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WO 2008/142360PCT/GB2008/000620 1 THREE DIMENSIONAL
IMAGING The present invention relates to a method and apparatus for

viding image data from 5 which an image of a target object may be
‘ﬁ%ﬁ%‘fﬁfé?% particular, but not exclusively, the present inverfticH ¢@lztess000620

to a method and apparatus for obtaining g through-focal series from a
data set. When combined the series can be used to examine the
three-dimensional (3D) structure of a target object. 10Many types of
imaging techniques are knbREELHERNRI IpatidMAfINGtion about a
target object (otherwise referred to as a specimen). For example, and as
S |onal transmission imaging, an object is
e g e e AT £, e SHEG Bl ey oo it o
oBUEE &2 Fauterietdarest # e MexdrorRNaIFiAthgl Retirieaseubhpbriciusively,
stertpreseelengtnimaging X waysasedectianspiitaid techpigktbas through-focal

r@@%@%%dﬁ'&u&?s ﬁ\ﬁ%ﬁ—?@%‘g Mathab esré?}ggrg:s and nst l:ltsliesn? ine the three-

infroduced by the Iens which limit the resolution an%nlnterpre
& gﬂﬁﬂ?@‘jﬁﬁh\@g FUbRH S ehfeRagHé Yai€6Tution is many times larger than

the theoretical wavelength limit. 20Conventional scanning transmission

imaging ieanethes sxample.of an imaging feehni Qé’[jﬁ/ %V\%lgpaﬁuﬁor'naiam about &

sed{ ocus a spot of radiation through a target ne orm
ctor

ateciordare 18 t&f&“&&"%@ﬁ&&%ﬁfg& %&@’(F%mdov%ﬁ%ﬁéam%f argesshown in
oHfece td, deteerseaiterdd rantiatfsimny anmisdy pescofaetaciosstiaie gigiane wave

arerkRauen suchras @%ﬂ@@éd@%@@@@ tﬁé'%g)r apt Q%t?é:gﬂ{ér%r?gé%yog Tgﬁ(és'l 2 to form
S Hp {ﬁver these, 25 metglc)td%arw ontscannln g the focused spot
?‘ % #IOH to a T GEelIg e e YR fifidactrons) this

hSHts Wherd af a8
THEVECRIR AafurmBeY disrublsiffsuitss chatadinith suth wotmitiues sudhiastabilities

thedactétabyene e rm&zmml g;feth@simtdﬁ rsrwt;rﬁ@reﬁé@aﬁ@ iR #00surting

¥LQ0 pixelimag re ion accurate probe-position points

must be lfs%jdg%n%t: gg’%@%lé%%ltﬁat the'T&N u%e %'59?{ iR Vil theoretical

WP GagIR ™Mbt only is 30 this because the resolution of the final image

is only as good as the sharpness and localisation of the spot but also :
besauseWdth yarioyus farms of Jadiadi chas eIe frons or X- ays there
are many. problemsH?uch as aberrati %gS E(—?Ct romatlc spre%fg afd fihdmaging

SRt SaBlIR? iHR arvserele fﬁ%&e%?@ﬁh@f‘dﬁ%méhmy@h a target object,
FesolitionreT tigdstsisosa bchematicaly josti gures? swavbléhdamqi@fgam of a target

5@@@&%&@&%@&&5%@&%r%ﬂ% E?%egez?frgétselc?grld%al%géj 8 e known such

n 16 forming the target object. W
So00II38BISET o LBGOEI00 SR B ABMADPEctifedeiasiomse objeeever these

esite die 4 got sbjeuharidepfopagdtescontor detaiiotpEngokits e an image of
tREORIRIAS Ml canvaniinal S¢aNRInG ttansmission HP«%J&%% gstgggttehde with such
ten}wargques such as the fact that very accurate control of the spot is required because if a
1000 x 1000 pixel image is desired a million accurate probe-position points must be
used. Another problem is that the lens used must be of a very high quality. Not only is
this because the resoiution of the final image is only as good as the sharpness and
localisation of the spot but also because with various forms of radiation such as
electrons or X-rays there are many problems such as aberration effects, chromatic
spread and lens current instability which can affect image production and can ruin
resolution. This is shown schematically in figure 2 in which incident radiation 15 such as

an electron or X-ray beam is incident upon a specimen 16 forming the target obiect.
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5 take a large time to complete due to the number of points w_hich must be
probed with the incident spot of radiation. Also if the targtet object moves
during data collection this can lead to inaccurate data being collected and

Witirtatenziftccurate images being produced. Still further convertionalis 000620
scanning transmission imaging methods do not allow information relating
hase of the radiation exiting the target object to be 10measured.

ORI ta?scaattttglf té’?%lﬂg’}ﬁf’tl‘?é‘ Heliclorad frisstnsedsorenpamées pimo detector

pﬁtﬁt@ irformation relating to the exit wave that emanated beyond the

target object cannot be gathered A modification of conventional
cannin smlss n.im ‘%’é |s four-dimensional de- 15convolution

.ma“‘.’%“ |§ i‘t\ré%t‘{“tillqucéj TS S R LS SR ARILITS PRal B 0h rerilad e images
biﬂkff‘e %?@é’%%@iﬁ%ﬁmﬁéﬂﬁ%mb%ﬁf/ probeywosiionsT hisprobed with the

proviges spway efdeierminisg mﬁesﬁékﬁ‘éﬂéﬁjgétt%@@&ﬁ%e&é@t&M@Fx this can
lens used but has

functio
O B A R R, b VOIS et e meges bein
quaAHERd of%ﬂté%fﬁ%t FaTesiend srartnaKehsmission2regiertfetiods do not

retisenaiblefictch obtdeny Thisenpkes the @XReEmeM RFAGHSANE Y8RYet object 1o be
CMBEQJF&% C%Wﬁ*&?%@-lt?e%t '?ﬂ?&t ?/ z%likoecoc:)argtrol the groge Geasured. As such

Emlnatlon very accurate an to move It accurate 0 SCan eve

f6n IR HE AR |Fﬁat§@ reeoM&achieh emwa%t/ét@/awnﬁyet@rget object

d@strm@gataﬂreccur to the target object because huge doses of incident
radiation are required for the large times taken. 25 Another well known
ure diffractive imaging. In this alternative strategy

tech
S P e I, e el ) ot e
Srve utipraveasfipgoblhgs rediatione Thisscaitseking padtetnsmeassrelonrhe figure 1
faut et iy fﬁSfuﬁcﬁ@W!‘ﬁ*a@t@ﬂepgtfgrﬂ%?’@\.@ﬂytﬁFab%ngomﬁowte?ﬁféyp%\ngs a way of

ve 30method is then use

t
g%?)rrmirtﬁcgﬁgnsvreu QJI er?he S AR t‘iptﬁ‘éiﬁlﬁétﬁﬁréﬁféﬂtf@dﬁ%méﬁﬁ size or
Bhject itz flfldhénlerderserdatehmine reatiefonhatimorabotiteine. The most

tatgelohiestfrom the eﬁ@f@@ﬁ%hﬁt’@y%ﬁ'@?aa&@é@%@iér%%%%@ﬁ%élgehows to
att ecLIS sent o
g%%ﬁgﬁgwgg&q &)H%gl%q no\’\'/'\)el%etrtﬁsfj faakes E}?% FIRRIHGeRsMRstis Y ey difficult

R&ogvier P@ﬁ%@@ntlwry%w@m@htmmmaﬁmm Tergrecavestely and
honenet acmmﬁtmydmoa‘qam@t@msramm@l@t@dfwﬂtlﬂ@ﬁﬁ%sdtﬁé@%“r‘é%éw&%n Also

é\é&b%”@éﬁ%’etﬂ?r t&é@.ﬁh&t’dﬁ%ﬂ SJCB?t%“ eaczjge dt object because huge doses of

incident radiation are required for the large times taken.

Another well known imaging technigue is pure diffractive imaging. In this alternative
strategy the lens may be omitted and a target object is iluminated 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 imaging. Most notably the target object must be suspended or
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WO 2008/142360PCT/GB2008/000620 3 isolated at some fixed location
in some way. This is practically very difficult to achieve. Also it is not
possible to extend the solution to new or different parts of the object or get

VW largel #mvage all at good resolution. Only one isolated regionréfiamsshjecioe2o

can be illuminated and solved for. Also the target object must be single
valued. That is, it must 5 be represented by a single real number. That
EPIES A SP R HSENPSAIARIB IR Bia pHisES AR BUYFRagHGH! to achieve.
represent:botleskbiacb moshrealdargeiobie cewavesif(thatip dhte viake object or get

f%ﬁﬂg& asspcigfed, With lumingsion ey (?goeé%%emfﬁg&cﬁpeﬁ%aablw can be

complex numbers having both phase and amplitude components
i'(BﬂHB?F%l‘r ;5P robidm With %ﬁr@@‘?ﬁ%ﬁé TG RaAHE L abRbes 1t must
the tapgetolyjedtmaustibe st mplyndefinétd=and tings hayveepdistiniceredgeorption or a

Eﬂ@s@@%@@&ﬁﬂ AISANheL Fr@s@nkﬂgmn IH%&P%Q@%%H%%%&& waves (that is
mas ed in some wa%/ is wel ﬁe\ ed ntpractlce itis dlf‘fl(.%u% {?)roduce

SBFete PSHRR SRR S e HaHREIP R g R IS IS BIETRE Sl complex

are
thiamnisr sWeiiig-sethiteringpchje asplivhichcyibeoamitton type of target object
in X-ray and electron scattering, most of the radiation passing through the

OBiegL ends yn 2 fhe cotre of th dittaction patier, nforaation NS ue: ojec

27 maé(% i’"O
Zone IS waste oes € imal rming process bu

Fﬁé%ﬁ@rﬁbé@&n‘é@fm@ﬁfiﬁb%ﬂféé? @?fﬁ‘ﬁﬁﬁéﬁ@@he?ﬁtﬁé%ﬁ%% paraifs where it
i&&umm\atimﬂsrrewm iHewerenthis:s2edneansithabfas asndesmaf giveiractice it
g er ew counts o e 0 In
B e L I e
weakly-scattering objects terminates in a central zone as noted above this

means {habievheletexpénmenikin practidestatgscs: |onpidimie 9 gehmon type of

ERQUAlL RISy i Auring dnedata calleetion siads: the Pé%i?a‘i&)ﬂrp%%@?ﬁg%ﬂ%hg h the

imaging apparatus drifts or moves during 25exposure data may be ruined

RRFHY 6‘F‘iﬁé‘%l§6\féerﬁ‘“érht(%ﬁé8‘ﬁ%@iﬁﬁ'?@o‘?ﬁ? &Ués'BEW??ﬁ%‘i‘lﬁW& zone is wasted
dinensionadtanidlysishef antag débmbjechrbrons timicthe tinuritds heysfol thbeigh the

@Qlﬁ:f%@%%iﬂ@g@%@r%%Je@tmeﬂé@QﬁJrQQ):ﬁ&ﬂ%ﬂé‘( 8Ol HORLd.  However this

%ect .This |s true in a broad ran%e of 30 tra smMission ima

AL LA 2L o0 Sh SR B SVE Y Sy TRE D i pEevided at the
filuestrddion, doctrabiphttongiteltbetfont!aéumomsatietins, prosal dfvwhithweakly-

behayepsHewaeraeadaeY ARURIMONENHYRIBELXEHMEIAG %leaﬂguﬁgirae whole

of a 3D target obj hrough-focal series needs to,be ob alnelf
?ﬁoug %3& sréarélgs i%ﬁsstaagciﬁe%l ogetfwergasaﬁ’ﬁgaafa sé ca tﬁum ?he data

cRllegtienexagfinten e 3erswn Gomee edther wmeanﬂer@ipatcyémearamves during

Slples felusar eady Ghorsesparticular features of interest or locations within
the structure which are to be examined.

Many of the above-mentioned imaging techniques permit only two dimensional analysis
of a target object. From fime to time it is helpful o be able to examine the three-
dimensional (3D) structure of a target object. This is true in a broad range of
transmission imaging techniques, such as those mentioned above, using any type of
wave illumination, such as photons, electrons, neutrons, atoms, etc, all of which behave
as a wave once they have momentum. In examining 3D structure of a 3D target obiect,
a through-focal series needs to be obtained. Such a through-focal series when stacked
together as a 3D data sei can then be used to examine the 3D structure either in real
time or at some later date. A user can choose particular features of interest or iocations

within the structure which are to be examined.
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WO 2008/112360PCT/G82008/000620 4 Such a through focal series can
be obtained, by way of example, in a conventional microscope (light,
electron, X-ray etc) by using a lens. As the focus control of the lens is

Waded/ thesithages seem to pick out one layer in the specimerrat & n1es/000620

Volumes of the object which are above or, below the selected plane of

interest (the plane on which the lens is focused) appear in such an image

as an out of focus background image. According to prior known

teshniquesoingh fesusingreithadens ﬁaﬁibgcﬁaﬁieﬁl’%?%f"bﬁaﬂw:éb% Qf conventional
: le,.in the flight or X-rays the objective lens,can .

e B e o 2l A s S one

AFAG O TRBYEE S2FHDIR. PitePHENVR Y thé S PREFIEG DR MéTed Volumes of the

toweart sbicaway ftovethe tehswihid stdeepingdhe l@nstéoetisedeopidRe on which the

sameiplang inspace.tn theLcase of glegirons which use %%8@%%9@%%(1 image,

(electrostatic or ma netlc(:g) lenses the power, voltage and/or current or .

o%ﬁ%?ré)ﬁﬁ&tﬁa?;%{?ﬁé%?"?’ﬁ‘ PO HE et i Gariet tnifs e faBtiRR garried out in a

cHankRs inf thestregthaxitheidens the thiseval fgbusing -oaykayesscaiiavieorens can
beloyeaie weanimlans:ohdaiptereshean Re 6 oRilIedinAgABnaS 18R away from the
%Ig;:‘nm%t_lvg {tat‘]rg ;[%rget %gj%ct specime maﬁ/ b§ moved phyS|caII?/ with _

fespect to tise ehsing device PawWelEP WithPSUSH RITGWH tREmhigRIBS higns whilst
it26ES 6 0RIRdECs AT BB IRedERTIRBIRSRY MlsPREET his hearstheit Phasens which
changesind grghﬁ@tim(t:k&w«@(@ﬁcaﬁ ﬁhfg%@%i&iﬁ@é: %tbsfv?é?, QRIBLIAERNOL current

