10

15

20

25

30

35

THREE DI MENSI ONAL | MAG NG The present invention
relates to a nethod and apparatus for providing i mage

walzios14@m whi ch an i nmage of a target object nByr/6B2008/000620

generated. In particular, but not exclusively, the

present invention relates to al met hod and appar at us

for obtaining a through-focal seri es froma data set.

When conbi ned the series can used to exani ne the

t hr eedi nmensi onal (BB)'RE'FRJMFUIS@NALAJ\"{"Q}"@% obj ect.

Many types of |rrag| ng techni ques are known for

eriviﬁr%’% _eat jal jnformation about a tar t obj

?B? REFSRNE BVeRtion elates: tg ay@etfod and; apagratus: Pé%‘ﬁ‘{‘fw image data from

wmthaeﬁw n&mg%ﬂ:ﬁtaFg@ léb}éct'lmay fbngléh‘é%édi onabaﬂhb@a.s IBus Abtodkclusively,
an ob ect is irradi at ed

gfﬁ"ﬁ tNENNIP relples teR, At Wa?@‘b?é’&é)rﬁvstf%%ﬁ?]r@lﬁ a gprough-focal

&@nésﬂﬁr@ﬁ frasd s@v WHeRNSordbinddPtheCdeied @ah HRARed!td exBRine the three-
case of vewﬁshort wavel engt h |nag| ng (X-rays or

dimsnstopakPhy Airctire i Aitgiget BRi€Strany known difficul ties
associ ated with aberrations and instabilities

|ntroduced the lens which imt the resolution and
iértb?eét %fblp%/qgﬂg tschpigees g%eukrfqvwgfqr,%lgmg-lsspﬁpgldpformatlon about a

efheteatidit othepmbel réfefred So ERNY sgg&ﬁﬁ:nb aIFgRexaple, t4h8 as shown in
theoretical wavelength |imt. nventional scannin

FIo4FRs i %FWGP“%{@' @”?@'sé'ﬁﬁt'ﬁ‘ég'“exaﬁrﬂb@%fs f?dr%%%@gw'ane wave

nemintien' 8ol mMhefvavBs scadtRnsd bySth@Scﬂijiedt aré‘ @ClHﬁerféréijOW a @ins 12 to form
r adi atlon through a target obje

BR1EEB, SNae §a5ea0 erse%rﬁhpﬁeww&ngﬂawge@nsl(eferaﬁ g electrons) this

gRnhigLé a’l®) niahy akrdond aiffictiRies Cassbbiaftt @fth é’d‘e@ﬁa‘t@ﬁ@dand instabilities
radi ati on. Various t% pes. of detector strategies ar

Intraelrced, by, the lensnwhish Iait dhe gpsolutign a"ﬂﬂdamterﬁ[ﬁt%@'!%rcg the resulting

mileOr PfdicaXachisl@brRC t&dotutiohOle iyt RS BRIMOthan! feY theoretical
on scannl nﬂ the focused spot of radiation to all
e

WeYslewthHi®fte an i mage of the target object is
required. There are a nunber of problens associ ated
with such techni ques such as the fact that very

GeryfnipRalc seANNgI9 (S'fa”P'P?@S@Bofm?%“Q e'ﬁu?F‘%tBe'beQ?‘a[]@@ igf gn imaging

f3RRigle IV ARichI X Rinsii§REEd kS f&ﬁ§'d QSBt f 'dellbt'ld?ﬂth?&@llhr@ié?get object.
robe-position points nust be used. Another problemis
Bhaor e detestass ate ogated 0 te Paskaraet RidgH g davmsysambef a target

ekt tb %lefeht &éﬂ@ﬁé@%&@lah&? V&Ws%dé%rbf%téc&ﬁ straftdles! d?@ﬂﬁown such

iS on as the sharpness and | ocalisation of

b5 ENBSE SBIREIOTs Akl SUSHPT, a0dT Glicadeaipetsrs.  IHowever these
mRHoRL ir81p onlseRnAiRg the focused spot of radiation to all points where an image of

the target object is required. There are a number of problems associated with such
techniques 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 resolution 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 object.
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el ectrons or X-rays there are many probl ens such as
aberration effects, chromatic spread and | ens current

WO psakisho ty which can affect inmage producti onPEIGBe@R/000620

ruin resolution. This is shown_schematically in figure

2 in which incident radiation 45 such as an el ectron
RaditibEcRRAEY b§ thé GbRRNExitsNAE targePekjeband. Prdpabafied Bnto detector
t he target obj ect. Radi ati on scattered by the object

elened’t he target object and propagates onto detector

plane 17. Known problens with conventional scanning

transm ssion inmaging are that the i nages take a | ar g .
awn W@%ﬁﬁl%&*‘ecc{ﬁ’t!{@“tt%'al f@nﬁmﬂﬁ@msmssw aginghprerthat the images

fBketa IE&;eﬁfrﬁ@ﬁﬁcdhéthetcﬂ% tb e leber P Pbintf whiokl st B& probed with the
Also if the target object noves during data collectio

