg meptipnedkneweraaibepel synesizingm epackicigensity pattern

opefiiss BRadIaMd iRcorhil§ eFé‘éfr@r?iﬁR@]&fc figeperating a certain
intensity pattern: OF THE I NVENTI ON 25 The

It lsFHnQibjé&tl 8t thePréddn® WQntl&'ﬁQ%rdWe@%eﬂod%h@td“@%le% ¥ sPnthesizing an

Elem ic intensity pattern operates on
intenHyRAtEE %ﬂ’%@fﬂqgo?ﬁa@ R©re eomplgx glectromagnetic fle d than the known method

for further flexibility, e.g., to be able to utilize light sources that are not based on a single
collimated point source, such as laser arrays, VCSEL-arrays, LED-arrays etc.

Further, the spatial phase filter according to the known method processes an incident
electromagnetic field in the very small diffraction region only, e.g. the zero-order diffraction
region, leaving the remaining part of the filter un-utilized. Distributing the spatial processing



It is an object of the present invention to provide a
nmet hod and a system for synthesizing an intensity
wQatouatIvdperati ng on a nore conpl ex el ect r onmaRCEDKE004/000452
field than the known nethod _jor further flexibility,
to be able to utilize light sources that are not

e.g., ; . :
of ﬁ?@&r&ﬂag”heﬁb 'ﬂglg%[g%s “a%rl)?lsepgrte%%f R %gﬁ%gg fi%@é@&ake the

. er arrays, VCSEL-arra D-arr
filter rapaipaef Bandinabighet enasgy laedlarfttiringr.tittshokild berpaesibiestotiartch the

| . . . .
ph%ﬁﬁgﬁﬁgwis fo? ﬁggﬁégﬁl pﬁﬁlgg(lg glﬁ]é?gﬁ?y%’%mec.% J&’ ?rh%snbﬁ' of B&ctromagnetic
radjgdipp that gannalibefoonsidered to censititiie alpeiy beigce.hecaesesit ainitg radiation
fm,gaglgrggfargg_e filter un-utilized. Distributing the

spati-al processing WO 2004/113993 PCT/ DK2004/ 000452
AccdtdiRg (P8 fikdk 8§54 P BPGRShdsent ﬂn@%rﬂioﬂ?@@%%o@e 5?& Pfﬁ%r 858@s %fe fulfilled
h I ph fil nmake the I ter

the Spatial phase tilter would :

by 8 Rpaia eondrshaystan fry shinthezing ae inggnsite wettern 164y heamprising
shoul d be possible to match the phase shifting

* ragpuies ohrlectiemgpnagticdieldsiersamission et attleash twosulstarttislly plane

ERL.S64 - . i iat i t hat cannot be
coeEtfeRlyic T REIATRAEN oo bAfloBGRN "0 e i

s a1 | . 't
£ phisd BOURNG Bemient fP Fhdbe bR R nd GEAFGhelO ras by
oplhrsior wlpes e'&*"han pasitionkd ea tha hesatydems v elatra@sagnetic fields are

SRR (e E AT oS AP BB et 11 s
it PR R B e Rnuh ST Rt o e Bt Riarti A8 Shace moduiated
peleptagraagrestic fidlds popitiarsel imttdi frppagatieh athatof ftey atpésst évo phase

[ f the electromagnetic fields by phasor
\%H!élg{eg%% and positioned so that the at |east two

L L R T A —

Fraroicederaiffrectemmeyionpdi s af leastavréspective phiaemeddulated

R oNE R o T A B v e
| erdigestieMtrapsfaseed dibctramagnatie fiellis BY gradetermiriedtregdechVapitase shift

filter,with at |east two phase shifting region

PR g o TSt 58T Bt BR e o Bstatiye transformed
r elgctomsagrietit fieldatarldeast two respective phase nodul at ed

el ectromagnetic fields for individually phase shifting

 téeroal FoedatortFresnebsyties forverntiog tHedntensity (eiteBnEX’, y') by Fourier or

transfornmed el ectro tic fields b redeterm ne

B850 EiopRng 4 Al TPebtue spadleaphabe ShERS FRUTP s Fravae

r eearesforimed gieotton@ignéiieficdds, | east two respective

transformed electromagnetic fields, and second

Rbe phasor aalubs e$hebf thpphese medifyiry elemgnt 4l thethaasd siift values 6,

patterp X... ¥') by Fourier or Fresnel transform ng
tsr‘l%s?f‘n"f‘lggglf'"'?mattespective phase shifted Fourier or

Fr esnel
I(x',y') = ZS(n)A2

2

exp (z(T) (xy ')) +K, ]&‘ (B,,A_1 exp(i6, ) — 1)

for selected phase shift values 6, wherein

A is an optional amplitude modulation of the spatial phase filter outside the zero-order
diffraction regions,



transforned el ectromagnetic fields, 25 the phasor

val ues e*X v) of the phase nodifying el enent and the
w@b@ga1®bs ft val ues On substantially ful filliPQI/DE20041000452

(x",Y") =S (n)A2 leXp (4 ~x5, Y ~~) +Kn I1CO (BnA-'

exXp (Z(r)n) _ 1)12 n for selected phase shift val ues

g, ishesptibRalAnptitRie rRddulBa ot ﬂf@@ﬂaﬁé’i%ag@ﬁ%r?ﬁ RV eQfective n'th

the spatial phase filter outside the zero-order 30

dFereroaearidifrastiagi reaien. Wo 2004/ 113993 PCT/ DK2004/ 000452

-5 Bn is an optional anplitude nodul ati on of the

spat faid:xpi(hﬁz gs thd dverageoftifephiadRe Vet ttie fddolution elements of the

zero-order “diffraction region, a = lal exp (iq) is the

ayeisageodiyinghernpbltseis e ~~" ,y) of the resol ution

el enents of the phase nodifying elenent, and 5

0zq$- ., gnd n) is the intensity of the n'th

?g:c?r%rharn%etic field, and K' =1- JO

(1.22z7i"),wherein JO is the zero-order Bessel

f Sk isdhe ttrnsity of theingh electrormagnalicdieldrand of the n' th

zero-order filtering region to the radius R2 of the

1@ mnjggbg@ﬂqf),t\n@rg;hry function of the input

aperture, rln ZRn/ R . According to a second

aspegt. of th resent j.nvention, the above and ot her

o) ﬁseg}eszegg—grd%{Epﬁq?ﬂg\&h%a nmet hod for synthesizing an

i ntensit attern 1(x', y'), conprising the steps of

dfiw [ tﬁ§¥*1€|3’@diUﬁt'€ngfi( tﬁ? nﬂiiﬂ%f@r%d@r figtering fegjantg the sasius Rapof the

accordance wi,th_the disposition of resqlytion

e’f‘%'ﬁdﬁki%d(etiz?ﬁ"y&”cﬁo'bﬂé@% 'WE??V&H@%I%&@Z@ havi ng 15

a plurality of individual resolution elenents (x,vYy),
AC‘@E@'FQ 10e 82 4PNH @apegt ofthetpreseny inventisu thetaboye ehe ofiteasbjeofs are
5L IR Sy Aty o o g g e o
o | PV VoR [ Al Ay et i [ "

S0 R BRI MR FEESQTBRIAIAT tb fhfgyon o

niggplEtiemelermenisdy) efm phase mddifying dlaraenit haviog 20

el ectromagnetic fields are incident upon it at

di 5 Ripetity of dyfhddual vesokutigh elemehtsafpy.ceach resolutivnrelamerdr(x,y)

Fr ' it wi

" SRAlal s bOSEE SEEnBHRSE AN P ERert oty

t woPredieiermined Dluasngvalegie%’hvg positioned at respective

zer o- or der
» radiating at least two substantially plane electromagnetic fields with different axes of

propagation towards the phase modifying element so that the at least two
electromagnetic fields are incident upon it at different respective angles of approach,

e  Fourier or Fresnel transforming the phase modulated electromagnetic fields,

» phase shifting in at least two phase shifting regions positioned at respective zero-order
diffraction regions of the at least two respective phase modulated electromagnetic fields
for individually phase shifting the at least two respective Fourier or Fresnel transformed
electromagnetic fields by predetermined respective phase shift values 6, in relation to
the remaining part of the at least two respective transformed electromagnetic fields, and

o forming the intensity pattern I(x', y') by Fourier or Fresnel transforming the at least two
respective phase shifted Fourier or Fresnel transformed electromagnetic fields,
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diffraction regions of the at |east two respective
phase nodul ated el ectromagnetic fields for

w0 paiuixenl |y phase shifting the at | east two PCT/DK2004/000452
respective Fourier or Fresnelgtransforned 25
el ectromagnetic fields by pr edet erm ned respective

° p i5Ry) .
DSB8 e ABAHERER A8LELR e oS R B8 he praso
elvelties amal@psmritiell)ﬂhalcobrdamedmth formng the intensity
pattern | (x', y') by Fourier or Fresnel transform ng

h t Fo
Fr esnel! GranbF el IR TugnDer k- Pl de ool S 1
2004/ 113993 PCT/ DK2004/ 000452 -6 cal cul ating the
Phasfleelkdldithags shifhafls BGRhage modi fying el ement

and' 1 he pha substantially in

acc fid Qﬁ%ﬁ L%)%ﬁ ’Qlﬂbllt&&(e mo? %TJ?H b tﬁ? %B%tﬁ% %s% @8?8‘&‘?@8 the zero-

phagweshlfﬁactlvalregi@ﬂso wherein 5 A is an optional
anpl i tude nodul ation of the spatial phase filter
out Bi iean ¢rdiop@lraaplisdgenodiildtion af theospatialgihans filtdrin the r@apective n'th

opt E&Badrdél%ﬁllfﬂa{:ﬁb%er Bul ation of the spatial phase

ilter 1n e respe |Ve n"th zero-order diffraction

regl—on is the average o of the phasors

o Pl o4 dTasio QBTSSP T theypsplyiigreiements of the
m)dlfyl ng element, and 0 _g5-, and S(n) is the
i nt eigsetyodibvingiplerentang ect romagnetic field, and K
=1-J0 (1.221r77"), wherein JO is the zero- order Bessel
fun¢t=t¢n¢andnd.5 ri,, relates the radius Rl of the n'th
zero-ordef filtering region to the radius R2 of the

Sy O DR gl BB, 271

eI errent one of two phasor val ues which represent a
parK,,Gulafo@r?@]fm,)a,v\mereland suppl yi ng the sel ect ed
phasor values e *,' to the respective resol ution

el eymatRe Aofe-obter B@Qsé]’funtc_ﬂ& ahpse nodifying el enent.
The mat hemati cal expressions will be further explained

bel 9Wrelgt€§ tl@(ﬂaalung1F6ﬂﬁé‘9"i‘ﬁ LOR-fierd t@h@?egtcw fo the radius R of the

el ect romagnetic f dis perpendlcu
antmaiBEREbi the firg fidtion of the input aperture,mn, =R,, /R, .

1n

¢ selecting, for each resolution element, one of two phasor values which represent a
particular grey level, and

e supplying the selected phasor values e to the respective resolution elements xy)
of the phase modifying element.

The mathematical expressions will be further explained below.

The axis of propagation of a plane electromagnetic field is perpendicular to the electric and
magnetic fields.

_ Inan embodiment of the present invention, the phase modifying element has an input for

reception of signals for addressing the resolution elements (x, y) and for adjusting the

phasor values e**Y of the respective addressed resolution elements (x, y).

The system may further comprise a controller with a first output that is connected to the input
of phase modifying element, and a second output that is connected to the spatial phase filter
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In an enbodi nent of the present invention, the phase
nodi fyi ng el enent has an input for 25 reception of

W@ 2@aal®»9s or addressing the resol uti on el enent BCT/RK2004/000452
and for adjusting the phasok_values e Wof the
respective addressed resolution elenents (x, y). The

e BE GBS I8 SRS 258 7 S g et

phaseshift yalngs €} efriba spatiah ghasesfdten Rilefecehh) the dtdeadt swo substantially

onnect ed h tial. phase fi,lt 4/

plarE Rt Bl AR Toh aRRARf . e e S i gpre ancror
orthpharstly pulatizessarel/dr Hay$ diferéri evapblasgthsioede.f yi ng el enent

and phase shift values On of the spatial phase
It shiouldt ker notédt thlak imbch resblatiart elemeast oftthe plsageshadifyirg élgment, one of

o fiol et f : o

two BHES h-§E M RPERIBRAT it SR o sTheeREy Bdere.y) may
be seieckaigonal | y pol ari zed and/ or have different

wavel engths, etc. 5 It should be noted that, in each
In an egtlodiment otthe egsenbinvettenpthaspatial ¢phésea filtpr sblestentially dnes not

f i r r. i . .

ot WERBARS bl N WG SRR ERISle et Sl g, .o
A iseglialdo ede or aprinximatalyiequahto afe.t he present invention

the spatial phase filter substantially does not
In anembadimeant phibe present iprertiont the spatidl ghasenidied substaptiaty does not

e . . . .

atofifE HeFabrRR i ol ool GRinl1arids thelbhest nficTegions, Le. B,
is equrebteddonesontappfoxirnaielyragsishipo onavent i on, the spatial phase

filter substantially does not attenuate the
It is @lsegrrefored) theat the Hhase abift vablied® isubsipatially fulfila $edequatien

phase shifting regions, i.e. Bn is equal to one or

approxi mately equal to,one- It ils also preferred that

t he phase shift val ue |glh55ta_nt@ 1y fulfils the

equation 15 K, jai= 1 2Isin'2/s®m—lor a | oss Iess

filter wwth A =1 and B,1 =1.1n a preferred enbodi nent

for 41 5% AT Bt 819 "o i 61 LB G e B ocent
e 8 8 Oy b ol 80610, AEB Gl o
roglaghaton goriEnenn kol A seoiieaties restin
element may be calculated in accordance with

K A ”cos (¢ (x, y))dxdy =%
K A4 Hsin (¢ (x,y))dxdy =0

where A is the illuminated area of the phase modifying element.

The electromagnetic field or radiation may be of any frequency range of the electromagnetic
spectrum, i.e. the gamma frequency range, the ultraviolet range, the visible range, the
infrared range, the far infrared range, the X-ray range, the microwave range, the HF (high
frequency) range, etc. The present invention is also applicable to particle radiation, such as

electron radiation, neutron radiation, etc.

