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H GH RESOLUTI ON | MAG NG The present invention rel ates
to a nethod and apparatus for providing i nrage data

wonwHwbE3ch an i mage of a target object may bePCT/GB2005/001464

generated. The inage data provides high resolution

i nformati on about the structure of the target object
and permts the resulting image to be of a high
resol ution. | n part@HEURESQOLbUTIONOoLMARRENGSI vel y, the
present invention relates to a nethod and appar at us
for providing wavel ength- limted resol ution inmages

whi hgut sthe neabfiolohi Sbn K& Y Paad i i B84 0kpparatus
I nci dent radiation, used to probe a target, relative

fort Eﬁpvﬁ-é#g@t imapgen fatpp S Wikt naf t £8AGE qOEs 2aterget
5‘Efect ?friyﬂe;sév ea&ae&aa' I Or FRLLAN Bhout AL 2888t high

spec . I'n conventi onal transm SSI1 On
Tesglingionn mﬁpe:matn@m ekgditattée byt prepereneé the target

LIS P Bt S LlE L 6o

resblguient A tht@@rwagglat,vebytsh@¢t wavéhgﬁgﬁ y. the
éﬂggéﬂg ﬁé’ %dﬂ-f%fg%é§n§g %m@§éﬁ§é”% §§§ﬁ§EH¥ for

oW tles associated wt erration
pneVaﬁnhgt|eavehengdUdembyedheréﬁm&uwwmmrlﬂmag¢8tlm§thout

FRECLALEED, 209 LB SLARLALLY b Las {9 unosaen
radgetibhan thedt heor eticdkel wavebeggth |teléative to that
Conveptional scanning transm ssion inmaging is another
158 aHpte of such an imaging technique in which a | ens
|s used to focus a spot of radi ati on through a target
ec%ypes o% QRBSigSt %dﬁggléﬁgtﬁgo$g %g% %£¥iving
spatial information about a target object (or specimen).
In conventional transmission imaging, an object is
irradiated by plane wave illumination 10. The waves
scattered by the object are re-interfered by a lens 12 to
form an image, as shown in figure 1A. In the case of
very short wavelength imaging (X-rays or electrons) this
technigque has many known difficulties associated with
aberrations and instabilities introduced by the lens
which limit the resolution and interpretability of the
resulting image. Typical achievable resolution is many
times larger than the theoretical wavelength Ilimit.
Conventional scanning transmission imaging is another
example of such an imaging technique in which a lens is
used to focus a spot of radiation through a target
object. One or more detectors are located on the post
target side of a target object to detect scattered
radiation. Various types of detector strategies are
known such as annular detectors, quadrant detectors

and/or off-access detectors. However these methods rely
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wanrownoedch as annul ar detectors,

target side of a target object to detect scattered
radi ati on. Various types of detector strategies are
guadr ant det BCTMBRO05/001464
and/ or off -access detectors. However these nethods

rel yon scanning the focused spot of radiation to al

poi nts where an i mage of the target object is
mmqataﬂdin@hehe &MEuxednﬂpwtobfpmaﬁﬁeﬂﬂcmsﬁnxialbdpoints

th such.techni such_as,_th t .that ver
i SHE" abRBRD I Ehg Eapdde | BBEBE! i YndifiRen  ( ghere
&ﬂ@OaXnﬁﬂB@rpbtmpﬂdnxymssashnnﬂanhdiwﬂthlsnchctachnEques
robe-positia 0 nust be used, Anot probl n1|s
PhaR 2o thend Atodoie  VEEY of CHUGBFE MOGHE Aial 11 y D RoEPot
bal ydomitrics beeause the raesmbam an afootohepixeal :mrm;@e is

s onl d as the sharpne and Iocallsatlon of
FRLEEdt SpBLIALOR RSCHIAE SURHPRAHGUS 1Ot ROTRLS Must be

hadd at | RRosHEn BsoBl ekt Lenshet ¥he Lays tiBedemare nsanysf a

probl ens such as aberration effects, chroma sprea
YA | 5B ur A8AL LF¥st abi FPEy GRi¥h ign 5?1116 %Fﬁgase the

peoduction ¥ €A ruidyl esphyti s PRALY iSs SBEWA as the
schematically in figure IB in_whjich incident radiation

gRaspRRSAs 28R XA IGOX-PhytBeamacs iRt dehEoupsrause

1 8ReGhLIBRLL6 MY dOr PRy Bat BbHekueh) & e A AbhONor X-
scattered by the object exits the target object and

PPOPaGHEES 6ifto e RIEAL AT eSUT  akndRTEREBPENSLTeCt s,

F}hwm&@ﬂ&e rrgx%%' ér&?n@éﬂg LLRRemkSSi it B 39 FhEch can
that the inmages take a ge time to conplete 'due to

@ﬁéeﬂ‘grrb@aggf Pp@dﬂp§lm| ehdngsn buipr sbs@luicdent.heThis is
HS%Qen%cﬁQHEt?Faii‘ 'a&honflg&ﬂehelgar g8l QRieE! TRVSent

urlng ata collection this tan | ead to inaccurat.e .
datldaabebng t6l | geted and an t istEainon nagc utatey mages: 1s

Qﬁhmgent upon a specimen 16 which forms a target object.
Radiation scattered by the object exits the target object

and propagates onto detector plane 17.

Known problems with conventional scanning transmission
imaging are that the images take a large time to complete
due to the number of points which must be probed with the
incident spot of radiation. If the target object moves
during data collection this can lead to inaccurate data
being collected and ultimately inaccurate images being
produced. Also conventional scanning transmission
imaging methods do not allow information relating to the
phase of the radiation exiting the target object to be
measured. Only total scattering intensity at the
detectors can be measured. As such phase information
relating to the exit wave that emanated beyond the target

object cannot be gathered.
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produced. Al so conventional scanning transm ssion
i magi ng nmet hods do not allow information relating to
woheosplese of the radiation exiting the target PODjGB2005/001464
to be nmeasured. Only total scattering intensity at the
detectors can be neasured. As such phase information
relating to the exit wave that emanated beyond the
A argedi Dhjectowandt denygatthiosal A soaificat i onanfmission

convent i.on scanning tra LSSl on i ing is_ . .
{TRRLR bt BRaT RS RhOROT ULT ORo T R RG. L Thiaging . This
wtilises similar apparatus to that sthowm iim ffggpuees 11 but
but records ole . diffraction_pattern for ever
B ot ¢ 181 ST 4 A e a PRy oo 4608 nFRPRY (REOPS
sdsiciom e of tihest appgeviabgecd avapm beft edetesminingn the
than the spat size or response function. of the |ens

TSI hS - ManbErast nBPFchr ab1 et PfiiEmogpsclution

tdabtiee pepbt eplizs hatrduige spuairiddiem off deha DEsE used
be recorded whjch take hours to_ coll ect

for a
PetshAsbIe PHEPET oY i B OFhiPE FRHES -t heTgip&?%nPOtable

Prasiémal b yrMatY hdigkf it itQ eGardy ditla hRgatIsBei tebdrded
essential to control the froblng i1l um nation ver%&
eld of

wetelhr ately dEd FovecPtleculateldy F6528ERAPEGer

£1&d 1 i on) TRE%el rfQled ha-fd nalxhdBORei€CORBAEHELLDNY  very
Al so severe danmage to the target object can occur
peEhicel huge GRLEE Owt| RerdeRE ihdift PefcBFéatefqi FERtTOL

{RL bhephagoe 1B AakeD. vARet BeEunetE1¥naws ITRGhBGe it
technique i's pure diffractive imaging. In this

areeraaelye tot ranayy eVREY! et e Biketedoandtke final
hﬁggst rgébgg*crhét% um naf ed byarsi mRhag e vave Qhget

probing radiation. The scattering pattern measured in ~
ohgefhrcénepdcfior hecaureuhige ghaae of incident radiation

are required for the large times taken.

Another well known imaging technique is pure diffractive
imaging. In this alternative strategy the lens may be
omitted and a target object is illuminated by a simple
plane wave of probing radiation. The scattering pattern
measured in the far field forms a Fourier plane
diffraction pattern and the intensity of this may be
recorded. An iterative method is then used by applying
information derived from the intensity measured to
calculate an estimated object exit wave field. In order
to determine real information about the target object
from the estimated wave field an area in real space must
be provided where it is known that the object is absent
or masked in some defined way. Only by knowing this fact
can a running estimate of the wave field representing the
object can be iteratively altered. There are however a

multitude of problems associated with pure diffractive
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diffraction pattern and the intensity of this may be
recorded. An iterative nethod is then used by applying
wonbwrwetsi on derived fromthe intensity measur edTiEB2005/001464
cal cul ate an estimated object exit wave field. In

order to determine real information about the target
object fromthe estimted wave field an area in real
ispacegust hdopr ovidedbbper ehiet  itedgetwn didigtctt henust  be

object.is absent. ar ked in sonme fined

%ﬁ#migort rﬁssojfagcﬁ&ga;tn PPUATHG esT T et ¥ o nt%o;]né( way-
™ave fiepdatepcasent viegyt kel hjecdit cao behiiteeat i Velgo it
altered. Ther, re however a.nultitude, of, rob{grrs

I sdiftat RPIF N Pur® diFFrEd i v tagP R E M8t ROt aBry  OF
dirﬁél?grgetpalalbiseocpfn&m diej setspendgdt os 1sphat bdage all at
sone fixe pcation i.n sone wa Thi,s is.practdcall ,
IR BEFPLELIPRt 0 LEHYeEE A}ﬁ%l?f'eﬁisrﬁgtl Po éb‘i‘% ¥]83 ect
@ggemjté t'ﬂ@lﬁ?&ﬂh}:@a t&;@e\@arﬁelgﬁfffe)&entd perdes @het hearget
object or get_a large_inmge a at od resol ution.
@ﬂ%ﬂ%n@‘-}sgbl BEedS+BgLon HLURF obj e% afanipe 1t must be

+pHmaated agd sokvad1Eorrefl saukbert. ar gehaebjregiber may
mist be singlé valued, That is, it nust be represented

ISOLEIPHY| 8T APSHIRDEPY PHatd nBRBSE RAIEHr BYEntMazh Dot
%@?Pé@éﬁ’@nbgrch@ phage rebangg MUt rtBRY RAJRPISSPEEt waves
oth. In fact nost real target object waves (that is,
{teamavies f (et | WAVExi ERRGEaORargEtt bl et ) tappedr gbiect)
%é#%%fxagugpﬁﬁfeﬁaﬂﬁﬂﬂeggtHaQEﬁ?eb@EH gﬂﬁ%étHﬁﬁ amplitude
onents . Another major probllemwth pure

dofperertve imaging is that the edge of the target

obj ect nust be sharply defined and thus have a

di stinct edge. This is so that an area where it is
Anowhet hatajiche pbplebeni sidfsepurer diffractive imaging is

that the edge of the target object must be sharply
defined and thus have a distinct edge. This is so that
an area where it is known that the object is absent or
masked in some way is well defined. In practice it is
difficult tb produce an object or aperture having such a

defined edge.

Further problems are that for weakly-scattering objects,
which is a common type of target object in X-ray and
electron scattering, most of the radiation passing
through the object ends up at the centre of the
diffraction pattern. Information in this zone is wasted
as it does not aid in the image forming process but the
radiation passing through the object can damage the
object. Also parallel illumination is required. However
this means that for a source of given brightness
relatively few counts are provided at the object plane.

In combination with the fact that much radiation passing
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masked in sonme way is well defined. In practice it is
difficult to produce an object or aperture having such
wa 205f1061d edge. Further problens are that for PaesdE2905/001464
scattering objects, which is a comon type of target
" object in X-ray and el ectron scattering, nost of the
radi ati on passing through the object ends up at the
terdugh oﬁei]h?eydé;ééﬂ:mrim plaf ¢ets. ténhbnavés oini a téhsral
zone i s was Qes _not algjlnt

f N’
ARkt Batetnatrum SPSn Thans’ it B IRES (SRR T Ment
tanpgasbgect hekekj ectlomy S@lr’@@L abl gkti ldnsugatéamts. If
equl red. wever I S, reans, t hat
%{%&9 i rinea cor LS USRy SragE bt Baset pPey famg grher
D ecbpphates |drLoidi bat i t Bukhagl astpddiate data
rruc radi ati on passi ngthrough weakly- scattering

‘Wek&?srlt"e‘i“?ﬁinat es in a central zone as noted above
this nmeans that the whole experinent in practice takes

a long time to get enough counts. |f during.th at a
Zéolfq‘%%ﬁ%n fﬁragglpﬁlénabj BRESorsebie St heft JI%QI%I?@ gained

GPRa @l HSHUL| Tt StoFegRVESsdUEhAY EXPOSHRcdatatiBY bEirst
ruined. A nmethod for finding this solution which has

asgredt ednby depaBhberdt apds ax§0ﬂhéR|t@raﬁ?ﬁ@hﬁérﬁoand w.

ir ey y r-ghb S R.
G ShEMISER Y S oerr e PR gl erarive

m@ﬂ@¢d85ubhveteraﬂevéleth@ag haweliedentpPy bben geometry
gPP%éSPaEthﬁﬁlgfﬂgﬁiéyz”de“BéEﬁdéﬂédﬂﬂ&mﬁ 208 0K -rays.

ectrons and” X-rays hi s arrangenent
Inctueﬁt ardingteinemt2 G rics dfintecradii st ien specigedizgected at

I%cﬂ’nre ﬁt%ggﬁt % g1 at : ZﬁgrﬁéEg%‘b %theCt The target

SC& ters ?ﬁ nci e angu ar
object scatters the 1nc1dent radiation in a wide angular

range forming a diffraction pattern at a diffraction
plane 22. The diffraction pattern in the diffraction
plane 22 may be recorded via any suitable method such as
a photographic film or CCD detector. The experimental
advantage of diffraction is that the interference
condition is determined only by scattering within the
target object itself, and so the grave difficulties

implied by using a short wavelength lens are avoided.

It is an aim of embodiments of the present invention to

at least partly mitigate the above-mentioned problems.

It is a further embodiment of the present invention to
provide a method and apparatus for providing image data
which may be used to construct a high resolution image of
a target object which wutilises the advantages of
iterative techniques but without the disadvantages of

prior art iterative methods.
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range formng a diffraction pattern at a diffraction
plane 22 . The diffraction pattern in the diffraction
wohkesa0&31 may be recorded via any suitabl e net ROWGB2015/001464
as a photographic filmor CCD detector. The
experimental advantage of diffraction is that the
interference condition is determned only by
scattering within the target object itself, and so the

rave diffi.culties inplied by us short
nt® af8 &gl .eT?ggﬁm%%t%lﬁgo %%ngbf%ﬁyﬁ §%§ﬁ£§g to
mresedd  hnwesrdhcan hﬁdataplpeasltuﬁardjf yprbtriigane t:hmge data
bove- nent.i oned probl ens.