{ngidentgpet I%é%ﬂ'?t!?"r rfdee ke @’%P&Jeﬁbmﬁe%eﬂ"l"&?%a Capﬁftm” this can

\alli ¥tiRdcturdiacaathabeing "BdREteBebRd @frﬁdﬂéﬁﬁdnaoshrdté images being
further conventional scanning transm ssion |nmagin
%’%Igc@s do not

Heers dRiinBirthar cenyantipral meANGIAY tEANSIYSSPN: BNa

QﬂovP hﬁoﬁn@éibﬂtr‘e@ﬂngﬁb Hhé Phh$te of HedRdiafibh &Xiting thQarget object to be
measur ed scattering intensity at the

MePawEsy Oy 1otk StAleung dnlensi 2L i ORIRGIGE Fai1 BF FaRasHFed. As such

?ﬁés’g inf&rniafioh N8Ik tto WAY @xit RAdve BN @hRAalkRy PébnbNBe target object
ar get Obhﬁt cannot be gathered. A nodification of

E¥HPLRE 9aHEred canni ng transmi ssion i maging is
four - di mensi onal deconvol uti on imaging. This techni que

utilises simlar apparatus to that shown in figure 1
Buinogificasioasofacuysnidondl £E3raNG BANSRIETIN IMaGRg d¢ doyf-dimensional de-

B6RRRULIBA Finbé |ﬁ? THY fechhigyd dRSed sivdar appatatudrtaithatishowAan figure 1
structure o he target object at a better resol ution

BHLRCPIdE 25 HBele SiTHactan RasigRbins evey REph AORHON. 1 ENp dFavides a way of

dERFmAIMg thé%trﬁctﬂ%@fhe%rg@ﬁblﬁéot% QA eREP resbliRioR@4n the spot size or
not abl e problemis that huge quantities of data nust

FePPRISL FUleHomRf &he !e&'ﬁe“%?&ﬁlﬁ hag & BHMEet of grajof problems. The most

heRBRNSBbRN isethét ﬁu h@éﬂﬁtltlé@‘ bf daRkASstt B rR¥RIYA WRiIBK take hours to
practically icult_to carry out because it

HEEC NN ) T BBirFaKer The, pARedTash PrAsHgally very diffcu

&P@éﬁya&ﬁ'b\écéh% it B é&&ﬁldl ¥o (ﬁﬁ%ftﬂb%%lﬁ@lllﬁﬁlﬁ%ﬂ@?ﬂ{ Q&Y accurately and
isam ion) pixel for the final image reconstruction.

qgve é@éwamg%aeﬁva&w"m Pl feathedb@limags repenstruction. Also
5&/eie ldaRfigBCor RAERLSGh Bé’rg%c&f?%fihé’ftarb@{?b%ﬁ&t béc%@'sé‘triugé doses of

are required for the large tines taken ot her wel
KsiRAt adiagPmgre waniiedfoe thedlatggtinesitakenct i ve i magi ng.
In this alternative strategy the lens may be omtted

and a target object is illumnated by a sinple plane ,
Another well known imaging technique is pure diffractive imaging. In this alternative

strategy the lens may be omitted and a target object is illuminated by a simple plane
wave of probing radiation. The scattering pattern measured in the far field forms a
Fourier plane diffraction pattern and the intensity of this may be recorded. An iterative
method is then used by applying information derived from the intensity measured to
calculate an estimated object exit wave field. In order to determine real information

" about the target object from the estimated wave field an area in real space must be

provided where it is known that the object is absent or masked in some defined way.
Only by knowing this fact can a running estimate of the wave field representing the
object can be iteratively altered. There are however a multitude of problems associated
with pure diffractive imaging. Most notably the target object must be suspended or
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wave of probing radiation. The scattering pattern
nmeasured in the far field fornms a Fourier plane

wolkdobnasto on pattern and the intensity of thi spoBgBb®S/000620

recorded. An iterative nethod is then used by applying
|nforrrat|on derived fromthe ihtensity neasured to

%@igeﬁ}d g@fl)%ﬁtlbé'@bﬁ% QBIn8GhayeXiHis Wﬁctfdaﬁ]der%lld"\‘ﬂcult to achieve.

termne real 1 nforrmtion about

Blspdicis nptr pefsitie teextenththesolition to pew@r diffeserd partp of 8151 object or get
§ﬂjé‘r§% &gk Qﬁaho?&Yd ?@éﬂ)ldﬁ’aﬁr €ohlly drie KBRYY fdiftn Bhﬁn obJect can be