There are a number, of known technologies for using a ,

t R%?J%‘P? %%QI %aérr?gqse%grslgl\% 8r{ﬂ%?el%%Sa%%no%?hgwgvgsu%ﬁ# §ﬁ%ﬁe(§%aﬁge n the
RARIPE LEHRPRBE: abeiiiitevan doastingonir s arvsive echeleie. aThgrent plane of
areresiumber aldhirtier prapiemssassatistesivaiiHeomgbiesiiaussdeien may be

ARAILRE, 2530 IDferroalion ARRUI.3R biCs A first major problem as

noted above isthat known techniques rgeq%lre a lens. In the case of

imaging technigues using light, the lens inherently gets in the way of the
Samplerresthicting: access tpatitiziiles|ytias Vﬁ%@igﬂdﬁﬁﬂhﬁiﬂ@ IMegHDEEd in intensity
siens. Mibe.case ﬂ%m{%@%@r{@@eﬁﬁc@:}dfﬁQRﬁ] Mgsgsaasg(%sg%'“s{?%@e?{hrough the

illfumination to probe the ta%t objects, such as electrons, . .
LFRVigTE: AR 2Rz FaEGeRGeR, YoBkrq Rl s dechnelssies for using a
taveiiiibEcall ferisestarectxpémsitie. prsther fheblemassaciatedMWiibspriafuire a

astnawacterhriguasdar AR RMiBalng Qfa AP target object is that a

series of images must be collected. Each image in the series of images
requires a different defocus (achieved as above described) thus exposing
Hiezsesjact wrassotdidérabheodisesod sswiation witid ppotentiediyriakisgfar acquiring
Imnsiceratin anaUmbEBe:Radipiomir seiinm BORIRE ior dRAgiINg:t known
«E%F% classes of tarqet Obj?Ct%Wthh . . ) o

t ues require adens. 'In the case of imaging techniques using light, the lens
inherently gets in the way of the sample restricting access particularly af very high
resolution imaging steps. In the case of many other types of radiation used as a source
of illumination to probe the target objects, such as electrons, X-rays, ultraviolet and

terahertz frequencies, good quality lenses are not available. Ali lenses are expensive,

Another problem associated with prior art known techniques for 3D examination of a 3D
target object is that a series of images must be collected. Each image in the series of
images requires a different defocus (achieved as above described) thus exposing an
object to a considerable dose of radiation and potentially taking a considerable amount

of timef. Radiation is a serious problem for imaging many classes of target objects which
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5 may sustain irrevocable damage under X-ray or electron radiation. In

such objects it is not possible to form rapidly-exposed images. Itis an

aim of embodiments of the present invention to at least partly mitigate the
above-5mentioned problems. It is a further_ aim of embodiments of the

present invention to provide a method anosapparatus for providing image

data which may be used to construct a high resolution image of a 3D

target visjeot dsewetbhis ighagsolinien Hiayey efsdiecteatiaiias dnlayensobjects it is

10in theQbiest s A rIMSLembogiments of the present invention to

provide a method and apparatus which enable the 3D structure of a target
object to be examined without the need for high resolution positioning
technigues tof positicihisaid erthadiasiami elativiedo @ targekipabipetitlyite the above-

ag}lgﬁ%%gg‘% gémgnts of the present invention to provide a method and
apparatus for examining a 3D target object using a wide variety of probing

illumination without destroying or substantially damaging the target. 20

Aecerdingrigea st as@a%&ilm@rﬂasew@%aéﬁn iHﬂ@Eﬂ:bﬁwQ@‘ﬁﬁiﬁﬁh@ a method and
method of rowdln?glma e dataf nstructln%an im %e ofa re

ARG AN AS PRI LB G Eiops o7 UG resoltion
mm&@ﬁmaﬁww,gﬁbnmmdmwm @‘@i)rgé rmeaaﬁrbntmweeb}éseieﬁadaa&as or layers
Iq@%t‘é)gg datector, detecting the intensity of radiation scattered by said
target object with the incident radiation at a first position with respect to
the target object; re-positioning the incident radiation relative to the target
olbjecinssibsefuanilyideiattioptiedriensityafmasiatqnredatieratkihsaaidd apparatus

t%gﬁhogl.%ge the 3D structure of a target object to be examined without the need for
high resolution positioning technigues to position incident radiation relative to a target

object.

it is an aim of embodiments of the present invention to provide a method and apparatus
for examining a 3D target object using a wide variety of probing illumination without

destroying or substantially damaging the target.

According to a first aspect of the present invention there is provided a method of
providing image data for constructing an image of a region of a three dimensional (3D)
target object, comprising the steps of:

providing incident radiation, from a radiation source, at a 3D target object;

via at least one detector, detecting the intensity of radiation scattered by said
target object with the incident radiation at a first position with respect to the target
object;

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

subseguently detecting the intensity of radiation scattered by said target object
with the incident radiation at a second position with respect to the target object;

determining a plurality of depths within said target object corresponding to, for
each depth, a respective region of the object which is 1o be examined;

determining a respective probe function, indicating an estimate of at least one
characteristic of the incident radiation, at each of the plurality of depths in the 3D object;

and



30with the incident radiation at a second position with respect to the target
object; determining a plurality of depths within said target object

corresponding to, for each depth, a respective region of the object which

is to be examined,; determining a respective probe function,

indicating an estimate of at least one chagggteristic of the incident

radiation, at each of the plurality of depths in the 3D object; 35and 5a

providing image data, as a plurality of sets of data, each data set

corresponding to a respective depth, from which an image of one or more )
regions BIANE Wb HBERRY TR G tPUtRIiA SHSEraRR sridedatasiRcoresponding
s@idh peebedirctiopth 6ideceorditig 4o nsgearfthaspeahofdheqiweseritthe object may be
eRIen RS S PIgUlcc ARRaas [y DI fipa Iage e for
generating an image of at least one region of a target object, comprising:

a radiation source for providing incident radiation at a 3D target object; 5at

least one detector device for detecting an intensity of radiation scattered

by said target object; a locating device that selectively locates the

target object at two or more predetermined locations with respect to the

incident radiation; and a processor that provides the image data
responsive to a detected intensity of 10the scattered radiation at two or

more locations; wherein the processor is arranged to determine the

probe function at each of a pluarity of depths of the target object;

the said processor is arranged to provide image data as a plurality of sets

of data, each data set corresponding to a respective depth and indicating

a structure of a 15region of the target object at the respective depth within

said 3D object. Embodiments of the present invention use an iterative

method to provide image data
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which may be used to examine the 3D structure of a 3D target object. The
methodology used can be carried out without the requirement for a lens
capable of high precision 20 focusing. Rather, only a localised field of
illumination, which may be large relative to the wavelength of the
particular radiation field used, is needed. Phis may be provided by a poor
lens, able for example to produce an imperfect or approximate focusing

effesdr YD apeshi e¥iishdIenyiissasiatiafion arrouree g ited apparatus for
localised illumin%sion ;unotion. 5 Embodimen{? of }he gresent inven

OREVNEES D& 2Rd ApParStal i Whitiiife detbcis® ﬁﬂ%b‘%ﬁf%gggr}i@?%t object,

neakipgsargillumination function can be distant from a target object. As

such gopd.aegessdo e RResiIRME AL RS MRIRIIRALAL AHIMES: object,

30Embodiments of the present invention provide a method and apparatus
in whicr?h i%@%?%@%%%?%@Fé%ﬁo%%od?f%mau% bty péragprlignepattered by

tisaebtsaghesben; many times or for a prolonged period of time This may

prevent destruction of or dam he target object, Embadiments of )
PresentirCoRlon Seuch SRTSgERAlE I oA e o8 SRBA TSI more pre
wisiggrnemiparie subsEjaent tbithe e dieesoh e BdeDnvieh is used

during thepxauninatinatRaRsss ThisimayeenatledbgostEneture-PHBRLY intensity of
t%%et ObErCt to f%e exam_lped by focusqui_lnto_v rious parts of the target
obfeSPALEMERBICHAL ™S BHEGIE LIS TS bE6EY that alternatively

the exathmatioresser Geevaingée id-tiniettiweChe probe function at each of a pluarity of

2R0RHAS3R0RSJé 8/000620 7 Embodiments of the present

invention will now be described hereinafter, by way of example only, with
referendB&cBifé BEXGIFRANiIAY BRARMES MAVIRHMHER) RIS Park plurality of sets of
il 4str ad@disd Nk can entinpaRt s oigsiospiBtagi getid samveditienad a structure of a

S B LA S SR s b
Embodiments of the present invention use an iterative method to provide image data
which may be used to examine the 3D structure of a 3D target object. The methodology
used can be carried out without the requirement for a lens capable of high precision
focusing. Rather, only a localised field of llumination, which may be large relative to the
wavelength of the particular radiation field used, is needed. This may be provided by a
poor lens, able for example to produce an imperfect or approximate focusing effect, or
by an aperture which permits radiation from a source to form a localised iilumination

function.

Embodiments of the present invention provide a method and apparatus in which the
detector and optics used for making an ilumination function can be distant from a target

object. As such good access to the specimen may be maintained at all times.

Embodiments of the present invention provide a method and apparatus in which a target
object is only exposed fo radiation once or perhaps a few times rather than many times
or for a prolonged period of time. This may prevent destruction of or damage to the

target object.



10Figure 4 illustrates how a moving focused probe allows a large field of
view to be measured; Figure 5 illustrates a 3D target object and detector
plane; 15Figure 6 illustrates a pre-target aperture; Figures 7A and 7B
illustrate k-vectors of incident plane waves; Figure 8 illustrates an iterative
process; 20 Figure 9 illustrates a radiatiorf8ource, aperture, target and
detector arrangement; Figure 10 illustrates a system for 3D examination;
B peEIuR L stales eRsb AN PaF eI BRI IE it ine. 1
d imensional object Consisting of two separated planar obj ects an
19t hig Sterrés ahaeﬁt'etmns@!@aﬁm%ﬁ %bm@ezetmrgm@n‘mt@mhlﬂhees used during the

dsauiingsdie seserRace NHRIGHRIS ERIRHILo lile PASRITeA Ilﬁzﬁt@tg& object to be

how a scattering pattern may be developed and used to determine high

rE&BINESH i R%Fr%%ﬁ%%%ﬁ&ﬁ@%ﬁu%ﬁ% 8t AR rEB S dnal (%%}e later date as
talgpeteobjdot 10wl e amidersitechdtiat thiteema targetoabjectoefer nttraaiytime”.
specimen or item placed in 35the path of incident radiation which causes

scattering of that radiation. It will be WO

2008/142360PCT/CB2008/000620 8
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higenerated by a broad range o

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.
Viheoradigtion illuminates 5 the target object. In this sense it witBe:s2008/000620
understood that illumination does not necessarily imply use of radiation
having a wavelength in the visible spectrum. Rather it is to be understood
that the term radiation is to be broadly construed as energy from a
rahiatiomsaisce: Thispmibineludelsctignmacnetic Jadiation NEUAG: by way of
Xé@ﬁ?psg@ﬂlﬁ C\,iv Eﬁ?’g é?gn%u%h %s eI(:e(:%tt[nons and/or acoustic waves. Such
radiation may be represented 10 by a wave T iCas et WHES r is a
three-dimension vector describing a position in space. This wave function
idfudes a eeal parm_am@t@mbmgia&ﬁya@aﬁgw%s %H%Wﬁ ! Eﬁggﬂé’bﬂ%@?&vemsonaz
s - . be represented by the wave functions modulus
a%%%qﬁ%ﬁ%ﬁ%&’ﬁ%ﬁe@%ﬁgééi%gﬁjiﬁagte of w(r) and y4r).v(r)* = cv(r) 12
where F ci4r)12 is an intensity which may be measured for the wave
farmtiers iWGstEtesinoiderftreadiation:3Gds IeataeMbaiigasses through
and beyond the specimen 31. As such the wave disturbance within the
illumination volume is altered in amplitude and phase by the object and so
AiteFEthe AARBRIGae SN0 HIARESE tHeHirsl @'abGiridtreant oftbe dbjéce! view to be
findetioredThus characteristics of the incident radiation are modified as a
result 20 of propagating through and after the specimen. If an array of
tectars,such as a CCD detector 32 is arranged a long distance from the
sp %{i%ge?i[ #é%eastﬁf?r%% G U RS RER 2R 8 Wiffraction plane 33. A
Fourier diffraction pattern will form if the detectors 32 are located a
digianceiluftema selectedart ot ke specimen where L is sufficiently
long for the diffraction pattern to be formed effectively from a point source
a substantially 25 small illumination volume at the object plane). If the
fRtion preheadisimiiickeserrtiecisisat i, wyvieating the
detectors nearer, then a Fresnel diffraction pattern will be formed. A
Aeyices ﬁ%ﬁé@@a‘r‘?ﬂérg{{\%‘a&@é’e g%oerture, is used to confine the
illumination within a small region of the object. Prior art techniques require
the object to be finite or illuminated by a sharply defined illumination
Fimetdchilseithat certdintiegionsck Hherabieckrgé: plangaseknawaakoht:
give rise to any scattered waves. Mathematically this is described as the
Fobigct1 a;/e having a support, wherein the scattering outside the support
region'i

EHER IS CORMRIRT fRE IR GreMinaiaRaged for use with

embodiments of the present invention need not be strongly localised and

rebawply defiopskeshmemay bR-SIowbevaLIRg &) hellsdges, in this Wa%rthralﬁobject

C%%fstllé%varg%n illumination function is not 35necessarily compose'g] G f’ng
spatial fréqUendied MeStRENAIctie # T 4R%e a bandwidth limited function
that may formally be infinite in extent, although substantially localised.
FMO200R(4 2380 GIHGRAV08/AERQ Q. Embasiiments, of the present
invention take intensity measurements at a distance from the 3D target
object and use this data in an iterative process described below to
InyERtRY aetd hrrfreanceLnssaitoTisake e pstimate of the 3D structure
of the object. To collect the data an illumination function of some type is
; einci the_abject 5 of interest. The illumination can be
e e SR g v s
B GERIAR IR BALRR BRYsiTe sEHarbpérercdipstisansofibtabiectbject.