X ey daniSe R L ERt Sheralt o ik hebatiPaRy Ehhoe of

Appargéts obgechr avthdAgs Itﬂf@@endatﬂatwhlmahe rmyg]h)eréseﬂiutlon
to construct a high resolution

ma

R EAOHTSh CRIPFLBISE nd PARL G of NEAERRE, yEadiation
terhni-peiesobut tMAdutopNeetdi sadvantagesrel priargettat a
|terat|ve methods. |t is an ai mof enbodi nents of the
websett +%@@n¥?6ﬁt%%nprOV|de a net hod and appar at us of
provi di ng i nage data which may be used to construct a

hi gh resol ution |ngge of a target object wthout the
Reedst nuseihigh £ QFi&WF’éFSpS% tﬁh?m%e%%%n?-a‘d@@twn to

ﬁ%&bl&@na'%%hﬂg@ Jﬁuﬁfﬁﬂéﬁhééiéﬁ'Nﬁbf@s@oéﬁrgaﬁtable for
object or to support a target at a well | ned

abtafpoms Pf iracdmtdian ofhicHbdtasent e8Pl eReChr BBéAL does
LBV e 4,00, 4 0 Lfl{cﬂ'gl e method pind rals$si N holographic

M Cr oscopy sul e for all forns of radiation whicCh
hafemenesol utiaye whi ziddoes natvdepdirtmuponofise dprgfield

#ﬁggrgggéggtg hol ogr aphi c reference wave and/or any
ormo ar - Yleld interferonetry .

It is an aim of embodiments of the present invention to
provide a method and apparatus for providing image data
which may be used to generate a wavelength-limited
resolution image. The image may be of a part of a target
object or, if the target structure is well defined, of
the radiation at a selected location in the experimental
path.

According to a first aspect of the present invention
there is provided a method of providing image data for
constructing a high resolution image of a region of a
target object, comprising the steps of:

providing incident radiation, from a radiation
source, at the target object;

via at least one detector, detecting the intensity
of radiation scattered by said target object; and

providing said image data responsive to the detected

intensity without high resolution positioning of the
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It is an aimof enbodi ments of the present invention

to provide a nmethod and apparatus for providing i mage
wdav@/wbi3ch nay be used to generate a wavel engPOT/GB2005/001464

limted resolution inage. The inmage may be of a part

of a target object or, if the target structure is well

defined, of the radiation at a selected |location in

irhei deper irehitaad 1 grat kr Aecopdisty tergeti r sbjaspecapefture

i.nvention there is provided a nethod of

%ﬁ%&%&%gt?n%% REEEE or°ESREt ructing a high

resolution image of a region of a target object '

co ing the steps o r di ci dent ra di at i

RS ag st on Shiree. 28p8the 1, HAE GRfRnart \ FhvEReion
tieasd 0B LKA | adeicetibdn @ f heroniensgt Mnelge data for
radi ati on, scattered b sald t.ar get obj

: d |
RS TGRS @ TR FEER Gl RIS oOEhe (SEEPRy OF =
t@i@@@léyjétﬁhO@émﬁrgslﬁgseh@tso@pQO@ft|onlng of

thei ncident radiatign or a post target ect apertuyre,
rel atPyevidinge ﬂﬁ?@@?nébjé@@laﬁééﬁhdlH%“%B a®se&gfidation

aSheet, 0£ttbﬁep£§§§@£ bﬁysatlon there is provided a
met hod’ of providing i na ata for_constructing a high
resolﬂ%@oﬁtl&ﬁﬁ??ﬁogergﬁtéﬁtQF'a dedegdtingh) Blag, intensity

??”P£&§é€§oﬁh§c§E€8§e8fbypégyadtﬁﬂgéﬂcbﬂgébtraahai|On
roma radiation source, at the target object; via at

| east poREidbpEcEDid a@@e@tﬁﬁgatﬁéspﬁﬂéh§?t§Othe detected
iﬁgéﬁ g §9§t5ﬁr§ge9¥t§@bdpkéE%§E ahiggt & #Rdable softly

provi sald I mage data responsive to the detected
Varemsgtyranamahtaneﬁaiun@tppnc@gsl&éumgnatﬁﬁmaﬁwéctlon
softly

Preferably the methods provide image data having a

substantially wavelength limited resolution.

Conveniently the image data for the region of the target

object is provided substantially in real time.

Advantageously  the incident radiation <comprises a

substantially localised wave field.

According to a third aspect of the present invention
there is provided a computer program product having
thereon computer program code means, when said program is
loaded, to make the computer execute procedure to display
an image of a region of a target object on a user
display, image data for generating said image being
determined by the computer responsive to detected
intensity measurements and calculated via an iterative
process using a moveable softly varying transmittance

function or illumination function.
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varying transmttance function or illum nation
function. Preferably the nmethods provide i mage data
woaavisngesdisubst anti al |y wavel ength |imted ressCutGBamMS5/001464
Conveniently the inmage data for the region of the
target object is provided substantially in real tine.
Advant ageously the incident radiation conprises a
substantially | ocalised wave field. According to a

t hird, aspect of the esent invention there | . .
pﬁc'cﬂﬁ%]e‘bé)a%@or&)utfé’?‘lr ot AT P o&%ct&ﬁeav g Steﬁ%r e ention
ORIt 85 proghidedcede appdnsatudefogsaipdgyiajrgm isage data
| oaded, to rmke thegilo'r}'putgﬁlexecute rocedure tao £
RS pPaySERt i iEge SR TGO O 15 get “obfect™on & °- ©
%%e@d%@d@' i%@{%erp.ﬁi@gfor generating said i mge

ein eterm ne the ¢ uter respqnsive to. .

det e%i%%iaﬂﬁ%nﬁetaﬁl%ne%‘%ﬁr %@%dag%a&ﬁ% e@PVFgtaftt 2
piElStd ¥R REQCESSatibblg a nmoveabl e softly varying
transmttance function or_illumnatjon |,

f unct® okaAéebiarn§orgcs o thr 9 otnehdept eZafitation

2 OVENLL PPt NEE St e P&@é(tgédbgﬂséﬂaalébélﬁiﬁgrm@éﬁgi;di ng
I mge data forgenerating a high-resolution ima%e of a
r egi oAt of L@ashr geReobfeEectesnpfr¥ifg: FB&at PRESAELRS 20

{ﬁfe£§£§§i8§ faliahgebnobEsct cLganpr detiecAgeE object;

ocation;y a radiation source for providing incident

radi aneonsat fon ar jecabbpact YTV by LratrLe8at itly 20
§papsi 8l | faslc one dlekectoradeviag dar, dekecthay & more
I'ntensity of radiation scatt%red by said target
bbetionmennshf sespecht Fagspaci dangetadPaersén 8rdan

apertg%SCekgﬁﬁgedeQﬁE tapget ,oRk8Et nyAl @3R8 OLmIREe data
responsive to a detected intensity of scattered

radiation.

Embodiments of the present invention use an iterative
method to provide image data which may be wused to
construct a wavelength-limited resolution image of a
region of a target object. A softly focused beam is
incident at a target object or a movable aperture is
positioned downstream of the object. One, two or more
diffraction patterns are collected either by moving the
target object or by moving the aperture so that a
different region of an object exit wave function 1is
permitted to be detected. Advantageously the aperture
can be moved relatively large distances (half the
aperture width or more) before scattering patterns in the
positions are recorded. This means that the method of
the present invention can scan large fields of view and
obtain very high resolution images in real time.

Alternatively rather than moving the target or aperture a
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| ocations with respect to said target object; and
processi ng nmeans for providing said i mage data
woespaneidve to a detected intensity of scatter 8dT/GB2005/001464
radi ati on. Enbodi nents of the present invention use an
iterative nmethod to provide i mage data which may be
used to construct a wavelength- limted resol ution
preagelefctaed efiamaferd dtargetf diijeqrobe sof tély] ¢ok usay be
eawE%f incident at a target object or a novable
< e is positioned downstream of the object. One,
two or nore diffraction patterns are coll ected either

DR A %ok 2L U5 OSSR DY IR 00,1 DESRET USE b
dagetieny | pesifdfed- t oye ®eyecbéd eAdmgmbagenMyLy with
the aperture can be noved relqﬁivg%%¥lqgge dlﬁéances
THETMIR Hpertur W RH G IOt Bl Bre s 5%t i ng
patterns in the positions are recorded. This neans

that the nmethod of the reiigﬁﬁlnventlon

| ar g&" I9NRR P VPR TGEFy K7 resoPUrTBRional

d FBOas doh beal tigyirky ter pald vel yonakherohban nmoytagning
the target or aperture apre-selected characteristic of
rROPRoPRiOR BRRSERI ESSBRCEHA Y . Enbodi ments of

the present invention will now be described

herei nafter, by way of exanple only, with reference t
the dtt@wpangi iglusanpigs neWsH T Ao 3PS aREt | élmlt

ﬁﬂé“&ﬁ%@i&r“§§n§é conventional transm ssion inaging

and ventionaf Scanning transm ssion i maging
respectively; Figure 2 illustrates how diffraction

does ﬁféu&én1t3 illustrates how a moving aperture

arrangement allows a large field of view to be measured;

Figure 4 illustrates moving a post-target object

aperture;

Figure 5 illustrates how a moving focused probe

allows a large field of view to be measured;

Figure 6 illustrates a probe incident onto a target

object;
Figure 7 illustrates a phase retrieval algorithm;
Figure 8 illustrates intensity and phase results;

Figure 9 illustrates further intensity and phase

resultse with noise added;
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the angul ar range; Figure 3 illustrates how a novi ng
aperture arrangenent allows a large field of viewto
woeorsasdt ed; Figure 4 illustrates noving a poBCTAGE20051001464
obj ect aperture ; Figure 5 illustrates how a novi ng
focused probe allows a large field of viewto be
nmeasured; Figure 6 illustrates a probe incident onto a
targetigphject1 0k guoR andllectihtestreaphasktteehateval ways

algarithm Fjgure 8 illustrates.intensity and phase
P AL G Tt ohS ST IT Y FrtRRETE)CaRECt
phase results with noi se added; Figures 10A, 10B and
1CC ilJustrate _alternative ways .in which radiation
be prioVYeTe attld (30 elllgbjﬁgt‘fsﬁagliﬁe oK ,@‘%%Aweé{@g of
the ust&ader homyenbodh neah sppbviie aresefhcenpedtidémeter;
can provide a surface prof ilonmeter ; and Figure 12
Y ustrates apparatus for providing i nage data. In the
drawi ngs |i ke reference nunerals refer to like parts .
Figure 3 illustrates how a scattering pattern may be

il.l ng image

devel Bhd¢rand2uddd Uss r@éesr ARG TRTIT &I BFPY

dafQrmation about the structure of a target object. It
wi |l be understood that the termtarget object refers
to any specinmen or itemplaced in the path of incident

fﬁdhﬁﬁgoﬁrﬁﬁiﬁBsCaHﬁﬁ§ seatl-entag MimdMals r adiratd o 1ike
I't ¥A|| be understood that the target object should be
parts.

Figure 3 illustrates how a scattering pattern may be
developed and used to determine high resolution
information about the structure of a target object. It
will be understood that the term target object refers to
any specimen or item placed in the path of incident
radiation which causes scattering of that radiation. It
will be understood that the target object should be at
least partially transparent to incident radiation. The
target object may or may not have some repetitive

structure.

Incident radiation 30 is caused to fall upon the target
object 31. It is to be understood that the term
radiation is to be broadly construed as energy from a
radiation source. This will include electro magnetic
radiation including X-rays, emitted particles such as
electrons and/or acoustic waves. Such radiation may be
represented by a wave function ¥(r). This wave function
includes a real part and an imaginary part as will be
understood by those skilled in the art. This may be

represented by the wave functions modulus and phase.
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| east partially transparent to incident radiation. The
target object nmay or may not have sone repetitive

woebkosaesse . | ncident radiation 30 i s caused teCT/H2005/001464

upon the target object 31. It is to be understood that
the termradiation is to be broadly construed as
energy froma radiation source. This will include

@l (@t @ JTRgnRetd g Bkt abdRfuddied USE NG (¥ T 3y BlEftedr) * =
particles such as el ectrons and/or acoustic waves.

e rddi athere My (18 |7 efrees emt ed nivena iwgy e whiindt | ey be
Y%rrﬁé Tgi% wave functi %n i n¢l udes a real part and an
Pragrhary tpar tRgsWaVEl THBCGAEBr st ood by t hose skil | ed

in the art. This may be represented by the wave

f unct | ons_nodul us_and, hase.Y,gr)* is the _conpl ex

CBAj uHREEIBRE Y 133 1antPy 30 ¥5(r Featteyedy)af2 hhem@sses
EXrotyh? drid aBe{Bh8NTHy ¥Pé&memY 3he neagurfichd othkherave
wave function. The incident radiation 30 is scattered
avnrtipassed thRsughhahdepeyomrriidel pedfen Bl exits the

spebitbBe wavel f uactih&d ffed Nenl NebEeNaniAditdideONaAg ighase
exits the specimen will be nodified in both anplitude
HAGNph&SEPRCEh Eespébe t wake WIPETAGRCt 99n ¢fhiq hencident

gl deRbnr adi AL hON L3k -theJUte-c 10 08F e Qhellfen. The
speci nen. The scat fperl ng which occurs may include .
Foatiteringf Mhdeth orrcued rarY i bRcandeoFoPrasreldiffraction,

gE%&%@EEBﬂﬂdﬂ%?&?“@ gﬁglf%gf%fgc§f@ﬁtgﬁgngn§nﬁyﬂéylform
characteristics of the incident radiation are’nodifie

af wcaswring propdyath nghategrerhetspeciafenthef igpident
QEHﬁﬁtqgnd%]treeCtrﬁééifi'&& Q? 2 %%,Lgﬂ e&tfg%r?%a' ting after
arranged a | ong distance 1rom € Specl n then a

dihief reptdorepat t & &8 forewd eff dedeftoast ismeh as a CCD
detector 32 is arranged a long distance from the specimen
then a diffraction pattern is formed at a diffraction
plane 33. A Fourier diffraction pattern will form if the
detectors 32 are located a distance D from the specimen
where D is sufficiently long for the diffraction pattern
to be formed effectively from a point source. If the
diffraction plane is formed closer to the specimen, by
locating the detectors nearer, then a Fresnel diffraction
pattern will be formed. An aperture 34 is located post

target object to thereby select a region of the target

for investigation. The aperture is formed in a mask so
that the aperture defines a “support”. A support is an
area of a function where that function is not zero. 1In

other words outside the support the function is zero.
Outside the support the mask blocks the transmittance of
radiation. Unlike prior art techniques apertures for use
with the present invention need not be finite and sharply
defined. They may be moveable and slowly varying at

their edges. 1In this way the softly varying illumination
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pl ane 33. A Fourier diffraction pattern will formif
the detectors 32 are |located a distance D fromthe

weoepesiwesiwhere D is sufficiently |ong for thePCT/GB2005/001464

diffraction pattern to be forned effectively froma

poi nt source. If the diffraction plane is formed

cl oser to the specinen, by locating the detectors
ﬁ@aceionthentaaﬁsm$nehndéfﬁsanbtonopQDSednoﬂ hiigbe spatial

fAn aperfur 4 is | e Qst_ t.arget . obj ect, .
%Péﬁﬁ%?% y Ssel e g%ﬁlgﬁﬂb ﬁg gargetb‘?ug(%"l&k’)]!1 Timited
fumesiogatlmm ﬂBmﬂ@m@riﬂrased homamgerffehﬁsafsview may

that t he a ure,_defines p ort S

bR erOE ek RS, dreedroar e i her 3t ' gbdgrure

dasotrhbeswar Mscamtsedetthﬁsmmppdxbh Ehaci:ubelt bdnragliation.
he mask bl.ocks the