I S absen in Sonme defined way

Byminaéad ang saives! fpacd\lseéme t@rgqﬁ PRIesHMEst hergipgle dPIU?ﬁe fo That is, it must
W@Yéaprééé?\ltéb ByER %ﬁnﬁ%‘%bﬂ%rﬁm %?ﬁﬁm@éﬁnﬁﬁre‘p"r&%ﬁf éﬁ/ 8bsbrption or a

ered. There afe however a multitude of proble

alw@ccrmeq by MAY pat ereasent kathi Vefachagshigal ‘ﬁtﬂ.ﬁt Oh@phwwﬁs (that is

#H&%é\éwﬁ&loﬂ bjse&diatel %ﬁthblﬁmﬁH&%@(ﬁﬂg(Hﬂa 't @b t) JppEAHERS complex
I xed location in sone way. This iIs ac |ca ly very

aumberé@lav'ne@oﬁbwhaéeéndﬂn%tqd? °|°§1Pﬁ6?"t5033| ble to

extend the solution to new or different parts of the

obj ect or get a large |mafge all at good resolutio
@nptperomgjqr penbigre withdyire diffactiug ipegieg is thatthpedge of the target object

hukt Qﬁérﬁﬂ e th’ %sfl*%rve Plisthct BEgd. aTRislis §PirRE N area where it

szt e sl val ued. That is, it nust be represen

[sykn@wasi thigf tee pé&ct is.AbsERt orTAagked iiBame ey is wefl defingd. aw practice it
Qﬁlﬂ&ﬂf t'oci{Pocﬂfceaan of BedHiRe Riind By cH"QBeﬁrféB(é?lﬁ@nt S

act nost ‘real target object waves

the wave function associated with illum nation exiting
Hﬁﬁérgﬁbblgmsefr%) th@PP@ra\ﬁleﬁéy SRtk b rv§h|$ha‘?§ Bgcd?I%Bn type of
ase and nponents. Anot er

tqrgeﬁ qbigck IrUXfray a@@ ele@trpmrﬁgatte@ngsmpﬁtaqf th‘héa @@ Rﬁssma éhrough the
bBE&ENndS mp?itth@yﬁ{treb& tRé ﬁrfﬁ%]c)floﬂ ehit8@d 1AM AtYASIn HRY @ofe is wasted

di'sti nct IS IS SO at an area where it is
Re dviipesat atlch@ ) image; fernaipg drecess bivh Hectdiation gassifgphrough the

bﬁjec‘f‘telzén GSFn'agéqhe | gbjek ACAISE Datdllel ﬁluﬁilr\‘d‘tlbﬁ Us tre§@red. However this

produce an o o aperture having such a defined
mges trpairfphersoyr@opfewerabegmtnais relptivals fRIvycoupts: arer prayded at the

&PIEne \"4?1 EdmbiSatnCRiIATRR i"aXﬂOtﬁaPﬁquﬁFébﬁ‘étloﬁma%Qﬁw itRrough weakly-
X— r a and e

ectron scatterlng nost of he radi ati on
p@@run@ obieclsigiminates Bbp eentral Aare apneted tah@vct@rﬁ meanys that the whole

E%Jerﬂ%cgni rlﬁlcptrécglge RQRése%nlogé it 'E@bbp Bnbd r‘qﬁ BbGntE.ONE dufing the data

oes not al in the”i mage Torm ncgigpr oCcess
A

b@ltectltma Stese (e Qg sSaTe (e UWINGoaRR €l CEitR or moves during
gﬁea g b%%meé"SO parallel illumnation is

reqU| re ver this nmeans that for a source of
gi ven bri ght ness relatively few counts are provided at

W3R %%bklﬁcébd?/'eﬂﬂ&tlohed Qﬁﬂ%h@?édhﬁﬁuéé PErrﬁihSnlfl aed dirférisional analysis
radi ation I_paSS| ng throu scattering
rom time to time it is helpful to be able to examine the three-

of a target object.
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 object,
a through-focal series needs to be obtained. Such a through-focal series when stacked
together as a 3D data set 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 locations

within the structure which are to be examined.
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objects termnates in a central zone as noted above
this nmeans that the whole experinent in practice takes