It ofilay wtherssart chatieakat angemap Ve CaN HENGIALG R PeANLIKS 2 ced in
tnHlyminagon,which is,substantially located within a VOIW of the object say

of diameter D. Intensity data can then be coflected dowhslrd&fiEdPthe t will be

object perhaps in 10 the Fourier domain or Fresnel diffraction pattern
region as noted above. A broad range of detector arrangements can be
utilised since all that needs to be known about the detector is the general
configuration so that a calculation can be carried out of a propagation
function of a wave in a selected object plane to the detector. Variations
involved may include geometric variations in the way that spherical

wavelets are added 15 together according to Huygen's principle. For
avamnlae a flat detectar coitild he moiinted downetream of the ohiect at
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20 an alternative integral transform is defined, referred to as T+1 below,

over the volume of the specimen). Each elemental volume of the object

will scatter a spherical wave which will have a particular intensity and

wiahase/agitimpinges upon the detector. At large angles of scattex; ghess/vooezo

amplitude of this wave may be modified %y an obliquity factor or scattering

function, as well-documented in the prior-art. This intensity and phase, as

wigifezstensd dEgettkintparethebisisfessuie diee Aih deehbrartarigticanevitratdolo incident

be:atiested hy paiilepgih belueandheLieme sty olpyaqinl thhaqbisct

and a point on the detector. The exact path length could be calculated

trigonometry, accounting for the particular arrangement of the

éﬂgéﬁféﬁ%ﬂﬁﬂ %ffth?@l&ﬁﬂ@é@ felrRribenarpeinbmsitAe dEtedrsfiatipieiluminates

pizieh tengih shealsardeatesmisesa changen theidatalampliudeeition does not

%%@s?a?lﬁpﬁnﬁg 3%1%?'? MUY %W?é gt%v%?eqb@fﬁ ‘N'Eﬂ&v g3 8cnfruﬂw Rather it

genera an in gral transform COU erore COI’]StI’UCt ac ountlng
67 thEAHATSEIRAS 6t ieitRIELERIHPR oIy BPbERDY denstied |AsifRergy from a
cedtatitnthedFresrehiandiFouhieeietegral snaseakaragies ofiscobitgtegrals, emitted

UARRIRTS GO RAIAING IR G50 MRl V-/08PIe ARPIaXIRaHansy BYpresented

integral transforms will be denoted T in what follows. The particular
HhTOURE it (S 4 d4 e riesttill d8sMEPRATTRTS Rariolith fe tRabitsuRdtosition in
temastorn; Hisbeimg: uhderstoaddindes\WO- 200814236 0P Cild&dhary part as will be

2008000829, Wa@é‘3@%‘145&*#?%%%{a'ﬁ@ﬁw%r?éﬁ%@e%‘at%? rt.qlgl;gg\ygrfu nctions

conflgl;tlratlons can be substituted for the Fourier integral. Figure 5

R4 S8% BYEFfple 6P ihis BIBGSSPIRnTOR-dataiP THE Al 3478 5! vio) [
rebgrely Sool sedn foteesamplechyrawaalkdansred apeartiiesdabellewhss, so

that a first volume of the target object is illuminated by the wave profile

labelled 36. The radiation can be moved to another position, 37, displaced
f?Bﬁw”fﬁ@?l?%f%%?ﬁBr?Bﬁﬁ@%‘r@é?&rﬁﬁ.'tﬂ?é%%éh!(%'ﬁg %b&weaﬁﬁ@g specimen 31.
donapeischanyaap pliopnibbe fecusingtap paraitutisuchias a seiinhplatesmpidude and

wﬁéas)ﬁtéenﬂpéép5@&@@%9&@@@%&@5@5@@%\5@ %wé?&weza&ﬁnéfpeam of

s. The weak focusing is sufficient to substantially confine

ate for
i Brisist ﬁdw%t&’%mJﬁ“b%aWﬁ'ﬁ@tﬂtfg RbtRRELEayAN AR Aiy foeaed as a result
ridieogitgcighioh courséstibaglyefiressef aadiatipm toelechesuseth as a CCD

Gereber @Q%'Qﬂﬁmbﬁi%@%&%@@%@i‘ﬂ Wit LesRactie SIS pattern is

farte a{n cdogrdl ates x\%? ‘5] e defined where z lies in a 15 direction
BNS USRS JHERBP R IPRe QR QErSLTracLPIHReERH il st e grirstors 32
foaheeetbetdsianset furdnmeaiedtddaatiefdbebaninieh ishere L is sufficiently long
tbi @@e%ﬁ%&@ﬂ%t@ﬂ%@@d&%éﬁr&%@@@yrﬂ%@ VEBIohaSARSCP ustantially
gmai\{%m%%a QECUO l?n aIt atl Xt CT dgco ﬁ??ﬁ o < teSIanf i 1
components X,y an |s 8 S ek o PREHEA] 8ﬂﬁﬂ% 8fBgf Closer to
%‘ﬁrﬁﬂﬂ?m@bHa‘s?é*@@1é*ﬁfgé@hﬁ&ﬁ@d@mgfatf@w&ﬁ@ﬂsmﬁhdgﬁfmgmmaaﬂgm will be
fz&maveathawasmﬂab@ﬂm&h&t ﬁﬁ&&@@@ﬁé@ﬁﬁf ta%ﬁsss%gwwo RN Itumination
et taining a estl te.of the structure o three
R R N OB e e TR TR e g i e or
mineisdstanthanpksisiined Wm@eﬁ%mﬁh@ﬁe s@rmﬁwmnaﬂa@ug Ifmthe object
ey becehiitely upstreamibduiness) 250 so5 s SUan (bmﬁhﬁc&y this is

d%fso?@@rﬁg’I¥h@%‘ﬂ!&%ﬁ'tﬁzg?@tga\ﬂr%e£ngﬂﬁﬁ% S LrdilCls. 22a1e.ne 'mut(%sde the

on the size of O(r) in the x-y directions. T minating radiation inc
YRR 968 Bf&Er cdnistératta hrotsg RIMBHBINPIES Rt cti¢omits embodiments of
tikuprasatiomfenttioméedhmeedistengignatsipaceanungreiply teaieel a They may be

sibiaeAmRRsionalivedioLs Sughas thar &%%%ﬁx&ﬁga?yr?g%% Ia8En function is not

|IIum|na}|on rofile
necessarity composed of high spatial frequencies. In other words it can be a bandwidth

fimited function that may formally be infinite in extent, although substantially locatised.
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30 formed by the lens or other optical component. P(r) is the complex

stationary value of this wave field calculated throughout a volume of space

in which the object of interest is located. It may be moved by a distance
wepiesenied by the three-dimensional vector R, so that for a patticutans/covs2o

value of R, the probe is represented by P(r-R). The wave function ty(r,R)

defines the phase and modulus of radiation scattered by the object for

cath pineBsialrienereses aeiintartposinensity ofapeuimemMatn dpieace from

theesg@ttai@étaagjéar@mit@@ wye&@lts fr@rarea@kwowr@s}@ﬁsmf@m@éd below to

s versed, apace [0, WO, 2008/ L42300RCIPRA0081000650 Lhine ojoct

detector, t y W din amp e an phase, and thus generate a

e
Ht‘éﬁ@i%tﬁﬁ@%ﬁﬁﬁ‘ c&ug“%aﬁ?éé’ﬁé%?ﬁ:‘?‘h%ﬁiﬁ%%i*’%lﬁr@@ﬁi@ﬁfﬁéﬁé‘%{m” the object
| s, isirasthererg andwnatierceerdinatesrdefiiaingda positien irsthe détettations, for

pleQr%prrtﬂée RAHISLAR IHInalig RO 88%? - LPE QP'@&% SBAMR 1B aperture

Figure 5 has a flat surface positioned downstream of the object, say at a

diQFéW@é"LOfF@FtHEJ%%?ﬂlEW BiffeSeXptishRSah AFRNSRIBRRNIvBIGh ﬁ?é" generate a
detactdkddiimimaptanehidr el theizhakisaieel wittive plamer(®, yilihearidek! say of

m@nE9hQ§%§ﬁgb§a@rgﬁwsﬁénaﬁé%i%%@&te&}vﬁétf’@a%e&%'%[)Ject perhaps in
Fraunhofer) diffraction plane, The physical 10 width and he%\; of square

’B?ei:sOH{ B TR DT ff?&%&&ﬁﬁf@&%@%ﬁ@?{&%@%ﬁa RY%h Eede@é?’ piad range
thfa@@mmnate@ﬁgéawt@nwsm gikegdnsthesdetdbtar plade tAdeoldingrtabout the

thesmalliangle rinaign alidhe JanasNbiunigRiMe GaN SeY:HdEd out of a

tel 46 is the solid the
PHERIS LLTERAB by 06 (s U Bl AT SEIe Varistons

@fbjef@ﬁélm. *Wélﬁf@)\@/f?@éfﬂmhéf@@@f’élﬁatb% v fheUsgherism favelets are added
vhetaaneedbrang givien Bya 2 apirctan-KSexample, a flat detector could be mounted
downstream of the cbject at some angle with respect to the direction of the incident
radiation, and at a point relatively near the abject (in the Fresnel diffraction condition).
Those skilled in the art will understand that in order to calculate the intensity or phase of
the wave over the surface of such a detector, an integral can be performed (that is say,
an alternative integral transform is defined, referred to as T*' below, over the volume of
the specimen). Each elemental volume of the object will scatter a2 spherical wave which
will have a particular infensity and phase as it impinges upon the detector. At large
angles of scatter, the amplitude of this wave may be modified by an obliguity factor or
scattering function, as well-documented in the prior art. This intensity and phase, as well
as depending on the object's scattering characteristics, will also be affected by path
length between the elemental volume of the chject and a point on the detector. The
exact path length could be calculated using trigonometry, accounting for the particular
arrangement of the elemental volume of the object relative to the point on the detector.
The path length may also determine a change in the total amplitude of the wave, as the
spherical wave amplitude decayé with propagation. In general, an integral transform
could therefore be constructed accounting for the angled detector or, indeed, any
configuration of detector. In this context, the Fresne! and Fourier integrals are examples
of such integral transforms corresponding to geometrically simple approximations. Such
integral transforms will be denoted T in what follows. The particular embodiment we

describe will assume that this transform is the Fourier transform, it being understood that
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L WO 2008/142360PC17G132008/000620 12 ,fiy = tan-I In the operation,
intensity measurements are made at various pixels in the detector and, for
a particular position of the illumination function, R, these are then

wartargedsiaito an Sarray 1(u,v,R) in a computer or other processimgpURl/@m62o

data store according the transformation§ {gescribed above. In what follows,
a convention is adopted that a plane wave can be described by the
etflatioiia@ ciige AetikrEywheptating alehreladindetrsitinalopaépiralions can be

defirediaheveipad duiseair@sipsocal space vector that points in a direction
perpendicular to planes of constant phase in the plane 15 wave. A is

complex number whose modulus and phase describe the modulus and 5
PHAYE Of thb'shalesatthexpoiPiexey B0 oPRESTRAGRAGIESHF k isigigerdigtion 34 s
=(apROwhere=X ischexaavelength wéikagadiatiapdised, MHotaidhatHnly thet & first

%ﬂﬂ% (?3? Qﬁgg%%%? oBIeEH‘%s"Yﬁ}’rﬁ i %%t%%?qﬁée\ga&@g}é%@ %‘tﬁtéﬂgé ,%:[h?he radiation

time-independent wave equation. Itis also assum at the radiation is
ﬁﬁ&&ﬁﬁaﬁﬁqﬁ&ﬁﬂﬂ%w&ﬁ’}'%ﬁﬁ& dinrResd rioiRedtitensiianipniir vector K.
theesamat agmingders lidaraeerthelsssiiyugsthapihenethodpbppaging such as a

desaripadoencwillyvars falnraingtion that cRRGE of 8 ARl RNARQEksr zone
plate for X-rays. The weak Tocusing is sufficient to substantially confine the probing
radiation beam. H is thus not necessary to sharply focus radiation although of course

strongly focussed radiation could be used. Further positions can be ulilised if desired.

With respect to this figure 5 Cartesian coordinates x,y, 2, can be defined where z lies in a
direction towards the detector. It will be understood that the exact direction relative to
the detector is not fundamental. Let the abject, which is three-dimensional, be denoted
by Ofr), where r is & veclor as described above, but which can alternatively be
decomposed into Cartesian componenis x,y and z. it is assumed that each elemental
volume of Ofr) can introduce phase changes or modulus attenuation in any illuminating
wave fhat passes through it. Embodiments of the present invention relate to a method
of obtaining an estimate of the structure of Ofr) in three dimensions. [t is assumed that
Ofr) has an exitent and size such that part of it is substantially confined to the z-
coordinate around z=0, although it may be eniirely upstream (but near) z=0, or
downstream (but near) z=0, or, preferably, having its depth in z embracing z=0. There

are no limits on the size of Ofr) in the x-y directions,

The Hluminating radiation incident on the target object consists of a probe function P(r)
which forms an illumination function in thres-dimensional space, wherein ¢ is also a
three-dimensional vector, such as that generated by a caustic or illumination profile
formed by the lens or other optical component. F(r} is the complex stationary value of
this wave field calculated throughout a volume of space in which the object of interest is
located. [t may be moved by a distance represented by the three-dimensiona! vector R,
so that for a particular value of R, the probe is represented by P(r-R). The wave function
y(r,R) defines the phase and modulus of radiation scattered by the object for each point
in r, and for a particilar position, R, of the illumination. Once the scattered and

transmitied wavelets from each volume of the object have traversed space to the



25vector magnitudes (i.e. is only 'substantially' coherent). rx.13, f(x, y) =(x,
y)e'2z("w)dxdy= F(u, V)(6a) WO 2008/142360PCT/G82008/4100620 13
V) = F (u, v) 2w)dxdy = f (x, y)(6 b) defines the corresponding back Fourier
wiransiormf course, for a detector configuration not lying sefatdiem 48420
object, as described in this particular embodiment, 5a Fresnel or other
propagation integral may be more approptiate as will be appreciated by
thiaseceidllaten thit astidThe idmiptinatonfungtiasavhieh isincidentupondtnantensity
CBaAbGAM e SURALAD P BIARE I i SRACEREANNE ONP P and v are

case of the illumination being generated by a lens or optical I
COMpPUTRARE el f@k’i‘ﬁ)v@nf‘aﬁ%‘i‘?aﬁbﬁ%"ﬁndﬁ’f@%’ﬁsp@d’r?bé%sfg& tBAE R AR Umination
tiredilismifdation function in such a plane. If an optical component such as a

5 (known) aperture lies in such a plane, then it can be assumed that the
wave s of constant phase over the plane of the aperture, the amplitude )
bERG A ERh IR By T4 pd BT tha%h SEHAre ARRAIGNAR ERY PKABPT the cbject
offject funisioncedn beutedstoboiedoththediosiioatiothibSfooiéinant athe detector .