Preferably, the electromagnetic fields are monochromatic or quasi-monochromatic so that

the energy of the electromagnetic fields is concentrated in a narrow frequency bandwidth.
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A where Ais the illum nated area of the phase
nodi fyi ng el enent. The el ectromagnetic field or
wo aialiven nay be of any frequency range of theRCT/DK2004/000452
el ectromagnetic spectrum ige. the gamm frequency
range, the ultraviolet range, the visible range, the
. f
sk B DR g i St ke
interfexares, oféwo elettremgge@‘.@rﬂeldsrge@ﬁtateﬁwby iffatesbphkgssl Shdting @ ifferent
K r
partd 8L tﬁr@orﬁ]do?r{a@ﬁ %’}81 itk I’QC{IJII’GEB‘?%%@E?%%@G%E% Lé?'@e AHAL R
elecﬁrbr@agmemé@wes sufflﬁleetlw@armtqmg(ﬁth@tntﬁe itwo glectromagnetic fields are

cohé’r}ﬂﬁ'tss't tﬂQﬂR&np%@ﬁg?éés‘?t{o%?etng?attes hBRieERG] lgﬂangfty bé\f‘ern If f the frequency

romagne concentr at
rangerie qlspdcrrogd tlaentiva fiilde WMQeZMEmsamtmwhewmQrmamowtbe lost as

B
fieldefIt smqlete@ldhaatdh@grﬁfeterwefoe@v@@ "@fb‘ﬂélﬂaiﬂé@%?f eleetfamagnetic fields to
be sppéﬁgsﬁ(gﬂefdtlé s ‘t’r{anqh%(/\%(/glgﬁ?tﬂ RfHeSiets. TAR id qulgkélgreﬁuwement

i'S required tha re gquency range o
that aliows the elesirontagoetingiedds to beirelativalybroadbiapiiechtHoy examplevn the

visib'(i:eglhagmg Re tlé]ﬁ;}] of Qﬁqﬁ%p%ﬁ%@u@%gg &light gdu‘?ééjrﬁ ﬂ)%te% according

el r superposi t1on genera es
to tr@ezrese@ttl lnvamtemsmtmhp advantage ¢dmpated ta 2 pgenlkght salamg éhat§peckle

noisk ‘?é’rekaw@lg Thb r??ca&%enf eéfqﬁe %%eltilal QsheldHeale E@éle&%é#ﬁ%ﬂc fields

or na Su erp03|t|o
depmumrtbe epacef hamdadtin emg!m:fs:f ithe @rmMIm@ﬁymmtamd how close the

reql.{ i3l %g&%& et oRfhand28s {d'Pe the dd?ét‘f%ily ;)Btgin?blre?&‘ﬂpﬁﬁgnéer@tthe system.

nce between in

L
electremapnefiveradiatian, sheh and lasas a senisopdugioTiaghicd sEained mydi-quantum

welltlé§epea] Vel bé(\ﬁtgﬂéugf(é&féjm*ﬁﬁ'@q%ér (geFEE%%'mé&r' Qﬁﬁé% -locked laser

e range can b as a
diodeiagtay, @bght@mmtlng diodgsa Quhs@ct@wdsw@ ag dstinpicpsecsaddaser, etc, or an

arrag BY S prts Ihmk%fe r AV ARLLAY %eﬁﬂgg%‘v 8¢hi él’f}%@s&ﬂé%ﬁfc lahfhkuch as

ource that spec norse isr
an Hglgonpy eﬁ@dar@mﬁmtméy glgabpased @Wé?\éﬁﬂ:@ prandescent lamp may be used

réz&ﬂ,g epend upon the space
as eio%?ercg pro néﬂcg%g'%}]%rgcorrespondl ng syrs)tem and how
The‘tb| 9§§n¥oaﬁylﬂq5eléﬁ‘%{’lg '?lﬁagugﬁy %%ﬂa@@ of &% Qﬁeﬁﬁnéénéti% fleRBincident upon

eoreti cal eper ormance of the system

it. Opiiefally.dbingy alsh ehangscthe gmpjiveeiof an glgctiemaanetis figichiagigerigipon it.
The&}jgﬁe @gew.ﬁ@éleﬁw |‘h§y %nsrﬁ.'t spﬁeﬂe&w flident agét@améghet.c field. The

as -conductor laser, a stral ned
phagsrimppifyingelement ledqda@fera nuinias of reselutien glements, epgle 6f which

mooﬁl C#ﬂh@%élcfbﬁ%le(:t etlcfﬁ'eHQﬁ/ethan n@h@%ﬁa%é’&l‘ggpé@ﬁr
di ode

e arra mttln sed | aser
predgigypings \@l@u Bhe p@ﬁ@é&fwdlvaly@ﬁ areagsignsd ta@asz@ regolulign glement in

dlfféémnvagg Héﬁ&ﬁilnd'@d’éﬁ‘&ﬁé tecﬁﬁol@!};}ﬁ §|§k§1¥d rf?f?\%‘d&ﬁ%neﬁt For example in

ressure arc , SuUcC }-%{
spatiai gt r@QobJIatmyeaﬂhsr@s%tmns%@ﬂgmdn@v@]a em@aﬁﬂﬂég@@iﬁt@"y or

elec'trﬁ‘:gﬁ&/ FFRY e%trib%?é’ddressmg technique resembles the addressing technique of
solid-state memories in that each resolution element can be addressed through electronic
circuitry to receive a control signal corresponding to the phase change to be generated by
the addressed resolution element. The optical addressing technique addresses each

resolution element by pointing a light beam on it, the intensity of the light beam
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as a source of electromagnetic radi ati on. The phase

nodi fyi ng el enent changes the phase of an
web@atitpangnetic field incident upon it. OptiPOEDKR(04/000452

it my also change the anpli_tude of an el ectronmagnetic

field incident upon it. he phase nodifying

25
corrg%pgjg?fﬂgmgn eéﬁa@@ | elq?%_lt{]génﬁfgts%& é}gtéfle?%cﬁ% eé?rrepcra]nt illuminated by

the lighv bewd. i nt o a nunber of resol ution el ements, each of

which nodul ates the incident electromagnetic field by
Spatidi @hgw godulgtigrhaey bp yealizep uiizingdixep phara @Ak eeliiuidgrygtal device
basé@@n tl grkéﬂ’a[% ﬁ@% fé%hH(ﬂégyafaeM@lﬁé' GG e %%tr@‘?ﬁ&hamcal sl%/stem) a

reso erent ways depending u

MOEME (miash Aplocisctimppeehanidahsiistai)s sugorred dynaraie n@sramﬁves:e a digital
mlcr’oq'mﬁ%r 5@% aci)efédr%‘e ml%‘l‘ld@\‘}l e, %%Qmﬁ%ﬁ@'s%ﬁ&qght modulator, a

el ement ressed eilt er opti cal
lasegfiede arr@m(mtygrambl@ﬁ geuree aad pb@ﬁﬁ@@@tﬂ'ﬁgr)t @DARpigkarrays, etc.
resenbl es the addressing technique of solid-state _
Seikgeirrsion dsoduges B atansmiting lswisl erystainSldfl deFLMg Aavipg a high resolution

mat@aeHt s&#em c{i&nw&?&bﬁ&éﬁeﬁth Whefdirt el rbla¥ivd Ber"nﬁffﬁl't))/&‘ e%ch element

cont onding to the phase change t

can ge @Jﬁcﬁmé&v 'l@ydulﬁiﬁé i@ éB%‘é?dy thegefragtive mdﬁxméﬁheretm@e optlcal
pathqg,t,étﬁzglf t@%rﬁéﬁ! ng techni que addresses each 35

resol ution enment by pointing a light beamon it, the

Mea'dB\'iv% DKgrtoEuégs 3 Bé‘ra'lél%hénébq%mdvéﬁls%QQﬁAl@L%%lthha high fill factor, but

004/ 0 -97 correspondi ng t
this éﬁ‘d‘#ﬁg@a& VY loye Fﬁﬁob{t'@@l lrbtjﬂat 'h@oni@%mvﬂéﬁ p@ﬁ%@rﬁw@ulatmg elements.

illum nated by the beam Spat i
Hammﬁjﬁtaf’h@tﬁnl%prq%me% ﬂvrzaé@c@kyuqon%@lwaler P&'e‘@'—%‘ﬁ%*bv%sq{ XGA

resofutibhqui d crystal device based on liquid crystal
di spl ay technol ogy, a MEMS (m cro el ectro-nmechani cal

Texéé/ ﬁ\%@ﬁ%enté prodVicEdB Iil@}aq: Nﬁ}r&meﬁm@ (BHD) IralBg %rﬁrfa@ of mirrors each
°fWHﬁCBrCaD , .such as a dynamic mirror device, a digital

ifted b%tWPSS}tW%p%?%‘lsrrabl e nirror device, etc, a
nbrane spatial |ight nodulator, a |aser diode ar

In 2, FRBGMIENLel 1P GEM T RAPaaT FAHESATRSB0IEe9 ) S ShgeY It is not

contPIE8 Iby fid Sstem 8.§. a speRirkéh FRRSSIde Pih @BHEaReare detected in the
transm tting liquid crystal SLM (LG SLM having a high

Syste®sol uti on matrix of transparent |i qui d crystal

el e erein the relative of, eac
TheéPé H%‘ Sfm@éﬁ tkﬁ@‘:%iye?cfﬁe @QPF?RWB'g]Lﬂua &d 3 }/‘r?F’BF%'é(rfg glass plate
coat‘édﬁ/\mhtahﬂeltéﬁcﬁé wcybr MQhé F&ﬁ@ht iigteihhgs ﬁ’@&ﬂuhféﬁ %l@étrd?ﬁﬁgnetlc field is
of el emen oduge
Pha%a?rgftq 5(@]@%0 %[ﬁnaplr@pg,g%/gpp %P@ZL?GC@PE% W?%P%gﬂquer the

spatfdl bhadexpb@ilatoRirhentidhicd udmlm@ndmsmumeﬁmy a4/ be used for spatial
It cont

olutio n tha ins o
phassGecs b AUFEN. R nEAFIReIE Al PERWERE o S#hBiasts madulation such as

Keriy 86l hesial ciyinaed isadidad fepntro@idirdrasBAkifs,M W t h VGA
or XGA 15 resolution. Texas Instrunents produces a

An iPagint alystbhrmass the\phase fidhilhtimprdsbtiGeldfiedls ¢ffthéphdserrfodifying
elemeean? ro]n the target surface of the reconstructed intensity pattern. It may comprise a 4f-
lens configuration (two Fourier transforming lenses utilizing transmission of light or one
Fourier transforming lens utilizing reflection of light) or a single imaging lens. However, any
optical imaging system providing a filtering plane for the spatial phase filter may be applied

in a phase contrast imaging system.
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of which can be tilted between two positions. In an

enbodi nent of the invention, the phasor val ues are
w@oemkAalivesl in an object that is not controll eRCDHPKRV/000452

system e.g. a specinen in aqglide, in stead they are

detected in the 20 system The spatial phase filter is

In tréer BE%F la¥d %ﬁtb%%cemﬁetgqﬁé?reséﬁ’tgrli\/eﬂﬁoﬁr{h@ érfsﬁ#/ lpé{ttern (X, y') is

ass ate coate ielectric aye
gengrateq @g$tm¢rméu0@|Qﬁ eteigbompdnatigtieldsdn thetimega giaeeiot thfa iglaging

sysfefn Tﬁ@%ﬁ sémbﬁ%%deﬂ 5!’%{@& ﬁ% véeh%sé UQUE§%W&I@ cﬁﬁédnetlc field

ectro etic ver
inciggii sieomib @nd theomagingraysienediradts ﬁhh@lqﬁr@macnghq:,f@d widhh changed

pha@ésgféflg@cea‘%% cgrQFanéﬂﬁﬁéd%ro%?h RAsHask nlldﬁ ﬁlP eldhnent towards the

provi

Spa%lpha}%ﬁi@é Thﬁjmha@teufldiﬁr phesh saéts wofttwgleﬁﬁ@r@agreﬁt@ figlgrand the
imagih ng%y§§ml§ 8da4ted td mﬂeﬂ%ﬁﬁé‘% {hE ﬂﬁé:ﬁesﬁléﬁé tHa'bh aﬁ@ shlfted part of the

tystemma S ase no atin
ele@O@Wéﬁe@ tgid wﬁ@tf}ﬂm@fﬁb@elﬁyﬁrmagr@me ﬁ@ldtth@tns n@tephtaae glaifted by the

spaﬁéd haseniRdy the reconstructed intensity pattern. It may
r?prlse a 4f- lens configuration (two Fourier

Accb d@r@tﬁ%{:ﬁbfégreh%ﬂ%%hrh'édt of ?derlﬁvetn'h@ﬁlst ﬁﬁéé@m% )Jlde@&émeﬁt is

ourier transformn ens Ut I ZI ng

pos@pnqaq gHhe frent faceipiaylecof iaders \ﬁ@lq the §pat|qd)mflltea|$yposmoned in the
bac Padapa!ané Bt MO WALIRBY erfpéueﬂécﬂema f]étl JFefd é‘lgchglpﬂé‘see fBBifying

he atial phase filter may In a
elerae_mtlsr Qyrier ﬁg@sfg@‘neg,@( @mlem@@sﬁ@m@g@gtmmagnetlc field at the phase

filtef? Cﬂﬁﬁ@*&%@@ﬂé Q@é}%ﬁ@eq uek@iek ¥f EH%Q’W&%IMU%@%%’ 1§ mll be transmitted

accordi n? to the present invention I ntensit
throggl therspafighphasg flyenag, spegiitepasitions gg,thglp@@s@ Glkert F@rnn@fance the

ene?dyed?ttﬁé)m%ﬁég?’leflb ﬁélg%t ké‘rotf%ué IE d?lﬁaeﬁﬁes‘mlttécaﬁ]rou h the phase

Sy stem hase nod
f"telt zhté wgejéeqﬁlag weint of tharFO@n@rcnlaraﬁﬁghf@emtmal @Kig of Fhﬁ:'ﬁ@l%ﬁlﬁo
deané@"ﬂhé Eer@@dér'&ﬁfr?@dﬁgloﬁ%ft emdirects the

el ectromagneti c changed 5 phases refl ected

It is fa'h FixbSarik bé\rﬂaﬁﬂ%éé &Qhé tH'v@H@?\ thQﬁJtm‘é%%ﬁ o‘FQF}bf/é’ %F‘él)u;}ces is facilitated

el enent towards the spatla pase [ter.
in thet thegrosiiinaiae agglior skarespd the rffase ﬁélf@ger@gnoaﬁﬁgtﬁ@tnf@se filter may be

matbhed @ tR0gedhstry d)f"fﬁ@ b@&c@)’lﬁir%%r‘n?leaﬁg%ég arfhy of VCSELs forms the

superinpose in the i fg I ane hase shi'fted pa
sougge, theehags sliitting iegjars eiche ﬁ@ﬂlt@“ Ahase ftltﬁ@foﬁﬁret C%fesm@dmg linear

arra?'o??ﬁééé@ﬁﬂﬁd ife‘tf;lldcn'seééjchté?@ﬁe ie@d’r‘n@tbe%eb%%ltéhéé Lefle %ro%}@er

hase [ ter 0 Accordi preferred
dlffraﬁt@@dpweﬁpf afespretivenV(edil Brihe Mﬁ?éﬁgmi% Fexdingryiheghape of each
pha§é ﬁﬂﬁl\l\g Iréag‘ion R2§ 'rﬁét@rﬂ% shbpé BEhE RR-okiBr Gt J24ian ?eg%n é\‘ the

| ens |'e the spatial phase filter is positioned
respeglve Y@@kl f ocal plane of the |ens, whereby a first

el ectromagnetic field at the Phase nodi fying el enent
Likevdsergphpes filter siayfroateB @ Soyraervdth e predfigiasomedicabsitppe with a

confLREs ﬁ%ﬁﬁlh@ refdflcﬁﬂ &bveting B a%@he ?hésreefnter tHaterresponds to the

speci patial frequencies of i rst
ZebePFQSEfﬂlﬁfﬁgﬂ%fqupnf?féb%iswrpeﬁ be transm tted

Thus, the energy of the electromagnetic fields of the system may be distributed over a large
area compared to the area of a zero-order diffraction region of a single plane

electromagnetic field of a known phase contrast imaging system.