FRLRS Ak ahEe TIDTSRRR 0N PVont | BETIeg §FEiable in two

deebnibQouas apRerihg es iﬁq@duﬂ.lﬁe Wiall et heetpﬁ@@enb and 1. An
inveniion need no e finite and shgﬁpl eflned Thex
&y Be® novedd| BRERd "AVIRS) %aP;g‘Vﬁ*ch 1? Wifyekedtnn of
targingyrihassotthycgarying illum nationfunction or
transmttance is not conposed of high spatia

frequencies. In other words it is a bandwidth Iimted

Fugekeons AS IN@drefted Ssubefadikande firbd BfopdW 1By of
be neasured by the detectors 32. The term aperture

HesEri b%‘%r%u%cémesear?ﬁaagv@?%. o‘hf f FHGRISN Bf Incident

tadiatien. fb'Sfﬁﬁisbeub%ﬁre§%%te%pb%t%e%ﬁﬂp%%ﬁe of the
variable in two _dinensions having a nodul us val ue

BEEGEBANO Hndand. isn wxRipPeedsby nek FReFAgeR as it is
E?Xﬁb&i‘&é&e”urﬁ &Ené}t VAL NG ( %5an§§1t$ﬁncé%c1t wave

Figure 4 illustrates schematically thé propagation of
fruet ivhr efghradieantaiemngéhent ot dhegurieors witmcidentobject

gadiation 30, falls upqibhe U stdsam side Of, W ensional
complex function so that each point in O(xr), where r is a
two-dimensional coordinate, has associated with it a
complex number. O(r) will physically represent an exit
wave that would emanate from the object which is
illuminated by a plane wave. For example, in the case of
electron scattering, O(r) would represent the phase and
amplitude alteration introduced into an incident wave as
a result of passing through the object of interest. The
aperture 34 provides a probe function P(r) (or filtering
function) which selects a part of the object exit wave
function for analysis. It will be understood that rather
than selecting an aperture a transmission grating or
other such filtering function may be located downstream
of the object function. The probe function P(r-R) is an
aperture transmission function where an aperture is at a
position R. The probe function can be represented as a

complex function with its complex wvalue given by a
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specimen 31 and is scattered by the specinen as it is

transmtted. A specinen wave O(r) is an exit wave
woéumstioens1of radiation after interaction with PO®GB2005/001464

object 31. In this way O(r) represents a

t wo- di mensi onal conpl ex function so that each point in

O(r), where r is a two-dinensional coordinate, has

regdobiat eddwiphizset vehicgnptexreseber the( modaillds and phase

Fﬂy j represen N, exi t hat_.woul d e
rd%%%ﬁ%g%%jéggro Te §i§§ikﬁﬁﬁ?%§%§ﬁqﬁyuﬁ %|%§QF§£%ePlane
waovre ekanjpdlent i apt he. case of el ectron scattering, Q(r)

woul d represent the phase and anplitude alteration
i ntroduced into an incident wave as a result of

DRSS 801 £ Nrpagh trenobisst Yix! Ry erest. jIhe apeekiee wave
34 provides a probe function P(r) (or filtering .
Furetion) okhi thdsat bt sag phrt esfitehetlvd| eperéxire -wavéhis
function f anal ysis.. It wll _be_understood that
e P ook (B1 BL1 g Sorsbet « BPEEAS P ARG ™ ¥ (k. R)
Q&akhﬂgaOVdQEB%écﬁﬂéh.f%iéﬁé!ﬂﬂ3funchb9€ My 1 a vector
| ocat ed downstream of the object function. The probe

toprdinat ®( inRrepd spagpe & timmanveston fomedivate in
§f?agpiggeg%g£g_is at a position R . The probe

unction can De réepresented as a conplex function with
its conpl ex value given by anodul us and phase which

epresept .the nodul us a e alterations in d
%ﬁ the gr&%guf%gg%gsp§?gg%ﬁﬁgﬁéﬁ%m%%vg%?ﬁ%i%en%ﬁgpggggent
invéaet tant iwavehfivhctnonapeftuke 48si sremuiendd. wavin this

function of r.adi.atiopn.as it exits the erture. .This

LAPTaERD  Ypditad 980 St b L B, BPELL VEGne IS o2
tardpt4ébgeca dilfranei oncptiene dadidHerens iisssaaveetred in
Eﬁé’rgﬁé‘é‘iﬁeh”akﬁ%rgﬁgﬁt%g KaiSaf:¥ecten 522t dinate ion
to a diffraction plane 52 where a diffraction pattern

forms.

Figure 6 illustrates this process in more detail. The
radiation 50 is roughly focused, for example by a weak
lens, so that a region of a first surface of the target
object is illuminated. The weak 1lens may of course
comprise any appropriate focusing apparatus such as a set
of plates and a voltage supply for a beam of electrons or
a reflective surface for X-rays. The weak focusing is
sufficient to substantially confine the probing radiation
beam. It is thus not necessary to sharply focus
radiation although of course strongly focussed radiation
could be used. Here the target object provides an object
function O(r) which represents the phase and amplitude
alteration introduced into an incident wave as a result
of passing through the object of interest. The

illuminating radiation dincident on the target object
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diffraction space. Figure 5 illustrates a further
enbodi nent of the present invention in which no
waperstines1i s required. In this incident radi at POWGH2005/001464
falls upon a first surface of a target object 51. The
incident radiation is scattered in the speci nen and
transmtted radi ati on propagates through to a
wdifdasaeidon al ape-dbe whenecaidnf f Pded)i orwlpatch er dofrowens an

.. Figure 6 illustrates this prqcess in nore.detail . .
THETHAR it o if BEE G0 oﬂ’g‘ﬂT f‘%) s e*ed%el%%lfafe?(%ﬁ?# i da
seak 1hensnasq dihaprarieg ofophed fiby steisur flae obrt hether
target object is illum pated. The vvegk | ens

:
Rl GAFRIRR ANy BYB! opFi A6 S S oRyey value
cﬁﬁ‘eg%liﬁ v%\?@tfﬁlcﬁ’l & £8u Pl @ a/@lﬁl@élre%w@éwl ¥£ f e dobject .

ectrons or a reflective surface for X-rays.
'I‘E’mefmﬂk E@&tesiﬂgndﬂsismlfﬂ{(ai,aﬁ ¢ delfdnast itdid yscattered
confine the prqbing radiation beam, It is th not
TRERSY tat§p sh&r pFFHEScushs ac?foé{‘frfsotﬁreaafr? hSWiT s ©f the
corEse jergly fatsssed o agkati araeoupddpagusesd. threugh
the target object provides an object function 0O(r)
swaoh iepweséntfomhe phbsEracidl emppatbesnall @& ft at 2

introduced into_an jnci dent e r .
%bé@%‘%}%%%ﬁ ﬁnteheé%bj e?t1r1 0 ?ﬁntg%egl{{d%?#gtoog that with
]d;dgt_tluntmt hpgreade afbomednendediment t héluakrgeted in figure
obj egtrepresents a probe functiaon P(r '

s R e R e
@?Esﬁgﬁr@r 6 :ilﬁmi:nat tefifprotiba fodmmed &ty vhiéchemssabtered
ot her optica onponent.. P (r) i.s the conmple .
‘é?%%%hg?y ) GECBPCER 51%&‘8%?%%‘3%%% JPSt ehe SpRgimen
phanerpéshbe gbfFeebctIba pittevArewlillicbeode¥etteR) rG8her

defines the scattered |,
than Fourier diffraction patterns. In such a case the

propagation function from the exit wave W¥(r,R) to the

diffraction pattern W¥(k,R) will be a Fresnel transform

rather than a Fourier transform.

Figure 7 illustrates an algorithm for obtaining a wave
function of an object and thus for obtaining image data
which may be wused subsequently to generate high
resolution images of an object. Figure 7 illustrates one
possible method using the first embodiment of the present
invention illustrated in figures 3 and 4 and moving the
aperture from a first position after measuring the
diffraction pattern to a second position where a second
respective diffraction pattern may be measured. It will
be understood that embodiments of the present invention
may use one or more positions for the aperture. Also
embodiments in accordance with figures 5 and 6 can be

used whereby rather than moving the aperture the location
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radiation as it exits the downstream surface of the

target object. As this exit wave propagates through
woepesaoe3iwi | | forma diffraction pattern Y (KPRI/GB20@001464

a diffraction plane 33 . It will be understood that

with both the aperture forned enbodi nent illustrated

in figure 4 and the non- aperture enbodi nent descri bed
whdie respevtakdyf Fgunee irhdilke idnf fieddis om ptlamesaecimen

whiﬁa sC tt%%%ﬂ radiation is detected is noved nearer
Dt %e%é&ﬁﬁ "then Fresnel diffraction patterns will
be detected rather than Fourier diffraction patterns.
In such a case th ropagation function fromthe exit
Rt 8OYegy ,a%jo‘feo Pﬁﬁ?di%&?a%t(?’gn rr?é’crteesrﬁ?tY_ ERoRgIRFRpLonal
BSms1 &% esngbt { 6ABST @A atdieredd@npaifiUlielo (r) or P(x),

transform Figure 7 illustrates an al gorithm for .
Wbt nkng sa avaveof dhvenshopplarosEiddertand havsapgpciated
obt.ai ni_ng. i mage, dat a i may._b d ue tQ:
%%%%r%Fe%%iﬁﬁ P%S%Iﬁ?ﬁ%ﬁﬁgnagéglgyﬁgﬁ géﬁ??ﬁ%’F?%b%@ @111
phiest4 Bl ¢Sropeeponsi Aheertt hodvasthgtt reulldr smanate from

enbodi, ment _.of the present .invention illustrated.in

1 oaPeecs RBCH QRO TN T Ha HEEANES Vb ot FRg: wave -
POsI tdxepald, er ineasiy | agsthedi kfieacikban feddssrideg, ao (r)
second position where a second respective diffraction,

wavlér FepapsERtneaurREeset AR 12 Wit sebberehapn 1into

sAbodidEM s Ofyabae BEeseNt-dJent ben PRYsUSS AMerdigh the
nmore positions for the aperture. Al so enbodinments in
abierbanteinke€hefEgures 5 and 6 can be used whereby

rat her than noving the aperture the | ocati onwhere the
weakly focused radiation falls on the specinmen_may be
Epl adtedd. fpkloes e® @boveeptesennd Pltherepriesdadumination

%ﬂ%&g&gﬁ?Si%ﬂgh as that generated by a caustic or
illumination profile formed by a lens or other optical
component (e.g. as shown in figures 5 and 6, it being
understood that P(r) is the complex stationary value of
this wavefield calculated at the plane of the object
function) or a filtering function, such as an aperture or
transmission grating mounted downstream of the object

function (as shown in figures 3 and 4).

It may be assumed in what follows that O(r) or P(r) can
be moved relative to one another by various distances R.
The nomenclature adopted is written in terms of moving
P(r), although equivalently we could instead move O(r)
relative to P(r). In both situations, the complex value
of O(r) is altered by forming the product of O(x) with

P(r-R) to give a total exit wave function of w (x), i.e.

v (r,R)= O(xr)P(xr-R) .1
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conpl ex functions, that is, each point in Q(r) or

P(r), where r is a two-di nensional coordinate, has
wags@savesed with it a conpl ex nunber. |In what POTIGB2805/001464

O(r) wll physically represent an exit wave that would

emanate from an object function which is illum nated

by a plane wave. For exanple, in the case of electron
scalt_teridng, I O(r) would represent the phase and

nplitude alteration.intg nlnC|dent ul
Tgflspa‘g%wrflgglel‘ﬁ% % HE oBf g&tSf&fe | nter\gat O\AﬁB?é that
tﬂ.'l@elrleOV@ré:’({rérzeﬁéﬁs@ﬁa&teJda‘ierrmtrid:uiEnﬁat bnn either the

function, such as t t ed

PRI M P oF 1‘“ ﬁpgr?éﬁg %a ttr;fer optl\lTef:la her
FRRRARENtNd L. Be 8S p&lael% Waﬂrefl g@tf‘8§e5laﬂﬁjc6w,ltiht abeu'aS@eat
under st ood_t hat, P(r) nar ue
GEtEmcs wabeti i eam&fa lg]ue § ¥lﬁ between

Ol RGtednGL1083 ebra Kl | tqw:.'%g i@nﬁébaﬁsesm asl@ori thm
aperture or transm ssion grati ng rmunt ed downstream of
ndwmsecﬁevwmlt iR et Fhet i e edi Bl eFRPY 0 order

dd ¥kbe a ?%%éfﬁﬂgﬁgafobE%ﬁﬁlkﬁﬁttﬂééé QriRerlia are

c_an e m)ve Ive to one anot her by various
ach st arco:wiﬂsfﬂ'he nonmencl ature adopted is witten in

ternms of noving P(r), although equivalently we coul d
i nstead nmove O(r) relative to P (r) . In both

’Ehé Uaﬂgonﬁthmheworxtb:rmlm #ahde tdfe Ophyses aart ettty of
f.orm ng t-he du t Of th P(r.- R
the 5IC 0393 p o? Q; X)) (ftl )retc§.1 %'e\ée @Ls input

ﬁﬁé&fgég£3 of - 15@é5 Eﬁﬁ&tggﬂer?kfbe? sahéisf bad. bt i Bore
notabl e that there are very few practical ;restrictions

tprefehaply hecvdratl TemeeionReBEst AE pRebérhpepribtyect the
wé@%“'thcéﬂ%h{hﬁk_ a plane which is different to that

containing the specimen. It is convenient to use the
diffraction plane, which is related to the specimen plane
by the Fourier transform. In this case the measured
input data is the intensities of the diffraction patterns
at one or more probe/aperture positions. Using
diffraction data has several advantages, including ease
of collection, no requirements for focussing the exit
wave function into an image, and the increase of

resolution achieved by measuring data at high angles.