wa2dogmge3td me t o get enough counts. If during tker/dBims/000620

col l ection stage the object or some other inmaging
apparatus drifts or noves duritg exposure data may be
rui ned. Many of the above-nentioned inmagi ng techni ques
ermt only two di mensional analysis of a target ‘
Bffe @t threuydbnfocahgeries ¢anree iqbtﬁl"seé\:éWpW@Y of @xp@plgplie at gonventional
ﬁﬁ&%é&%et(r&\tté?é&%' RE857 eRIBY ubin®h IS, U&é HH%%@JS ébntrol of the lens is
target object his is" true in a broad range
vargdthe d9pges $Qﬁé'gtcn@°'6 e@tmnedaa@g n !h?o‘-weﬁéanh@is%ﬂme Volumes of the
H?@Et' \ngﬁj afPA¥Sve HSHEIG MY sdIdAE] Blan¥adf Gntbidst! (ﬂw@ %ﬁdn‘érbn which the
suc photons, el ectrons, neutrons, atons,
@mswﬁu f@ﬁuw@haap@ears iy Swelv @noimaget Azyarhavie ohé@@ﬁt b@ﬁkgrqﬁmd image.
ﬁééﬁﬂilﬂ% g p?lQr %h{)\h}ﬁtté’d'hﬁlq‘%s athé Qo&ﬁﬁr@;e&f 91@ I€ﬁ§ <:aﬁl be carried out in a
hr ough-focal series need be obt ai ned
f‘Wl“b@fgﬁf varal F@éreixé@plﬁhéfhﬂﬁ Gﬁ‘ﬁ@e@lf g ear r?éfayésthﬁ QJJJ?C'“VG lens can
fRjstafifbe %ﬁﬁteﬁ r(@t”m@@ed"ﬁ%dmﬁo% AAdEcRBe tshﬁteéﬂo?\’a?décéﬂgvﬁay from the
eifther’in real time or at sone |ater date. user can
gapRise Alternatively athersamnle ey dre mavest uards on %%)t fremgthe lens whilst
l@ééﬂ“&tﬁehlﬁn§wdd|§é&‘ oR the) 'sﬁriﬂeqflfnet il Q%c@xmﬁ@gas%‘é‘meléctrons which
hrough focal series can be obtalned, by way
e&%ﬁ‘sp@maw%cd@lﬁv@ﬁtat@wmaar@fl@s}ewé the ipgwer. voltage and/or current
B BREF Ql']bh B(arﬁﬁiététlﬁ)or B tHS ihg c,%nlb%n\?arleésthﬁé"@ffé&ﬁﬂsa change in the
control 'ens 1s varied the i mages seemto pick
sirenadh ef F"@y'@f‘sl D thig wep dequsing ent layensi ve\gmt@ipg\ga@prrent plane of
r 0 L
e el GlRled] RaBROKS ol PIRRRRY. TP USRS sBuginen may be
Bopec Physicay wih mneﬁﬁgéhwnang gavicdf focus background
i mge. According to prior known techniques, the
focusing of the lens can be carried out in a nunber of
HaysverFwith sualimsnewn technigues dbe inage isgwbtmewrra%sw%m intensity
QIQh@ C&h\é%éﬁ&hﬁﬁﬂwa‘%@y&bﬁ’@ d;ﬂdllﬂ?edqn (ﬁé ®AvdLhs {h%? ?r%%l through the
whol e m croscope shif towards or away f
Qléiﬁ?il are ot ehseatables| \f hetenares anpinebaresf ly@wrotawn@lems d@r using a
ﬁ{ro Yochl Qé?u%shfb k&i0e quiﬂesbhéé%eﬁl‘ {vBged Sﬂf all QFURER require a
e same ane In e case of electrons
mmrelnx mw@lteeew wa*bgméltq"ed leasieg sehrmet i ¢ or magneti c)
| enses the power, voltage and/or current or other such
arameter in or on the lens can be varied thus N
EhﬁPfé@tf? Aagumnken Oh fathien prablems assegiatedorith krowneteshnigyes for acquiring
§P iSfolRMtidnCSbEA 39 QQeétﬁy A ﬁrsfapm‘é?b‘? g%bl@rﬂl Fh&e§ WobGls that known
ane of interest c e contro Agal n, as an
Ch@lﬂﬁ%ﬁ reqiliret adensar dettheispee tof gp\@gingeﬁechmgu@eusmg light, the lens

inherently gets in the way of the sample restricting access particularly at 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. All 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 time‘. Radiation is a serious problem for imaging many classes of target objects which
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noved physically with respect to the | ensing device.
However, with such known techni ques, the inmage