Thus, the phase shifting regions of the spatial phase filter may form a rectangular array, a

circular array, a linear array, two linear crossing arrays, a continuous region, a ring, etc.
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15 through the spatial phase filter at specific
positions of the phase filter. For instance, the
wep@ngy3oes the el ectromagnetic field at zero frenDER@Y/000452
(DC) is transmtted through she phase filter at the
|ntersect| ng point of the Fourl er plane and the
{ g
e §Pbk e 30 taant Binp BBy thet 3Rk I ot R cF Bropagation
maytbb@enaﬂamu in@rtinoén antultipteixed swnnen edf. by arsgaeniog n"sr@@rrqr@@sms

deflefcﬁﬁg% h? Feﬁ%(gglg a\zlﬁed.fntl1 Iolt] %@%tre&rgﬁ%ﬁleﬁétiélﬁ E]H;éiiﬁ%nggggiiéﬁﬁi?§$éﬁ§5pagaﬁon.
The @gpa b'TW Mdﬁr‘éq i ﬁ@ gﬁ e o %@nﬁﬁ?‘%{lﬁﬁf?ld@o&f the present

mverstmmrma/ be hidizpth ﬁmr@mm pigjlasergiuiascanprising 8 gyateralaccording to the
presQﬁ‘t"J}ﬁ\?eni pter forma corresponding linear array of
phase shifting regions, each of the regi ons being
Sthb! [ Bfb ' ility of
Furtlﬁlégsfgé é:tg Q&ilﬁ@&%}ﬁihﬁ& ﬁ@h%r\r}%gigl_le\grlé; lgyc% 2 H%tﬁﬁﬁ ‘\?\ﬁih‘?ﬁb 9§pa%| ity o
genesaiingecrossingaliiht bearph aay beritifizddigr preyision aray omt:ai ﬁ\weﬂ@r or an

f f th
arra Qo b O B GRS i predeAE ol o eyt ch a
In ar?@rHB&ﬁm\%ttcrf tﬁe El%%glll]]ff ihGerd60 Ridréif fle SNARAbritRe 8ystem is of

cont nuous phase s |ng region covering an area of

msngntﬁl@arpihraa@rtanqett@ the preratio af dasevstesm ead calsUlatien of-the abasor values,
i.e. lgflé tgﬁ (? i r X SxiffbtelN&uaPlidgng. 30 Thus, the energy

gnetlc fields of the system may be

For &hotd H&Hﬁeg)%r%&?srta Bﬂﬁe irREffore maozérﬁme ta?plto‘ilﬁnéﬁoﬁ@s Rlviewed

a zero-or rac Ion reg lon of a S|ng | ane
below| feiewashiyyaseneratizatipg \A@ﬁreathﬁ REYE- @ﬁﬁ%@e@dﬂ@fha@@tlcal expressions

are ddWREY AE a%(r?g}l@ F]Ha 1TBH%’Xlstcléﬁtr@J‘ Eﬁé‘sesdynfréétrfﬂleﬁ@k&ﬂéné’rﬁtatlon

the spati al se filter may forma rectangul ar array,

The zem%r&\lé%é%oﬁﬁés%etﬁod élﬂ%"forftﬁé axualtzaﬁbd d)ff}ﬁ\@ée BEASBhIhs by the
arrays a contl nuous reglon

use ShsoRpaies Obao POTFEREH0E fe e DU PTGk iF dagike tseived the

Nobéll#??zﬁ My 95y ﬁoylrmsﬁtﬂfg Bl PRSthUITREANSLIEE td & BF<ER-tWiduBh in medicine and
ferent axes propagati on nmy be generated in a

blolong Making epﬁseawly wraAgRarenteel or bycteriassanpien gleaily vigiplegnder a

micrB$dopB) Its SIREESSGhIpErabn [ RIWREL rétflirds BRAME S patial phase distribution,
el ectromagnetic field in different directions of

#(x,p) s dasainpetns linitpe tcnaic'fam"rsc@gﬁ" ehasearAredgaiemwheiedhegargest
phaqey St ke B TRAREAU s g a0 of s eS8 Eliatpon athe npur

is thasltefs&rctedomhlaSTaiygorébxﬁaﬁdlmma‘wsmfr@bmgsmfﬁmblhﬁe‘or theasathématical
i nvent |0 Further, t e ca ability of handling high

treat&l?@?@‘gflﬂag@’ﬁl'Epti"‘ﬁf"ae’éﬁ%fﬂnr?é‘f’i Bivelien ¢ he capabil ity of
generating crossing light beans may be utilized for

provi sion of an Optlﬁ@£z¢(m9)zef+x¢l(x@i) array of (1
optical tweezers according to the present invention.

The &nt Arré o%%gqbﬁ%]{ylv rrﬁ ﬂtﬁ’%e&ﬁ?l s&ané‘edwa%ggppr‘wﬁa%w can be

e ape ure emis 0
separated spatially by use of a smgle Iens where the phase distribution is located in the front

focal plane and the corresponding spatial Fourier transformation is generated in the back
focal plane of the lens. In this first order approximation the constant term represents the
amplitude of on-axis light focused by the lens in the back focal plane and the second
spatially varying term represents the off-axis light. Zernike realized that a small phase

shifting quarter wave plate acting on the focused light makes it possible to obtain an
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insignificant inportance to the operation of the
system and cal cul ati on of the phasor values, 1i.e. Kn
WO 200equEb3 t 0 one or approximately equal to onePCHOK2@4/000452
nore detail ed understanding_@f the invention, the
Zerni ke approximation is reviewed below, followed by
- | L
oop RS, i e, QB0 oy 200 455 TR0 gt yggnos
between the tvo-phase quedtaturd teymede Eqofidr ast filtering
i mpl ement ati on. The Zerni ke phase contrast nethod
al lows for the visyalization ase perturbations by
the wuse of a Fourlg J;?ane gﬁaseyshlftl ng filter. The @)

Dut ch physicist Fritz Zer ni ke recei ved the Nobel
It shpyid be nqtfsdlbbgea thsee-puartaTwavgplete worke eaerlly wetite Rradeige contrast, but
r

ne oDl /S DR B MhUAON ot SR A sttt
lmpr@vearaﬁmtyn Uies\ﬂ%b'@YlSP H@rZeamQ@pmS@rmtraﬁensuaﬂéat@nc@Egs(fzmeqwres
stror%oSt i Bgtelf tg%%‘&}é%ﬁl ’Ilglﬁtqﬁ Hﬂtﬁlﬁé]qunﬁ% Bh%ee; %ﬁ@}éﬁlre@tf@%&\;rate the
contrasial | - scal e" phase approxi mati on where the | argest

phase is typically taken to be significantly |ess than
In the|geperal case, wherepmadee it §nitedina emalkscaleipuhphase pesturbation we
canrid? H%Jn?éfh%l 57581%3 é)!b%ﬂsn@n WEP(Frd@P(&aiH?hé’ﬁer‘n@(eféd'p%xmatlon is a

order is sufficlent hemati cal treatnent
suffigiga representatien of\,aagléq:r} @mﬁsemuﬁ)@tlm iHiglaer qgdertsrnasip tbeexpansnon
needfbbeytb)(erilmfo écco(:ﬁt’ sé( )che(é’aapanér &?tékbgme f%%r esponding to

he two terns in | -scal e' pase

apprOX| can rat ed spatial | y use of a
si ngleép(méi‘syﬁhe‘r'ﬂ&é) Wirst?i(But)itan?| (& Yocat ed i n 3)
the front focal plane and the correspondl ng spati al

HowE@éH h@ré tﬁé é\mfaw va&mg rferhﬁ», AR MRt BE G@hdldéré@ 8s Basdratel R the
s first order appr oxi, mat i on

SUpF?ﬁ@qu &%‘F%ng}t é‘?W?%’ﬁ?%@éﬁﬁg"ﬁt i tRigdiayiop aeriesrexpansion, as is
|mpI|@6 HXheS ZérinikBtapbesadh eshdod df ifese@patidly \k%d’@ﬁjﬁs tesabute to the

and the second spatially

mferlgéb PLige AR fecerd. ki For ¢ @ﬁmfw%m%qw@am inedBP\tiphpse, this

contﬁmioh olﬂh%%patlélly \fa'irynﬁ@teﬁﬂgbé@ FesY}ﬂ‘E’rﬁa Bigf\tﬂ@alﬁ%d)dlﬁbt@ﬂ df B focal
e_to obtain

SOt S TE J0b% oo FeSb e BOBRLENS: THEseLigpi epmk A esult in eiher

constriuBBar or\deStadtivé mtér%‘re@ée Witfdhe dREBESIdht, I EbUGIethe et result will be
an agener at i n i nterference between the two-phase

SRRt aF BeyfesusedfighmPIiug, Whicg el Typsa masimpim yajue for a perfect

unpéftutbdd®land Wwavdaithé idpat.not ed that a three-quarter
wavepl ate works equally well to produce contrast, but

For phdsb @b}élcté;sbréalﬁlﬁg ihe Zfé‘ﬂmké PproEmABERHvE st aHbieebré Gind an alternative
contrast. A suybst

A G ARBFECH 40 1A o 18 TvPL PypapR oD sepal Btk piladigve chosen a

Four® @haIgsit a¥ iaSHével stiahle fechRiqB8 for(CAmpleélyisbBsrati fh@rtﬁh ~axis and
danpi ng of the focused light in addition to t hase

higheirsrretialfeaguipnesocanpapentsr Abie givae thecfotiewing form for exp i¢(x,y)), where
(x,y) eQ:

-1
exp(zd)(x y ( J‘ J-dxdyj Hexp zd) b y))dxdy+"h1gher frequency terms" @)

In this Fourier decomposition the first term is a complex valued constant linked to the on-axis
focused light from a phase object defined within the spatial region, Q, and the second term
describes light scattered by spatially varying structures in the phase object. Comparing Eq.
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In the general case, where we are not l[imted to a

smal | -scal e i nput phase perturbation we 10 cannot
wasaumesdphat a series expansion to first orderPE@EDKR004/000452

the Zerni ke approximation isi@ sufficient

representation of a given phase perturbation. Hi gher

(3) é?{dclﬁt A&)‘%{ pk)ﬁre%t‘%a?mﬁf?&it% ﬂ?cfgs)‘ 0 atb%oP 3f55Bxihd&ki6n to the first

€ expansi on
terma&fpﬁqvwo vyf)e)rtqparai(rw beyonzdm(e%emlk@smaﬂ-ﬁca@ phase wgime.
Y) + However, here the spatially varying terms
An lmﬁrt@mtlssy@ te §ﬁ%~°¢l‘éﬁ§w€@n@§ab’§lparﬂm effefot ohsnatiel fl&ring on the light
dlffréé{QdP E? Sﬁlé SEMSEDNS SARE JEHR ﬁ?&r\‘/\tﬂ%‘fl sBé(tlaﬁlﬂ_p?ﬁétlgﬁ%s fo%&é@d and
or series expan5|on |
scatJ@éechllgd“é la;i pegvieUs sascription of Zarnike @heﬁmmranalsylt was pbsigned that the

focu%@éi f@nt?ﬁa{nhW&&ﬁEQd e sorh?\ﬂlﬁél%‘nbb{ ég{ﬂl bOE RAcEH. a\s we know, any

ocuse For a si cant atiron In
apertwslﬁftunpﬁweewh @ Scclys mti inmpra@hfcabopttqab&@m Wl legd toa

corré{é}:fo\‘lbi'ﬁ@ g%ﬁ r&a%'énirng%‘f' be foBusdSiy ?ﬁ'ltf% Eéf?%%ﬁ’tfdl tHat we define

['Ttude 1n
the @fm H@CuS@délghl‘l‘ﬁéé esqaéierresl light explicitly der sush @l gysiem. én thtﬂaq:ontext itis

necgé%ame%dk% 1V %ﬁé JeMEe bR u?ése Bnity ik fdHe wave
ﬁ ‘% h t &1% ﬁ{g a

on-axi s net resu

prop@gﬂ‘@qmtafqug &iﬂplpﬁé)ml §€kWP.| i ght anpl | tude, which only
has a maxi num val ue for a perfect unperturbed plane