way ananausdribermethadssleseribed delavs Buk withthe mathematiclen to be

r%?ég%%n%ﬁ%oi?wse %gggtcg’q’lg%lnap % g&gmra#?nu% %%g$nql rgg?onrgﬁlgh.en Sﬁ\rg%hysicai
embodiments where available illumination intensi Yy IS 10w, It may be

10 aHidEneagdmighionlsetmie mied doHitefeleshte pgityaspinted apeftaie of and xp and

qmﬁéwm%a&m | l@@menésas 5hpwmiﬁ15u’ggbmﬁsmﬁbt;ejal@abﬁﬁ @ada?ml@awdﬁ;g to the
in ical.component upstream of the 20abject being calculate

B s B L I RS R S e

an aperture 60 exists close to the object in the plane lying in x and y

where z=0. This is illustrated in Figure 6. Since the time evolution of the

wai/e IS not considered to play a part (because illumination is considered (1)

tempo{ally 25 coherent), the wave-field immediately downstream of the

aperture can be described by a function, P(x,y,0), it being understood that

this represents the complex value (describing the modulus and phase) of

DeHminationsBiRciondmbeBlane F&-fﬂl&zﬁé’&_&ﬁﬂb'&%l@ﬁ&éa'mﬁe [dBuare) side

advantageous that P(x,y,0) is substantially localised in the sense that it

oniyehasidargepmeldatus: abualussrel 1yyandi iiens tharddrvhees;

15

" = sin 4,

P (2a)

20

. sm[)’y | | 26

where f, and £, are given by;

25 = tan”!| 22
B, = tan (LJ (3a)

and



10

15

20

25

30

30 WO 2008/142360PCT/6132008/000620 14 where zip is the angle
subtended by the width (or height) of a detector pixel at the point x=y=z=0.
In the case of the small angle scattering approximation, D can also be
veXBiessed@s above in terms of the "camera” length L and the ahysiSals vooezo
width (or height) of the detector pixel, as; 5 D = AL x (8) P(x,y,0) can be
expressed in terms of a Fourier sum of a'3et of plane waves incident upon
the pIa\nemI 9;‘3 hese plane waves comprise an angular spectrum, each
infidento } wave k-vector being described also by the angular (3b)
coordinates U and v, as depicted in Figure 5. Such an angular spectrum
can be represented by A(u,v), it being understood that this can be
represented as a 2-dimensional array pixels, each of which has a complex
val lﬂi@e%@ﬂtdﬁé&?ﬁ@ﬁﬁ?ﬂh@é@@%@ﬁt@@%ﬁh@@@ &fﬁﬁ%pérﬁiﬁﬂi@gﬂﬂé‘%etemar and,
' ngular coordinate,u apd v.. 15 Figures 7A and 78 ,

e ALt o SRCMER TR 2 B4 T Franged o an
cHGRUINEtEs ) a8 EPresEited inteEoHRsafe e B ors oA ot saeperding the
praceRsingtiung assdatestasevg 01, 702, 703 and 704 show k-vectors of
incident plane waves which form a 3D illumination function (within the
dotted sphere). All the k-vector are of the same 20 length, but are incident
di' diffEteiit aneed CPRESBHPAIE ARt hah 24 SFBk MV pIaRBSOET easritapd by the
phiasgdor each of these incident waves. In Figure 78 the vectors are
rearranged, so that they all subtend from a common origin. A
cross-section through the 2D array is shown representing this distribution

yeciersiand hence the corresponding real-space representation of ()
the 3D illumination function P(x,y,z)). Each 25 value of this array (shown
as a function of u, with v=0) has a complex value associated with it, which
describes the amplitude and phase of the plane wave component lying at
thieeah dlés1{3ihwe-définad inaggueativ a2 aldinttl sadiagrang A=B. A fecithecal space
KeSoprReReRiisShowaiabRICH B8 AORMCH HhARY WL SRESHUR LY DShe plane
QAR oM I YA LS ADLRSET 120, descri

. phase describe the modulus and phase

of the wave at the point x=y=2=0. The magnitude of k is given by;

=7

where 2 is the wavelength of the radiation used. Note that only the spatial dependence
of the wave is considered, that is, solutions of the time-independent wave equation. it is
also assumed that the radiation is substantially monochromatic so that all the k-vectors
of interest wili have the same magnitude. !t is nevertheless true that the method of
imaging described here will work for illumination that consists of a small range of k-

vector magnitudes (i.e. is only 'substantially’ coherent).

T 70y = [[ £ y)e ™ ™ dxdy = F(u,v) ©2)

defines the forward Fourier transform of a two-dimensional function fix,y} which maps
onto the coordinates v and v (equations 2), and
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wherein the function A(u, v) can be thought of lying over a spherical
surface emanating from the exit pupil of the lens. In the case of a lens with
an aperture lying in its back focal plane, A(u,v) is of the form of a circular

vatisai@f radias w, where all values w > (02 + v2)2 WO POT/GB2O0S000620

2008/142360PCT/GB2008/000620 15 have zero modulus. Values of

A(u,v) lying within this disc can have pha&s determined by aberrations in

the lens, or moduli dependant on the evenness of the illumination of the

lens. 5The relationship between P(x,y,0) and A(u,v) is given via the
Fautiéitransfof iRy, i< ikldmdesnicrgudy = pryy Auv)(9) It (60)
being understood that the two-dimensional Fourier transform over A(u,v)
ptetucesttre dfithimination unstiorninidhenayplane withi zsOuanlsr a detector

PO DA A% 39 2RRIINIR IS dncated n the planez=0) IREN NS 1 o diment,
4 T

corresponding distribution A(u,v) required to generate this fuhction can ‘

cAICIRAREURIA T PERIGA ARSI ATEY RotPOCy 0REOPIG @ B KR Appreciated

Aw gsimmatdled P(dg,zjtcan be calculated as follows. This is the

illumination function that fills a region of three dimensional space in the

vicinity of the object. Form; ng,,X,,Z) =T,,:(71(u,v).e'w(u." )(11%,Where

he 1umination function which Is incident upon the object can De estimated over a plane

in the space near the object. In the case of the illumination being generated by a lens or
optical component, the {(known) aberrations in the lens can be used fo calculate the
ilumination function in such a plane. If an optical component such as a (known)
aperiure hes in such a plane, then it can be assumed that the wave is of constant phase
over the plane of the aperture, the amplitude being determined by the shape of the
aperture. Alternatively, a known object function can be used to solve for the iliumination
function in a way analogous to the method described below, but with the mathematical
representations of the object and iflumination function exchanged. In some
embodiments where available illumination intensity is low, it may be advantageous to
use a lens to condense intensity upon an aperture or other optical component, as shown
in Figure 12, the phase and amplitude at the final optical component upstream of the

object being calculated by a combination of the methods above.

For example, we may know that an aperture 60 exists close to the object in the plane
lying in x and y where z=0. This is illustrated in Figure 6. Since the time evolution of the
wave is not considered to play a part (because illumination is considered temporally
coherent), the wave-field immediately downstream of the aperture can be described by a
function, P(x,y,0), it being understood that this represents the complex value (describing
the modulus and phase) of the illumination function in the plane z=0. In everything that
fotlows, 1t is advantageous that P(x,y,0) is substantially localised in the sense that it only

has large modulus at values of [x] and Jy| less than D, where:

D=2 (7
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Similarly generate P(x,y,z) from only having a knowledge of P(x,y,0) via
the step: WO 2008/142360PCT/C B2008/000620 16 In the equations
above the convention of labelling the Fourier operators by subscripts

waefiniggethescoordinates over which they operate has been adoptedzidm/oon620

other words, to form P(x,y,z) for a particgflf\r plane in z, we Fourier

transform P(x,y,0) with respect to the 5x and y coordinates and multiply by
avpresedfiiisctiersra@ (SUhiefolethdyphrtividédy (aibeiphity of intetestpapideirmrihe point
Fourieransfomn back. H anly ¥R Ssnglk analesRLSSABEINEAIS:, D can also be
considerecgéas in the case offek]ecl;ron Wayi 5\;}3 gaté)\%, tiﬁ{n 10 Coé;‘l% eQ height)
2GR (G F V2 (RAT B X y 2 Wi P h SRCSHE U Wi PDE Writk Tisihg 't (©F hele
vectoe detetionnixes PYi), is 15 incident upon an object function 0(r), and it

is possible to move the P(r) with respect to the x or y coordinates by

distances X, Y, Z. In other words, in vector notation, P(r-R) can be formed.
Therefdre the illuminating function can be shifted to give P(r-R), or the ®)

0 Jeﬁctxf_)unction shifted to give O(r-R). In what follows, only the situation of

moving the illumination function is discussed, it being understood that

according to embodiments of 20 the present invention either or both of the

object or the illumination can be moved and that in many actual o
imMplerAb aeatibh SIPmaseamiovascohedmenetchiove thealsjesigagheaves incident
thasrthesilimination. Thaedisinedancesirdhp avalieldearsad by e each incident
object functian (whether it lies upstrea ownstream or at the.plane of
] s ! @R d

A ST SRR G 0L EIGRADE D v, o
depicted in Figure 5. Such an angular spectrum can be represented by A(u,v), it being
understood that this can be represented as a 2-dimensional array pixels, each of which
has a complex value which determines the modulus and phase of the particular plane

wave lying at the angular coordinate u and v.

Figures 7A and 7B illustrate the relationship between the incident k-vectors and the
coordinates u,v, as represented in a computer array or some other such processing unit
or data store. 70;, 70,, 70; and 70, show k-vectors of incident plane waves which form a
3D illumination function (within the dotted sphere). All the k-vector are of the same
length, but are incident at different angles. The parallel lines 714-714 show the planes of
constant phase for each of these incident waves. In Figure 7B the vectors are
rearranged, so that they all subtend from a common origin. A cross-section through the
2D array is shown representing this distribution of k-vectors (and hence the
corresponding real-space representation of the 3D illumination function P(x,y,z}). Each
value of this array (shown as a function of v, with v=0) has a complex value associated
with it, which describes the amplitude and phase of the plane wave component lying at
the angle f,, as defined in equation 2a. In this diagram, £,=0. p for the k-component

is shown labelled 70..

Such an angular specirum can be generated conveniently by a weakly focused lens
wherein the function A(u,vj can be thought of lying over a spherical surface emanating

from the exit pupil of the lens. In the case of a lens with an aperture fying in its back focal

!
plane, Afu,v) is of the form of a circular disc of radius w, where all vaiues w > (u2 + v2)5
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A data set I(u,v,R)is measured in the far field over the coordinates u and v

(as ,specified by the angular transforms in equations 2a and 2b for two or

more values of /2, 30 where these values of 1?, say Ri and R2, are
wprebesabbgahosen such that the illumination moves to a positi@rwlsigingvoes20

partly overlaps with a volume of the object which has also been

illuminated by at least one other illumination function when positioned at

el BtffeMpalviEsof Palitesheiufdtd bittersiondithaliss 6ptalit wwisHeRpiermined

afyviesurefiibesobjeet, 1ONO 200804286RRGRIGER2R08/680620 di ihe illumination of

tg%@élr@ber of IR positions may be large, the preferred procedure being

that for any one R, illumination position there is at least one other

illumination position Ft, which substantially overlaps with the volume

iif adiatietoat: the iktwesiaatign positiandiorRisl gbBatd- stpr deesse d actonding

to the iterative process illustrated in Figure 8. Preferably the process starts

by assuming an empty object function s801, so that 0(x,y,z) = 0(r) has a

vlar,ye}%)u_gi SNEY |2iat&ﬁG@D[ﬂjB§thp+A§(Hﬁ§ processing proceeds, the

value of 0(rY1s confinuously updated."the 'nt?ﬂ estimate of O(r) is labelled

O(r). 10At step s802 a known probe function at the location in the target

object which is to be examined and which has previously been measured

or esHpatedriaqyovideddtwil he arpesiaieeidhatasprice abave Hgroduces the
ok Lunction may b, deterinedjp agumber of different ways

epending upon the convehfence required. For example the 15 probe
function can be determined if a known aperture located at a
pregeiermined distaneerdresathentaipetiseutdisedathtiernative lyiaiz optimathen the
JURANGEMERE WILh Salrated 91 9@8_t\éagﬁgﬁérg{@mi?&ﬂﬁ@ﬁoﬂrc%ﬁ'\"B‘é‘_’é@%&@ted via

probe function can be determined earlier by placing a known object in the

B SrPrdASER EAIculating what the probe function must be to produce
measured intensity results, In any event once the probe function is

20known the next step is: igg(r,R)= P(r - R).0(r)- 1,u g(x,y,z)(16) is formed

af pen eq}]ﬁ{'(omyl&)e?ﬁ’fg”ﬁ%d’pdefs an estimate of the scattered wave (10)
function at the plane of interest in the target object. In order to provide an
estimate of this wavefield at the detector plane 33 a forward transfer of the
guessed wave function is made at step s804 by forming tV1g(u,v,z)
Aocitirdaoctimdduli wigbecpadtitried as follows. This is the illumination function that

fills a region of three-dimensional space in the vicinity of the object. Form:

P(x,y,2) = T, (A, v).e ™) (11)

where

d(u,v,2) = %@[1 - cos[sin“ {A(uz + vz)% D} (12)

Similarly generate P(x,y,z} from only having a knowledge of P{x,y,0) via the step:

Pex,y,z) = 11 Pex y 0y )e o), _ (13)
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M(u,v,z)=77;[(// g (x,y, 2)](17) it being understood that this Fourier
transform is only taken with respect to the x and y coordinates, so that
each slice over z=constant in wg(r)is Fourier transformed over its 35x and

wyr seerdirates and placed into the slice in We, y,z) at z=constamt; M@s/000620

2008/142360PCT/G132008/000620 18 Mg(u,v,z) is now broken down into

its modulus and phase components, sucit'that: 5 M g(u,v,z) =i g(u,v,z)le e

(u,v,2) (18) For the particular illumination function position being

processed, R, a diffraction pattern, '1(uf’ @1’2?;{ is stored. This is the known
[

iffelGity HFNAMe PR D EGieH 1°8HBIVA U Baha prVREGELL §t@kﬂ subsoripts
s8a5iNetkttlve sdinatesrovtoitins ihtensitrie onn édanddapstdp $§806 dnevords, to