However it is also possible to run the algorithm based on
a set of defocused images measured at some distance from
the exit surface of the specimen/aperture. In this
situation the free space propagator is substituted for

the Fourier transform.

The algorithm is not restricted to use of these two

transforms. Other effective transforms could be used to
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function may be a plane wave, or periodic with a
repeat distance that is a nmultiple of the difference
woetosaees3di f ferent values for R. This is becaBe®/GH2¢05/001464
al gorithmrequires several neasurenents that are
different in order to work. In experinental practice
these criteria are easy to satisfy. The algorithm
WK SF icin f il @M@Mﬁeiraﬂdrmmmmtq ofie t beheonpl Eu what

ction (r, res i nput _kpowl edge, o
AT orPPiersy | HHIOHED: Rorbe (pFererapfy t6 that
SRS P PmdTBAS Wl Nt fi drhef i dvh eohiet yf:LO;fstt rplazmp called
function in a plane mhlc |s dlfiﬁké to tg
R 4n*'g°t‘hlées%%%?%r9 PRS- use the
diffraction plane, which |s related to the specinen

| ane by the Fourier transforn1 In this ¢

se tnhe
s@rlePTithm Warksi 2% hd ldCdiFsi BRes Bkt héfer%erence to

gdiddfaction patterns at one or nore probe/aperture
positions. Using diffraction data has severa
advant ages, including ease of collection, no

{ equi genpat s, f Orstfétﬁuworog f/henexat g@é@sftgtct it®R | Bbgect
an inage, and the increase of resol ution achieved by
freacuiong gat @Flat  Whelteandies SURGREAIST | 9. s zaRkpsents a

ossségél J»Sa(l)vé ur?att h%h%l gﬂght h:[%@f’*é@ﬁorqn & Secfh Of alﬁorlthm
ro

e ocused 1nages neasured at” sone di st ance
Ehe$esﬁnhatéoos tehree Qpecph@mé dpdmiuicd, ish thesreal space

ShanalLen be ree SPase OnA0alor.l 8a PUPSHLEREEdR or the

hm  1S" hot restrict
f@r@ﬁegﬂéskheﬁeogmmrbraq&hmsnanlﬁyhat efiffeppiivés r. This
transf or coul d be used tonoyve from one plane of

TRTEPFEPTOR £6 BReBFRBE. SPREWAET fol | ows a genera

transformT is referred to that

2. A known aperture in terms of ©position and
characteristics is selected at step S701. This provides
a probe function P(r-R). At step S702 the current guess
at the object function is multiplied by the aperture or
probe at the current position R, P(r-R). This produces
the guessed exit wave function (still in plane 1) for

position R,
l//g,n(rrR-)= Og,n(r)P(r"R) .2

3. Next at step S703 a transformation of wgn(x,R) to
obtain the corresponding wave function in plane 2 (which
would be the diffraction space plane if the Fourier
transform is used), for that position R. Here T is used
to represent some general transform that would often be
the Fourier transform, but could also be the Fresnel free
space propagator, or some other transform suited to a

particular application of the algorithm.
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transforns a wave function fromthe first plane,
called plane 1 , to the second plane, called plane 2 .

woheosalbgoti t hm works as follows and with ref er BATAB2005/001464

figure 7 : 1 . Start at step S700 with a guess at the

object function Oy n (r), where the subscript g,n

represents a guessed wave at the nth iteration of the

al gorithm These functions are in plane 1 (which is

the real space plane if the Fourier transformis used)
Preferably the fﬁgrrs%k'di}e‘ssTgWG@g(rnR()r) equal s unity. 3

at all points r . This corresponds to an absent

specinmen. 2 . A known aperture in ternms of position

and characteristics is selected at step S701. This

rovid a probe .function P(r-R) ., At st S7 th .
]gurlr%nt%%&ueggoﬁglflﬁ‘ eobjllélctﬁ?]]ﬁ%t i%h is (%%rti %%’leedﬁglﬁrler
{ Aen 8eFH Ur ex0r WRRAkE abet heneur i@RialposiddDirdtal space

P(r-R{ . This produces the guessed exit wave_function
¢eerdinate pl and'or ) ther pESPRFBROR , B .weRld e stdp *V

4983 Pnd L @nshor gt iﬁf&fu&&‘_ﬁia&. jo abtaid {fSortant to

correspondi ng wave nctiron in plane 2 (which woul d be
hbee dthhtalij otk Spaces phaneguebstldé Faurdiem tofinsher actual
is used) , for that position,R. HﬁrﬁqTiS usedtg d b
Vape e SUREL 48Re 1geRhaIe t £ anStBPfh thatt 3o Ureedf PERIYEST PY

the F%ﬁés@edra%ﬂj@dﬂ betineeubd alsp,be) t he Frespekssive
Tree space propagator, or some other transformsuited

tbenaphens cuwfar | pegPrdRREf Whbl alRFRGuIn yycrgagrnaly
R =<p gn (r, R . 3.k Js the coordinate in plane
Steirabe YRECHGDF BF Wos U4/ P

Note that Wg,n(k,R) can be written in the form:
Wg,n (k,R) =[¥q,n (k, R) ¢! 921D 4

where |¥yu(k,R) is the (guessed) wave function amplitude

and 0 gn(k,R) is the (guessed) phase in plane 2 at iteration

n, for position R.

By measuring the intensity of the diffraction pattern by
known techniques such as detector array 32 information
about the actual transformed exit wave function are
known. A measured intensity of the diffraction pattern
where the aperture is in a first position thus forms the
basis of an estimate of the complex wave function of the
diffraction pattern. However the measured intensity does
not provide information about the phase of the wave

function. Rather the measured intensity is comparable to

the squared modulus of ¥(r). That is [¥(x)]*. Once the
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transform k would be the usual reciprocal space
coordi nate. For the propagator, k would be the xy

woaarsdioesst e i n the defocused plane.) It is i nmpBCTABR0G®MO1464

note that Yg,n (k,R) is a "guessed" version of the

actual wave function in plane 2 , since it has been
produced by the guessed object function Og,n (r) .
ﬁum's&ye dft eratitensonf fhe @hgoditfifmastilorpr pdtitern in

cre accurate vers s, of [1 R) .

SO TP RS ' Bet T Enc P Pab ropia Sy b may
mé 5§E¢ﬁ§ﬁrbd$ R|eig3' n(k'"R) 4 where |Yg n (k,R| is
the (guessed) wave function anplitude and q g n(k, R
is the (guessed) phase in plane 2 at iteration n , for
pPosi téoRret, Byt neasprsngst bkei hheessiyiek bbethe guessed
diffraction pattern by known techniggﬁs such as

E%@%%t%rW%Y?a§u%?t+%?o?ﬂan%n 3BBUt VEHhESAct ual
transforned exit wave function are known. A neasured
intensity of the diffraction patteg P&ere t he

aperture is in a fiPskBRsi HERETEForns the basis ...5
of an estimate of the conpl ex wave function of the
diffraction pattern. However the neasured intensity

\gﬁg§ef ﬁi’%k?k V'sdet T LRk %asur ut LBaukhase ofndheis the

wave er the ed Intensity is
sqnaaeabbettofthhesmeasaﬂedndutassmtyYatryheThmaghspﬂ¥ne-
(r)]2 . Once theintensity o f radiation in the
diffraction pattern in plane 2 is known a t step S704
then theeféélﬁwhngf&kapsmaﬁ Hmak caw riedl ogpacedto obtain

Correct { ste 705 the intepsities o f th uessed ;.
8 S AN ST EARE oS (1o EHEwr Y Jive TuldEEsRT (in
plane 1) (T-* represents the inverse of the previously

used transform T),
W on(t,R) = T [Wen(k,R)]. 6

6. Update via step 8707 the guessed object wave
function in the area covered by the aperture or probe,

using the update function

7
Og a1 (X) Og,n(r)+ |P(r - R P* (r-R) B l//c,n(r:R)“l//g,n(rlR))
|Prax (x-R) 1€ (|p (x-R) P+5)

)lﬂ

where the parameters P, & and {are appropriately chosen,

and |[Ppax(r-R)| is the maximum value of the amplitude of
P(r). The result is a new guess for the object function

(s708) .

The update function helps make the effective

deconvolution that occurs possible and introduces a

19



10

15

20

25

30

Yc>n (k,R) = IFCk R le* qg'n (k R) ...5 where

| Y(k,R| 1 s the known plane 2 nodulus. That i s the
wequariesoot o f the neasured intensity at thePCHEEP2005/001464
plane . 5 . Inverse transform S706 back to real space

t o obtain a new and inproved guess a t the exit wave
function (in plane 1 ) (T- 1 represents the inverse o
wWeildte pieviQusby wheaht ransfear mie ) objéch KumRion .t® be

6 Update via ste 707 the guessed obj.ect Ve, .
Ufoir‘?ctt%d)n 1Y heg%‘g%g %ve"i’l'é%lr% yaf'%e Rhers ur%\@%%lon has
RRREs UshPlithige Update faHIddibR ) conkbgne tUhey be set
paranmeters b, d and _iare appropriately chosen, and JEP
YRud (1 - F§ | TRE PRo SRARERER VE GEY0 o ki Hhpthd JERNGS fOf O

#5 () and TheckeHYd He Sad ﬂﬁﬁ‘é?é@sﬁaﬁgé.t heobjectiseful to
function (S708) . The update function hel ps nake the

e ebPl wéhadedorct ut $ omuchanodeeur s Howyi blee sgcted <1

i.nt r oduces. awei ing_f [ t bj
i T BRCRRRES B S e ind) SSRGS (D) Bftectea
fumnets Dy has bar gest fampl ictfude.Galher sedbeyudrheor similar.

constant may be set to 1 . It may _be selected as an .
Tt 61 { hel# iged of o 0PF8vaRng CEAGROPYpECER occtrring

LECPRRL LS, ) B, % 0 ke OpeEh Rgtien J0LS oy
Sepliedi nth gwenpkry, Fiheedet eatdedibntemsalyyi s(tdfoudre not
lflgég)ssoattrl }%abosrmath_Lleorgr%Wagr 15:’“'@21 la%%[ can be considerably
smallef if the noise present in the recorded data is
small. The constant B controls the amount of feedback in
the algorithm, and may advantageously be varied between
roughly 0.1 and 1. When P = less than 0.5, the previous
estimate of the object is considered to be more important
than the new estimate. Values 1in between vary the
relative importance of the two estimates. f determines

how quickly a solution is reached.

8 is a parameter which may be set at a fixed value or
which may vary. It indicates how noisy the recorded data
igs and is used to attenuate how the updating is carried
out in response to these circumstances. If good
conditions exist for data collection that is to say with
high beam current (high flux), which would imply low
gshot-noise, then it is safer to use results gathered to
update the guessed estimate. Consequently the value of )

can be a small fraction of Pupax (e.g. less than 1/10%%) .

The expression:

P(r - R)|f
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The value d is used to prevent a divide -by- zero
occurring if [P(r - R| =0 . dis a snall real number
wago0iss0eBmmonl y applied in Weiner Filters and P6T/GB2005/001464
usual ly (though not necessarily) smaller than Pmax and
can be considerably smaller if the noise present in
the recorded data is small. The constant b controls

t he amount of feedback L e- njlorlthnl and may

advant ageously be varieég%etmeen roughly 0.1 and 1 .

Wien b = less than 0.5, the previous estimate of the
nebyiecisdss chas gl t@fm:trmpé mqmrqramtw]nhaﬁ {R(e nRY is
estimate. Valuyes in t ween vary the A atlv

Laksisit antRIBf 1Pnd's StTH st bl et B e dedisys which

S Ckd¥e Bv5Rb Uthen HisyHesac hadount | 8fa ma:r:aimtterrawﬂua:ﬂnlon,
may he set at a fixed val ue or_whi

AT R Qe T S S e et s O b h Pk vely
Higatd ekt ecBowot Be wpdabi.ng TS scaimfi@thaifion nis clearly
response to_these circunst anceslfesgjt%‘good condi tions

adiest vebualiea W ebRRbn TEREY aYPREEh Yigh 1ittle

f&ﬁﬁgﬂigﬂeﬂé (RicalUx)and With £dh Woil thdarpllyy |offected by
shot-noise, then it is safer to use results gathered
nelgmdat e the guessed estimate. Consequently the val ue

of d can be a small fraction of Pmac (e.g. less than

| /10t ). The expression:|Pmax (r-R) | maxi m ses the
Eprateheef bdtuanfi onegivbasewHer e | B( € =0 R)apdl s0+@r gend the
This js useful, since it _is those re

PRSP gE TFeR hi Bhos: mamibUbEbf L FnCrichE FRBFSECRCd BY

f€§ﬁéﬂerﬁﬂéf§ whtsh ¢anhai nignfoenmeyi ophwith at is zero
elatively high signal to noise ratio. lhls
t R

¢ hPOrGX® on Ots SHRRPFY ABIRETIRPUabTRS t RAFCEHEP™ i Some
Legi pns; wheLerverdhd ihd1® known Fienup algorithm. If in

this situation, only one position R is used, then the
algorithm reduces to being mathematically identical to
the basic Fienup algorithm. Where more than one position
R is used, the algorithm has considerable advantages over
known methods, including the fact that it does not suffer
from uniqueness issues, and that a wider field of view

may be imaged.