woeehiBsned i s neasured in intensity al one. TRCEHEGBR@SS00620

t hat phase changes induced in the waves as they travel
t hrough the object are not observable. There are a
HaY! %Eta?‘f irrléo I% 8&13 é 99 &5 oruﬁéd?lg)nq'aalgg %Lﬂfﬁaébjects it is
series to so e ase the waves but all of
nhtemssiblecfgif@r@ eamﬂtbhpstad ioegesat e and wel | controlled
| ensi ng schene. There are a nunber of further problens
associ ated with known techni ques for acquiring 3D
itrrs an arm pbﬁna@bmtentsmf dits} eresent inventionsto atdgasit PptlyoNitgata she above-
éb that known techniques require a | ens.
case |naging techni ques using |ight, the
Iens |nherently gets in the way of the sanple
ftast h{ﬂfh'epglrﬁco?ee?ﬁbo%ﬂﬁéﬁtg%lf@ﬁé }ﬁ‘)ré%(entv f?mw tlyngtla prowde a method and
reso I on I magi ng steps e case o er
apparstusffor amvatngomnmdataswmcfs gy dae eged 1o @nﬁStrat:tu @rh“gcfbresolutlon
t |
BT A P ek el s RO gRET ecfaf@l Breas o layers
ithe @bjegt.e not available. Al |enses are expensive.
Anot her probl em associated with prior art known
techni ques for 3D exami nation of a 3D target object is
ittiman airs of pebodimentsagfdbe prrsenbiavention ¢e peryidemmBlethagere apparatus
%\)ﬂ h%aﬁ? {heS3 fstrh&gféeﬁf 5%@b{ Slﬁe& i i EkFhihed i SUlSthe need for
ieved as above describ uUs exposing an o
higharesajutidnd pesilitningd tachnighes aupaslﬁmwnandentptﬂdaﬁlpn ate‘ayve to a target
@ g a considerable anount of tine. Radiation is a
rirous problemfor inmaging many cl asses of target
objects whi chmay sustain irrevocabl e damage under

i a¥ gﬁﬁ flaﬁ?{aﬁlﬂ{énﬁsagf c}ﬁé nPdent Rvertioh t@?*o‘?/ﬁ:‘e Hetﬂo?i Mapparatus

possi ormrapl exposed I mge

& @aborineEned tfoct mquﬁ a5t 2 Wriee wariai of Grohing distination without

urf({)(}ﬁrg”&rtéug %ﬁtlérrg%gﬁ%g}@%%;dr?ﬂed problems. It is a

aimo e present invention to
provi de a met hod and apparatus for providing i mage

Q\@&?rdl ft%h n%¥t Q?péé%eoq‘ thQ C&Q%‘irhﬁntl% hh&g |Ee[§1%b|HEHOJ‘ method of

h resol ut
prm{ghng magsedaé@f@oboastemmgranl impage of arreginn Qﬁ@j tbrae dlmenSIonal (3D)

%a?%%rbgzécgﬂc%@pﬁgmgqhm Sopf the present invention to

and apparatus which enable the 3D

st r ucpavisling inaideratrrgératl@bjfr@m a raslisfion spuicenaich 3P targat object;
the n@fadatf 1Bhst 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;

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

determining a probe function, indicating an estimate of at least one characteristic
of the incident radiation, at one or more depths in the 3D object; and

providing image data, from which an image of one or more regions of the object

may be constructed via an iterative process using said probe function.
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hi gh resol ution positioning techniques to position
incident radiation relative to a target object. It is

wamosil4mel enbodi ments of the present inventi arCT/GB2008/000620

provide a method and apparatus_for exam ning a 3D
target object using-a w de var® ety of probing

Abtdtdihg asb iz08edshl %Féctdcﬂ&hé Qydset Mlemtidhstharnt isadrbMded apparatus for
darragl ng the tar According to a first aspec

prvidiiRAge daia ErNasHRTaNG A0 imagg bt ragt Sn?ré?%%? target object,
BéAMiighgig | mage data for constructing an image of a

region of a three dinensional (3D) target Ob{ag\gﬁ
conpr A Eadighianreouegedge praviding ingident repiatiog & @ntD tobiesh,

from gt feask éid BBteRH defice #ér detSdlinpadrimterRily @F radistiod sHattered by
| east one detector, detecting the intensity of

pajd tareetnbiadat t ered by said target object with the

i nci dgnécatingi ddvicenthat sdedtivel§liogsd tHeOfargéttijé&:‘a@w& ok Gnore pre-
t he target object; re-positionin e. i nci dent

feterming WCF@%W'WSFEPQ‘ tethedpcidan %&H'%tl’:’f" aipsequent | y

det echigigcdsBér ihat Eﬂﬁlide)é tRé ihagk abiaOfespérivectoesl deectell ifltensity of
target object with the incjdent radiation at a second

H@sﬁ%tt@md PRIt Swe £ 91 RESHOASNRETBI oct . and

det er fReNsd1d prod¥sebe if dithdedto pRAliderinhde aﬁtaeiﬁﬁlcﬁmg‘-‘ structure of
of at | east one characteristic of the incident

Feginngat srspeslivegiapthsy within said 8PtAwet pbiedte- 3D obj ect; and
providing image data, fromwhich an inmage of one or

nore regions of the object may be constructed via
Finbpdimepts pf Biecrreseryi 'mgerg'an d’sﬁr%‘oﬁerﬁh‘f?cfﬂeg'r?d to pr°"'de image data

wieh Pl Biduded 18 exafiHectha 3pestiuckire bhg 3Irt€§;%ﬂbbjb&V €Ml éthodology
there i's provi ded apparatus for providing ina

pRRd gRMBE AR awt Yvﬁ%lé the r%:tmrp@gg{ f%,?elqnégqa@%blsfofahlgh precision

tRUSRE. RBIHRE onlF 8 TaliSedREd 8f i@Hinaliord WhichUh&Ebé 1Hrge relatlve to the
provi ding incident radiation at a 3D target object