M bE 9fMA (U ¥ ARV PR EFUALRR KI8)dS FSRkase AN, 1Rwith respect to the

10square root of this intensity, such that: M c(u, v, z) = 1(u, v

PV

RISEXY) PO INRIGE A BRI SPHBSHBHGHRS (1fieasiirddIdRfy RATF IR vaive of

cooftinatas iand anrsh vhigidhapniechindbe pixels lying at any one value of
z in Mc(u, v, z). However, the phase which

if only very small angles of scattering are considered {as in the case of electron wave

propagation), then

qo(ur,v)z;rrzlz(u2 +v2). (14)

P(x,y,z), which henceforth we wili be written using the vector notation r as P(r), is
incident upen an object function Ofr), and it is possible to move the F(r) with respect to
the x or y coordinates by distances X Y, Z. In other words, in vector notation, F(r-R)
can be formed. Therefore the illuminating function can be shifted to give P{r-R}, or the
object function shifted to give O(r-F). In what foliows, only the situation of moving the
ifumination function is discussed, it being understoad that according to embodiments of
the present invention either or both of the object or the illumination ¢can be moved and
that in many actual implementations it may be move convenient to move the object
rather than the Hlumination. The disturbance in the wavefield caused by the object

function {whether it lies upstream, downstream or at the plane of z=0} is therefore given
by:

w(r) = P(r - R).0(r) (15)

A data set /(u,v,R)is measured in the far field over the coordinaies v and v (as

-specified by the angular transforms in equations 2a and 2b for two or more values of R,
where these values of R, say R; and R,, are preferably chosen such that the illumination
moves to a position which partly overlaps with a volume of the object which has also
been illuminated by at least one other illumination function when positioned at some

other value of R. It should be understood that io obtain a wide field of view of the cbject,
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is applied, Cku,v, z) , will in general be different at different values of z.
Next Me(u, v,z) generated with equation 19 is inverse transformed at step
s807 according to: y ,(x, Yy, z) = T"[(20) This provides a corrected estimate

wof themayg,function in real space, the back Fourier transforr'p(l;ﬁgs,T@onog/ﬁ@0620

undertaken only over the u and v coordinates. A next estimate of the

object function 0", (x, y, z) =O (r) is constructed at step s808 by putting:
Qne-osHeNn ) RUOKtienE) reayvend(nird@ 1ihk erefeHEdi$ givemn by baM@that for any one
200 C 320 0 P(r - R) --R) U(1), (r - .
DCTATHYS Po5108) Mucre P RIS By Pl o wiin
DN PRAEN P RTRRR AR N FnRLRP- IR PO RITHe WAk FdgneP afitins for Ra

amplitude of P(r-R). The result is a new guess for the object 5function

(%Q?)s E%QQQQ}%B&B%%‘ Qef!ﬁé i@%ﬁé%ﬂ%&tw&i}g%ﬁw#@ﬁ%tQ.a,ltPreferabiy

occurs possible and introduces a We;ag]tlng factor which causesthe object
fHlifcREM E6 e Bt dte ATRUBI SHBh G RIhBPEth dUprEBE RATCHAR (At 18¥gest = OO
draplituasicTbewetectablectmstamdiPaiay As the processing proceeds, the value of

Ofr) is continuously updated. The n™ estimate of Ofr) is labelled O,(r).

At step $802 a known probe function at the tocation in the target object which is to be

examined and which has previously been measured or estimated is provided,

it will be appreciated that as noted above the probe function may be determined in a
humber of different ways depending upon the convenience required. For example the
probe function can be determined if a known aperture located at a predetermined
distance from the target is utilised. Alternatively an optical arrangement with calculated
or known values may be used or still further 2 probe function can be determined earlier
by placing a known object in the path and reverse calculating what the probe function
must be to produce measured intensity results. In any event once the probe function is

known the next step is:
w (rR)=Pr-R)O(rN =y, (X,y,2) (18)

is formed as per equation 15.

This provides an estimate of the scattered wave function at the plane of interest in the
target object. In order fo provide an estimate of this wavefield at the detector plane 33 a
forward transfer of the guessed wave function is made at step 804 by forming Me(u,v,z)

according to the following equation:
M (uv.2) =Ty, (xy.2)] (17)

it being understood that this Fourier transform is only taken with respect to the x and y

coordinates, so that each slice over z=constan! in y, (r)is Fourier transformed over its

x-and y- coordinates and placed into the slice in My(u,v,2) at z=constant,
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10 be set to 1. It may be selected as any value in the range of 0 to 3 and

need not be an integer value. It is useful to set f >1 when there is much

noise. r may be selected <1 when because of scattering geometry, the
wietesiad iniensity is of the form of a Gabor hologram or similagHg:Walk8os 20

S is used to prevent a divide-by-zero occurring if IP(r- R)1 =0.5is a

small real number as is commonly applié& in Weiner Filters and is usually

15 (though not necessarily) smaller than Pif," and can be considerably

smalles Jf [DeRPiseRessRhIMDAd fRYCES Jara is small. Jhe SRNSIRALS:.

controls the amount of feedback in the algorithm, and may

advantageously be varled between roughly 0.1 and 1. When p = less than

04, t@evp,fwl S @sliapde of the object is considered to be more important;;g)

than the new estlmate alues in between vary the relative importance of

the two 20estimates. fl determines how quickly a solution is reached. is a

Hafﬁmﬁatehm%m%rlﬁﬁéﬁ‘érﬁt@r@ﬁ%ﬁ V@é@@i&f Which PRkYYe It R, a diffraction
|nd ate ﬂhow msy he re rded IS and IS us ed to attenuate how the
S’C

atlng oﬁtrien reSp nsg?o f9EL RIRLGINSIAREES frdisgition T shown in
o‘aguha@sr@@sbﬁmwaasteﬂeﬁmﬁn Maﬁlmms@bsammzlm tghilheasnycui@nied and
(high f §23dé’ C naise, then it s S to use resu ts
gatherbe to u}gd%tg‘(tgﬁgguesseﬂ estirgr?t Shc}\Jzé,nonns equgn{f@ [{he vaslue o?%e with the
caude sosmalhitaictioniof RisHeng:: less than 1/10th). The expression : 30
IP(r - R)I1 -R)1'(23) WO 2008/142360PCT/GB2008/000620 20 maximises

the update effect of regions where 1P(r - R)lis large. This is useful, since it
iddhisse Zégimé‘?@'”r’éceiving the highest amount of incident (19)
radiation, and therefore which contain information with a relatively high
signal to noise ratio. This information is clearly more valuable than that

O rsgfoHrviner&aasy Mk e AtrRAsiseh Ademyahthewhichingissdoily and v) is
aﬁﬁmedd)l%él@ﬁéisﬁpﬁgm shyatienyineee Hi in As 70228 GFvand, the phase which

?a%gﬂé‘d 5\%' R0 IS Ea1ybe Leprese te??u?]f %Eﬁn where its

IS un| h| e V¥1ls Z€ro elsewhere, or suppor € algorithm
has some similarities to the well known Fienup algorithm. If in 10 this
situation, only one position f? is used, then the algorithm reduces to being
NMathelpg ticalle desticahith i basiciBiRnbpealgariismMhe e sagredbaaccording
fJ2e 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.

Wc (X’ y’ Z) = Tut: [MC (u’ V—' Z] ? (20)

This provides a corrected estimate of the wave function in real space, the back Fourier

transform being undertaken only over the u and v coordinates.

A next estimate of the object function O,,,(x,¥,z) =0, (¥)is constructed at step s808

by putting:
0,.(N=0,(N+UMw..(")-w,, ), (21)

Here U(r) is given by:
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15 Subsequent to updating the running estimate of the guess the process
shown in figure 8 progresses to selecting data collected from a new
position R which preferably at least in part overlaps the previous position.
wéemyeiiag,should preferably be more than 20% and is prefesably. 50% Moszo
more. The collection of the data may be achieved by either 20 moving an
aperture by a predetermined amount or By causing the illuminating
radiation shoyvsy in fig r?)ﬁ 0 fg BI upon a different region of the target. It
wilVbe enderstood-that-embed jrents of the present invention may (22)
successfiifly: é%v*fﬁ 2 ifhege one location of a target object without
any change in location of an aperture or incident radiation being made. In

such embodiments after step 8808 the algorithm returns to 25 step 8802.
In¥tgsa YranBaringteStifate 6nthe sretpripRtiBED(HEEHY I0adeGindhB) is the
nevaxguess fer@(gfafstem B8 sioaded. inpisier B8R% @BLatRss for the object
itggﬁ%t{;%@ﬁw guess for the object function will approximate closer and
closer to the actual object function as on each iteration information of the
known intensity arid thus the known amplitude component of the incident
rddiatignizgeatioetido impoveietpeaiaty Sfdh30sstionateat occurs possible and
Neveriheless thednatg prefsraieimethodiisnex g%&rﬂﬁ\%%rg?%abe dated most

collected from a new %osnion of Ft which Ere era dy In part overlaps the
e,

p§g\9"5ﬂg %B%Tiﬁéﬂea@rg %MqHOﬁthﬁ%lgﬁg pightu he selectabie constant ¢ may
142360RAT/GiNGYtMOGRI)R] 5809 immsiitipliec wife theonevs hawied not be an
DiFRQ&eM%Q” l’tqgri'frégﬂﬁ A sle P é%@enﬂlﬂ@r@g lr%%}égtggiég St?p 88t13[1'seiected £ <
Effectively this generates a new estimate of the wave Scattered %{/ Ré
iPREEGRHRHElisRARING Isateie viIarmatesiask iblssity Thefrtsufirg of a Gabor
Soaltigred vrasieifancling i@lpropryakbrIOErSS LA/ 0=proviaR aB.aatRae - &)
of the ering,5 pattern which should be detected at that position. The,
diff?acﬁgi%éﬁqe%jn ré)ga}_ta%j Lrhrré%esfuar%éls With t Oen{ uarﬁfﬁ'aetlo'ﬁ gp %Bgfti%&ﬁzi‘gd Is usually
JHeviE st sRGs STy vametiagiteaniftensiy kHorbsatorsiarttiusmaller if the noise
gmpkinide inboebaibRG abeut bR dransiornadanaye JHRSHORe TS IMESSIN dback in

im‘grmati. nis us(fd toc rre%t the amplitude of the transformed wave

flnction whilst Phasy iRfSANAHE R BEYREG DL EIWFeE S P4IH KIS EaRddiedihen £ =
VRavehancion iiee T0aroussedyipripal dtecobiadt dsirentidasiormatiomore important
whenHbedwageiis dermadinethe:faefield). Grasngl ransfitmaionwhes e two

tel;]s iriﬂr’g@e%te Z? c]}g{ﬁged at 3 location where Fresnel diffraction dominates) or
By any othér sunable tranSfSHITANGh IS 1911885884 at step S815. The
running estimate of O(r) is then corrected according to the update function

showrpakeva At eem R ORNLH ' for the object.
functi&n815illustrat d a%ﬁt;p SSl??éAiﬁtﬁiggjge?vgrﬁHﬁ@ g%lfeégég%gﬁhceates how

RPN FERETP B SR I I R LReskifortERIRIFifiatitie GPaRSIT dBcssiieg out in
éﬁ@@?nﬁwoﬂnema@iwmﬁmh@. mbgenderirafithesikuisinatiofator aiestisie that is to
gagyie Madedand EhirereTiYTNRNLPARHGNWB0R HIPYIRCEREEAAR e then it is safer

Oollgcted. go A%?in ? location where some overlap occurs between

ey DU T IRREE oo BARTs (BretErspRe. RTIME Ra oS sRvsHlialigeralue of &
e axst readgtiriatyob € mapee thsalteznatively. the new guess generated

at step S817 may be repeated without further positioning using the known
ﬂj’grgﬁgir%gs%gtem results. It will be appreciated that embodiments of the
present invention can be used when only one position of illumination with
respect to the 25 target object is provided. In figure 8 the iterative method

is illustrated as being ge(ge_agﬂ by returning to step S803 in which the new

guess generated at is input to the multiplication stage rather (o3)
than the initial estimdtendthd¥dbject function supplied at step 6801,
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30It should be understood that the iterative loop illustrated in Figure 8 can

be performed many times using the same data collected from the various

illumination positions, /2, and that the number of R is itself unlimited. The
wenliig iterative procedure may be undertaken at a later date wsig:rz008/000620

previously collected data. Furthermore, if only specific layers or

cross-sections of the object are of mterg&ed only those values of z need

bea2bficecassen@dtamyfonestiragicalihaugh Ancethe daje.isTenllectedfthesince it is
Y g&%ﬁh&?%ﬁc a Re8084 %@&%&Hﬁ%%’ﬂ@%@%@ré&&ﬁ&ﬁ sifnerefore

value orvalues 01592 wh |c§%re oﬁ%terest and can repeat the Iterative
SN &REHR D FaoRERERT B LA ;5%%@%‘%‘8Dg"r‘S?a*rWe"ﬁ‘Pé’?%ﬁ%%éiﬁléd“FﬁﬁVam“ Is
be:seipeated witibbpradetéraifiec evgntoeturs Foy édnpléiabothés incident, and

'W@HQ@ HQ&Y!PQ%F@&@@‘S? Rredetermined number of times, for example

1000 times or until the sum squared error (SSE) measured in the
difference between the experimental intensity data collected at the
HdetdbtosilfotionwbermAny brotie prosiinsciing tvedstinitited istensigk that is can

@'R&r é@ﬁéﬂ%%g@ﬁ%@@) icalghiatedromihe ewranh %@ﬁ%@@for support
ec function. 10 During the |t ratlo ﬁﬁ i’%cess

he mos

eCéS Fiife BEEL TuRAROR %&‘8’83"&’?& é’%?fﬁi‘é\%"‘f%r tﬁ%%bﬁ‘@é’t“‘*hm Ifin
foisctisnatiihemhe qe@amﬁlfpﬂocgs@yé@@ndﬂ@%dtas desentiimeddsipthe to being
ARAHERBGERS @m&@t@m@sgswe.@h@@ GURMRY Wﬂéﬂéﬁ%%th%ﬁ@%bosat ion R
functlgnt rowde tgm%&e da ver ¥he X\Plume ofolocr tions whlgpo\/gs  cluding the

iiummated ai%OB eTcRIoRE 8|a i0 %agler%avg AR g
é?rﬁﬁhta}déd@ﬁa D@b%éfﬁffﬁﬂﬁaﬁ@ﬁ uﬁﬁﬁﬁq @aheéuagéqn@ﬁlyv@@rdﬁa 6 view may be
gengsate a high resolution image of the selected region of the target
object. Embodiments of the present invention thus provide a new method

ase retrieval 20 which is applicable to many situations in microscopy

ﬁ)ﬂ%ﬁ%ﬁﬁhiﬁr‘@ﬁﬁ:ﬁﬁ&sﬁ%@dﬁ MEOPHERRIMIY (S EHARMG UBIRSHISSIBRWN in figure B
plegitancaicresieepes Jhke dririfed frreetuyedvamsmummemdﬂy pédsraBRiCN ieast in