Subsequent to updating the running estimate of the guess
the algorithm shown in figure 7 progresses to selecting a
new position R which at least in part overlaps the
previous position. The overlap should preferably be more
than 20% and 1is preferably 50% or more. This may be
achieved by either moving the aperture in the direction
of arrow A shown in figure 3 by a predetermined amount or
by causing the illuminating radiation shown in figure 5
to fall upon a different region of the target. It will

be understood that embodiments of the present invention
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radiation is incident, and which is heavily affected
by noise. For the situation where b = 1, =0 and d=0,
wanastieessi unction P(r-R) is a mask that is canPO®GB2005/001464
represented by a region where its value is unity while
it 1s zero el sewhere, or support function, the
al gorithmhas sone simlarities to the well known
nfEiye o calsgdnitlhmprtdvide timagesidaka o, om ylewpetion of a

osition,R is used, then e Lt hmre ;

%%ﬁqﬁf w&%ﬂg i@§1I?“ﬁﬁeﬁ%ica?hggg%heggasggggﬁé%gp of an
@tegmdﬁdwhrmf\/\heheidene t hadiantoposheimmn RaEde usedInt heuch
al.gor.i t has. consi der ; r

SRR T e 7 A0 TS S QL Bl ro step
é"r(mnbunlm@m%s@ icfsueRe and ttikdt aeswidetef ief dtdfe voeject
may be i maged. Subseque 0, updating the runnin
@EﬂqqhﬁQa%?r}hEeéG@ng%agéﬂiﬁw' %n?gﬁoﬁﬁﬁﬁﬁgﬁ%ﬁr%(ﬁ) ot
QYT epeesi & 0188KLAT HRY a OREWaDS| TdcratR i Elile ahew guess
| east in part overlaps the preyious position. The

er 181E sIRBUISE tr USSP b&inor e 2PR ﬁxiﬁ‘%tgndc!igser and

Prefer abl v 190% OF u AT 8b I8t Srimyt Dén aghi eMedaby etehation

movi ng the aperture in the direction of arrow A sho
InfOIAR O B atpf eddi®fhi HRBCRFbENL 3G b'y'/hl‘:‘ﬁuﬁﬁ’f?gmﬂnown

5@1&&&@ r?@rhﬂ:&geﬁé‘dbﬁt LR Shevmehp fhauseidnt @sfabiled to
upon a different region of the target. It will be

impherse ook tHeEuBAEDdPReRlS ©FLiHRLPr esent

i nventi onmay successfully provide image data for one

| ocation of a target object w thout any change in
Necatilbaless ahhgpercasy owvrierabbenmetbddatforbeldie to a

PR r RSt it b et ep G702 nelead OF { R8S nPEFYLoS

gstivbbr @f thewnbjacfigure 7.

A known probe function P(xr-R;) at the second position is
identified at step 8709 and then the step as above
mentioned are repeated so that the new guess generated in
step S708 is multiplied with the new known probe function
identified at step 8709. This is illustrated in step
S710. Effectively this generates an exit wave function
either post specimen or post aperture depending upon the
embodiment concerned. The resulting exit wave function
is propagated at step S711 to provide an estimate of the
scattering pattern which should be detected at that
position. The diffraction pattern is measured at step
§712 which provides intensity information and thus
amplitude information about the transformed wave
function. The intensity information is used to correct
the amplitude of the transformed wave function whilst
phase information is retained at step S713. This

corrected wave function is inversely propagated via
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35

function O(r) being | oaded in the new guess for 0O(r)
of step S708 is |oaded in. On each iteration the new
wquess0é31 t he obj ect function will approxi mat eCTIGBRe15/001464
and closer to the actual object function as on each
iteration informati on of the known intensity and thus
the known anplitude conponent of the incident .
Foagdiiati anrdresfadded ton | (phevethhe iaeasr aby 66rpad in the
estipate., Nevert hel ess the r ef e e hogd, i ;
25 nhUBLED o FESPIOL: (O M T SRR oVBP| apidpe 1o
fpraedous: posidétanieas shewn Fmebinglr @if fraatk Qi ighLtes
function P(r- at th con sidi i.s 1 dentidfi :
oft ¥ep 38709 ° rtheﬁﬁ“t%t%elset e%lgagléaftbéo%enjbon ionedf}g% e
inapeated <0 dthatdhenew gurss weneirad et mastepSWEe) 1s

is multiplied with the new kno probe function.,
theant FPrEachedstagr S ThiCs pRe ! RGeS HHFﬁlgPepSho‘”n
S K fecdi vehys t Bhe gRBerakestansed mamvmdamcioonthe

ei ther post ‘specinmen or post, aperture depending upon
queecém%mq’ﬁémn donctstie-edrnd! rSR tS P exi t wave

function is propagated at step S711 to provide an
estimate of the scattering pattern which should be .
Met tbiied stagehafupsbetri oROVERRNEI P ael® orf JgaeaT & oF

Gl t woichy peaYirdesod Nif@Red: position.
Cﬂﬁ or nxg% g%ygnlg@t ﬁﬁ%ﬂ%arrpl i tude i nfornation aboutpt he
Agairsf or metbowiveot uriEie R,  TPRe | nPEREI YD | AFGYREL | BREWeen

| S WS&d.t gli%&ﬁ%ﬁ:ehh Spl j sae sof dherdxansd or nedh this
Q/vave?unc ion I'I'st phase informati'on is retained at
wdep 82l whoTéi §aggetecoklieahy aafunePbt banasly nkg seppped.

PLOREILETe 1) RV 450 LpEg' SEBELoR Meoa: phecy ey
woesatde | mEghous further positioning knowing known
diffraction pattern results. In figure 7 the iterative
method is illustrated as being repeated by returning to
step 8702 in which the new guess generated at step s716
is input to the multiplication stage rather than the
initial estimate of the object function supplied at step

S700.

The iterative method may be repeated until a
predetermined event occurs. For example the iteration
may be repeated a predetermined number of times, for
example 1000 times or until the sum squared error (SSE)
is sufficiently small. The SSE is measured in plane 2,

as

SSE=  (lwg,n(k,R) -y (k,R)[*)?
N

where N is the number of pixels in the array representing

the wave function.
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formed at a | ocation where Fresnel diffraction
dom nates or by any other suitable transfornmation.

wOohbes/106531 | | ustrated at step S714. The runni ngPESIGBIBAISM01464
of Q(r)is then corrected according to the update
functi on shown above at step S715 and the result is a
new guess for the object function illustrated in step
S716. At this stage further m)verrent of the

I I um ation or_ a t h 0

Ut her p03|?e%%tpﬁga¢¥1§a ocatl on %e%a%%rr%ég(\a/e?ugﬁs ot
o uslsj det wEancpt exi pmsvutibarranailmurm:aiswii% for that

refera In thi r e
B RS i B AL EROL €1 58T HE6CEBL °85 EBMpleted
agﬁrtﬂiﬁéﬁdlxaéi Sheprise 1ﬁcm:yrdmce ecpiéaa eldrwieheumﬂladt heent,

sitioni.n now kno dlffratlo es
ﬁﬁe t FET lfr%]tgtlyg fethod |jsecf s %ré:?egl éuﬁldes
i&ﬁam fepeated thy refcatdiong tvm:sdkepa@Oélthemhud:humheated
new guess, gen r at ed tep S716 i |n ut toth
201 t§ clap?(FJo‘ii £t a a#“a%fecg‘tl%ﬁw At SSEESEEd Y
Iécé@ﬁoﬁbkﬂfhﬁfgﬁgtlQEr@@pN@bﬁbéﬂ apeptﬁféo Thieis image
[terative nmetho y re unt,i | r.edet er ni ned
Seht LBELHES FoHD i ERaPRegE e s WHLEE can
é@l@@é«?@gn’élyr sdetgedl ned Juithercofa thigs, résblaxaonl émage
1000 finmes or until the sum squared eryor (SSE) is

efif fhei el eyternrPIieReCBSENESTAEGSH 88T PR pl ane 2
as SSE= ( lyan (k,R[2- Iy (k,RI2)2 9 N

The moving probe algorithm has been used to recover the
phase of the wave function created when a STEM probe is
incident onto an object with the transmission function
shown in the first row. This transmission was created by
taking an image measured with a CDD camera of gold
particles on an amorphous carbon background, treating
that image as an amplitude object only, and propagating
the result by 1000A, to obtain the intensity and phase

shown.

The STEM probe has an aperture size 0.254™, defocus
3000A, and a total number of counts of 1.0 x 10°. This
results in the intensity and phase shown in figure 8.
This probe is to be multiplied with the object
transmission function, for several different probe
positions in a 128 x 128 pixel array. The resulting wave
functions are Fourier transformed to obtain diffraction
patterns such as that shown in the third row of figure 8,
which is the diffraction pattern for the probe position
(60,40) .
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where N is the nunber of pixels in the array

representing the wave function.During the iteration
WwWORBA96531 he nost up-to-date guess of the obj eBCT/GB2005/001464
function provides a running estinmate for that object
function. Wien the iteration process is conpleted as
determ ned by the occurrence of a predeterm ned event,
The aleerhghesvasatenofwihk pbrawetfufcfiron pEYatdes 7 of

| mpge a at_the locatio whi are,_either .
l%’TrTumg%it edy %ﬁ%'?%@i{deﬁoﬁ aélggtoi ohESFahPRRr o Which
t b af i t e bj.e aper .
iy e SUAT M i S
$ni bl neecomanhnghqoankivbsefbenregovergdedave unetipa at

@bgg%ﬁﬁg' uty onyLpRae; of dlle sl gched peoi gp of; 8.
arget obj ect.” The noving probe al gorltﬁm has bee
Ukedriy r tbeverlgoeiphase wofrkshe weme fwekbli on clbat egame

when TEM probe is.inci . Obj | -
PRERe Pt P BB Sh il e T P FAG, HhRTubE8n o
dddadnPsisennwasiceeatddbya tredamgvabue nefjefmeasuied, and

with a_CDD canera of gold partiﬁl es on an .anorphous

2aFBBAl Backdt oundne r ¥atPkg Shal i ¥RFe @S iddegmptPt fad -6+

R EAL YUY RN T OR2YRPFBYlN& drRR ek 1008he tRsults
obtain the intensity and phase shown .” The STEM probe
fhsthrsgpedmyletdions @rzsmhown gt oEigUBB0BA, §Agaxly the

éﬁaﬁkiBH”QEanEs o E?eﬁq éffééémén gﬁésaiS§¥H£ﬁmtn It is
the intensity and phase shown in figure 8 © This probe
psrtocbéambit icleped thiath thre object transmission function

DA A SRR LSS0 e BOTALERDS R oo
af e pEobei @ostitdnsfsorrsed tfowbtlaan detfiqealon This is the
expected behaviour asg wvery 1little is known about the
object in regions where the probe is vanishingly small.
The results shown have been scaled to the same greyscale
as the original object transmission function. It is
clear that the structure and some of the detail of the
object are recovered, even in the case where the noise is

relatively high.

Embodiments of the present invention thus provide a new
method of phase retrieval which is applicable to many
situations in microscopy with particular emphasis on its
applicability to scanning transmission electron
microscopes. The method required as dinput intensity
information only measurements from a small number (one or
more) of different probe or aperture positions and this
therefore removes the need for post-specimen lenses thus
avoiding the problems associated with aberrations of such
lenses. The algorithm employed converges rapidly to

retrieve the phase of the object transmission function.
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patterns such as that shown in the third row of figure
8, whichis the diffraction pattern for the probe

weasistioers1 ( 60, 40) . The al gorithm was run, w t hPCT/GB2005/001464

parameters fromequation 7 of b=l, =1 and 5=0. 0001,

for 2000 iterations, at which point the SSE in
diffraction space was 1.444 x 10 7 , and still

Tets casnaiglepi dkigh Hesalatower edades f ddduisgragting the

t hi t h f h f . fi0u 1 e
L3P yPIcGt S AT o Ee" B 1O, BReOLsBHOYRE B e
Te}?@egggemgtm :rsepaeIncedefﬁteﬁeiner ein/vindsiswe?i?uau’sbna and
0i SSon noi.se, W
bR e choRary 8o T Uafiooe i bar s TFiters sne
1b56b<|é Mﬁ@ihdmul t eﬂwbo;dmnumraﬂﬁdheorprm@@mEeanatlon
ts t hese si ions .are_sho
T et FyoBhe’ danee GUB DL oS e brvherednVigh Taroec

ébgeetshnavihgi 8 paéaeeukaﬁhydcbeaucthate tlre abpdct
transm ssion function is only effectively recovered in
the vicinity of the set of probe positions used for

thatirest rieovm) . 100 s badt helexpectladdwhad ounlasrnative
very little is knovvn about the object in regjions where

H@oﬁ%‘ﬁgt?s QfanFBfi RFSFal IRVERELPRBs G %%omrﬁ&\?éllar

baeh &%@Iq%dmaéﬂMEﬁgaﬂa&M&WS£@I@ @ér?@@ ki gb&abenerated
ObjeCt transm ssion function. is clear t at t he

apfuplire 18 tddne ner %%R?Qﬁﬁeﬁf Bﬁd%ﬁElaﬁjEEPt5FEEd from

Eﬁ%oﬁs%éét %&?nbbndEE%cQéae whekR rlhe oRoii38 st rates how a
rel ati vg\fv nmbodi ments of the gr esent invention

BRUSCPBr d?@déar‘?éwn’rétof% Wi ghaRey rler levaredhrarsps to a

2B8p leanlo% 1t Q:amanb’e sjkuat 't%nsfdﬁn N CEESEPRYiMGt Battern on
particular emphasis on its applicability to scannin

Bnananiceyi onf el @eteopors 1002. The "source should be
sufficiently close to the target object to ensure that
the illuminated area of the target object is sufficiently
small so that the Nyquist sampling condition in the
detector plane is satisfied. This embodiment needs no
lenses or apertures in order to provide image data from
which high-resolution images of the target 1001 may be
generated. It is however important under these
particular conditions to locate the source 1000
gsufficiently close to the upstream surface of the target
1001 to achieve this resolution. In order to provide
more than one position for the update process the

specimen or the source may be moveable.

Figure 10B illustrates a further embodiment of the
present invention in which a source of plane wave
radiation 1003 is caused to fall on a focusing tube 1004.
The tube 1004 selects a region of the radiation 1003

which is allowed to pass and becomes incident radiation
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m croscopes. The nmethod required as input intensity

i nformati on only neasurenents froma small nunber (one
wonrowswepl of different probe or aperture posit PONSGB2NE/001464

this therefore renoves the need for post -specinen

| enses thus avoiding the problens associated with

aberrations of such | enses. The al gorithm enpl oyed

aonveegesrgepi dlopilt.o r¥er leneceherpigstt ofardet oppeEtures

éféﬂnsrye i df umj‘i{‘ll OH%JQJ) d%@?gl eSW'hcll*gh rt?ft%' ut Eggticular
I'mages 1t1lustrating the Structure of target objects to
sgbgimeemt ed in real tinme. The algorithmis al so
effective in noisy situations and works for a very

wi de variety of different objects and probe functions.