Wé‘é%?”%’h &f ther Rartigilargadiatien figld uged.ds Nepdedhn This Mayshe 9rovnded by a

Fd‘)orrlé‘ﬁ’d &bleOfdr %S‘(%E%rt@dpr&‘{uc%aérdlrﬁﬁrﬁei oORpREkimate focusmg effect, or
ocating device that selectively locates the targ

Bbjaéc'ipeétf-'rq Wwhichr patpits fﬁﬁ"ét'%frémn? ﬁéHrCPdeafPf’Brﬁs'O\ﬁF'ﬁ?d illumination
fstect to the incident radiation; and

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

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

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

Embodiments of present invention permit 3D examination to take place “off-line’. In
other words at any time subsequent to the collection of data which is used during the
examination process. This enables the structure of the 3D target object to be examined
by focusing into various parts of the target object at some later date as desired. It is to
be noted that alternatively the examination can occur in “real-time”.
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a processor that provides the inmage data responsive to
a detected intensity of the scattered radiation at two

WwW@DB008DIB60 ocat i ons; wherein the said processorpPiBEGB2008/000620

arranged to provide i mage data indicating structure of
regions at respective depths within said 3D target
object. . Enbodinents of the present invention use an

iterative nethod to provide image data which may be
Babgdiments fithe prerent mventiene wilk Bowfbey dggsribgd grareinafter, by way of
RIS onl|NRitARLARALS e BRE8SAHYIMARIGRINGS FFwhich:
W trﬁé;aluton;l}heI requi r enent efor a l H@ crapggFe ofl hi gh
preci sion focusing. Rather, only a localised field of
FlgubdE NNGOR idhhiehudYr BshvbAidiR) rahshisyiBn iabR§ and tional
vvag\l/Je_ engt C_)fl _ut e plértlacﬁkﬁgr rcgﬁll at bonI %['i gl'dagsgda,n i gonven ona
Reaniing. trarsmissipn/imagingrrespesielsy a poor | ens, able for
exanpl e to produce an inperfect or approxinate
focusing effect, or by an aperture which permts
Figdread illpatrates how dftiaetion dogs net limitanadatirargsy
illumnation function. Enbodi nents of the present
i nvention provide a nmethod and apparatus in which the
Higues: toklustraies powea roewrd fepusediioreks aliows pulergsafieldnof view to be
fieaetiqn can be distant froma target object. As such
good access to the specinen is maintained at all
ti mes. Enbodi nents of the present invention provide a
LROS!1B8EL B0 B AAbHt bjetUriftiefedté dite; OD) et is only
g};(époseld to ragi gtatltacl‘)b% onjge or per‘%ap‘g ae'fewti nes
rather than many tines or for a prolonged period of
Flgle 6 l5Fatas 8\pealitodlepbhtiel i on of or damage to the
tagr get ' 0 tJai(‘::ct . \bEnbo%I%er?;pnt s of present invention permt
3D exam nation to take place "off-line". In other
PRUAS 2 aff'7 il SRa8 WARRRHE B inbiflefiMarieaRe! | on_of data
Ich is used during the examnation process. This
enabl es the structure of the 3D target object to be
PIAM BRdsPates 8F oG plokgssyar| ous parts of the farget
object at sone later date as desired. It is to be
noted that alternatively the exam nation can occur in

. S . ¢ ; : . : .
SR o BTl 6 GRS U SR
with reference to the acconpanying draw ngs in which:
Figh! RPilldstPiidh 2 sidibisbr 85 Bxdtifafitin, sp@vent i onal

transm ssion i magi ng and conventi onal scanni ng

transm ssion i magi ng respectively;

Figure 11 illustrates intensity and phase results for a simple three-dimensional object

consisting of two separated planar objects; and

Figure 12 illustrates an alternative radiation source configuration.

In the drawings like reference numerals refer to like parts.

Figure 4 illustrates how a scattering pattern may be developed and used to determine
high resolution information about the structure of a three dimensional (3D) target object.

It will be understood that the term target object refers to any specimen or item placed in
the path of incident radiation which causes scattering of that radiation. It will be
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Figure 3 illustrates how diffraction does not limt
angul ar range; Figure 4 illustrates how a novi ng

w0 zosisedepr obe all ows a large field of view t oPGEBGB2008/000620

nmeasured; Figure 5 illustrates a 3D target object and
detector plane; Figure 6 illusfrates a pre-target

BRRIrEteb@ that! Gier @fgefl Adbietd shBuld! be!at edse partishe ttRingparent to incident
i ncident plane waves; Figure 8 illustrates an

radiatign; Jbe firgetahject Pi‘agLﬂf é“a}’ nqt Iha‘éﬁ PP tepetitiviptaictyR:
source, aperture, target and detector arrangenent;
e 10 illustrates a system for 3D exam nati on;