ﬂyﬁgﬁﬁ%r%e&t& o0 dpa% ﬂbﬁ" ’;I?(K)Qre Nt sRélf’I&O%?é%e%éW%%%B@kZﬁan 20%

or aperture pOSItIOﬂS an ves t

%ﬂ%ﬁ@%ﬁﬁé’ﬁIéﬁé@ﬂﬁﬂ%@voﬁiﬁ”@%@%ﬁi@?ﬁ% daarateasitpiieved by either
abeirationspetisue b yen sesscRbrinedalgarithing reim playsie c any eges aapidiydiation
&RJ@N ieveyihe Bh@%ﬁuo SR 8@%%?%@@515%%9%@%‘%%? T{Uﬁl%gtﬁﬁa%@d that

resolution’images illustrating the structure of tar ects to be
@Eﬂ%?é‘ﬁéﬁtﬁw ‘?géi"ﬁn?éesﬁﬁ‘é ool W{in”@%l%cé?ﬁé‘%ﬁ% i’r‘i%ﬂ&y'@ﬁ?&tﬂﬁ? for one
largtisrodsdor ayet nbirdenitiety ol diffengat iobipetScan df probepkretomsincident

rgmﬂ%'@éﬂgﬁ AL PreSERh IBMRIEARLAIS LRBABIS PEHMR IHRACLRRBI#NMP Returns to

calculated when 30target obiects havin g{a predetermined structure are
7

VR Pryuledrd il 15 it S Daaratle AV HEN A 8RR Ratied in the
mesyobesaded @it aristiertBbigis-resisdtivatistagS609. rédioneoh ai¢aatet the new

RRISCHECUAIRER ?Dﬁc%QHVmﬂ%ﬁﬁF@@rﬁa%nQQ%mg% istERed RSO object

5. A source of radiation 900, such as a laser, 35provides illumination onto
fﬁ”ﬁg%?n%pﬁﬂe%%ﬁ HFRER AP AT FaliigdEIs A Bi5aii¥ernd thus the known

amplitude component of the incident radiation is added to improve the accuracy of the

estimate.

Nevertheless the more preferable method is next to process data coliected from a new

position of R which preferably in part overlaps the previous position as shown in figure 8.

A known probe function P(r-R,) at the second position is identified at step $S810 and then

the step as above mentioned are repeated so that the new guess generated in step
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902 can be moved to enable illumination to fall onto a selected region of a
target 903. WO 2008/142360PCT/GB2008/000620 23 The incident
radiation has an incident wave function and an exit wave function . This

wexibigauvestunction is propagated across distance L where a @iffractioms/oouszo

pattern is formed on an array of detectors,904. The distance L is

advantageougy sufficiently long so that the propagated exit wave function .
forate dSFBURBHPARIBIT Pstte i inE Tar-fiengliamédenifisd dbpigrayp10. This is
pitvdteailesasp &g ﬁe@ﬁoﬂwhiﬂhmé%@téh@@ﬂm@ﬁf aiﬁhﬂi.l@fb scattered
septigcef Rurih it eRiesh 0% Acalne. deyiee Wa pﬁ%@?&&}{@g&aﬁm

may for example be a micro actuator and this can locate the target obje

al'6Me G 1B cHRBASHS ALIRLP Wt folh SEPYE thaasaHtEe 1Rl scattering
wegtieadiation fiornisbeardet@06chaathbeprmithe in€ldeditiorcdifferatitm data measured

lagatiqns QTJ@%Hﬁﬁr%@%M@P%f@hErW@ 903,10 %§9§§]t(rﬂ'lljyﬁitg¥n%gointensity

praovides.contral i,E{k?nals to the mjcro actuator and also receives intensi

Y.
Rl AP el iR S RSP B R b Sran B T Re tha\etidetion.  The
aFrepau4nfrive diéntriel usvit 100@irclutiesaar pifcrisprd des Jorrkidhandvave function

datastomddiFdnasthar withiamsepintesfaes 100 WRICH MAY-INCILIE unction is

L o B o 3 e D O N BRUDE, e 1o the
connected 1074 farther procesting evice doin 4 | LRdpatos oPBedor the far

réffbteeatited | randmamiiery fvinin deauittrastéotp gt eolvtraiunivhoBoFresnel
ogifir betiprayiaienysRIaploper it ShiesRMEMbi-eABAURAEGRIN ted at step
CE%“F%' tﬂ\ee Rb%gl% Iggti(r)r]: I{Q %g%??t% It?}ere%lotrlr@c ; Alag%rrcl)%ll\r/wel){ . #Ser g‘%g function
use the user interface orﬁaptop select areas’o the‘farge?ogjeﬁ FoY
ifeYiRg2EPRotideitarBR I SBiIcinpat eenitise favsaurse dprdirtiiiroDdnction
iffustmade sntbep&any splitter 901 with radiation. The target object 903 is
selectively located by the actuator 905 under control of the control unit

1000. The radiation forms a diffraction pattern detected at respective

1oL iiB 28 dheHBire aeRt &b itk eniealrranastoucade ks erbier further
ttrsbodeté ther sriscrysintat@iRbitire. cantrokuniyancrmaynbe, stasetdnibks!iumination

datgpsiare 1A M&HQR&ECthi'Fdoéﬂlfu%ﬂgr%%ﬁiBR iérﬁeg‘&ivc?‘égtt&%?@’ Eollected.

iﬂéa}ﬁ%g data the microﬁprocessor uses this detected information together
W

B IRRHRTRAVBIKG iRTerm RS siohtaraYysrdkuygated focations is
apdoebletethtthidevive!tiveviuie) adetao Hitwivenagrdptoeiy heorefyprttierilternatively

RASHIONS & TQHEred PHPSLY inalis) | : it
ﬂ%xtﬁissges ’?}éﬁ}% to the égo%actumtggﬁ%%fgﬁé@?h%ﬂggéﬂ%ﬁg Hsing

another S R REER T e U uatbrdoeniRpisHelsthihaherihnskmgnts of the

|
er selec
BIfSYTt Ay it e bsitibrbeARelrefeommioa frthenidifiactidh pattechto the
fergeedmthe sletpeer arayie measkéed ans GERUISRIRRLEER repeated
§on%glm%qltiAstgn §§§ﬁ:{r}gle%ﬁ %rerar}/e\%odﬁénay bﬂeea CCD array_of 1200 x o th
200 pixels. 1 o further INtaRaity MeAsarementa ara reqUItEl THAGL daRy! to the
PR Stige Feiss dbaethatcdity) Bsdreaieuds| thaicheat Sorciamceumilled at step
#s®1wo newly stored sets of results using the algorithm above-noted. The

raw image data may be displayed or a high- WO

200t11142360PCT/GB2008/000620 24
It should be understood that the iterative loop illustrated in Figure 8 can be performed

many times using the same data collected from the various illumination positions, 8, and
that the number of R is itself unlimited. The entire iterative procedure may be
undertaken at a later date using previously collected data. Furthermore, if only specific
layers or cross-sections of the object are of interested, only those values of 7 need be

processed at any one time, although, once the data is collected the user can choose to
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resolution image generated from the image data may be displayed on the
user interface or remote display on a PC or other such device. Figure 11

- illustrates results provided by embodiments of the present invention using

wihessanmpgements shown in figures 9 and 10. For a 3D target;aRieehiwssao
projector slides were placed side by side each carrying pre-determined
text upon a surface. Data was collected “hd processed as above
desorbéd foriveo valmsesf 2i cowespoaaing tonthesealrpostionsprrthite iterative
CosRIARBIRS r SfBE MY SUFEEREWRIBIGEES oth in modulus and phase
giving a total of four images were obtained. Figure ha illustrates the
modulus of 10 a first reconstructed image, whilst figure 'l 'Ib illustrates the
phasdeottihatszine reepistrapttenagea Pgdrcl hodid strateésthers. For example
nedivs HoRRAHe Rk 8: SECORd JaeAFIEHGIBR HRIAGIWED, HBUER e 1000 times
Ilustrating the phase of that second teconstructed image. The fistpalrofc ..
images have Beenh CaIElTSed With A ValuE Gt 2 correspondlng%o tive
pOSIEO T #hétRBEpr clelet etitheievhabtiitecséeeind (RirRawer ey probe positions)

calgulied withay heevatyqmior eommespendingdaiheinosiimatdherom the current
second projector slide. In.the first pair of images of figures lla and 11b the
v%%osaq%ogﬁgﬁa%@ggﬂ%?ﬁ%%nin the first projector slide) are in focus but the
letters which are upside down (which are in the plane of the second slide)
avermgttbéfmwommmedmaﬁ qugwimages{:;thamdsa"eamraihaﬁemprtovides a
oLnsks Qe e U At upside doun (WNiEhALR BRVLARINE BifRkied os

of the Second slide as 20chosen by the value of z used in ) )
(RLBHBIRGELBY) BT PSRABPH DB AR TRTRE ANRShatlS pufihaRlgate of the
witle ¢tivorialjenrspintidezidizgetiiebuterameofctanrs ef hecebitended ciceerdifigminated
0, IR RBROAIMAROT RPRSEETIANCRLRIILQ BIAYIARIE SARTIBMASInformation
array in the z-direction picking out different layers of the objection. 25
B AR SFHE DR HE VN AR PrOwadsaR HEPA VR R flaBgaielected

degioingf itetpradtebisich target object. The iterative method is applicable
in an intelligent way so as to be able to cope with generalised illumination

stems. In these the transmittance fynction aof an aperture is weakl .
HERTis Lo e PRGN S b e By 50 M Siathfose retreval
&ifiBlo dinrriTic iR dotza T atftv P s ot esranvolh et it Wy shjeteRis on its
3Pwieliknows, dedarmaticanspgding g sadiatiaR@ipaperture itselhsaayded as
%em/emqéltswi”ib%r?@#;roeﬁ iait}?dfma%i;sir}érf%%rgrinO%t,athen;eipggrggern one. or more) of
described an aﬂgorl M which Can be used to mvesﬁggte two-cﬁm(ensiona

sy BBjeEed B sHPERTrIG P BEeAT GINECIEE fIBpRciHRINTTBP\STSpFaBeneed for post-
pesitings eAdbetassunptiag thabrRenestissateeidherprheratondbgich lenses.
W%dea@%mﬁnp l%p%%‘? %9&%@8& Ergépaqg'%er}gr%%@eﬂ%e%%g%g] ngn t{%‘ object
can be’seen as a novel and invéntive progression of this algorithm,

FATeraiFsiee brmiens ddtitnziiabisvbiol raribbrofaraseilusistiag dbe structure of
differesitjdepths twqgeaubthe theekniess Wk algorithm is also effective in noisy
3@8@@1@25?’9&) %EJSG%?%O%QP%@Q \?a?ié}E/ %Fhﬁ%'r%%?%?é%@laﬂgj%%be functions,
Those familiar with the art will realise that the extension of such a prior art
RS VR RIERT BY BHo8-BltAGHERIR A BBFURNIRES SrRAdiFfy ated when
tthpepbitjtotsdh avipg ssibiel ¢t acmeyetmaractcedsedne or several of the
following reasons 5

Figures 9 and 10 illustrate apparatus for providing image data which may be used o
construct a high-resolution image of a region of a target object according to the above-
described embodiment illustrated in figure 5. A source of radiation 8900, such as a laser,
provides illumination onto a beam splitter 901 which expands the radiation. An aperture

902 can be moved to enable illumination to fall ontc a selected region of a target 903
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Firstly, it is well-known that iterative phase retrieval methods have
difficulty in determining the plane of the object. This is because small
displacements of the scattered wave towards or away from the detector

M%%ﬁsﬂ?a@&f appreciably affect the intensity detected. The SW@%O@&}%M

above-mentioned prior art technique with 2D 10 objects has therefore
been seen to rely on the coincident posi#ens of the two-dimensional
object-ankthespatioulasesimaidcpt thevaDuttiomatiendursiionayeedibion . This

”1& [GERSHHEHEN; sétchﬁﬁzé’é? d%?l}’ éod?s‘ﬂé’ Seq, At it af %{Mé’bcﬁfér%gﬁem s formed

ECt was not coincident wit plane of the estimated prope then suc

aﬂ%?@o?ffﬁﬁh%%ﬁ%%’é%%%d'EB%%IS‘BE’E%ME BuARE IR TR fo so that
inbensistegtadththeassimpimn®madertbabodlithetintarattoniotthdar-field. The

p&‘é’éé%tWﬁQrFQ? &%&éssnﬁqggg%nfé’ﬁété’@opg}%h WAVESSCAIR GO of radiation

different | ag:ers of the object will interfere in the diffraction plane in a way

P ISER Fe R i h b iah BRSio AR E P HRYAD P R Sidt %@E‘?swmoh may for
becauge, for a gien fisitebngledfikisatier, ioxtte phaser®d chinyey aree or more

'%@Hﬁ@@é%ﬁ%ﬁ%ﬁ%@é&w fsame ddﬁfé«fsrg dﬁ«qmi é@émc@@#w #bfiSsource 900
wou S SucC erfer nce, woul esltro eo ortu
S ol ot T SR TS At fegpet 903

such interference effects. Thirdly, it is known that in 3D objects the

illu éRatpRAMneian pabpiraesssubs@ptatly 2 ieistans fepdhe eREANES receives
{éan% of é%%dr%%ae“ N d3altered [elptye to the, e SPACeHYMINAIN < cior array

flinction ‘because of the scattering &)r even PnLﬁtlp e scatterlag]gg rom the

otjéct T@élf?%iﬂ‘tmi}’f bERRLEE H%e DIEF AR PIERIOHS Oy DD daf@iagiore 1003

heesieolwtted. Ut draintentik30 00w aaem ﬁeﬂythﬁhﬂésmldd‘gﬁlemeﬁdea user input

%%%Qd‘”f%@% Pro‘i‘tlﬁw'?rﬁ Q'E%ﬁﬂg%t%%eaof X@éﬁk‘?ﬁyﬁ%‘%ﬁﬁch as a

eunexpect result t s ite the previous beliefs that cértain

RIS o i b BB s ARAAe DISDAMEIEANSN e SAATTSipaaighe control
pntﬂrﬂﬂ@@vmaﬁet@prquded:an béapiodifieBas Per thetpriesentanvamtiorsically control