}Er@mﬂérrarms dfi ke rptesent | sveht i dhuallsr eratblodimestte in
unctions to be cal cul at when _target. obj ects havi.ng. .
P8 G oGS CRF Rt b tar 0F 280 AR ghr LETh O ERacion
@Wtcd OEdllsusbhate abtveanallievenenbodi M®OEs of tdwme other
resent.inventign and in particular ow how i ncident .
?%ﬁf%??bﬁeat SHrtQ'QFﬁet may? et ge%er%?égec\g{hjdv%lat gurgace 8
baept bhyanuy aspectisabfl e adiaat i ohe spather eburcem1d@0 is a

target may be detected, Figure 10A illustrates, hqw.a
SOWFER & r&Xara¥fon 1666 \Aﬂ?‘aha%?/nbé% oﬁggiacglegsebﬁfothe
Ritabpei0df0itcanohe dsedrheihgr anglseabhdr igg ipatidett on

on an array of detectors 1002 . The source, should .b
Sher feramel v Wose L85t He SCAGAT b GEALT 0l e iPe SERECTES
bhechk! ypi-aat e aeeacebrkheobarget object is

sufficiently small so that the Nyqui st sanpling

condition in the detector plane is satisfied. This

PIRAULEEAL ANGSES NG | ENBESE PL APEEL VI eFuirBhei-d@ido@iment s
provi de i mage data from which hi gh-resol ution i mages

of the PaegENtlGoVSHiIQe gefer BeEBiCHLars ChEXevdr ustrate
LAROL A1 R tdeSehe present invention can be applied

to provide a surface profilometer. A point source 1100
radiates radiation which falls upon a surface of a target
specimen 1101. Rather than being transmitted through the
specimen as above-described this specimen is either
wholly or partly reflective. Bumps and other surface
features cause a change of phase in the incident
radiation and this radiation reflected from the target is
scattered to an array of detectors 1102 where the
scattering pattern may be detected as above described.
Figure 11B illustrates an alternative embodiment for the
surface profilometer in which radiation from the source
1100 is first focused by a lens 1103 prior to interaction
with the target object 1101. It will be understood that
the algorithm above-described is applicable equally to
the transmittance mode described above and the reflective
embodiments described with respect to figure 11. In each

of the various embodiments described in figures 10 and 11

27



10

15

20

25

30

particular conditions to |ocate the source 1000
sufficiently close to the upstream surface of the
woanganesbp0l to achieve this resolution. |n orBeT/dB2005/001464
provi de nore than one position for the update process
the specinen or the source may be noveable. Figure 10B
illustrates a further enbodi nent of the present

mion*emtnitomﬂ' nt hehiseturaces AL0de dflqm,artam;te redi attiuee 1004
03 is c used, to fal

b 1 o
&1 ee‘F%JcYes Ion\lFJéﬁFo%%Ofsocus radl at ggn%%odé%lc%lon
Itnﬁ ﬁlillﬁmzh’cai(ﬁ)rgaﬁﬁnﬁilﬂﬂoheomﬂ@ﬁfdh’EIﬂﬁmti@dl fbromsge in a
e targe enses . t t
FHEPT 1 Th tT G AN SR e

enbodl ment . Figure 10C illustrates a still further

enbodi nent . i n which i nt 1000 aof d
GATES o 4 FORCHRFER PRPREDATa FPoWERG AR r P oot

WGP ptheruded |iﬁ9téd/r@s‘§1tuiét610£ hilehr@ssBht fohi ireage of
surfaqe|sgart|cularlya§)I|cableV\hnth oi_nt
& 0lFEACT000E| 2 a teEHe Bg KCFayRECHTFL PAditt | GRS 2POVe-

d&fdeated bynbhendhtr 9114005aakdcliesefiqugsazéngnd 6. A
angles and is _incident on the target 1001.,6 Aga
Sonaer 6F rEAIHRE AR 3 % cBFRULBYSt HE T OTon onto a

]Tc@{se(:tl%rosﬂ. 1082 chFi QHE&§¥H fodhses BHd | li%ldl%ltﬁ.o‘ﬂl bhto a

urt her enbodi nents of present invention.
grredteed areghey Pr| o 5a%EE hobA enb%?erre%ﬁ%l%éfmi hgadiation

}PJ&S%. { &H&%&Eh‘an waPe berappligd toopr oyhde #n senfiacewave
. A point source 1100 radiates radiation
Wma;thlcmal Il@Ol3pon Theer f @bt ofwaye af gBEL&PBCidfenPEPpRgated

DeL Lhap, 8 t&ﬁg%g"gtgﬂfEQ59%g%§fgagﬁg¥ﬂn§§ &8rmed
0]

ve- descri IS specinen IS ei t her
on an array of detectors 1204. The distance D 1is

advantageously sufficiently long so that the propagated
exit wave function 1203 forms a Fourier diffraction
pattern in the far-field. The detector array provides at
least one detector which can detect the intensity of
radiation scattered by the target object 51. A locating
device 1205 is provided which may be a micro actuator and
this can locate the target object at one or more
locations as desired with respect to the target object.
In this way radiation from source 1200 may be made
incident on different locations of the upstream surface

of the target 51.

A control unit 1206 provides control signals to the micro
actuator and also receives intensity measurement results
from each of the pixel detectors in the detector array
1204. The control unit 1206 includes a microprocessor
1207 and a data store 1208 together with a user interface

1209 which may include a user display and a user input
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whol Iy or partly reflective. Bunps and other surface
features cause a change of phase in the incident
woadisavéssn and this radiation reflected from t ReTiGE20E1001464
is scattered to an array of detectors 1102 where the
scattering pattern may be detected as above descri bed.
Figure HB illustrates an alternative enbodi nent for
kelge p@wrg zilggdqs)rmﬂltm?et@mit nelii bR caanected facorm thether
source. . is firs ocused I 1 [
N B e e A L P Wy
comgtercdt.0od Afl katrnizhe vallgoritt hwidbove desderpedodls that the

applicabl e equally to-t r I n d ri

BB sttt he 1Ror asint B R ard 38 R BahRpL i e
T&%prgf“ohttr@lfl gurie 11206n each afitthetyaealdys control the
enbodi nents described in f.igures, 10.and 1 V. ;
Hrlﬁ’éimb D06 ¢T0 ,atf‘arlgyrlgtr 1?1?‘%% %{}‘8046 ang;la%fly @
u_rslegl‘xl egdh Vasal ]Ictlh@r U35 narebiaarseti209 teopesiltdain areas of
i.llum nation functiqn or, probe function for [

ikt CREGPSL IO TOE { 8%al YBTT T SBovR QBadri Ba tier user
FH@we 12 illustrates apparatus for providing imge

data which may be used to construct a high-resol ution

i mage of a region of a target object according to the

AbOYE: - tHesebiRed eFbadigmitdd l1usto ai Elhindtgur else 5lens
and 6 . A source of radiation 1200 gr vid

32QQni WaEhon mestidtdens 12H3S whirek ak|‘§>sjfeocc‘hsejs2?%e is

20l &t {-pm PNi Ocac 88! BGt ERer 8L QAL 6L @208 gAtleblcohbeol of
I nci dent radiation has an incident wave functiaqn %2 O%.
el conkret wabe 12REti oRhe2B3diFhiehek P fagedt tiraction

W&%ﬂ”déﬁe&%@&a% efk G55 A55v i $H8REEoRsWRSS &ch of the

[ raction pattern is formed on an array o detectorlsq
detedtoTheini shandetecteraavanyagefhs| yREgHLES nPry these

égggc§8rghﬁg HgﬁuﬁrQR9Q§k§Qmmtrol unit and may be stored

in the data store 1208. If only one position is being

used to derive image data the microprocessor uses this
detected information together with program instructions
including information about the algorithm above-noted to
derive the image data. However if one or more further
positions are required prior to finalising the image data
the control unit next issues signals to the actuator 1205
which locates the specimen at another selected location.
The actuator 1205 may place the specimen at one of many
different positions. After relocation a further
diffraction pattern formed on the detector array is
measured and the results stored in the control unit. As
an example the array 1204 may be a CCD array of 1200 x
1200 pixels. If no further intensity measurements are
required image data may at this stage be generated by the
control unit in accordance with the two newly stored sets

of results using the algorithm above-noted. The raw
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exit wave function 12 03 forms a Fourier diffraction
pattern in the far- field. The detector array provides
wabolsgae3sione detector which can detect the i nPEM&IB2Y05/001464
of radiation scattered by the target object 51. A
| ocating device 12 05 is provided which may be a mcro
actuator and this can |ocate the target object at one
iomgeor@atacakiyorise adidpdayed wint har ddpbctraselugdon image
target opject. In this y +adi atign.fro 1200
ﬂﬁﬁﬁﬁﬁg d r?ﬂcﬂ%%%tl%%g%iF?@%%ﬁ%éfoggii%%%g%%fgﬂeggl the
ugest reamesfinéace200 tdre teanget 8isplAycant ral Pgniar 1Qther
r K}des control signals to the mcro actuator and
€CEi%es intensity neasurement results from each
of thelplxel detectors in the detector array 1204. The
control unit 06.1includes a m._croprocessor 12 ad _a
R GHTF 1555 EBGOURETSSRE h AR The dleots oGS =
i\Madxe‘attTihrw Irrfé@ﬂl’idu;ﬂie goysealendiwiplqy imadiea dsea impuekeyarget
pad. e control unit yay be connected to a.fu er.
IRssi ng Hevi cEESRTSS TP Op i%loa%?fifﬁﬁ%g thooen
%f?%ﬂf%?éﬁﬁrﬁ&yiséd&§r@@IEdeébléttMﬁtbpbewmﬁﬂegenendlised
that the control unit 1206 coul d be provi ded by a .
Veptep i PE. PHETEBftrol uhft ﬁﬁgecaﬁjﬁﬁtoﬁﬁ%FEQFF§ance
Sate dbnt Be REPAyss-on-Of i EMigekdat adénineal ok re.beam of
Al'ternatively a user can use the user interface %209 ,
kbR afeds &fe t Heedkakget f@SP%@S'for i Hagi fREGFRative
OROVE ffeftis t NeLLHSEr kRRUl adriwMs®y t hEnsopigeiof of an
raQ|at|on_1200 il'lTum nates the lens 1200 with | ,
ohiat i onifThehar gelbd @Bf eciS120lls EpaER| vefipformation
%&%@f&?n%y_Eﬂg achatberoh? @3 undesricond rolcoé1themay be

ontro nit 1206. The radiation forns a diffraction
derived.

06
=al

Embodiments of the present invention provide a method for
obtaining image data suitable for subsequently generating
a high resolution image of a part of a gpecimen at wave
length-limited resolution. In this way a method and
apparatus is provided which can produce image data having
a far higher resolution than the resolution required for
positioning accuracy of apparatus used to derive that
information. In the case of very short wavelength
radiation (sub-atomic) the resolution improvement may be
40 or more relative to prior art techniques. In some
instances the resolution will be compromised by the

atomic motions themselves.

Embodiments of the present invention have been described
hereinabove by way of example only. It will be
appreciated by those skilled in the art that variations

and modifications may be made to the specific examples
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pattern detected at respective |ocations by each of
the detectors in the detector array 12 04. Results
wobnam1éBse detectors is input to the control BATAGB2ME/001464
may be stored in the data store 1208. If only one
position is being used to derive inmge data the
m croprocessor uses this detected infornmation together
Avistch ogredg mermhonst Kegeivsisd felamlithe isdarami shapvisent
.t he L?prithn1above-noted to derive the i mage data.
HOWEVEP i f one or nore further positions are required
prior to finalising the image data the control unit
next issues signals to the actuator 1205 which | ocates
the specinmen at anot her selected |ocation. The
actuator 12 05 may pl ace the speci nen at one of many
different positions. After relocation a further
diffraction pattern forned on the detector array is
measured and the results stored in the control unit
A s an exanple the array 12 04 may be a CCD array of
12 00 x 1200 pixels. If no further intensity
nmeasurenents are required i mage data nmay at this stage
be generated by the control unit in accordance with
the two newly stored sets of results using the
al gorithm above-noted. The raw nage data may be
di spl ayed or a high-resolution i mage generated from
the i mage data nay be displayed on the user interface
12 09 or renote display on a PC or other such device.
Enbodi nents of the present invention thus provide an
iterative method for deriving i nage data of a target
object. The iterative nethod is applicable in an
intelligent way so as to be able to cope with
generalised illum nation systens. In these the
transm ttance
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function of an aperture is weakly defined or a beam of
radi ati on may be weakly focused. In alternative
wenhsdioesnt s rat her than deriving informtion 8€TAIB2005/001464
object, if the object is well known, information
regarding the radiation or aperture itself may be
derived. Enbodi nents of the present invention provide
caamesshod for obtaining i mage data suitable for
subsequent|ly generating a high resolution inage of a
part of a specinmen at wave length-limted resol ution.
1l.n th siebd skt podvadtnappasgéusaics Foaviaedswhiaghing a
can produce | mage data hfving¥a far higher resal uti.o
ot r Ed

bigkh YRECTRELPRL ioRT% L Pos i ohi TGTEECUrATy T
ImpAIRANRY Uhdlsadkdsd sferive that information. In the

case of very short maveleng%g.rgdiatio %%fb-aton1$% cion
the RESHILAIRSh | HpFEURent TAEYPHECR0 oF Tl e & el Ht9V2-"
diid 0z rardhd ey Siashjddt some i nstances the

resolution will be conprom sed by the atom c notjons .
t hemdBiavedt ERBSE MR sOFSTHRT pr g?EﬁF%ilH@erﬁ}feonl%ié%Slty

Jﬁ%ﬂea%%rb%!hat@i@fé@@%esﬁﬂ Vi it exXeebe; cahd. | t
w || be appreciated by those skilled in the art tgat d
var i RUOHS N Pk {18289 Gt FelPHROMEHES t bot He detecte

specidiG, e &sdi splpsedesbtingubndepacticagniingm bie the
scopeglotfyt)rﬁ@%lr esent ig(r%f/entGi on. CLAlnl\/Bﬁ: 1. A rrgt hod
ofcipteavi dinafiatairn dA® fPor PESkst EB&ORRg 8PRPGR aperture

' i1hr@getg§ - regiop. of a target object,
f(:ee(;f‘rré%llrlltk;sél g&g})t e st ep% ofc:%ajpr ovi di ng incident radiation,
froma radiation source, at the target object;

2. The method as claimed in claim 1 further comprising
the steps of:

detecting the intensity of radiation scattered by
said target object with the incident radiation at a first
position;

re-positioning the incident radiation relative to
the target object; and

subsequently detecting the intensity of radiation
scattered by said target object with the incident
radiation at a second position; wherein

said image data is provided responsive to the

detected intensity at said first and second positions.