A campeniueprlied arefigetureivat plevises abpiciest platen feg spatiel filtering is

lllus@&é@'irkﬁ appreW B@EH Oh tN@sé“EeﬁFed 4 nﬁ%&’r% on. fAﬂ%tﬁ.ﬂ interferogram

alterna |ve mat henat i cal proa at of
of arHgknemnephisan Sbisst ¢fi Rhage dﬁtLEganC@3§ obtainer Yy @pelygentrencated on-

axis %ﬁelF r@%de‘?zﬁtnoﬂ"lﬁltﬁésép%tlﬁlsfréi‘q UBRE I SHik BQ{\A%ehQﬁB 'F'ogHé‘r tfa‘?lrsformlng

he on-axi s and er sp

etel y separating t
lenSP$ M@Mcﬂaﬁ)ﬁ&ﬁﬁﬁﬂ% performs aysnalial iqusier tsamséwnhgo fh@t ﬁ«recﬂy
pro;fa@étee)ﬁgﬁt' i fdbusé!a into W@%’neaxdﬁfgenﬁ% %;&3 wh%re@ﬁ Q?étleﬂﬁy viiyhg object

inforadn GABy ikt Scatiprodite calarera e iskargapSSian Ue can
desériB@ o ddrtal 'F%[n%r' fﬁte@nn%ﬂ&ﬂ (ﬁ‘?f?]r\éﬁ{ M%@e%ﬂﬁt%ta"mta bﬂllﬂ}ﬁ%charrﬁbmg

he on-axi s f ocuse from a ase O
faCtQjéﬁr%@}tP"ﬁﬂ ttChthﬁ qusgqaanﬂéiﬁcaﬂégadohghtsm Fiai dwe lseow @cabgdlarly

symirRirI® R FEF fille %e&ér%@ﬁ b§ B élﬁblﬁfi’dé’ﬁamgélﬂ {’a%toYé‘Ay M for the

structures in th p ase ob Conpari ng

"scafiod] anBGonsPE IO AEDRHDOVIEDE by re(let)veamr@séqhuft(m)rme filter
pardnit@RRak %@tch&@\t totrEﬁlc%{er asr{y Jn%rdpaqgr]gg%un{b%} Svf %%8&9 Used filter

approxi mation
types e ahawgcqmgaeh darkreeniTalrgiowsl, pomnt diffeactivre apd Bisld-abegptien filtering).

oy 0 RAIE o i RS Eoa T R AL B g
patteyp irp‘rh@s@swat@n plan¢.die fo@isebl @nckds light acta as thensyathetic reference

wav? ﬁéﬁ\t\{zlir, t)rﬁgm ugétgféhté gﬁsl Fn?al‘?%? g/fv ﬂ%e%oé&@r&ﬂ ﬂéﬁtqo bl%}tate the output

mterfetrervce@speét@sm rh@thetfh%awmmeectlbo tigshisbulss giet lmpsvrtsmet <Dfath$ §BRW and

shoW ﬂ&& ithHfichCe? aRRITE Wir thAG YR GftficedSH th@ FOUYT ilt& bardiReters.

now, any
Having described the generic optical system that makes up the CPI, we turn to a detailed

analytical treatment of the important elements in this system. Assuming a circular input
aperture with radius, Ar, truncating the phase disturbance modulated onto a collimated, unit
amplitude, monochromatic field of wavelength, A, we can describe the incoming light

amplitude a(x,y) by,



10

15

20

25

aperture truncation such as occurs within a practi cal

optical systemw |l lead to a correspondi ng spati al
whe@adewng of the focused light. It is therefPCEDK2004/000452

essential that we define thf_=4_terrrs "focused light"

and "scattered light" explicitly for such a system In

this context it is 10 necessary to | ok nore carefully (5)

at the sequencea(ﬂfc,yéﬁellt'Q(dAlekeX@cﬂrﬂf(lxmh)g t he Ilght wave

propagati on through a typical optical set-

at tf@@ﬂ&éncg/plapg of the %tl@%sv@@m@éWﬂ tixfigpf @ﬂn@é&e deflmtlon that the circ-

efficient platformfor s filtering
funcfipn {s4nity pétRin; the pegion, |7 an{ef wg We@néﬁefm@sw%m | ed
4-f configuration. An output interferogram of an
Similanlynearasgims a crbyjlecdn-axis pirdse spiatialdiitbeofdhe famobt ai ned
by applying a truncated on 15 axis filtering operation

inth L L F [
transt or m fdo-vehees (CF aabt Dy FREPRV LY Tene © Q
perfornms a spatial Fourier transformso that directly

whefd %Pé[g)a\illﬁg thd 8¥seh ?ut&"tféﬂéﬁﬂteinﬁé Qf %eﬁmhﬁt g éﬁoe‘io@“% the

ereas spatla y varyi hg objec ormat T

appl%% ?%: Shift'th %fo ﬁ'ﬁ?%mt %A é@oﬁtlé QQIﬁePb’%rﬁng?ethé&ibing field

regi on. escri enera

tran§mittbﬁd§e fon oﬁiﬁx&[ﬁc@lttérﬁaﬂ ﬂlglﬁltasnﬁkﬂ%e@ mt FF]IQ S1. ?lfﬁé s@ﬁgéllfie%déncy
ctors. are a e "focused" and
Coorgg'@wgqstag? atea it Reati] o Eg s w&@eg'ﬁ%wlan%w%hafr ly

F f |t bed by th [itud
(fx’ff:’v/g%gérﬁss(lx@%;)a@?%fs Aj}gmiﬁiB ;Ioret hey "sga?{rgrled'l'J :nd

"focused" light respectively and by the relative phase
Perfetmiihg af opfites Feufier ttabsformpaf dreebputsieldarorh €qc (5) $allowed by a

mult*p?? l tfgfm %l@ﬁgﬁlt%np%égr%%t%gslslar%() @ Iaggt%rseggp(i 8@%%{1 t?étiur%sr’ ?rgnsform
(corgsperitihg fecimitvetsé Foartdritansfarm with émveria sooiitnates) we obtain an

filteri .. 25 B pRl yi n iven Fourier filter and
PSR Bty TanD) Yo e MiErerorarat s senvaiton plane of
the {J% 1&l; n in the observati on plane. The focused on-axis

I ght Pacts as the synthetic reference wave (SRW in
the CPI system this interferes wth the scattered

tnd ot Foul ngGeet ol B b1 e G5T VBROE or ¢ 8

SRWand show how it influences, anong other things,
the choice of the Fourier filter parameters. 30 _Having
whegeg(?)i ipdtp $ynéhayismefierance mtave 45RWY) and the teams walesd A(p', y'h@re given
~CPI, we turn to a detailed analytical treatnent of
bY: t he i nportant elements in this system Assurri ng a

circular input aperture wth radius, , truncating
the phase d @Lgﬁ Dfﬁ okt kg yrat ed,

unit anpli m ong?q)?d{%agjia‘ Qv\lgvé engt h A8
we can desclibe the I ne S ng ght anplitude a(x, y)( )

by, WO 2004 141@@93%/;?}9@@@4/ 000452 -14 a x, circ
r/lAr expi (X, y)) (5 at the entrance plane of the

It sh?@é'tb%?r{%edy tﬁﬁﬁ 0 ac‘*]n%\\/\/'e1 a'tracéb% analyltllg eQ retsglgn 9nelf:'<|qn(l7} |Jt Rgs been
assumed that the spatial frequency content of the phase object is sufficiently described by
the term, ¢ , within the on-axis centred filtering region characterized by the spatial frequency

range Af,.

The generally complex valued and object dependent term, a, corresponding to the

amplitude of the focused light plays a significant role in the expression for the interference
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function is unity within the region, r = x2 + 7< Ar,

and zero el sewhere. Simlarly, we assune a circular
woadi®Izent r ed spatlal filter of the form 5PEE/PK2004/000452

fy) = A[1 + (BA' exp (i6)_gl) circ (friAfr )] (6)

where B E [0; 1] is the chosen filter transm ttance of

| ght
pattgrl s BSRHY 24 30, Reffmine Riine sty fhg ARBIERAZER now abie
to cqpdirmriieatdhe tieguant bSmgnrﬁIpeJ ttat the amplitude aff e foousedflighbigi s
. Ei . 1. e i

onp S, S 00 75 94 Yol 7R thorty o
in misteadihigriategefationshef the intesferggrame genetatadaitthe COI phiput v)

_(2.f) 1(xf,Yf) and fr = f2 + fy . Perform ng an
Of sinilai aporzmce irethetanalysié of Fy o) isttbe tampug ()i ddsdrifing theEspatial profile

(a'i)r followed by a nultiplication with the filter
of the FRe tiffractedhirem the ayerturrifoamsd by Hip @pexie apntresliiliesipg region. Itis
the ihcRBRIRE Mot <P this SRR c"aﬁ’yuﬁ@ tHé“Mﬁfn%stnd:rPéﬁdL@'fhe filtering

transformwth 1 nverted coordihates) we tain _an

paragmgieresanbiefimagechenasaobiest hat ggneratey the Qﬂé@émt@fefgg&an"e Thus, itis
lmpdrfé%?fof @d'téﬁg raﬂ@c@&ra?eh@es%ﬁﬁtﬁfn‘f@tt e rSR‘W%@ tﬁ’ére%?aﬁ Q)@CLﬂal(e derivation

for Eq1ﬁ@( ?he; ZQrO(orsiervbrl@kél qumu fel \miy @&%g‘;’fgﬁcsl Q&W@‘-ﬂ@i iribe spatial
dlmé/l‘%}b?n fsw\’o ?? H‘@esrcﬁEé"ﬁ] aSRW;jTth)fs aYeIétl\%Tyesu?lbl‘éea’b)pr&\éh which

y dy
to th@;jqnywlegge of ng aqﬂ(qt hasmyt:mre(lguslx, bgen-gpplied g’gqub\ﬂ rroblem.
noted that to achieve a tractable anal ytic expression
For & pirgar input apertwasvitharapius.adis uwe gam He3cripR énesfagiusaal the
corbiRRHRE i ARHERL ook BN PGP AL EOL) e
parafmdters3 a ﬂ)egutermScQﬁ awa@al@rplah@dre@lyemwgasmtqfalWe can thus obtain

N e e e A

anpl i tude of the focused ) i ght plays a significant
role in the exprés$onaf rJghex;fr)loézﬁfedeﬁe WO (9)
2004/ 113993 PCT/ DK2004/ 15 pattern descri bed

o ok bl S Dbk o o SheR el e racs o

~ the édn@HRRYiING SSHOML R, Ofb thk hadiud 6ftha mdin-Iobeef ele AiRefuheions &,

light is approxi nat el y equal to the first termof the
resultiag Ifigm téwmlebiﬁansffprfrcpf tiiel pircudsainyié aperdure ylanes We canj thus

exprdss | ‘?ﬁ?\ ,3,90 g%%@[]@tr %h!: 91% of the interferograns

gen
n=R /R, =(0.61)" Araf, (10)
where the factor of 0.61 arises from the radial distance to the first zero crossing of the Airy
function corresponding to half of the Airy mainlobe factor, of 1.22. If we make this

substitution in Eq.(9) and then perform a series expansion in ', we obtain the following
expression for the SRW:

g(r') =1-J, (1227n) -] (0.61nn)" J, (1.227m) | (7 Ar)’ +

{[(0.611:11)3 14][27,(1.2270) - 0.61nn.J, (1.22nn)]}(r'/ Ar) .. (n
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5 O simlar inportance in the analysis of Eq. (7) is

the termg(r') describing the spatial profile of the
wERW/1di9P3 racted from the aperture formed by tPET/DK2004/000452

on-axis centred filtering region. It is the

interference between this SRWterm carrying the

In tHlé‘E)@d’a‘fﬁgfo Ofhe BREW s é)tb??]sfs'emrﬁréd@ co&afnafé‘%tn%ﬁﬁahs@a% G adius of the

|nage P ase at genera es
image 'é‘Pﬁ*eﬁR@@tNEﬁnThfﬁmé‘@ eapily b%scalqﬁj@redla\rqtfortaamabmlﬁ¢ailoamvnhm the

imaih§ Yy $ER, ﬂ’\%ﬁﬁﬁ Td?ttlﬁé)l%nf de'fB &%C?Wag%b operatlon is

acCurate derivation e zero-ord

assymediromrkmi bit i mnaremfﬁwt ﬁys SRWewil @ba@qutmﬁt@moftth@ radius of
the §&ﬁ|tél ﬁlkerm@'r@@ﬂﬁ'ﬂ&ﬂoﬁal 3’ W'LJ, &Ieg’reché‘tstﬁg SRy %?ocﬂ‘\%llsk?ﬁt Bgéaessanly flat

his™is ativ npl e approac
ovef hhé SKPIE @diRd a@ertwﬁewaﬁm lmmstanbvetmf@wr@gacgedb@@tor in

dete?ﬁmlhgfﬁxetﬁéﬁbhh&nc@o@@@ﬂ For a circular input aperture

radius, Ar , we can describe the radius of the
Dep‘éﬁ&ﬁ&%ﬁ%@é&ﬂjr Heb@dd f&p?rﬁeede&%%ﬂdnrlﬂ tHebi ﬂ{e%rc%{gaﬁg %n%can choose
FourT er Iter (characterize ara
to mh@e@)nwbqr@f fiRatisf higherpadeyl terspsalroralthe ewu@lnaw Farda). The
mﬂuéﬁée of tHé hfg@u@r Bt’?ﬂ@ﬁte‘ﬁ*ﬁ& ﬁé@thetIQr%egﬂHpQ%éT%%et’ﬁQrb%?ﬁaé?l'ésfoq’ fhe
SRW by use of the zero-order ranstorm

'maqqd Jpertuper &gy 7 alpeg Smelterﬁfmcp $30andwhen opgratig witign thq gentral
reglc% 818%t]r%ﬁ§é E‘%bé f% r@?g?@r fﬁq@\éfég%%gug% I%s§ ﬁlgnl?cance and we

can seﬁetyraﬂprcﬁmmaterth@ gyrrtlaa@nccraferembe wavetwiid thefiistiandépddadnvariant term
mEmrﬂ | obe of the Airy function, R2, 20 resulting from
}zourl er transformof the circular input aperture
al one. W& can thus express 77 in terns of Ar and Afr
such that: rl erR caiRal megionfd)—'J, Qr2Afen) (10) where the  (12)
factor of 0.61 arises fromthe radial distance to the
;1 St . s the Airy function
so”ﬁ:ég&r%ecsaégsa ng%a ﬁ&f@('of the Airy mainl obe factor, of
1.22. 1f we make this_25 subst tion in Eqp(9) and
t hen per f§x'w'pa=sBoxp ¢(a»(pa)j§116nc iBd rGXp(ZOQvel btain the (13)
following expression for the S (r) =1- JO

whe&%{(gﬁzgg %%(823@;7)( Qﬁ%ﬁ@%éa%afjtéigﬂn%y 8§|%)flheirgwg7r|agws o%%he focused

light(idl thaid &gfedihviely iftluddd #Y arflextra “filtdring PARRARERA/ sbBXYRe four-parameter
PCT/ DK2004/ 0(30452 -16 In this expansion, the SRWis

flltel’%pl(és&,@dlﬁ(m) rtegkithér vdthahe complex obmchdéptmddnttterrm he , effectively
adi us of the inmaged input aperture. This can easily
def"!?es tQ%é}fp@detﬂlsermg|w;em@wveaarﬁﬁ@ﬁ fMdeation within the
ng.system though for the renmai nder of our