Ghing, ansh deite dexnaciedly) aprlied ito Rugvitle-a. 10l dat pravidinger interface

a which can be used to 35estimate/investigate structure in 3D
%?FﬁBﬁ% 3316 2558/ 2 45481 RIS S00E 8908 26 &*é‘ﬁ‘i‘ﬁéﬁ"g”l’ﬁmstﬁé nput.

descrlptlon and claims of this specification, the words "comprise" and
:ﬁ%fﬁéifﬁé%&:@rlﬁtmﬁéﬁ%wwﬁﬁ tﬁﬂ%@fﬁé‘ Wlem is%mgt \Q%grétdlahon The
com ans "inclu [ a intende
e e e A e %ﬁ%gm&?ﬁé SRR S control
mbéﬁqmrommﬁ!merdésmamﬁa@@@msem ﬂﬂ@gbﬁcﬁid@ﬁgﬁcﬁh@ locations by

@mﬂ@m@a@f@&m@szﬂéed@ku@&mlmw Goniend ptheiwise E%ié'&@% Winput to
pnartg:cgqufa(r)1 Whgre gﬂe mdgflnlge artlcki is ldSFa he s E‘?IfIC tlo is t

undérstood as Eontemplating ) ?urafflty as well a{)sr%lngu afity” tRfess th o only one

BOREOT FrRRAfeS oRvenitsEePeatinesdsifrigelRe dnisraptepkifey, uses this detected
eospeuatsogheatcatimsieiiamongrauRmdesaubiad infeaniieliapomttha process

QS&U%LHQ{ S%egér%ﬂfé)g %ngoéa?ga%@e%gh? {l)rfll ntlon areﬁ}gher Pn(}Sft!Ol'!S are

understoo to be applicable to any other aspect &mbodiment oF exa
Efé’é’(’fﬁﬁe@"ﬁér@lrf’ﬁﬂlé@Iﬁlﬁ)ﬁﬁi‘mﬁﬁfﬁé@/\ﬁ‘ﬂf‘m unit next issues sngnals to the

actuator 905 which locates the specimen at another selected location. The actuator 905
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 904 may he a CCD array of 1200 x 1200 pixels, i
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 image data may be displayed or 2 high-
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27 CLAIMS: 1.A method of providing image data for constructing an
image of a region of a three dimensional (3D) target object, comprising the
steps of: 5providing incident radiation, from a radiation source, at a 3D

wargetobject; via at least one detector, detecting the intensiggotzBzo08/000620

radiation scattered by said target object }é\gth the incident radiation at a first
position with respect to the target object; re-positioning the incident
raGratiBIPeiaage &?ﬁ?@fﬁ?d&%ﬁ@d@%%é@@ ARG theniniersigy interface
of raghatien! spétiered: Csaiditargetblojedtd.Owith the incident radiation at

a second position with respect to the target object; determining a plurality

of depth thln aid target object corresponding to, for each depth, a
R s e e G b el e b oo e sing the
aalféfﬁ“pﬂéi‘fﬁ%fﬁ)rﬁfmmﬂHrﬁﬁcﬁcm'ﬂhd%erstﬁnafbiafmﬁleaﬁabm‘&o projector slides

charagrustcsaidhs ineislent radiaing. @Eﬁﬁﬁ@rﬁ?ﬁ@@ Rl @Jbtb!rpg @%ﬂ@&”bata was

the, 3D obpject; 15and vidin |m e as a pluraljty of sets of
da Ot%ecea%okj?cfé RS S(:S'({)ardreas,43 ;g?mfmg 84 respgctlvg Ha’§ ﬁjj %1 igRPgAding to the

iy easitisme oF rﬁ@ré%@ﬂiﬂﬁé@m‘-’ thEtbbjbee sligebelssninaatedelh amodulus and
liady gipiacass sy aaidnprRReiBdiNginda2 Fihe enefh o ap-LiaimedrBdulus of

%aw %@sa%m%é% S¥%£’ of Q{RYSQ'?gdPé'aQ?bda} Ajuher gomprises tt}’egmg same

steps of: providing Aid image data responsive o at least the detect®

|Fﬁ&?fé?fyué teshidmige ar%egéecom plisitions u§iﬁg BBy Viafgingption of a second
transisittanas foagtomirofigluninatinmsfaiationenpavablerwith repesti®onsiructed

§ﬁ’1'gg@rgﬁ¥eorl?ﬁ i%ra%%ﬁmEBSsrﬁ%%‘ééﬂ?cﬁ@mg&%@m&u@&% Eorrespondmg to

com rlsmgt e ste
the posmon of the rst project slide, while the second pair have been calculated with a

value of z corresponding to the position of the second projector slide. in the first pair of
images of figures 11a and 11b the words “camera” (contained in the first projector slide)
are in focus but the letters which are upside down (which are in the plane of the second
slide) are out of focus. In the second pair of images the words “camera” are out of focus
but the letters which are upside down {which are now in the plane of the second slide as

chosen by the value of z used in the reconstruction) are sharply in focus.

The results illustrates performance with two layers in the z direction but can of course
be extended according to further embodiment of the present invention to provide a
continuous array in the z-direction picking out different layers of the objection.

Embodiments of the present invention thus provide an iterative method for deriving
image data of a target object. The iterative method is applicable in an intelligent way so
as to be able to cope with generalised llumination systems. In these the transmittance
function of an aperture is weakly defined or a beam of radiation may be weakly focused.
In alternative embodiments rather than deriving information of an object, if the object is

well known, information regarding the radiation or aperture itself may be derived.

It wilt be appreciated that in the prior art, there has been described an algorithm which
can be used to investigate two-dimensional (2D) objects using diffracted data collected
from a number of probe positions on the assumption that a 2D estimate of the probe can
be made at the plane of the 2D object. Embodiments of the present invention can be
seen as a novel and inventive progression of this algorithm, wherein the probe is

estimated over a number of different planes at different depths througheut the thickness



10

15

20

25

30

35

providing images of the target object at the determined depths by
sequentially constructing images each corresponding to a respective
depth using a respective set of data. 30 4. The method as claimed in

wakamshwwherein said step of providing said image data comprises:imos/060620

steps of: estimating an object functign indicating at least one

characteristic of said region of the target2 bject responsive to detected
iméadities-dmreosidnaithibisetinditiast fetdimtiontB3baroush) pradisiofert Withextension
resRech 9 ghertarorlaRiest @navitergivelyrarestinratingisait 6888t was previously
function: whereby, 28, 30 acguracy,ofa funning sstimate of the 8{011%% followin
functron provided %y re estimating the o jec{ finction 15 improveg with g
etitiqteration. 5. The method as claimed in claim 4 further comprising the

steps of: Smultiplying the estimated object function by the probe function;

PEQUIding, a;scailgrecwave estiale, i L‘E’e‘a“?éf?;%@ﬁivﬁté%fﬁ:&%s%?si S@flcutty in
multiplication; propagating the scattered wave estimate function to provide

PP drarPBisededecatisihg paitelh; befddRfsTnattisip ERsagnts of the
ontthratheterstionah saidrexpacted s taitesiegtpatirme atc onding dozaiably affect the

detecing uenally- 6rldh metbodas.clapned M-RRIRLe BHARS-COBRNSIG with 2D

the steps of: inverse propagating the corrected expected scattering
AR t0ProVIHE R 1 S5 afed S BttETE d WaleF e SHRAHEFINRETHO B P! the two-

dimensional object and the particular estimate of the 2D Hiumination function used in the
reconstruction. It was previously io supposed that if any part of an object was not
coincident with the plane of the estimated probe, then such an algorithm would be bound
to fail, because the data collecied would be inconsistent with the assumptions made

about the interaction of the probe with the object.

Secondly, for a 3D object, waves scaitered from different layers of the object will
interfere in the diffraction plane in a way that would render the two-dimensional
approximation invalid. This is because, for a given finite angle of scatter, extra phase
changes are introduced to waves emanating from different depths of the object. This
would suggest that such interference would destroy the opportunity to apply the existing
prior art 2D algorithm because it makes no account of such interference effects.

Thirdly, it is known that in 3D objects the illumination function, at planes substantiaily
distant from the entrance surface of the radiation, is altered relative to the free-space
#Hlumination function, because of the scattering (or even multiple scattering) from the

object itself,

Fourthly, because in the prior art méthods only 2D data has been collected. It has until
now been felt that this would not encode any 3D information at all. Embodiments of the
present invention make use of the unexpected result that despite the previous beliefs
that certain techniques would not be applicable to 3D applications certain aspects of
prior known techniques can be maodified as per the present inventions teaching and quite
unexpectedly applied o provide a tool for providing data which can be used fo

estimate/investigate structure in 3D specimens.
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updating the running estimate of the object function responsive to said
updated scattered wave estimate function according to the function: 0 "I (r)
=0O"(r) + U (N(v,"(r)- " "(r)) 20 where r is a 3D vector represented by
v@artesianzcoordinates X, y, z, Om(r) is a running estimate of therabjeocis/oovs20
function, On(r) is a preceding estimate of the object function or is unity or
some other predetermined value when thre is no preceding estimate,
UThreepresetits alesmpigéite fandtidrird/on(his speoiffestied, dueswostsa"comprise” and
S@&?%@g W@aﬁ%i%{%f?ﬁ@?@?ﬁ%ﬂ 1@9@%&1@1’%{9 =i§m$r@wgelatﬁgga§%9qses”, means
scattered wave estimate function for an iteratign. 7. The od a
CIRFURAT SR VP RRE S T e TSI 09 (L HOEE REL SEfhoe ot
PreeR) R aqiithRYy. PempRy2nis (B)teatiere’ R distance vector moved by
the probe from the first to second positions, p is a feedback constant,

Pﬁ%b 15.8.Pt Q%L,us@%g DRSO Rl gr-ga;eagngn%p%sgwg%%passes
of the probe tunction P(r-R), Pm r% Is the maximum value of the o _

a%FPﬂHEPé unless the context otherwise requires. In particular, where the indefinite article
is used, the specification is to be understood as contemplating plurality as well as

singularity, unless the context requires otherwise.

Features, integers, characteristics, compounds, chemical moieties or groups described
in conjunction with a particular aspect, embodiment or example of the invention are to be
understood to be applicable to any other aspect, embodiment or example described

herein unless incompatible therewith.
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350f P(r), Sis a selectable parameter and e is a selectable parameter. 29

8. The method as claimed in any one of claims 5 wherein said step of
propagating comprises a Fourier transfqrmation when the detected

intensity is detected at the far field. 5 9."The method as claimed in any

one of claims 5 wherein said step of propagating is a Fresnel propagation

when the at least one detector is at a distance from said target object

where Fresno) diffraction dominates c1Q1Qd-he method as claimed in any
preceding claim, further comprising the steps of: selecting said second
position so that an area determined in said first position overlaps with a

further @reaettete rohineditirgnitiseeciatbpositonstrugiithemistagel elsa region of a

ClRimed- R AR, %Qrs;zy%@ﬂo% i fugiheriareai/erapsat least 1520% of

said an area. 12. The method as claime%in, claim 11 Wherg saidtfugth r
area overPS BRI FPEEO b S3RY AR SO erRE hsthd d AL oech
claimedvia eldiznsh oney deherom getgdigation ivteakivlatbddedordsmgisrad by said

%&#g@%@&%w% MdakAbwhgiRAne Jansiassis:OhhntRkeawilhesRRRk object;
to the x and y coordinates, where %S,for G%Fagh d p%he%aglane 1 s?_ce over

2~ constAMAH R RS URAR S T

VErits x-ange§-ogbegrdinates
and plasetsaoeatiegptntivg pianetensiieofn Mialion, sratioredopsead, traget object
The:methedas caiged i slaiapds fusther eamrEsing ihenstepseoboject;
Correcnggie;'mining a plurality of depths within said target object corresponding to, for
each depth, a respective region of the object which is to be examined; |
determining a respective probe function, indicating an estimate of at least one
characteristic of the incident radiation, at each of the plurality of depths in the 3D object;
and
providing image data, as a plurality of sets of data, each data set corresponding
to a respective depth, from which an image of one or more regions of the object may be

constructed via an iterative process using said probe function.

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

providing said image data responsive to at least the detected intensity at said first
and second positions using a softly varying transmittance function, or illumination

function, movabie with respect to said target objsecl.

3. The method as claimed in claim 1, further comprising the steps of:
providing images of the target object at the determined depths by sequentially
constructing images each corresponding to a respective depth using a respective set of

data.

4, The method as claimed in ciaim 1 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 responsive to detected intensities detected with the incident radiation
variously positioned with respect to the target object; and

iteratively re-estimating said object function; whereby
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30 M .(u,v,z) over the coordinates u and v, to derive a corrected estimate
of Mcw,v,z), according to intensity measured at the detector, for a
particular probe position R, via the relatignship 30
Alc(u,v,z)=11(u,v,R)elthu’'l, where Mc(u,V,z) is the corrected estimate of
Mg (u,v,z) where \11(u,v,R) is the  square root (modulus) of the intensity
measured over the detector plane coordinates u 5and v for the illumination

position R %r\s’é‘ff& %&'R‘Mﬁ NERRARS GPTRRONBNLP Jph riMeiidhVetbvided by re-

derlved%rom rea (u,v,z)into its modulus an ase components
a@%wg@ﬂm&%@bmf&mﬁw %’ﬁ@(@@dz‘jvlqu?%i%ad%erstood that after

this process the modulus of Mc(u,v,z)will thus be constant over all z for

?Ch de%ﬁ&%% argm5%@';n%fma;tﬁ!}ﬁw&h&aﬁﬁp%n\glihws@@ﬁe@al be
fferent for |f

erent values of z. 1515. T g&thod S clal in claim 6

whereifé4i@ FReie siipagaimas é@&ﬂ?&‘t EBRRITE 08y, 2) = '
TuI [Mstoyidifee £x sealideihgvaeoretbtedee Stimiite dﬁmﬂfwavetf?uﬁctﬁﬁﬁ“ianf said
ggofigr an llth iteration of the calculation, the back transform being

erta en onI over the u and v coordinates., 31
propaga ing the scattered wave estimate function to provide an estimate of an

expecied scattering pattern; and
correcting at least one characteristic of said expected scaliering pattern

according to a detecied intensity.