3. The method as claimed in claim 1 or 2 wherein said
step of providing said image data comprises the steps of:

estimating an object function indicating at least
one characteristic of said region of the target object;

and
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via at |east one detector, detecting the intensity of

radi ati on scattered by said target object; and
woRosi1déssy sai d i mage data responsive to the deCeaB2005/001464

intensity w thout high resolution positioning of the

incident radiation or a post target object aperture

relative to the target object. 2 . The nethod as

cl ai nigeratictedivm 1ré uesherabngr i SPAG t RPIsidps Binetion;

V?’la d hgcéﬂ%%g? hg¥ gf ?1?1'1?1(3' QU+ elclefd e Sebhflect

rget” obj ect e inci ent radiation at a first
frosition; iy enpositddnitig tdrch nicieteait 19madi at i on
relative to the target object; and subsequently
detecting the intensity of radi ation scattered by said
4 ar geThobjechodi & theimedi dentcledd & i birthen sewprésing

‘ﬁgSl t| on, \Aﬁ]_er ein said inage data is provided
sponspve 0 the detected intensity at said first and

seconuipoigp Xy ions. tide . edhemaeedoodbhsct| funedion by aknprobe

wh d
Bl Y5 SRR 0pS' SR LBV ISR LIRS IR e une
imeH ettt mgacaiaﬁjacarsta’onsar,&au:argetlsb] eciof sai d region

of the target object; .anditeratjivel e- est i n
sai d BBPELT I 9néT oiXNhel 8By tléna%%:%rrla%f/esﬁon’s“ge to a

fé@@l@goﬁséaimtrﬁupilphﬁc@bieﬁt functi on is inproved
with each iteration. cl ai ned

cl ai rﬁ%o?%ﬁ?‘i‘ﬂe?gc&?&rl §?‘f‘1§ t"t‘faev%t gbl %%flon bt |pp1‘TC§/\’flde an
s beiasté et egh obkpettéansthotebyng paobern; and

correcting at least one characteristic of said
expected scattering pattern according to a detected

intensity.

5. The method as claimed in claim 1 further comprising
the steps of:

detecting the intensity of radiation scattered by
said target object with a post target object aperture
located at a first position with respect to the target
object;

re-positioning the aperture relative to the target
object; and

subsequently detecting the intensity of radiation
scattered by said target object with the aperture at a
second position; wherein

said image data is provided responsive to the

detected intensity at said first and second positions.

6. The method asg claimed in claim 1 or claim 5 wherein
said step of providing said image data comprises the

steps of:
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function indicating at |east one characteristic of the
incident radiation at said target object; providing an
wexdis/wesse function responsive to a result of BaraB2005/001464
mul tiplication; propagating the exit wave function to
provide an estinmate of an expected scattering pattern;
and correcting at | east one characteristic of said
expe@s@x&t&iﬂtgering obditetcdr nfarebidhng ndi cptdet®cpEd least
intensity.. 5 . T t ho Laed ai ;
orl A rsR iy Thetorent Sttt cklel e function
iimnteetisiteyl yofberfadicata grossc dtatugredd diyj eszti chpertgate olfndt

w th ,a post. target_obj ure_l.qcat a £i Lo s
P01 E1ESH A H1F Tas pEET e 15 TRE S, gBp o, Sep e * Biction;
wherROsi tiloni agetihecapeft ar euneliabi esthioattiee dfartdes dpject
ct ;. and subsequently. .detecting t intensity of
A ot S AR B0 o Tar Gt SH b i ¢ b ¢ he
aperture at a second position; wherein said i mage data
IS prqvided responsiye.to.the detect i Nf It s
sai d ¥ ersrf‘e% s%%oﬁxabglgfit ngnsciabl.m gl‘agefun%erg%% %Cs)%rmlng
&{@Ig{%ijg el gi m1l or claim5 wherein said step of
provi ding said i mage data conprises the steps of
: est iwﬁ%@ls@%g@'&te? A7 0h PRTeat THEBEOT o8% 2 oREOPS
ahacder kshieaefing RAst 1kakgetortd) ehbrunaverisntti wtf the

i mredi ately before a post target object aperture; and
IRV TSl y re-estimating said object function;

providing and exit wave function responsive to a
result of said multiplication;

propagating the exit wave function to provide an
estimate of an expected scattering pattern; and

correcting at least one characteristic of said
expected scattering pattern according to a detected

intensity.

8. The method as claimed in claim 4 or 6 further
comprising the steps of:
terminating the iteration process when a

predetermined event occurs.

9. The method as claimed in claim 8 wherein said
predetermined event comprises the number of iterations

satisfying a predetermined condition.
10. The method as claimed in claim 8 wherein said

predetermined event comprises the sum squared error

satisfying a predetermined condition.
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whereby the accuracy of a running estimate of the
object function is inproved with each iteration. 7 .
woheosneédzod as clained in claim6 further conmpPCSiGB2005/001464
the steps of : nultiplying the estimted object
function by a probe function indicating at |east one
characteristic of the aperture ; providing and exit
1naveThenchiebhodespsnsilainesd a imesgileipf 4ajer 7 further
nul ti.pl.icatiaon; . pro iting the exit wave function to
cﬁpggﬁ%éngnaﬁﬁﬁiﬁ%ﬁﬁgp%%qan expected scattering pattern;
and daveess ng ptopaastinme clrdreact eepsrectefl saigkpected

expected scatterin atter ordj.ng t
SERREREiRy BT lthod Sy R P gt JEAR wave
fluictchen ;cemar | sing the steps of : termnating the
iteration .process when a predeterm event. :

o - FREARIROA T T e T S n B WSS G Sy cfnetion
rRi=edelsarm nes gueat wpeIYEds esx i thewausbdungft lidrerat¢¢anding

satisfying a predeterm ned condition. 10. The nethod

tes tOSifBF 3P ai m 8 wherei n sai d predet ermi ned event
conprises the sumsquared error satisfying a
predeterm ned condition.11. The nmethod as claiped in
claim 4 &g, Zafw chen (EdMPLFE Ky, « e Rat-Shsa 6 R} hver se
propagati ng the corrected expected scattering pattern

to provide an updated exit wave function; and

where Og,nsi(r) dis a running estimate of the object

function, Oga(r) is a preceding estimate of the object
function or is unity when there is no preceding estimate,

U(r) represents an update function, Yonl(r,R)is a

corrected guess at an exit wave function and Wgn(r,R) is

the current guessed exit wave function for that

iteration.

12. The method as claimed in claim 11 wherein said

update function U(r) is:

um= B |P(r—R)I£ P* (r-R)
|Paa (£-R) [£ ([P (x-R) [+5)

where B is a feedback constant, P(r-R)is a probe function
at a position R, P*(r-R) is the conjugate of the probe
function P(xr-R), Ppax(r-R) is the maximum value of the
amplitude of P(r), & is a selectable parameter and ¢ is a

selectable parameter.

13. The method as claimed in any one of claims 5 or 7

wherein said step of propagating comprises a Fourier
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updating the running estimte of the object function
responsive to said updated exit wave function

weaeensridéssyg to the function: 0> , g, n+i(r)=0g, n PCTEBR0(05/001464

(Yce,n (r, R)-Yg,n (r,R) ) where Qg,n+i(r) is a

running estimate of the object function, Oy Il (r) is

a preceding estinmate of the object functl on or is
tmrlts;fqzdmamltdnemélars the pledeadiady iefanaitte; i rdetected at

gprfesere%t update function, YCI1 (r,R)is a
8¢t ed g]ggss at an exit wave function and Yg I1
is the current guessed exit wave function for

that teration. 12 . The met % C | | 7
\irer é-[lhr"le R S a) ?JU‘?’IJCTef@(;nE%( ra)?1 le‘?lévvhmé%e %%ﬁa@ JO&
wiradiiac ks ciensitaayd ,oP(prd)dgatainy obe 4 Fctswnl gprepagation

ition R e conj ugate r
“B’l;ﬁ\’ttth?n B e ﬁé Cl"-’ﬁ% cli?tre% ‘lfh%armxﬂ?{r%‘%ngr\?/c?ugpo said
dheyeabfaite el rjreshdls dmfsﬁa&aam:adm elgeimmeeer and
is a selectable paraneter. 13 . The method as cl ained
in any one of clains 5 or 7 wherein said step of

Y opagal i MECeAPsESe3aanEaut heelnans ooty emdheny t bkaim

det ect ed |nten5|%¥ is_detected at fhe fa'hl?fleld 1gff

dIRETAR dEFREREY SHPGS % Tie Brehe

wher eidy S&i v%t e Homgnt pagiits o Frse;snelhat an area

%opagatl on en the at |east one det eftor ﬁt Qe rth
Hheeed rim 2ald ?hF@EtP%}%t?nmﬂ‘é% #PEsHAFR a further

é&éérég%éfﬁh§@@1Dﬁt§§1d1§ecoﬂ@ep6§iﬁﬂana3 clained in

claim2 or 5 and any cl ai m dependent therefrom
further conprising the steps of: selecting said second

posi t4100 sdhidd &k aA8R3imed in claim 15 wherein said

further area overlaps at least 20% of said an area.

17. The method as claimed in claim 15 wherein said

further area overlaps more than 50% of said an area.
18. The method as claimed in any one of claims 4 to 7

wherein said corrected expected scattering pattern is

corrected according to:
LPcln (k, R) =l\P (k, R) Iei 8g,n (k,R)

where W, n,(k,R) 1is a corrected wave function, [¥(k,R)| is

the known plane 2 amplitude and 6g,n(k,R) is the guessed
plane 2 phase.

19. The method as claimed in any one of claims 4 or 7

wherein propagation is calculated according to:
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determned in said first position overlaps with a

further area determned in said second position. 16.
wOohersmeé33od as clainmed in claiml15 wherein sai 8CTAGB2NESI001464

area overlaps at |east 20% of said an area. 17. The

method as clained in claim215 wherein said further

area overlaps nore than 50% of said an area. 18. The

met hod as cl ai medpi p(RNR) on€ [9f, £(@iRE]l 4 to 7 wherein
sai d corrected expected scattering pattern is

corrected according to: where Yc,n (k R) |s a

. corregted wave function Y | the

whREE; t tale (BnB) qd Sh FRERS %i Wg g%%%%%l g%le p ase
151d}.%ate£h% n@%ﬁﬂgfé:%mgt%ﬁe@ﬂdn PRY, ( Qnez)ofwl ahes guaysed

wherein propagation is cal culated according to:Yg ,n

plkneR1l) wavé [fugcthofr., R) ] where Yg ,n (k, R) is
guessed wave function in plane 2 , i ndi cates a
transformation and y n (x ,R) is the guessed plane 1
20ave Thenatdtdind 28s  Fheimethadh asny| ahsed ncJaw,m-‘émé e 7

SR A AT MRS AR e

vehere ~c,n(r,R) is a guessed wave funct| on |n pI ane
, 1 iIIustrates an inverse transformation procedure
and Yc,n(k,R) is a corrected wave function in plane 2

21. A nethod of, prowi Q?mgqrﬂwe dada) for
constructing a hlgh resol ution image of a region of a

target object, conprising the steps of : providing

i nci dent radlatlon froma

where ¥c,n(r,R) 18 a guessedrﬁg$gtfﬁgbtlon in plane 1,

T -* illustrates an inverse transformation procedure and

We,n(k,R) is a corrected wave function in plane 2.

21. A method of providing image data for constructing a
high resolution image of a region of a target object,
comprising the steps of:

providing incident radiation, from a radiation
source, at the target object;

via at least one detector, detecting the intensity
of radiation scattered by said target object; and

providing said image data responsive to the detected
intensity via an iterative process wusing a moveable
softly varying transmittance function or illumination

function.

22. The method as claimed in claim 21 further comprising
the steps of:

detecting the intensity of radiation scattered by
said target object with the incident radiation at a first

position;
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source, at the target object; via at |east one

detector, detecting the intensity of radiation
wecaistiesssd by said target object; and provi di ngCSaIB1005/001464

i mge data responsive to the detected intensity via an

iterative process using a noveable softly varying

transmttance function or illum nation function, 22.

The metpodiasoviagnethe n igicdidantl radimsiovorRi’ihee to

he ste tikng the intensity of radiation
%‘Saf—?gﬁ Syjsegl 4 %arget object with the incident

r adi gubeaqaﬁnalfyl réetgosing orhee- posenisdiyngof hgadiation
i dent jation rel t t
58ﬁ§t§669eq3%ht|y3ﬂ% f% %@ Sbﬁ ctapget, okheeClincident

t he enS|ty of radiation
radabtened ary asasled:omalr @@Blabjoelct vmetﬁeltthe i nci dent

radi ati, nat ase dp03|t| 4

datas!ag' onsive &0 tlhe det ecsﬁg%({%l rﬁ%gg—ﬁy the
det esicd fmtﬁnamsy seC erd Jpdsinstorsid 2otk pestifcdns
claimed in claim2l or 22 wherein said step of

provi ding said i mage data conprises the steps of:

2@? | ﬁi&t&fbé@%&&:tlafﬂnm iion dlredincati nor @22 |véra@te'xmesaid
characteristic o al re n thetar e e
SEP iAfe PRIV RS egaééfl % éiag%ﬁ %% unc |é€¥neps ot:
V\'Eer %tt!%fltnl[bﬁ:tﬁr&‘g? upacYfedt :jtﬂﬂﬁbﬂ@oastimmimming het least
obj ec unction is inproved with eac ti.o
Offfe %@%ﬁ%@t%El%Yé?nﬁg|%?¥92ﬁ¢ﬁ¥8FfBEtH®F %’ |S|ébjeCt
de steps of

iteratively re-estimating said object function;
whereby the accuracy of a running estimate of the object

function is improved with each iteration.

24. The method as claimed in claim 23 further comprising
the steps of:

multiplying the estimated object function by a probe
function indicating at least one characteristic of the
incident radiation at said target object;

providing an exit wave function responsive to a
result of said multiplication;

propagating the exit wave function to provide an
estimate of an expected scattering pattern; and

correcting at least one characteristic of said
expected scattering pattern according to a detected

intensity.

595. The method as claimed in claim 21 further comprising

the steps of:
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mul tiplying the estinmated object function by a probe

function indicating at |east one characteristic of the
woneisdesssir adi ati on at said target object; proPCUIGBIOEN01464

exit wave function responsive to a result of said

mul tiplication; propagating the exit wave function to
provi de an estinmate of an expected scattering

Dattéeheetang cdie ednicrgsaty| et r@ﬁléa@ﬁ@pac%ﬂgeﬁ%d by
Saé?egctarc?? nge%c%Ca‘é%th{| %e mett% ggl’%“e‘%—or%ﬁ"@cﬁo %erture

|ty clarned in ¢claim
18&atadtBEracﬁﬁmstspnglth@nsteps of :detecting the

i ntensit radiati.gn s [ arget |
| T esl Ly Ot sLadar | an. SepLlered Besald Araet sobl Siirge
ob@ébtloandre positioning the aperture relative to the

target . obj ect u
inteﬁ&PFﬁhHFqﬁﬁ¥ Fsﬁcscagtg?%%y gsgggg%?grggf ?%ﬁ?lon
seetlhetrld aperbuid alamyeseocdnie@oswtion; tMeapent@nedat a

I mage dat g i rovi ded responsive to the detected
SERPERSs prlgﬁﬁgg %?? 1%t and second positions. 26. The

rrft h@dnaz qlnaalg@g ddtec! aism roori @E whersponsiarel step the
of providing said inm t mri ses the. steps of .
SRR ROt e AL S 1 A ARE e T ey ne
chargcter:stlc of a post-target object mave functlon
i mredi ately before a ost -t arget rture ngd._ .
ior e AISFH A | T ocgloao}f%c%f Srilfe1dNaia
%%%J %t%v S8 REGAY a§é/1c9fln@ag°élrﬁﬁ.’d'bg @ﬁﬁpm@s olfhé heteps of:
ec
estimating an object function indicating at least

one characteristic of a post-target object wave function
immediately before a post-target object aperture; and

iteratively re-estimating said object function;

whereby the accuracy of a running estimate of the object

function is improved with each iteration.