Inciiantragietion id Fased ts FAoRSr i @i BHSSCT obtA 1giatian fluminates

theS tdrgéte objeeee- M m%leﬁg@ht Qi Bet usdErstbed ItASt Aundivdlion does not
separ at ed pl anar dlects and Figure 12 illustrates an

RP4eSSATY MR Pt PEFACOR baring 2cuaveiegainanitom visble sRacirum. Rather it

@r8Wengieldtédt fHat HeLRAR radiaRIiks Yo befbadip cohdtRieB st dhergy from a
Fi %ure 4 illustrates how a scattering pattern may be

ioB seHrcgEndT hig ¢l insludedeqtionBagnelis ’PQ@B‘P"UNCBW'"Q X-rays, emitted

batiaesBLEPBs @RRMbnS BRA/BF hékistE Xadds. astiéH %laﬂl'oﬁﬁﬂéi} B& Pépresented
(3D) target object. It will be understood that the

Peanvave Bctiojudt whereef & @ dhraaylingpRsianiecte descsing a position in
BhReed Thid WQ% Réﬁauoﬂf mblﬂ&iésd%”l?eaf %Haﬁh@%n‘ﬂmﬁd?né‘rﬁ‘zﬁ?ﬁ as will be

scattering radi at1 on. beunder’st oo _
vpdarstope by é*ﬂfgf@t Sl@ﬂ@jdele thes By |T@l9d@ahbe|r@rar§§erﬁa¢ ty dhe yave functions
0 r ohj .- 2
Ho@ﬂlﬁ@%rngwhage ) lggh% cr%e et (& e/ueq-ggbfﬁt ?{(lgeatnd DIEGkn* = | win) |

wheried eut)|” rseati mtensmy BDich snaychesreelasued @i theuave fuhetion.

target object 3 1. The radiation illunm nates the

target object. In this sense it will be understood

Thaincidehunadiaéion 80 isiscdtersnt asnitepmartrhrbygh and beyoe tbé specimen 31.
v r :

éng% {h%rl/vm «Jg th[,bza“\égg@lrhzﬂg%g'u{'ﬂ ait%ﬁh eng ,r%arugi Ini aloﬁfl?htude and

pm*mydeembmdlayd corgtersuthe amtpliclerand ghasenod theadiaee downstream of

ﬁ'l%Lh EeZ:I fu-l:\la&? W"Ms éh%?%c#grgstlg% ?fcth% thoRAl %%ilia%oﬁ %Fé ﬁ{oidfﬁgd as a resulit

eSSBS &M CPFORS
afm:l'bpagalog mlsrbugh and effer Becipecianatlf am armay obdetectors such as a CCD

bEBLEP 5P Ehubiae LB SHABH P bonBbiutp Bopatan paterm s
fonned aba diffractiohiptanel 38| A ffeariex difrattigparatteamtilldorm if the detectors 32
%@?%a@&%% tdf)s"f‘%r}%eq_sfr[rc\émrylagse cé%f %asrgﬁft tﬁ% %B%/)él [Pt h%&g{/esklls su?fjmently long
fonriog diffinasction pattern to be formed effectively from a point source (a substantially
small illumination volume at the object plane). If the diffraction plane is formed closer to
the specimen, by locating the detectors nearer, then a Fresnel diffraction pattern will be
formed. A device, such as a lens or nearby aperture, 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 function, so that certain regions in the object
plane are known not to give rise to any scattered waves. Mathematically this is
described as the object wave having a support, wherein the scattering outside the
support region is zero. In contrast, the region illuminated for use with embodiments of
the present invention need not be strongly localised and sharply defined. They may be
slowly varying at their edges. In this way the softly varying illumination function is not
necessarily composed of high spatial frequencies. In other words it can be a bandwidth
limited function that may formally be infinite in extent, although substantially localised.
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nodul us and phase. y( * is the conplex conjugate of
y(r) and y(r). y(r) * =\ y(r) \2 where | y{r)f is an

WO moemesély whi ch may be neasured for the wave FUFIGB2008/000620

The incident radiation 30 is scattered as it passes
t hrough and beyond the specimeh 31. As such the wave

HirboHinNes 6f et gHederit hﬂ/ehhéru fAkBahteRsityMkasReent! 4t& i6tance from
in anplitude and phase the object and so alters the