HaVlaa niney asyitable oppiRine fengsdPathe&Pliin terms of thedrogydgian of a
good 8RN, Me st r%m@&%ﬁlﬁé‘FhetrB@tthétr{ﬁe %M‘h%; kit HFef?s Blay in the

function of the radius of 5 the centra filtering
Opt'm@@’i"ﬁh(’f%gahlonalIy, it is clear that the SR\Nprof|Ie

is not necessarily flat
From Eq. (13) we see that the filter parameters (A B 9) can be combined to form a single

complex valued term, C, the combined filter term, such that:
=|Clexp(iy.) = B4 exp(i6) -1 (14)
therefore, Eq. (13) can be simplified to give:

I(x\y")= Azlexp(zﬁ)(x', y')—iwc)+Kla‘|C|‘2 (15)
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over the system output aperture. This is an inportant,

yet often neglected, factor in determning the
w@esototivehce of a CPlI. Dependi ng on the accur apgT/DEE@E600452

for the description of the Lyiterferograns one can

choose to include a nunber of spatial higher order
wheferms fromthe expansion in Eq. (11). The 10 influence

of the higher order terns has the | argest inpact al ong

t he boundaries of the imaged aperture. For ri -val ues

smal l er than O. 27 wi thin the

central region dlﬁgigéogwasewckpatlal hi gher

order terns are of mu S i cance and we can (16)

safel y appr oxi t%ﬂ@ﬁzBéyﬁ %éﬁm Wepf erence wave with

the first and space invariant term in Eq. (11): 15 g

(r' E= central region) 1- Jo (1.22icn) (12) so that
Sinceet is arcosipnax \iafrlﬁbIE,qthe (cénbinedgilteeterrh O Whlch)e)ffeéﬂ/ely describes the

Jexp ﬁ|c~ (x', ))+Kl a (BA-1 exé§|6 -1)12 (13) where
complex fi erfcp(afe e 90ns'¢ﬁ@d CY T adﬁctph@f whewletséc and length |C|

n- axi n us .on the focus is-th
as By R i7q bia) THsi ol e sbtiian iy SiBe oherdihy sasediovered by
all tHeOpdsBidle édheo.ﬁamhs BAhASEh8Epetehi lifePparafietdréy(B, B, dY(Wé £an now
together with the conpl ex object dependent term ‘a ,
insteziifahobsey &l gonsidef a given filter i ygwas @f tHe thibetonibinesiqizeanmetses v . and
are applying. Having determ ned a suitable operating
€. Hawgeers taferring taoBy.(19). it eamige ofent thet the Gliercrarametst, A also appears

ndoBHE Y B P Taeg e ety & ”r%qréy'?wg o’ E RIS P Fsol by
coner Bt n BT e b EuRER e P e Slougpa ey

conpl ex valued term C, the conbined filter term such
that: C = Cexp b%g) BA eﬁp_(l 9}3 ]1C(>]<.rf,) therefore Eq.
1

(13) can be si i fied"to g| = A leXP

(i~ (x', y) -1#4F &) = k4= lalﬂ t||2(15) WO (17)
2004/ 113993 P 52004009452 1 y}here BA-1 =

1+21 Clcos(ipc)*¥lCl2 -1 (16) si nO BA-1) 1dsin(yrc)

5 Since it is a conplex variabl e, the conmbined filter

ThedeCédRsfrainthdrisl R Betddvplion sfesmbkiRe ifrBBiansOBikAdn mlnlmlsmg
ilter space, can be considered to consist of

to
unne&esmg@sgfpgorhqdlghgﬁéhethJl@jer filter, which reduces both lrradlar?ce and the

signal to noise ratio in the CPI output.

In the previous sections we derived expressions and graphical analysis methods relating the
spatial average value of a given phase disturbance to obtain peak irradiance and optimal
visibility in combination with high accuracy in systems with unknown wavefront phase
disturbances. We saw that if a CPI is applied to wavefront sensing or the visualisation of
unknown phase objects the Generalised Phase Contrast (GPC) method specifies the filter
phase and aperture size parameters for achieving optimal performance in extracting and
displaying the phase information carried by the incoming wavefront. On the other hand, in
cases where we have control over the incoming wavefront or phase modulation the GPC
method provides extra means of optimisation by encoding the phase distribution itself in
addition to modifying the filter parameters. The two main scenarios: A) synthesizing the
spatial phase for intensity display or B) measuring the spatial phase with high accuracy,
strongly influences which of the parameters in the analysis that should be kept fixed and
which could be changed or adapted. The first approach is particularly useful when the filter
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as shown in Eg.(14). Thus in order to obtain an

overvi ew of the operating space covered by all the
w@omsiidoes conbi nati ons of three independent fiPCEDK2004/000452

paranmeters (A B, O we can noyg. instead choose to

consider a given filter in terns of the two conbi ned

paré?ﬁété%q{a%[e% rﬁétﬁc@g%yﬂé}ngrange"&\’%—;{ ﬁ?ec{ %E?I@BP&Q cfeﬂvatlon of the

can be’seen th ter paraneter, A,
equaﬂl%@ fawpaslgg thaseegearariars Vy'" be defieeddp s aeetion; | t er
term C. Fortunately, this issue can be resolved bg _
Whebsigttpsiaingan Rpet nhaée distriputipn for ppiynelRdsibility 9§ ap@ytpubiatensity
patté@nr’tﬁé "sﬁueﬂi%ﬁ |§ RIOFJ‘(%IanQJj kk%W(tHQ )s‘ﬂ@a\flon lrﬁérvﬂﬁ]accu/érélmterfAerometnc

measerememts Qf qrﬂfégwn @bﬁ%et digfurhances. iThe Perasetere can dharelore rmost
cas GEEITRS HAPL BN NRPRES 1B e kPl T i 567 e torm,

K, tends dxesmtycﬁshhe BeasH amctoratethds hezersiirgBal (12 Foothésepartitular case,

re S8 T UL o S SRR AL . or

smailhreanderegtpiart prese patierag éing-dliniey off 7 dn thevregioplta4-68.6 provides for an
di sturbance to obtain peak irradiance and opti nal
effiqgnd Pa?rrﬂt'@g/rqgﬁn%whﬁ matnnmiHMR| 'Qﬁseéccur acy in
stens, wi th unknown wavefront phase di sturbances.
in oG5 PRTIES 3 ST A LGP P BRUNS WP 6 GEnSTaiRet A kfackaround

for th& BluMiiriiioh a6 fhel Be@btiorfIkMO¥E ol AMeIpARd & fgnScritdion, so we can write:
General i sed Phase Contrast (GPC) nethod specifies the

filter phase and apertuyr paraneters for
achi eving opti mal perHﬁ0 n@é %n extracting and 25 (20)

di spl ayi ng the phase information carried by the

whehs,n(: or wggnm@étsé b8%¥rvatioh pldhe BbRfTatddGdn chkg?élﬁ'%SﬁWQj@nerated

control over the I ncom ng vvave ront™ or pha

|IIun{MBh%§1H% it % R 9ve o#ilhf%&%as gﬁ; daezxi%rB%tgﬁﬁgﬁe\%fl atthe

opt1 m sati’on by enco ributi tse
obsératiohdslarid. on t o nodi fy| ng the filter paranmeters. The
two main scenarios: A) synthesizing the spatial phase

Appfytm thlBtdeﬂﬁbid(gdiuaolcarydiﬁb’n lBéEng Wel d‘wl ddféfi? ﬁmbilﬁhi\r;\% _exrr)]ression
a t i acgur stron i nfl uence iC
for 5ok Phatesniut B Wil T RLta oS oA AR el 4 D8 Kopt

fixed and which could be changed or adapt ed. The

first approach i sgpg 1Hexp glggl-yexg@@f when the filter 21)
WD 2004/ 113993 PCT 004/ 00045 18 par aneters have

A KGR 20 Eh o ¥aia2h dn R R B B8 A B e b 35RE % new
desipa cdieeibe redatinigl the batideaverage valud bff anydemitiphase pétestn to the zero-

ora] ¥Bhs 11 o Skl o Mreanliet Sincg s 8By gnEsh bSSHve and by
takirgy theambodufusi of Boo (2 ) el aiokaet t han t he situation invol ving
accurate interferonetric 5 neasurenents of unknown

phase di sturbances. E@ez[ﬁm@%ﬁﬁ 77 can therefore in 22)

nost

Eq. (22) is a key result for the fully transmissive wavefront engineered GPC mapping that
makes it possible to deduce the range of valid phase parameters fulfilling our design criteria

from Eq. (20). The largest possible value that the term, K |El, takes on is unity, this leads to

the following solution interval for Eq. (22) within a full phase-cycle:

0=[n/3;5m/3] (23)
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cases be chosen to conpl etely enconpass the zero-order
light wwth the result that the term K tends to
waiioss1393 t he Bessel function tends to zero i NPEDK2004/000452
(12). For this particular casg, the SRWbecones a
fI at top profile where we can achieve nearly 100%
light efficiency. For Iler and irregul ar phase
From£q &2 hve alﬁ@oqu]@ab Tmcawam@n ﬁé/@lusﬁmuted 1o the interval:
provides for an 10 effici ent operat| ng regine while

mai ntai ni ng mni mal | os order to optimze a
synt hesi zed |ight di StKI%lﬂ[l/Dnl]WG wi sh to generate a (24)
dark background for the illum nation at the

Eq. 2D ahd SdlutRnanenal distritdd H)’i,ﬁF_:diEl 23)q 84 )HpeeHy theldeSidn parameters
é where (xo,  yo)

for @c%%ﬁvggfﬁm"\gblgt q;glapé% ﬁ’m@ﬁét?r%g;@doql Qyirg the §e information carried
by th@ﬁi@gmmgnnbv@frohth RI0BSIVRF, Hce 22) hintd tdwandd @tta0fe aidof dp‘ﬁmlsatlon by

the reI ative %é} shift genérating a zero-intensi
encpdipg h eaqhaéﬁ@od& ep \‘?SPﬁhd‘ﬁe'ﬁIrbﬁ?é"t'O PiRA WFQ'OFﬁPQa%Pa?“NV filter. This
Iast@@FKﬂb@ sty tuseful iRerrthe f(lt@;BPheYé% Ha@Mh reBfridted dyR8mic range or is
| owi ng expression for a no-loss phase-only filter
fixedi th filter transm ssion paranmeters, A= B = 1: Kla

N : T ;

Novg?sglé(rg gug le%t v\(aﬁ‘%(/e\ﬁgt) )ﬁé\%nﬁ é\yéchﬁék |v§op\lngt§e gglllysﬁlltglg ther t?ergt choice

for 8% At@SSHrageter RWalGeHhagbllowsi foethe Mgt dghami rah§e of phasor values
spatial average val ue of any input phase pattern to

at thensputeAccordinglirthe ansiest Inossible freal vatae c Ked=Fo R isetesishtzls énplying
firlter def.i )osi tive and by
thatt%ﬁ le?cﬁe&] P°G‘H§|° ti)ug%/mte@ lty 'ﬁ%[ obt ain: Ka

—125| n(0/2) 1 ( 22) 25 Eq. (22) is a key result for

the fully transni§sgi )3:Q)él\fed tr' @b@] neered GPC (25)
rmppi ng that nmakes it possible to deduce the range of
val i d -phase paraneters fulfilling our design criteria

'nSWWE’q“ (24) Bai8e weabiaia thepjgliawing Bvasauisenanrie ferge input
n is unity, this leads to the
enc#’%ﬁhﬂ%?@g{)ﬁ%d R/interval for Eq. (22) within a full
phase-cycle: 0=[9t/3;5ic/3] (23) V\D 2004/ 113993

PCT/ DK2004/ 000 orel9 Fro ) we al so observe
that K Pl can 2&‘%1 gﬁo m&ﬁ’a‘lﬁf ted to the interval:

K1-al =[VY2; {] (Zﬂ) Eq. (22) and the sol ution (26)
i ntervals desclighe )-( 24) specify the
desi gn par anet rs (E@i%})e)g g (gptl mal performance

in extracting and sp! ayi ng the phase information
w BB P Nl P AR BT 0 U €815 ot th oo
intensity in Eq. (25) via the cosine term. Since there are always two choices for a given
phasor value that result in the same cosine value (excluding 0 and =), we notice that the
second requirement can subsequently be fulfilled independently of the first requirement
simply by complex conjugating an appropriate number of phasor values. This fact is a key
feature of the GPC-method since it makes it possible to solely concentrate on the first
requirement in the process of synthesizing a desired an virtually no-loss grey level intensity
pattern.