27. The method as claimed in claim 26 further comprising
the steps of:

multiplying the estimated object function by a probe
function indicating at least one characteristic of a
post-target object aperture;

providing an exit wave function responsive to a
result of said multiplication;

propagating the exit wave function to provide an
estimate of an expected scattering pattern; and

correcting at least one characteristic of said
expected‘ scattering pattern according to a detected

intensity.
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35

function is inproved with each iteration. 27. The
nmet hod as clainmed in claim26 further conprising the
weoeteEsioe31: nultiplying the estinated object fBATHGB2MS/001464
by a probe function indicating at |east one
characteristic of a post -target object aperture;
provi ding an exit wave function responsive to a result

cef s@hd methedi eat i ohaipedpdgat fhginheexior wave further
unc

f tion t royi de an estimte of an expected
C?E‘BF%@[’LPﬁggBEt Féﬁ?,s é)%d correcting at |east one

char ag_treﬁ:sstl c pfosajat expect clescat ceriagtpdt t ergxpected
accordi.ng to det ected int i ty. 28. had, -
SEIagl‘Q‘ﬁE&n n EPEMTS4 E§r° Z?IFS’Et Ser a%‘omy}l S|er%ét%éclg'tseﬁﬂs,ave

f@hbtii@m_eraeldpr opagating the corrected expected

scatterjing pattern to .provide u t exl V, :
functuipgﬁfc Bd “Oid &ty the S%L}rr{%%ﬁg%ggtt?ﬁeat%%?a?h%ncmon

I}é@p%;il_tsifv'én@cb ogaﬁasp@@sit\eel tex isai davpdduedtdont agnerding
unction according to the function: 0g, n+1 (r)=0g,n

O P8( APRCEE R (r, R) -Yg,n (r ,R ) 29. The nethod

as cI38| rre_Bo1I in claim28 wherein said update function

I's: : e meihod asgr¢lal LN (@Rr)Q gy s 24

or 27 \NI‘]EISGIJ%?Sgi dg'§t%‘]é|5c:)+of(g§?%}pég;(ati r)lgqggéﬁg'i s):)ls a

Four i erdtransLor mati on when the detected intensity is
etegted at far, fj 1..Th 06 gas LAgd ;

é%ﬂ aﬁbmbnge&ko = éggg?e§7311 & 18109 gasfLAERR] said

update function is:

B |P(x-R) lf P* (r-R)
|Paax (£-R) | £ (P (x-R) [2+5)

Ury=

30. The method as claimed in any one of claims 24 or 27
wherein said step of propagating comprises a Fourier
transformation when the detected intensity is detected at
the far field.

31. The method as claimed in any one of claims 24 or 27
wherein said step of propagating is a Fresnel propagation
when the at least one detector is at a distance from said

target object where Fresnel diffraction dominates.

32. The method as claimed in claim 21 or 25 and any
claim dependent therefrom, further comprising the steps
of:

selecting said second position so that an area
determined in said first position overlaps with a further

area determined in said second position.

33. The method as claimed in claim 32 wherein said

further area overlaps at least 20% of said an area.
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wherein said step of propagating is a Fresnel

propagati on when the at | east one detector is at a
wdi2etsanes1from sai d target object where FresnePCT/GB2005/001464

diffraction dom nates. 32. The nethod as clainmed in

claim 21 or 25 and any cl ai m dependent therefrom

further conprising the steps of: selecting said second

position so that an area determined in said first

osi on oV ps, Wi t ther afgandeier fnsdil said
3%& Scon%laﬁ%(gltl on S égnféﬁw i ﬁ % as clained in
fakahm:Sam,{aebeemlapsdmbuet hlaanaﬁé& ofespags aat A€dst

20% of said an area.34 . The nethod as clained in

claim32 wherein said further area overlaps nore than
350% Thes @iedt had areal3%5ed e retthoodnasot| gilaesi gday 27

ne of clai 24 or 27.wherei [ d d ;
“BERPRE | FO et ErF T o P Ba B acE5r Ol RO P Neree . 1o
cbkrBrERY GecBdenggtai:k' R ) where YC 11 (k,R) is a
corrected wave function, |Y (k,R| is the known plane

2 anplitude and qg,n (k,R) is the guessed plane 2

phase. 36. The nqiho(ch@_qqukrrﬁgl ol 9. @l one of cl ai ns

24 or 27 wherein ptopagation is calculated accordlng
tor Yg,n (K, R=T ][ g,p (r,R] vvherng 11 (k ;R) 1is

essed wave function i T i ndi_cat es :
f\gp mﬂ‘rBL &ﬁ’dag %Ojfifgﬁe‘?sw?ﬂg GUESSEE 1 elne kyR)| is
funct| d | ai i R Cl
tﬁf‘e g‘?“%%r@ %ngal d g ver sec{kgr%lgggg?l éﬁeﬁé ggl c%léz;%éessed
AN di Rghd«s. ye,n(r, R =" L [Yc,n(k, R]

36. The method as claimed in any one of claims 24 or 27

wherein propagation is calculated according to:

\Pg,n(k, R) = T[l//g,n(rl R) ]

where Wgn(k,R) is guessed wave function in plane 2, T
indicates a transformation and Wgna(xr,R) is the guessed

plane 1 wave function.

37. The method as claimed in claim 24 or 27 wherein said

inverse propagation is calculated according to:

vc,n(x,R) = T *{%¥ec,n(k,R)]

where Wec,n(r,R) is a guessed wave function in plane 1,
T -t illustrates an inverse transformation procedure and

Ye,n(k,R) is a corrected wave function in plane 2.
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where y ¢,n{r,R) is a guessed wave function in plane 1
T ~x |IIustrates an inverse transformation procedure
Wancbs)dwis(k R) is a corrected wave function i nPOT&B20E3/001464
.38. The nethod as clainmed in any one of clains 1 to
37 wherein said incident radiation conprises a
substantially |localized wave field. 39. The nethod as
38l aj fied metiod ore ofaiged nknl1any 8ot efFpEBF g1 to 37

wbgg%e dgggdhiggﬁ?éggﬁégﬁ%gﬁhbﬁ WM Eﬁ%%%h@'@dﬁ%@antlally

Ut ©on cIa| d in any one of
lotalired tvavd9fwkédei n said at | east one detector

conprises two or nore detectors . 41. The nethod as
claimed in any one of clainms 1 to 40 further
5 390nprhei Ii’r@tﬂ'hﬂi dAepslaimedr doui dinyy s df nageidat a ftor 38
he reglon sai d t.arget j ec L, -
wBRE<hEr U ot BF4F ndd o 5%, nE P CBFAL Y 15t oPIth
1iuAtkar reeaiitdiong t he steps of: generating the |nage
of said region on a user display based upon said image
data. 43 . The nethod as clainmed in any one of clains

sb.toTh fredhiel sonplasined the sstyepsnefofpredaidsng to 39
sai d i nci dent r i ati on at

id target obJect 8
10 whegeirerfis atc %%??co??oﬂ?geFEPFe% mﬁ%%ﬁufa@?.é%épore
dgetHggmi hod as clainmed in any one of clains 1 to 43
further conprising the steps of : locating each said
at | east one detector in the far field with respect to

s5ai d Ry gRd19bd est. 42aihba et hads asnel aEmedaiimsany to 40
one of clains 1 to 43

further comprising the steps of:

15 providing said image data for the region of said

target object in real time.

42. The method as claimed in any one of claims 1 to 41
further comprising the steps of:
20 generating the image of said region on a user

display based upon said image data.

43. The method as claimed in any one of claims 1 to 42
further comprising the steps of:

25 providing said incident radiation at salid target
object wvia a weak lens or a caustic from a reflective

surface.

44. The method as claimed in any one of claims 1 to 43
30 further comprising the steps of:
locating each said at least one detector in the far

field with respect to said target object.
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further conprising the steps of: |ocating each said at
| east one detector at a distance fromsaid target
wohjpwesaneisner e Fresnel diffracti on dom nates. 48CT/GB2005/001464
met hod as claimed in any preceding claimwherein said
radiation is scattered via Fourier diffraction and/or
Fresnel diffraction. 47. The nmethod as clained in
48l ai T8 methods gs 7clai®zd 24p 2BYam@ForoRTCIdERSi h tO 43
sald at | eas n r i §kl.c conprises anplitude
f%ﬁ%ﬁ%% ﬁﬁrgl 55835‘5 %B%o%%% érégfogr am)con'pri simrjlg
{JLoglanatmsgr;Jeabhnssatbd calusi ¥RpSE comprut eFeRFHREF f Gitm @
rocess_of any_of cl.ai t 7. ~149. Sput
dbﬁgaBS% pr%ﬁﬁ@t hé‘\a/%gr%g t%ﬁ%% chb Rer pr‘@br am cg%snel
diEd&nactiwben deaiitapeegr am i s | oaded, to nake the

comput er execute procedure to display an inmage of a
region of a target object on a user display, inage

sdat aTher ngemedatbdeng 1sdined Hegertyeim aetigrar Hladi b ywhgein
cqQnput er. .responsi,ve to tected j.nt ensi iy JEasyrEnEns;
sghd cXPCIRIER vitd ar?qat%z:regfteldse\}riLlrrjaocgzasLI ﬁ/ulsélgrﬁgsdzzli tion
afRyeabireesaidll inddtg dor.ansm tt ance function or

iIlum nation function. 50. Apparatus for providing

i mge data for generating a high-resolution imge of a
4Fegi ameOfma Had 08t ebpenkd danprlissingd, | 4cabi, ng ,nens 24,

for locating a target object at .a predeterm.ned -
AeocatRdAra & adFBEFBRPs A Pbr POV dORG | TeTHRRrer totie
Jggir%ééén Ap1a hadeindhieghdcat ed by said |ocating

48. A computer program comprising program instructions
for causing a computer to perform the process of any of

claims 1 to 47.

49. A computer program product having thereon computer
program code means, when said program is loaded, to make
the computer execute procedure to display an image of a
region of a target object on a user display, image data
for generating said image Dbeing determined by the
computer responsive to detected intensity measurements
and calculated via an iterative process using a moveable
softly wvarying transmittance function or illumination

function.

50. Apparatus for providing image data for generating a
high-resolution image of a region of a target object,
comprising:

locating means for locating a target object at a

predetermined location;
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at | east one detector device for detecting an

intensity of radiation scattered by said target
wohjpwesanessmeans for | ocating incident radi ati onPOT/GB2005/001464

aperture, |ocated post target object, at one or nore

| ocations with respect to said target object; and

processi ng nmeans for providing said i mge data o

r espansadéatdoa detentedintpreyiging seaitdepgdradiation

adi ation, 51. The t gl qj . .50
afingr P ROTReoP A, BenPer i pT oRa18 ToERFHG fielnd®
| ocatabl deattonener deteckorat densdces52 LorTheeimsaidcus an

.as clainmed_in_claim50 LA 4t tur oWdes.ta

B8 PERS Varsi RGO FAROR CLaTS e Pinet o i R piieees
appamatus astst ai Tedating ai m&Ddewer einadiled liarei derit an
radi ati on provjdes a softly varyi L1 umgnati.an

PERELEEn. SASNIRG. O atETRL (TRTREE | nol arm sy o7

1Waateonss aighp &@@@?ﬁm g;omsan'slf d:(alrgle:ts edjexwt; and

m croprocessor; a data store for . n a s

i nst PEOCESRE or "C5F n&%?bpﬁ%%%@ég%éa a%;q%%aﬁgﬁgﬁ? data

AIDEnHiRG | NEbr uch i orfetdertEdVe dneenbisgi d dAci derrttered
adi ation or said aperture or a |located target object

r
racg@tifRe apparatus as claimed in claim50 wherein
sai d processing neans further conprises:a user

interface conprising a user input deyice f enabl i.ng
= .usdhg Oapﬁﬁﬁﬁth}ﬁt £ aﬁaaémﬁgerlrﬂi ggpégp f%¢ wlPlereln the

incident radiation or aperture is locatable at one or

more locations.

52. The apparatus as claimed in claim 50 wherein the
aperture provides a softly varying transmittance

function.

53. The apparatus as claimed in claim 50 wherein the
incident radiation provides a softly varying illumination

function.

54. The apparatus as claimed in claim 50 wherein said
processing means comprises:

a microprocessor;

a data store for holding data and instructions for
said microprocessor; and

means for providing instructions to move one of said
incident radiation or said aperture or a located target

object.

55. The apparatus as claimed in claim 50 wherein said

processing means further comprises:
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di spl aying said image data or a high resol ution inmge
generated fromsaid image data. 56. The apparatus as
woheismeessin cl ai m 50 wherein said radiati on SOBCT&B2005/001464

conprises a source of coherent radiation. 57. The
apparatus as claimed in claimb50 wherein said

radi ati on source conprises a source of incoherent

radi at user 56t ckfecEppmis g cd atAed LAPskaidevige for

wherein said radiati ur IS elLe
HaRiiabor S5oP T Lbarhr E%e S P A et DropksY for
dikeeileiyingai shiddiiatigen dauacern saamigly ayepednrion image

eneratar.. 60 . The.a r as claimed in claimb50
g%ﬁ&r@]%ﬁ sgf:&“}rggﬁg flgfal%%oéﬁ%#%ﬁg conprises a Piezo

el ectrlg mcro actuator. 61. Apparatus constructed and
arranged substantially as .herei npefgr. esgr | it :
SPef erefc SRRPTH usacégrrpcgln%ﬁ“hegfd?gwcngg npl %g h&%‘%& o% aid

rSidasian al kyuaseheredmbefose descr sbedcgi t hof ef ex@dirieent

to, the acco ' i
L9,the ac npanyi ng draw ngs .

57. The apparatus as claimed in claim 50 wherein gsaid
radiation source comprises a source of incoherent

radiation.

58. The apparatus as claimed in claim 50 wherein said

radiation source is an electron beam generator.

59. The apparatus as claimed in claim 50 wherein said

radiation source is an X-ray beam generator.

60. The apparatus as claimed in claim 50 wherein said
means for locating comprises a Pilezo electric micro

actuator.
61. Apparatus constructed and arranged substantially as
hereinbefore described with reference to the accompanying

drawings.

62. A method substantially as hereinbefore described

with reference to the accompanying drawings.
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