6. The method as claimed in claim 5 further comprising the steps of:
inverse propagating the corrected expected scattering pattern to provide an

updated scattered wave estimate function; and
updating the running estimate of the object function responsive to said updated

scattered wave estimate function according to the function:
0,,(N=0,(N+UNNW,, -V, (1)

where ris a 3D vector represented by Cartesian coordinates x, y, z, On.«(F) is a running
estimate of the object function, O,(r) is a preceding estimate of the object function or is
unity or some other predetermined vaiue when there is no preceding estimate, U(r)
represents an update function, w,a(#) is a corrected guess at a scattered wave estimate

function and yg.(r) is the current guessed scattered wave estimate function for an

iteration.

7. The method as claimed in claim 6 wherein said update function Ufr) is:

BPr-R) P (r—R)
. r-R) [P -Rf + 5]

Uiry=

where B is a distance vector moved by the probe from the first to second positions, 3 is
a feedback constant, P(r-R) is a probe function at a position B, P*(r-B) is the compiex
conjugate of the probe function P(r-B), Pra(r-f) is the maximum value of the amplitude

of P(r), &is a selectable parameter and £ is a selectable parameter.



10

15

20

25

30

16. A method as claimed in claim 1, further comprising the steps of:
estimating the scattered phase and amplitude of waves caused by the
object throughout its volume for the rith #igration of the processing

~ algorithm, given by yr (r, R) = P(r - R).0(r)= 8( X, Y, z) 5the estimate being

applicable for a particular position of the illumination function, and a
corresponding particular current estimate of the object function. 17. The
method as claimed in claim 16 wherein the first estimate of O (r ) , with

L r()f:ons%%é) derH rﬁ@&%tlé% & zeraiphasemveiihgiwiels of ﬂﬂ@pagatmg

olume of r occupied 10by the objéct. 18. A method as claimed in clai
fgﬁﬁéﬂmﬂzﬁwgefh%ﬁ)éwm Yasf fiAg" W@,%% %urdete&e@ at the Tar
Gaponents of incident plane waves generated, for example, by a lens,
such that P(x, y, z) = Tu-0,1(A(u,v).e1"()) A(u,v) determining a modulus
and phase of an angular spectrum of plane waves incident upon the tfa

dbjects 1A HaiheEcH SRARELIAIMAES U SRV aTTWRES sw?tledlzc\/ JPagating
l)é 4 8Amathosamttaimadnnhelzineas: urthesteoiopising dikiasiep§on said target
eJC(?w ting %(,%/ Lfremavalues,afiphase and modulus at any one
€

ermine plane, positioned at z=0, P(x,y,0), being such that

16.  The method as claimed in any preceding claim, further comprising ihe steps of;
seleciing said second position so that an area determined in said first position

overiaps with a further area determined in said second position.

11.  The method as claimed in claim 10 wherein said further area overiaps at least

20% of said an area.

15 Tne method as claimed in claim 11 wherein said further area overiaps more than

50% of said an area.

13. The method as claimad in claim 5 or 7 wherein propagation is calculated according
0!

M, (v, z)= T, [l,!fg (x, y»Z)]

where the transform “1":‘]], is only taken with respect to the x and y coordinaiss, whereby

for each depth a plane 1 slice over z=constant in ¥, (r)is Fourier fransformed over its x-

and y- coordinates and placed into a respective piane 2 slice in M,(u,v.2) at z=constant.

14. The method as claimed in ciaim 13 further comprising the steps of correcting

M (u,v.Zz) over the coordinates v and v, o derive a corrected estimate of M, (u,v,2),
" g 3 ¥

according 1o intensity measured at the detector, for a particular probe position A, via the

relationship
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32P(x,y,z)=7",2,1,((Txly' P(x, y,0)).ez9(U,v,z)) 20.The method as

claimed in claim 1 further comprising the steps of: terminating the iteration
process when a predetermined event occurs. 5 21. The method as

claimed in claim 20 wherein said predeté”f?mned event comprises the

number of iterations satisfying a predetermined condition. 22. The

method as claimed in claim 20 wherein said predetermined event

comprises 10a ared error satisfying a predetermined condition.

23 THE hridthad &s¥efied in claim 1, further comprising the steps of:

positioning the incident radiation with respect to the target object by

selecting a location where the incident radiation falls on the target object.

15 24. The method as claimed in claim 23, further comprising the jepsnL
selberighEaeatidh WReretRBIRECRIEIMARdiAtIoH Fl/Gh et get ohjedD) i the
by forming an illumination profile with a lens or other optical component.
26asTheomidthodlinsichdithednigraily omawfrethivrer Ihe defsolsrelmeaidordinates u
incident radiation comprises a substantially localized wave field. 26.The

mRIOd s Egirfieainatiey BRRitONCRirAEdL Whes whereinssHia iphage gemponent of
has a substantially wavelength-limited resolution. 25 27. The method as

cldmetvirt arfeareadreaiphRalitg 26 viHeteih Eaidsai Rl D AR BTBEfHFOMPONents

comprises two or more detectors.
as

i, (v}

Mg(u,v,z):ng(u,v,z)le ey

it being understood that after this process the modulus of M, (uVv,Zywill thus be

constant over all z for each detector coordinate u, v, but that the phase ¢®“?will in

general be different for different values of z.

15. The method as claim in claim 6 wherein said inverse propagation is calculated

according to:
v (xy,2) =T M vz,

v, . (X,y,Z) being a corrected estimate of our wave function in real space for an n'

iteration of the calcuiation, the back transform being undertaken only over the v and v

coordinates.
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28. The method as claimed in any one of claims 1 to 27 further comprising
the steps 300f: providing said image data for the region of said target
object in real time. 29. The method as claimed in any one of claims 1 to
28 further comprising the steps of: 359e|31%rating the image of said region
on a user display based upon said image data. 33 30. The method as
claimed in any one of claims 1 to 29 further comprising the steps of:

gi%gg\ér%ﬁ‘alg égci ente Ealtr:i]i%}icl)nq ﬁt@%tagrgrﬁé @S%%e(;{g\éi%tgﬁ\?e%ﬁk lens or a

o] clal .
om a reriective surrace. cial In any one

of claimg it 30 thercamprising the-stepsfidecating Rachsaithaby e object

least one detector in the far field with respect to said target 10object. 32.
Tireomehadasoniaie ast incan'y ienetioh claimspisteSinfudieribomgirisingythe
steps of:

y (1, B)=P(r- R0 =y, (X,y.2)

the estimate being applicabie for a particular pesition of the illumination function, and a

corresponding particular current estimate of the object function.

17. The method as claimed in claim 16 wherein the first estimate of O, (F}, with n=1,

consists of unity amplitude and zero phase over the whole of the volume of r occupied

by the object.
18. A method as claimed in claim 7, further comprising the steps of:

calculating P(x,y,z) via Fourier components of incident plane waves generated,

for example, by a lens, such that
P(x,y,2) = T (Aw,v).e )

A(u,v) determining a modulus and phase of an angular spectrum of plane waves incident

upon the target objects, as a function of the coordinates v and v, and where

o(u,v,z) = %@[I - cos[sin“1 (;{(uz +y? )% }D

19. A method as claimed in claim 18 further comprising the steps of:
calculating P(x,y,z) from values of phase and modulus at any one predetermined

plane, positioned at z=0, P(x,y,0), being such that
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locating each said at least one detector at a distance from said target
object 15where Fresnel diffraction dominates. 33. The method as claimed
in any preceding claim wherein said radiation is scattered via Fourier
diffraction and/or Fresnel diffraction. 203 The method as claimed in claim
4 or 5 wherein said at least one characteristic comprises amplitude and/or
phase. 35. The method as claimed in claim 1 and any claim dependent
therefrom wherein said prolie_func lon comprises a time independent 3D
illfﬁﬁMﬁ@ﬁﬁ}ﬁﬁﬁéﬁ%B@) The method as claimed in claim 4 or 5 further
comprising the steps of: providing a pre-target aperture between the
radiation source and said target object; and locating the aperture and/or

sedrce atrdiffreptiasalionsdatbeiePy RrMddes3Rinsidenid agiadien at said

first and sec.ong p ﬁiti ns with respect ;‘o said t%&et ol:r)Jegt. 37, The
Termia Iﬂg§ & | F&’EIOZ %FOg 5 \ﬁ g a pre ermh e vent SOUNS,
method as claimedin claim 4 or’5further comprising the steps of:

providing a lens between the radiation source and said target object; and

logating the isasaNELOE sEEthaldifferentincations ndbereminBEPyidat comprises
ir%%ident 5ragi§tio. at said ;‘irst and sé?(%ond 0 ci}t(i}(?%ﬁi{\)/vith respect to said

taré%ert?uorgjeeét? [ gﬁﬁ'ﬁaeﬁgﬁ?gﬁ%%pé% claimed ih-claim 36 or 37 further
comprising the steps of: providing a distance between a lens or

aperturerapchsaiddargetahiech spithdistancebeing subicientiadesmiticomprises

wavye function associa eg with rad{i]at,gon at an ex(i]L location of said lens or
d SUm sdauare Fror Safistvin 8.8!'? elerminiet conatfion. .
aperture 10 evolve'in'sha egprl r to incidence at said target 5object.

23. The method as claimed in claim 1, further comprising the steps of:
positioning the incident radiation with respect 1o the target object by selecting a

location where the incident radiation falls on the target object.

24, The method as ciaimed in claim 23, further comprising the steps of:
selecting the location where the incident radiation falls on the target object by

forming an illumination profile with a iens or other optical component.

25. The method as claimed in any one of claims 1 fo 24 wherein said incident

radiation comprises a substantialty localized wave field.

28. The method as claimed in any one of claims 1 to 25 wherein said image data has

a substantially wavelength-iimited resolution.

27. The method as ciaimed in any one of claims 1 fo 26 wherein said at least one

detector comprises two or more detectors.

28. The method as claimed in any one of claims 1 {o 27 further comprising the steps

of:
providing said image data for the region of said target object in real time.

29. The method as claimed in any one of claims 1 to 28 further comprising the steps

of:
generating the image of said region on a user dispiay based upon said image

data.



10

15

20

25

30

35

39. The method as claimed in claim 36 or 37 further comprising the steps

. of: detecting the intensity of radiation scattered by said target object

with the post target object aperture or tré% incident radiation at one or more
further locations with 10respect to the target object; and providing
said image data via an iterative process using the detected intensity of
radiation scattered at at least one of the further locations. 40. A computer
program comprising program instructions for causing a computer to
15perform the method as claimed in ane%oﬁ clainﬁ 1,5_8 ??’éh 41. A . the steps
cFnputerH oY RS 5 SHIBEAAVRY AT 0T BB o LR FBro b TATh oY s P
naeans, when said program is loaded, to make the computer execute

procedye. g, display; 30dmaosihe 68 NObRKIGqEQNIRCA WEAUSR! or a caustic

display, image data for generating said 20image being determined by the
EPAbEISHH eI e with a method as claimed in any of claims 1 to
40. 42. Apparatus for providing image data for generating an image of at

lggst ong, Legion.af & targatehiesty ComBrising 2P e radintparsumpaday the steps
providing incident radiation at a 3D target object; at least one detector

dévice for detecting an intensity of radiation scattered by said target

object; iocatadosatingpiiesideatiatsetisttisionitdbatss fiskdtaigetosppstiapaid target
twig % more predetermined locations with respect to the incident radiation;

and 30a processor that provides the image data responsive to a detected
intensity of the scattered radiation at two or more locations; wherein

thie. prodissuriscer mngaid s degmine thelpiobd fartibitagearprpiag the steps
plgrality of depths of the target object; the said processor is

arrangeigcté)ﬂ grog/é%g Isr.?a? %’[ %gasiagnae p(!lé{eaéltt roza}ctsag t&isqgnce from said target object

where Fresnel diffraction dominates.

33,  The method as claimed in any preceding claim wherein said radiation is scattered

via Fourier diffraction and/or Fresnel diffraction.

34. The method as ciaimed in claim 4 or 5 wherein said at least one characteristic

comprises amplitude and/or phase.

35. The method as claimed in claim 1 and any claim dependent therefrom wherein

said probe function comprises a time independent 3D illumination function.

36. The method as claimed in claim 4 or 5 further comprising the steps of:

providing a pre-target aperiure between the radiation source and said target
object; and

locating the aperture and/or source at different locations to thereby provide
incident radiation at said first and second positions with respect o said farget object.

37. The method as claimed in claim 4 or 5 further comprising the steps of:
providing a lens between the radiation source and said target object; and
locating the lens and/or source at different locations to thereby provide incident

radiation at said first and second positions with respect to said target object.
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35data, each data set corresponding to a respective depth and indicating
a structure of a region of the target object at the respective depth within
said 3D target object. 35 43. The appajatus as claimed in claim 42
wherein the incident radiation provides a softly varying illumination
function. 44. The apparatus as claimed in claim 42 wherein said processor
further comprises; a microprocessor; a data store that holds data and

ingtructigns faksAd MNGTRRIPFESSRS RN 37 rarsRAtONRtENY provides of:

instructions to move at least one of sajd inci iati :
providing a distance between 2 ,gnlg %gea%ter udr\leat!a%la %ra}tg r%eré&bb%%m, said

distance being sufficient to permit a wave function associaied with radiation at an exit
location of said lens or aperiure to evolve in shape prior fo incidence at said iarget

object.

39. The method as claimed in claim 36 or 37 further comprising the steps of:
detecting the intensity of radiation scattered by said target object with the post
target object aperiure or the incident radiation at one or more further locations with
respect {o the target object; and
providing said image data via an iterative process using the detected intensity of

radiation scattered at at ieast one of the further locations.

490. A computer program comprising program instructions for causing a computer to

perform the method as claimed in any of claims 1 to 39.

41. 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 dispiay, image data for generating said

image being determined by the computer in accordance with a method as claimed in any

of claims 1 to 40,

42. Apparatus for providing image data for generating an image of at least one
region of a target object, comprising:

a radiation source for providing incident radiation at a 3D target object;

at least one detector device for detecting an intensity of radiation scatiered by
said target object; _

a locating device that selectively locates the target object at two or more pre-
determined locations with respect to the incident radiation; and

a processor that provides the image data responsive to a detected intensity of
the scattered radiation at two or more locations; wherein

the processor is arranged to determine the probe function at each of a piurality of
depths of the target object;

the said processor is arranged to provide image data as a plurality of sets of
data, each data set corresponding to a respective depth and indicating a structure of a
region of the target object at the respective depth within said 3D target object.
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43.  The apparatus as claimed in claim 42 wherein the incident radiation provides a

softly varying illumination function.

44, The apparatus as claimed in claim 42 wherein said processor further comprises.
a microprocessor,
a data store that holds data and instructions for said microprocessor; and
a controlier that provides instructions to move af least one of said incident

radiation or target object.