The first requirement in Eq. (26) can be fulfilled by several means, including: dynamic phase
range adjustment, fill factor encoding, phase-histogram adjustment, spatial scaling of phasor

pattern, raster encoding etc. In a histogram adjustment technique one will typically start out
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encodi ng the phase nodul ation depth itself in addition
to the no-1oss phase-only filter. This [|ast approach
Wo sooparprul arly useful when the filter phase PEEDE2004/000452
restricted dynam c range or bg fixed. Now, assum ng
that we have a fixed and fuIIy transm ssi ve phase-only
st chaoi ce &% ~he filter paraneter
W'”t %deas'r\?ﬂﬂ‘éta“‘tedatena'ht %btw f ,giewhe@);hamwmlaﬁ@ehlevable

el OB ykfelfEput Bl il g SR kool tedSyessngensity

level isgixgd by thet theaokgdund griterioadi Bg. (20). The pesteruite ik Ab&MS btjyist the
distribution; I (x', y') = 2[1-cos(4)(x', y'))] (25

hlstogfgarfpt hG'id) = 1 Mhtle |malrEqmmg8c)enbtealcrblahvmmtdmelty leMéloaiiosguntil the
two requirenents for the input 15 encoded phase

firstregirement @(Eg (%) is fulfilled. $uhseg@gttly4tjte(secor3p) neduiggmentAn Eq. (26) is

fulfll(e%@y coffislex cfon?ug%'tlﬁ‘g Gt hppropridtd bdu Y tie ﬂha@‘otée Tﬂ%%fgr)ﬁﬁ{ﬁ procedure

It 1's on rst requlrenent
is to @”&'?@Wl%af%t%ae%dt@tl@a@bator vale lﬂﬂwﬁwly af theygspatial

Iocah@@)HdWe@eF s @&fdsﬁleﬂlbﬁh@“ pr&é&?e t:éhe §o (2] @urﬁFWé ah %Hvantageous

choi ces for a Iven hasor val ue resu

tool {anexiradgonee qeéto@)(@q ruanleatmgghq qut)al freguensy p@@tenhlatorder to
optitn3e thé@ﬁﬁﬁ&’ttdn@ﬂ%w §ﬁ@ﬂ|bh %PQUQ ﬂ@é@éﬁrdrtg s aﬁ’h% Bbi rtérlnﬁ&t plane by
i ndependent |y of firs urre

takinghig jsegial ah?wehqaﬁen B apioHth .gamelgﬁgﬂwm raﬁaspmajuﬂs can be
choéé’thl teave Efﬂha%(nh%tdlffe?en"’ce‘%weérﬂﬂew ?ne?éb iRFoddd ?hg'ﬁ%ﬁgﬁjatlal

since it nakes it possible to sol el ncentrate
frequencymedifation eﬁélqguﬂteettt%mg imthegeatis @é%@f dsfmain.
t hesi.zing a desired an virtually no-1o0ss grey | evel
In n]og\? ‘@%?’t'}?’weﬁﬁrt eavqlized-prtppt nge[nsytxelqy,els arfesiffigiente. the segeeeding
analgés, vbtﬁth%lcéféﬁe'fb&% &Vthé%h@écﬁhgf BEAB fhput Bﬁaééqe\%ls Ve binary

.ran j ust ment factor - encod: ng,
°UtPﬁE'§Eeé‘Sﬁ¥ ley @r%ﬁ?%‘(ﬁ“&%?ﬁ%ﬁﬁ on f@ﬁtfw anasedayeln gliays fontasavidest
rang@aifbﬁfafy |nfe®§ity3;5at@a|ﬂﬁ @ﬁ'édwqgeérfﬂ adt&né‘ﬂd&!lyfbﬁﬂfd@@for the SIV\BIIerd but

st nent technj que one w ically start
'mp%%ﬁ?'mi@mseetﬁm@@éwg@@@mma g@sewi th a desi red
elative intensity distribution | (x', y') desired
For {Rﬁé?réaty Y258 fNERIN G M6 Wé’ﬂ?@fheullm@et portien ef thesnput aperture

areauﬂkélé)M\MdQ&'inté 8lRbie4s Aon}\%tﬁi A}’wn#t?ﬁé@ ec'cbi% ?Hgg% g?mg and

t he | owest intensity |eve I xed

¢, . W\te grerairoing ddr the de(l\%@l))n otrb@qulcw(ﬁﬁbsélem felany the a@dde§§|hg
the histogramfor I y' )desired while maintaining

paramela{s frdhe plase mQ@J'@tmnéﬁéhq kAnpe pbpossile prasgrnarametess o the
Fouridr Fifiér dt%girh};rtl@é‘”&é‘élgh itEfon We Bhvd Sirdddl f let elﬁdWe &express the total

Subsequent t he second requi renmen %
P

truncated area and lts average phase modulation, as the sum of the ase-weighted sub-

areas:
4, exp (i(f)o)+A1 exp(i$1)+A2 exp<i$2)= A’a’ (27)

This can be further simplified by expressing the sub-areas as fractions of the total area, A,
suchthat ;=4 /A4 and F, =4,/ A:

(1 -F —F, ) exp (i(T)O ) + F| exp (i(T)1 ) +F, exp (z'(T)2 ) = |E. (28)

As previously mentioned we are interested in binary intensity patterns with levels
corresponding to the input phase values. In this case the dark background region is defined
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fulfilled by conpl ex conjugating an appropriate part
of the phasors. The sinplest procedure is to conplex
waeomngabe every second identical phasor val uePCT/DK2004/000452
|ndependently of the spatial,q|ocation. However, this
phasor flipping" procedure can al so be turned into an
eous . tool gan extra degree of freedo ~
by (?ﬂmﬁoﬁmn g Uyl meradi: § clpune L bs hgrendd 4,.7,)
opti m ze the separation of | ow and ati al
at e B AR £k e N, RaPHTenely RO0ER tipie 15 ¢ aki ng
the spatial phasor |ocation into account.

E. g.
nei ghbouring phasor va} £ lnbe chosen to have a 29
maxi mum di ff erence bet V\@j ﬁﬂ t hereby i ntroduci ng 29)
rmdu

i 3 PU R prpdS 3P meersr ten Bk 52 he Seiiisafiod applying the
phas@rsshart analysie ¢schnzgiealehoastratad rudection nBué 1o thveshendtryewe can

. f In t C nal ysis, we
simiif erplb s peP o e F R g B he | nput "phase
| evel s to achieve binary output intensity levels. A
derivation based omd erpardy phase,l evel s all ows for (30)
the wi dest range of binary intensity pattern encodi ng
vides for the sinplified but
sotQQQR€¢%ﬂ€§L5%§$bMB gge | evel encodi ng as a speci al
case. For the ternary phase encodi ng, we consider the
i || um Rdes(idb)i) drrﬂzﬁpt(hé&fh P Kapgrtezméle) Po-brea, A (31)
as divided into sub-areas A0, A and A2 wth
: i
tis PEBREHANRORNTTask 5 1600 B, (1 7 M e pert At il pfichart
respegtiveds &9 alfainghe fatewingsset orequalionphase nodul ation to the
range of possible phase paraneters of the Fourier
filter obeying the design criterion we have already
set out. gappexgg@sa Q 1Lgﬁgk N@funcated area and
its average] phase nodulati sum of the (32)
phase-wei gh ﬁdﬁlmmn@ggataag @f(ﬁxmsl(g))[‘
) +A, exp(i ~, y +A2exp(i Thi's"”Can be further
S|an|f|ed by expreSS|ng the sub areas as fractions of
ﬁ otal area, A,  suc A and F2 = A2
Thls/caAaSO( @‘Pf?ﬁfﬁékfbquméff mﬁé%{'?w'?meiﬁhﬁh@)-l al (28)
30 As previously nentioned we are interested in binary
intensity patterns with Ievels correspondi ng toéLhe

)i lc €A ){ i d
Irgg onﬁggs)g ‘(I nedy(\/\o gsf)(tgg))?uSQQg})L %004/ 893% 3
-21| py- t ht; 1 o) 9
i nt ﬁ%.f {Q)Kanggt Ergs d byﬁ)gﬁ()éhtl(A(BgIe ?;2)

t he |nput pl ane. For the bi nary output intensity

i by Belser eBissfliens BPredtrlieel ERSHHEIAH o Ghiredipoth the

F-rémiorearsd the Areegibn @@ capplefihenthetrbsulting illumination compression factor, C, in

(33)

the following way:
C=(F+F)" = (1—(2J<)‘1 )”1 (1-cos(Ad)) (34)

The minimum compression factor corresponds to uniform illumination at the output such that

F, + F, =1, whereas the maximum compression factor is found to be C— o for K= }.

An interesting special case can be deduced from Eq. (31) by setting £, =0, where we find

that:
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5 phasor chart analysis technique denonstrated in
section 4. Due to this symmetry we can sinplify the
wW@r@kA$3983 by appl ying the foll owi ng substituti BPOT/DKREO4/000452
$1- $0 = $0 $2 (30) so thatogq. (28) can be revvritten
as: F,(exp(1l 4)-1)+F2 (exp(-1A4)-1)=K-"(i-exp(iO0))-
(31) 10 It is now a straightforward task to _splve Eq (35)
(32) 1di="re{ ol )l (iecspfei)ar ey
respectively, to obtain the follow ng set of
'mp'élﬁleéh@tdﬁrsthe rbmaw phase madlation cewernusé b8V A4 ))) (32)
F, - F2 = sin (0) (2K sin (A~) (1- cos (0))) 1 15 This
can al so be expressed mM,ergrs of the fractional
areas, such that: (4K) [ (2K - 1) ()1 cos (A~)) '
- cos (0)))-" (33 | F2
in Omfﬂt@thﬁ%lbf%d‘ﬂ(é t%é% Rakvalyed. i n (O)(SI n (A~)(1 cos

ave, focused on sol utions wh

T Ao s Oftie bida ?qcele‘r@ trtoogsERANASEo e R0hSeMionsarhere a
binanl pliegi pteANsbridadiBeifgiton we can define the

resulting illumnation conpression factor, C, in the
BRIEPIDESGRIg TV OFCRHETFFAWINGS - (2K) - ') 1(1-cos(A0) (34)

The m ni mum conpressi on factor corresponds to uniform
Fig. il ||llﬂf$1r9@tsls@herabtldah¢athwwbhmntrbaﬁmaﬁmg 1}/Etgm?l,

wher eas the maxi num conpressi on factor ound to be
Fig.@ -lkistratebachdmaticdRy a? emBodimehesihé ipf@eﬁplﬁ%rﬂﬂonpase can

be deduced from Eqg. (31) by setting F2 = 0, where we
Fig.f3i ratbo dchamatitilly ADEHARI FROSNBUIMEMZI¢HY. 200452 -22 F =

F, =(K(l-exp(i0))-1)(K(1l-exp (iA4)) (1l-exp (i0)))_1
Fig. @3Sustratep lvariogs layatts biothe spatidb phaseyfilehas®rdingl td hikippesent

ca ! have: A =0 (36) in order for the fill
f adfigfofdip, i

be real -valued. 5 This result turns out
Fig. éé&%?fr%%g sSEhete i TS TR P Bvaiphos as t he
e PP T e e R D NEN ES cont s ast

Fig. g{%géggg %%?}'ﬁ?ﬁe EerQras? rr}r#ég&nﬁ/sy %W%mﬁ‘&ﬂs&mnt ' af (lzolr'Xmon path

nent prese
interferometer 1. A laser emits a light beam, which is expanded by a beam expander into a

(36)

plane light wave of uniform intensity and directs it towards a phase modifying element. The
light beam is transmitted through the phase modifying element and a Fourier transforming
lens (L1). The phase modifying element is positioned in the front focal plane of the lens (L1)
and a spatial phase filter 6 is positioned in the back focal plane of the lens L1 that is also the
front focal plane of a lens L2. The Fourier transforming lenses L1, L2 need not have identical
focal lengths. Different focal lengths lead to a magnification ratio different from one. The
spatial phase filter 6 phase shifts by 6, and optionally attenuates (by a factor B), the zero
order diffraction part 8 of the light modulated by the phase modifying element. Optionally, the
remaining diffraction part of the light modulated by the phase modifying element may be
attenuated by a factor A. The reconstructed intensity pattern (X', y’) is generated in the back
focal plane 9 of the lens L2.

Figs. 2 and 3 illustrate schematically an embodiment 10 of the present invention in a 4f
common path interferometer configuration. An array 12 with a plurality of individual light
sources PS4, PS,, ..., PS, emits a set of light beams Wave,, Wave,, ... , Wave,,, which are
collimated by lens L3 into a plurality of plane light waves directed towards a phase modifying
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10 Fig. 3 also schematically illustrates the

enbodi nent of Fig. 2, Fig. 4 illustrates various
WO ayea1®9df the spatial phase filter accordi ngPCDDKR@4/000452
present invention, and Fig.,H illustrates

schemati cal | y anot her enbodl rrent of the invention.

eler%%-{'%‘hltgpe PE%%?& EJCL e%n? rrag né@t.’@%@} é%{)gﬂgﬁgach. The

hows "a aseé con ras
phasenmadiffing element iﬂapfhasel madsidtes theetleatromagnelicfialds kynphasonvalues

o) @ 2P ERrgpleR by PR SerPn® op B B AR B etidhving
elermdntﬂémﬁndl&gkﬁmh@&&eﬂmﬂusmyiedghmhgmmm phash enodlfylggteldmwmm and a
Foul BRI Db G BATRE P LY RS Rt foce
planeloé theniens 51, pevsii d spetieldbhiase :ﬂhmr d nscmlsnt:bm:rﬂ:h élmé back fotaltphene of the

L1 t 6.1 S .
ens 3 el 5 2lsg e, PP B BB Bt AL, Ohs FoDie (ebitorin ges L1, L2
need sotdhae |dielfrﬂacalff0mtengthsalefpkeam éoaf leagthe dltmdl.tﬁa magnification ratio
t L1, no ay, .
aiort P ané. 1 Eedl MaB gh il TRppd Bk PP - P Ghgt g spalighphase
fllterteaplaaseswymrﬂsfbyoaspe:mve MIues @I,L b, er. ee; arfid optionaky. atlemaates (by
esoREe kP BB 9008 PRI R DBl e e o
moddldtéd Iamﬁwnecuhapantodﬂym elbmen’l[ }l@f@ptmmdﬂy, titeadnmajninddiffictise part of
. L.Or 2
the 1GRF okl st ST Bhase PR ¥ meblifind Be AR eel By fastor A. The
reconetdmcftgd imdersite pattdrn @y yh & gemietaded it thel bbyk fpchlgiare O Af the lens L2.

The reconstructed intensity pattern I(x', y') is
The jlentatat asgstem tthmap be kontfaledby plcamputer @liot tshewh)e nempising interface

a8 Bt B B SARAAGR! t Be REF S Womens 1
and irahemiterganptasor caloé Bty & theraddissed realufién w'ehhzna(x y). Further,
the é’)olng%ﬁerle;h%/)( gorgbrgs%tll\ébp gqar\ltrangB%saﬁg S ol ﬁ}%s’t%g \Qer c%%he llght-emlttlng

array\ay eTrlue Wmmherahey aleo chmnnéeeudplhxynémssw\ agd mey.board a diskette
ural.ity

e R iR TG TiesyaGAMETas0 S PedTineSodal apNae 2n.imgge pattem
to b@bﬁﬂﬁe’ﬂizeﬂ%ytthe bgstémciiodErim theaBcdivel iglagepattedt the computer may be
adapﬂs@ﬁ trgler%ﬁgc%:\}a}_{@s gﬂgé gﬂ%{}lgggge %fr%%olt]’;lré)% elgrgeaﬁtg (x, y) of the
phasd mcﬂurynfgageglbhmzf leg. ]tcﬂ)asélyorpb amgra{mltekﬂ?]iqte a%, dgscrifet, herein.

. r ordin 0 eso enents, o
ontiffali GearneNinAELS maetH phits M B (DS A AuS g ontroliable
by optores phdse ddh&bsrﬁeérisecﬁf thélé@ﬁ@helt, didhirasebahinky adepted to adjust

th IeneH‘tfrtDM and a 5 Fourier transformng lens L1. The
e@l‘?ﬁ difying element 14 is positioned in the front

Fio- i rpteR RS eyt S ALEe Speteh Reier Bk e B B2 Gresap imvention
for ||Iustrat1drﬂoftthafle>nlshtglpmndeldeayfth@ mvehtmalTheilasteated layoliensatch
r transformng |lenses L1, L2 need not

CO"‘F]%R?QEIP% [:Sa(?% SPU@&Iarra&Tﬂgt hs. Differ ent focal |engths

Fig. 5e|lﬂgtra%s scﬁmrggtllcfallly? grt1 Ier% ocrh%te'n? 10 of the present invention in a 4f common
path interferometer configuration. An array 12 with a layout 12a of a plurality of individual
light sources 12b emits a set of light beams, which are collimated by lens L3 into a plurality
of plane light waves directed towards a phase modifying element 14 to be incident upon the
element 14 at different respective angles of approach. The phase modifying element 14

phase modulates the electromagnetic fields by phasor values e**¥, (x, y) are coordinates of
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different fromone. In each phase shifting region
PCF1, PCF2, ... , PCFn, the spatial phase 10 filter 6
w@basa1®h fts by respective values 01, 02, ...PCT/OR2@a600452
optionally attenuates (by respective factors Bl, B2,
Bn) the respective n'th zero-order dlffractlon

the ii’ésioiuh@ﬁ e?eli‘ﬁerhé &*leelffﬁfjm%?hsge R ;{ma@&% heglﬁﬂgwa\{es are

el enment . tiona e renal ractl
trar@fmttwwqug@me phegaIeadiling lament jH aod arﬁmruemrm,sf@mngenens L1. The

phaBBYndRftyiAl ERAEAE ¢4 ls%sﬁloﬁé'&gn%e fontBEal tpfea?%%?lﬁ]lgﬁ%ﬂ and a spatial

|ntenS|ty pattern genera
phage fligr Gvidihe layout6a <Pfe’=1 ml@wﬂjtyLoz mdeUHh phasel aiftingaareds 6b is positioned

in tHeYSdcR T pBRY opfﬁeqé’ﬁkt I PlHed &rtﬁe pr%ﬁ Iéﬂ%oéf aﬁQ,?gl"P% The

rising rnterface neans reSS| each
Fouri '@g&nﬁ@rmmép@?ﬁém& Lgmeed aoprryeddentidalffgtan @El’elhsn@ﬁferem focal
leng%lﬁ‘éjlebﬂ g ma‘ghiflegtld% r’@ﬁé‘ﬁ%re\ﬁ?wﬁ c?ne)oéa@ of\’tﬁ &)ﬂa%{ghlftmg areas 6b

dressed réesol ution elenent (X
of t%"iﬁﬁﬁﬂ'enhaﬁﬁﬂlt@f dhphassehlfisdight incidentoiponidys, famd optionally attenuates

(by S‘Pégt&‘%r%pﬂ'ﬁ‘ ligH? %cﬁb%lW?ﬂpc?rT it Fsrb%ngtjlt%'& srﬂmé n@%rg c{lﬁrégtlog part 8 of
lightspitied fram %lccur@pemdneg E@edﬁb/@‘ thalasepanra}m 2adarstmddilsied by the
pha?e H\%H}Pﬁﬁé(elb%ﬁ{ {@?ﬁ)tloﬂalﬁo ﬁu%%m% &?Q%/élﬁnragﬁcgn §?r£ﬂ€ t%ﬁ?ght modulated

pa tern esl ze
by ﬂprr blnﬁqeﬁeodlfeymuam%trr@ebqaauemated HyreefacompuThe revysipgcted

inteRIGRIRG! @m gé@éé AR nalR ISP B RREL S o

the re enen
TheWE%tr%t?éE& stBin ¥ Eé Caﬁtﬁ led %g%ec%ag{bteg nZgJ: q%‘nopglg‘wg Ilbtﬁgg%e means

for erﬁfefsls@gcﬂach néthggawl@tlonmm@ts of therphesem;odtiyangzéjeumb# end
oI5 b e BUSOE SRRLEL TYE L v

comphter p‘raa@emhsé ight Ebitrol 4nednks tisrt doatrelfingy thiei cutsut loAhedreayof2. The
comf)[]ven Is%I crop@?ﬁ? fnpgk Fn%tan Cﬁ%gtg g§ %%e?l?oé{{i] S?f ﬁ%ﬁ%,g,rgdiskette drive,
an optical d@edrlbey a redwonhietetface) .a fbdem,| dtciFor rabedmbamombge pattern to be
i p out s o sQurc
syntBGiql e SESBAKD, Rty BEELS R il eeiieft Wi Ssmo darandy be
adameétcemlculate @hamnrvaluas o ¢ trasmitied toptht hesmﬁtibhfwtafrﬁmé eX, y) of the
iy61 ) ' ut 12 .
phasib B At o bled'sh st BediNauk B depebecungrein
Optigrallyi tyh tohbemshifts eitthe hpatak pbaﬂel fi ItmaB efdayh}e ahd‘;‘lﬁﬁtalﬂé ah@onteollable
by oB{qua%l’lé% c]pﬂ{rol% 5 r% rt]i?ehéoine erb ect gt?ﬁ }uggar atfqued to adjust
the phagershift. Aa maagum sysaemmapwmbesymaesﬁmﬂ lﬁ’fenﬁfyl ;aammg«t:]ry ) and
trans]ﬁ s ?{Eg[ﬁg cﬁ@?btey?(? girgiis%gasﬂéﬁleg%sfé?\gﬁg f@jaog%&‘é’ iy gn%?tfg a6djustment.
A usg) ofdhe Snsjendna)ane\se inHivid0aRRO4bdamO 9BURCTSIRK ADAM0088 452
-24 the resolution el ements or pixels of the phase
PROMQFED ARGLETATHONS: 14. The |ight waves are transnitted

t hrough the phase nodifying el enent 14 and a Fourier
i Lawsmanhmertgolleeglsfon_ShapTigeforqnhr@sessmtmmgIeng, s@bl&ﬁi&l&btt:ﬂ:é drilling,

hﬁlg@%‘laﬁr@nﬁﬁrl&ﬁ‘g tbl?gnofn{go W mr%%%akar%er%ﬂs scrlblng IaL)eIPng welding,
soldering, two— and three-dimensional surfaces especially by use of CO, and Nd:YAG
laser based systems. The main advantage is that energy is not absorbed in the system
according to the present invention (thereby preventing damage of the optical hardware)
and this non-absorbed energy is instead utilized to increase the intensity level of the
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phase filter 6 wth a layout 6a of a plurality of
i ndi vi dual phase shifting areas 6b is positioned 5 in

wo b@4haiok3 f ocal plane of the lens L1 that is aPGDDKh@4/000452

front focal plane of a lens b8 The Fourier
transformng | enses L1, L2 need not have identical

f @ssirkd lightafidusbutioh fid ’éPfeQﬁ‘lbgé BeRé. Hlbﬁ 'bgﬁvgﬁcér?@éjdélﬂeﬁéd to selected
nification ratio different from one.

prﬁg%s§H|af“l’<i’rh@'e§?é§§“'@59°'éﬁythe spatl aI phase f| I ter 6
phase shifts |i I nci dent upon it and
o‘BPtI'C@h%qu?eraﬁ"f%’ Gbﬁ‘éﬁlpU'@Bﬁw of f’f"&t&@h’ﬁ@? SUPh@SImlg'ﬁJrcomponen’fS

| MSIbgieAtceld ¥, 'Lklng%l&ﬂ%ﬁ{aphéﬂ%}a@%nﬁﬁ?ceé %"rébd?ﬂ' &Y to the optical
diffraction par t 10 ht"emtted froma

c'mef‘%@’p‘?ﬂ'l’&ﬂ”ﬁg” F%@feci%oﬁf‘eirﬁ@ﬂ'tﬁgéﬁd'%ﬁr ay 12a and
nodul at ed by the phase nodifying el enent 14.

dpffivienfandydyneric sRofralTaY BenetaipTs kaser on Riwse cemtrashimaging. In order
| tb%%v.d@@laé @F ﬁ&ldm&)beémg f&%%% BPShbYIEBSLRE Sl@ﬁféhts”@é(crpé‘é bistable

attenuated by a factor A Thé reconstructed 1nténsit
piemeants. photenic gwijchies aQ@ﬁé]a&tR@@'ﬁ n the back focal pl ane
9 of the lens L2. The illustrated system 10 nay be

c%@w@t!qr@ﬁ shyictaresdightitiess logs) éurmpadhiriendsiom applicatiensnEan periodic
Ignd KewasAbEe Fhé® geﬂqﬁun%atmqhétec%g'uéturp%te%' if {EEFHﬂéL of

t he phase nodi fyi ng el enent nsmtting a

st
eﬂf lﬂﬁ&ene?ri]r% bi ?pﬁflcat@nh (%sé@ aﬁﬂ%é%@ﬁ lrnr %@ie‘é‘gﬁtﬁ&t the need for
|segH@nt@bﬁ@ar@lngﬁm%lshlgf@powerdmmdireﬁquttlme of wepeguidgs mt&e -doped
afiilcgy 12. The conputer may al so conprise input neans,
such as a keyboard, a nouse, a diskette drive, an

n

B PEElon sl b Buafo e d¥peres b LS 075G ofafp R R gadiaton
tfeusgiesslem 10. From the recei ved i mage pattern, the
conputer nmay be adapted to cal cul ate phasor values to
deaser epsmbhapied (dynamis).r esol uti on el ements (x, y) of
the phase nodifying elenent 14, e.g. based on a
Hilighly gffigient paraliel dnageaprofeton vitfemiit keer el for Steseoaedrining device.
t he phase shifts of the spatial phase filter 6 may be
dYjnagicabfrareanBcenemrojetlic(DERSBY opti onal phase control
means of the conputer, which may be further adapted to
dipasire 2Bvich éorghating st rhask phoduatiagi ng syst em capt ur es
the synthesized intensity pattern (x', y') and
tLliRARm@mpplicationd.o t he conputer 20 for display to the
user and for possible automatic adjustnent. A user of
tUaserysitisgnimparalidyve i ndi vi dual |ight beans around
usi ng the nmouse. PROPOSED APPLI CATI ONS: Laser
romedri shewt applicatiogs. f or shapi ng, form ng, assenbling,
etc, such as cutting, drilling, 30 mlling, planing,
ramisspigre byseacbhng, trimm ng, hardeni ng, scribing,
| abel I'i ng, welding, soldering, two- and
t hr ee- di nensi onal surfaces especially by use of CO2
and Nd: YAG | aser based systens. The main advantage is
that energy is not absorbed in the system according
to the present invention (thereby preventing damage of
the optical hardware) and this non-absorbed energy is
instead utilized to increase the intensity |evel of
t he WD 2004/ 113993 PCT/ DK2004/ 000452
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-25 desired light distribution in the inmage plane.

Hi gh power can be delivered to selected regions on a
woweok/1pisex e si mul t aneously. Optical tweezer aPCEHPKR@W/000452

mani pul ati on of m cro-obj ect.sg. such as

m cro- conponents, biological cells, etc, using
cLAlMectromagneti ¢ gradi ent forces proportional to the

optical 5 intensity pointing in the direction of the

1. N pHaRBTohtradl ls§stb@ITbr synkHesizrigadi infRSitydytrm Rx’SfPtcoﬁfpﬁ@Mg
generators based on phase contrast i magi ng n order

a sdwcmme@i@mmgaan@felmoa eRBsiPadTRt feakt thorspstaffially plane
ment s, such as bhistable el enments,

t oel ectraonic,_ el
e'e‘gr?ma&ﬁ%c %WW?%Q'%SW@" Xasrqt pb‘?B?@PEO” Generation of
t ed | ess for ne visiop
2 piigsg el g et g8 fhese SRt oL iTa SlcBamaERs (o ieids Rygphasor

valugsiet®n bhy gbiadricnot thatths aniehst M@%cﬁgn'iagné’cﬁzr fRldsdre incident upon
Phot ol i t hogr aphi ¢ apfpl ications (laser 3D direct

it at\&’ffqr?"r‘ig'eW?CB‘é?%fl‘gl%‘-l OvﬁpPFR:%Fh the need for sequenti al
scanni n power | aser direct witing of
flrst\,{féwg@rqu)r ergsrpqll o@g:_s&@rp@yneg o1 Fregnel trgﬁgfprrgqngﬁh%m%e modulated

eledtﬂ@h@@ﬁéﬁd’flélwwsﬁdn@@ i t'ﬂe gatioPYatHS 67 Bk o a8t fRAsHRise

ul atl on (radiation focusat ors) Laser beam
mo@ﬂﬁiﬁ@ Aigld tdynamic). Hi ghI y efficient par allel inmage

F%él 4@@“ ?P wi thout the need for a | aser-scannjng

a Sppda sell W&ﬁ%@%f"}‘%ﬁ"@?e%&‘f@ rpgang(ppﬁlgq;pe(dmtmectlve Zero-

ord@tﬁm’éutkﬁh r@ghﬁhéi of therat Earagi MQ‘e@é’éﬂ:{uV@ﬁﬂﬂad@ﬁﬁ@Mﬁété@ Blectréagnetic
ons.. Laser printin ar a

folds {06 'Pd%ﬁﬁaﬁyﬁﬁﬁ? Shifingriae at leagg 5@§aeet'\feeF§é5'P&ﬂr Frggnel

trangfb%héd SRISMBGEIMZRIAHY HPEHERS minetbrespdelild/Bhdse hiPhaBSEs 6, in

ﬁst sgstemfor synthesizing an intensity pattern
fe'at' rktot §r§maiRBepRrtal ngafée%%EWQ:@SB?C’@(Pér@fl?fsrra@%kepféomagnetlc
f.ekfsl ghgls for em ssion of at |east two substantially

pI ane electromagnetic fields with different axes of

secPidPagRY bP Fresheldppbae forihd the Nerddit9 fﬂSBﬂéranQd’ yF)'W%urler or

| ation o ectronm net cfle b
Freda R waing ineiglpasbia Pomdve Shese-anTIarcr e Bageshelo
tranefoffibd eRBEORbYSettifielads are inci dent upon

characterized inthat

the phasor values e**¥ of the phase modifying element and the phase shift values 6,

substantially fulfilling that

I(x',y')E;S(n)A2

2

(B,,A'I exp (i6, ) — 1)

exp (i(T)(x',y ')) +K, |o

for selected phase shift values 6,
wherein

A is an optional amplitude modulation of the spatial phase filter outside the zero-order

diffraction regions,

B, is an optional amplitude modulation of the spatial phase filter in the respective n’th zero-
order diffraction region,
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it at different respective angles of approach, first
Fourier or Fresnel optics for Fourier or Fresnel

wo e@aaimeini ng the phase nodul ated el ect r onagnBCT/DK2004/000452
fields positioned in the prqppagati on paths of the at
| east two phase 10 nodul ated fields, a spatial phase

— fiter WM th at |east two phase,shifting regions
@ ﬂaﬁ)‘ﬂ(%\/\iéﬁ the average of h\?eo pig-e NZ’P QEfned g??lwtﬁa glgments of the phase
regions of the at |east two respective phase nodul at ed
mO‘ééﬁ'ngﬁ'%m%@n%@qc fields for individually phase
. shifting the at |east two respective Fourier or
¢=F¢e¢pmnd transforned el ectromagnetic fields by
predet erm ned respective phase shift values On in 15
| ; ; ) 1 e at least two
S(ilpgégtéclﬁ fé\?élﬂltéfgﬁesp g‘?@n’%gﬂre ae@%?'%ﬁglghéerﬁec fields, and
second, Fourier or Fresnel optics for formng the
K, Firehdil 24 7pak td1erein (x, y') by Fourier or Fresnel
transformng the at |east two respective phase shifted
Jo iFtherzesr-order Bessehfeinctidr, angf or med el ectromagneti c
fields, 20 characterized inthat the phasor val ues
n, Rlatesthethdild R, PITASE nOLH G fiﬂéﬁ*@éfyioﬁﬁg R @JRRFZD the main-
shift values On substantially fulfilling that I (x',
lobeyof)the Airfumcon btk (put ¥perture )n), KR, 1ROC~ (B, , A’
exXp(ien> 1)1 2 for selected phase shift values On, 25
in Ais an optional anplitude nodul ati on of the
spati al phase filter outside the zero-order

gl REL AR SO i Dn Ry AL oRPhi e
respective n'th zero- order diffraction region, WO

1) 2009/=12399BthBEhaEKRAHG GR8AEhe pRAscfilfr Isexmuldr)or S t he
averagé of the phasors e*" ,y) of the resolution
el ements of the phase nodifying elenent, and 0 g$-,

2) andhS(m3nd thetphese fikkesris fivided inte Aeluiality oblowst evarigeeandoow having

zerhesy e g odil nfrisged 8 e ehva PRl el PRasor

Rarvabe &@'he n'th zero- order filtering region to the

radius R2 of the main- |obe of the Airy function of
2. Aphese spitrasi pestemaeconding, to lain 1, whemin the phase modifying element has

an input for reception of signals for addressing the resolution elements (x, y) and for

adjusting the phasor values e**¥ of the respective addressed resolution elements (x, y).

3. A phase contrast system according to claim 2, further comprising a controller with a first
output that is connected to the input of phase modifying element, and a second output that is
connected to the spatial phase filter and being adapted for adjusting phasor values e**¥ of

the phase modifying element and phase shift values 8, of the spatial phase filter.

4. A phase contrast system according to claim 2, wherein the controller further comprises a
user interface and being adapted for adjusting phasor values e**¥ of the phase modifying

element and phase shift values 8, of the spatial phase filter in accordance with user inputs.

5. A phase contrast system according to any of the preceding claims, wherein the phase
shifting regions of the spatial phase filter form a rectangular array.

~ 6. A phase contrast system according to any of claims 1-4, wherein the phase shifting

regions of the spatial phase filter form a circular array.
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except 10 when the phase nodifying el enent has fixed

phasor values eW 'y) and 1) On = 2 and the phase
wa@bdott1139g3 area of the phase filter is annul ar, POT/PK2)04/000452

On = n and the phase filter bg divided into a

pl urality of rows, every second row having phasor

7. Nghdée c%nﬁaé%'% stei é&oidﬂ&b'aﬂ%%ﬂclﬁ’!n‘iéh hh\ﬁhér%lmhg'pﬂgser Shifing
havi n%ﬁt he asor value el . A phase contrast

regigps Pk é@étﬁ"@hﬁ? filter dorgy adinear @fay-ei n t he phase
nmodi fying el ement has_ an input for reception o
8. Asﬁ)fg?ﬁswen %ﬁtswem&‘@m@qtﬁ@nve&eﬁma b whersieihe pbase shyfting

regidfslof e spashl whbéd it RenPRR3REaV@bssy S3N6Y) of the

respective addressed resol ution eI ements (x, y). 3. A

9. Afrse c@ﬁﬂﬁém%teﬁw&fc@mr@qa%g bnaaeltpfgfé@gﬁléémshg w{;mtaﬁ{lg the phase

risi a controller wt
Sh'fﬁ%n%@ gg 2 CRRENUAHRIEYAN: phase modi fyi ng el ement, and
econd out ut that i s 20 connected to the sp at| al
10. Arphese eppigast &%ﬁenﬁép?rsmadeﬁkaga9fwhersmtu§phﬁ@e ﬂnfagereglons of the
spaualphageﬁ[ferfd)r‘pﬁaqﬁg t he phase nodi fyi ng el enent and
phase shift values On of the spatial phase filter. 4.
11. A miaaé Comfteat eygséme\ta@ramga@ &Ry 6f O8inisOl -4 \ahdibid tha\PIREsR! Jhifting
%ntrolle fr% r co LJ ses a user interface and
reg|8g§ Hét ﬁaﬁﬁtﬂaeﬂ l Elfcbrg‘t“?’\% WRRcYF%al ues e*".' of the
se m) n el enent .and se shift values On of
12. B it shdn SEHE00 1 Ayt AR e
inputs. 25 5. A phase contrgst system accordi ng to any
of t he precedi ng clains, wh di n the phase shifting
|ons q[ he s ati al 5 ase {ttbter ormla rect an uI ar
25 © e ing 49 a@yg PP HAHES 1N R!
clalns 1-4, mhereln t he ph fhlftlng regi ons of the
spati al phasefilter form cular array. WO

T8 S 83‘%%95 EPEpR e e

phase shifting regions ofpgthe spatial phase filter
forma linear array. 8. A Rade contr ast system

. KRB0 oL LA o BRI, .

linear crossing arrays. 5 Ek _AI phase contrast system
according to any of the pre€edi'ng cl ai ms 1, wherein

16. Iikgﬁla%e‘ g?:‘rgrasf;wsft(%rh rég?d'rgﬂé S0y S gre%%rﬂ éﬁ’]y S‘Nﬁegglh ¥ source

se contras tem-accor
cCompKeeed nluraﬂ@@ﬁnabésma‘su ng regions of the spati al
phase filter forma ring. 11. A phase contrast system
17. Apbaselrerirasbsysigm etcartiag teany o thehevisiua ddires piissein the source

comz)hgég%réger APay, ggérpg,@a Qcdeierspatial phase filter form

n arbitrary -arra
18. A phase contrast system accordlng to any of the previous claims, wherein the source

13.

comprises a light scanner for time multiplexed emission of the at least two substantially
plane electromagnetic fields with different axes of propagation.

19. An optical tweezer system according to any of the previous claims.

20. An optical tweezer system according to any of the previous claims, wherein the

synthesized intensity pattern forms a set of non-interfering counter propagating beams.
21. A laser machining tool according to any of the previous claims.

22. A method for synthesizing an intensity pattern I(x’, y’), comprising the steps of
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12. A phase contrast system according to any of the

previous clains, wherein A =1. 13. A phase contrast
wayaamosxrcordi ng to any of the previous clai NBCT/DK2004/000452

wherein Bn=1. 15 14. A phasg contrast system

according to any of the previous clainms, wherein

d.v.@ngﬂe .mﬂeﬁs.ty%a!é%s Rx SOMt6 BRkIsSY §&&%a@}%%@hi tHQ dFsQosﬂfB‘n &fresolution
previ ous cl wherein Kn . p ase

e'erE%mﬁ Pawrof %%WHHF@PW@W&“%@Q of ihe previ ous
aims, wherein the source 20 conprises a plurality
of 3 plyiafityh individual @?Olufﬂ\%ﬁ'ﬁg@”@dﬁw £ech sgpofulign elemerit (x.y)

ac GRGdLldtBgttRe PRase ete'&ﬁoﬂégl’v{ét%tfédlﬁhﬁi .ﬁ&.demoﬁmrw.trh@
source conprises a asgr array, such as a VCSEL

ar rPigdetamningd phgsevaleme A5t system accor d| ng to any of
the previous clains, wherein the source grl ses a

radipiinghat I83sh ive sulisiantialinrlang electoraaanetie fiplds V\ﬂih ferenfeaxgs of
proéa%%%n ¥d06%1r§éJt*H§;pﬂQ§é RblYyindaeRlelso BLERER %%f‘ﬁ\fo' &ectromagnetic

ferent axes of propagation .
f'e'dérﬁf? mdenmw afscvféﬁr@rﬁﬁ rasRastve ARgleOTARPrescht he
previ ous cl ai ns. An optical tweezer system
Foua%rc‘efrlifpﬁ‘gel fran%fﬂr;m'@@ the@aﬁ? 8y atedelactramadigls Eeldst he
nthesi zed intensity pattern forns_a set of
phaﬁ%ﬁhlftlﬁgéﬁl gtelpgﬁdwe Bn@ﬁee’:‘rhlfﬂl’ﬁg) Bacggcms, qqgntng@g},@t respective\zero-order

dlffrb&ﬁfhrreg'@ﬁb bNhB ta fea8t tvv@%éﬁe‘éh@pﬁé%e@ﬁddﬁte& BRcRERMY R fields for
A nmet hod for synthesizing an intensit

lndl\ﬂgqqllg_g ,pﬁaﬁ g(hlftlng the atdeah ;vy%qeﬁaethg FotEgor dresnel transforn¥ed
electBRAgARIRIIST, ér@!f@t@%h@@%ﬁ@cﬂve%ﬂagé ¥hiflivBmes BEIn relatlon to the

|ntenS|ty atte pi xel s in accorda
remgining RaROfdhe BU%‘??"M?I rQ?‘PeFté@dT%”ﬁfoﬂﬁed é|eé?¥%'ﬁ?§ne(t5@ fﬂdsoﬁnd
se nodi fyi ng el errent havi nl%; plurality

f°”'?“?£ e IRfeasit RSO on) RY Tequsigr or [rhesia! traaafeﬂmnegm ait least two

respRcBfEpiaseXshifted FERHS GHFréhel EnIGIARR MctRhRGhefERaast | C
radi ati on incident upon it with a 5 predetermn ned

calcBRASE® theViHad6r vl dvadioftdethagt n%&lﬁ)ﬁh? et BRG 8l ﬂ)@sb)éhlft

pl ane el ectromagnetic fields with different axes of
Va'“S?@pﬁ%ﬁt?rB'ﬁ"X @\ﬁ&ﬁ@@a'ﬂ%w'ﬁhase nodi fyi ng el enent so
that the at | east two el ectromagnetic fields are

. . _ 2
por onf P38 Ts G RhIER Oy DERREEL (X BRI
nmodul ated el ectromagnetic fields, 10 phase shifting in

3dr deRRtdd praRe RARSRIRBIM tWigeihegdi ons posi tioned at
r espect ive zero-order

Ais an optional amplitude modulation of the spatial phase filter outside the zero-order
diffraction regions,

B, is an optional amplitude modulation of the spatial phase filter in the respective n'th
zero-order diffraction region,

a= IE‘ exp <z¢;) is the average of the phasors e**¥) of the resolution elements of the

phase modifying element, and
¢ = ¢—¢-, and
S(n) is the intensity of the n'th electromagnetic field, and

K, =1-J,(1.227n,), wherein



diffraction regions of the at |east two respective
phase nodul ated el ectromagnetic fields for
w0 paiuixenl |y phase shifting the at | east two PCT/DK2004/000452
respective Fourier or Fresnekplransforned
el ectromagnetic fields by predeterm ned respective

R as@eSBId-brd¥pBessRl fdhclidh 4R ation to the remaining
part of the at |east two respective transforned

) eﬁé‘iété’é"ﬁ%’?ﬁ&%% tg RS ntrpAd o bradr ﬁgﬂlrﬂ)greb[%r er%%lutsﬁz of the

pattern X Fouri er or res ans ormn

tm@n%bé&mAw%ncﬁ&smﬁéinwt@a@ﬁﬁe hif gegdgpFourier or

Fresnel transfornmed electronagnetlc i el'ts,?

h r_.valu e* X v
sel g Ho o I iR Bt Bhe g pnr Bl P B esent a prtiutar
greslgbsltamt i al [y in accordance with I (X,, Y,) S (n)AZ
lexp (1% (x', y')) + K" lctl (B"A-'" exp (i8") -1)1z
sup@iginf die s@éc&m plibsoh aslees 67 towtad Lezpediive reddiitRIneldnbiits 80 v) of the

ude nmodul ation of the spatial phase
pha%?FF@ v ?PFEQ ‘the zero-order diffraction regions, Bn

is an optional anplitude nodul ation of the spatia
phase filter in the respective n'th zero-order
diffraction region, 25 a = lexp (ic) is the average of
the phasors e*X v) of the resolution elenents of the
phase nodi fying el ement, and 0=0-,and S(n) is the
intensity of the n"th electromagnetic field, and K
=1- JO (21.227rri"),wherein WD 2004/ 113993

PCT/ DK2004/ 000452 -30- Jo is the zero-order Besse
function and 77n relates the radius RL of the n'th
zero-order filtering region to the radius R2 of the
mai n-1 obe of the Airy function of the input aperture,
TIn =R ,, /| R. selecting, for each resol ution

el enent, one of two phasor val ues which represent a
particular 5 grey level, and supplying the sel ected
phasor values e *,Y) to the respective resol ution

el emrents (x, y) of the phase nodifying el enent.