HiepPPt ﬁé@ta‘mﬂe%h%&de“&? ”t“ﬁed%\}'é %M@G'V%M%%t%c"bed below to

86heste datd GhicAtan baUssed R itk &inl &stihfate Bf thelBD stRedtEte ™ the object.
radi ation are nodified as a result of propagating

e ,cgllﬁj:ﬁt%t%pﬁ glpn'[lrmyog Bg}gp%ﬂf sqme tyRe is r,'nage mmdent upon the object

getresrest s TheChummator"6kh ARt gehéthtedZby B BfdaanNEge ofl Sitdtions, for
di stance fromthe specinen then a ditfraction pattern

exanpie the imigatigny may ke aﬁnwmebw lensef $¢rag sort or an aperture
Gbsftferaﬂf?bf e &@éétefrrbnw dtherf SUrtdf dptichearteigRAiepE s\m?o% &dnEgenerate a

| ocated a distance L froma selected part of th
errpilike Hlumpinatien I‘_’Vh"‘é‘ ig spbstantialy |Ic3pangh\glthua,|a vojiine of the object say of

Giafricterad | @rﬁten@ﬁyt&w ch® the B EoRRtR d Krfstre8imYoffthe Boct perhaps in
{%GI nt source (a substantially small illumnation

| iR domAe Qifexel pYicanion PeRerHeaian AEreiad BRPVSI Anload range

bﬁdét@&t@?@rrﬁh@éﬁént& Q:ahhtﬁa SiNREd Fite AViHaPPREIN bBEknown about the
detectors nearer, then a Fresnel diffraction patter

dptestopds fthe @enerah C&@W%@”"sﬁ%ﬁ“ﬁﬁa"%‘%'%rC%Hﬁb‘iﬂr”ed out of a

%95?#([0% fuh&ldhs@ﬁja Wave I fal §8edt&® objektpiaRdtth @Re Wetelion. dsariations
region of the object. Prior art techniques

inueluee ayHeclds aeametedc M@riations irbtherway I'@Frﬁ?n'éﬂ’@a' Wgvelets are added

fogafhek Hcé&?&lhﬁ@@' HuydeHd Br’rﬂdnﬂ@ HorR&hmprR, aF8t détttof B5dIdbE mounted
regl ons Int ect | ane are known not to |ver Se

deMastpagt gt iher Shlobical oM osie i taspeg! g dieotion of Hhe incident

AR bk aﬁatd%ﬁ\t (Pghﬁiéﬁy M‘@é’rQh@%‘bje‘&g (iR the!PFRSYNnkI difRtiSh Bondition).
the scattering he sup region i s zero.

Tagnersdied 1 Hig ?rwf"dmdpﬁtam (hel b prdes ' daGuiate e mtonsity or phase of

PEOESeIBRARY theddurtaes opéﬁéﬁé‘ﬁete'&tb? Nir Pifedi@ennsy péh%rmed (that is say,
strong I&@I{ocal i sed and sharply defined. They

an gligyatier iptegeal diansieEm is e%fg“@g refefrachiosasihy e et {Ihg volume of

th@rébbelﬁwénb | Eﬁbﬁ‘ alchfntdi UBIQFn'eQﬁ the objBkt ﬂﬁ%@&?e?rd dpherical wave which
onposed of high spatial frequencies. In other words

Wt” kaygs d@agicyighdnterrity andnphasg asuidpipaes ween ag detector. At large
SRy16B bt ¥odher 'tﬂé'aﬂ#dllﬁJdbrbePﬁE Srtve by BO WIS Qﬁ”ob@dthty factor or

| ocal i sed. Enbodi ments of Fresent i nvention tak
$Gatteriag f‘-&ﬂch%'h@érv@f'i@rﬁ’?@mﬁﬂteﬁ iythetpsiE arts 1 his inteasityrand Phase as well

&@HQSéndﬁ? %ﬁﬁh@%}é&?@ Scht&rindaéaradleddlics ! lliddisy ®e affected by path
Igrocess escrib bel ow to generate data which can be

588 Q%Wﬁﬁ'kéh%ﬂleE@f%P'@"‘@f Of the aiipcdtandca pridt en thegetector. The
é‘;@c?‘éhth l@ﬁgt‘ﬁoéduﬁacbe chRudRijtusity trlg'oHHFn@ﬁ‘? ' él;g:otxh'tmfbt foP%he particular

sone Ee i s made i1 nci dent upon the o gﬁ
?rﬁ@@e@'ﬁnt ok ¢lemaniahluma of Hie %e‘ééﬁ@f%ﬁ thgypoint pndhg detector.

TRE PSthAEngth InkRt 4188 8etefrPihe a change in the total amplitude of the wave, as the
spherical wave amplitude decays 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 Fresnel 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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exanple the illum nation nay be generated by a | ens of
sone sort or an aperture upstream of the object or any

watdoen42s@rt of optical arrangenment which can geNEGB2088/800620

beam i ke illum nation which is substantially | ocated
within a volune of the object Qay of dianmeter D.

bR} ediftablt HRégraF aransite Poafy teChtREr YRS BAliGIraidM can be

obj ect perhaps in the Fourier domain or Fresnel

ay *'F%Q‘i)f%ﬁ“ep%‘?‘{’@ffﬂt?%@ﬁ on as noted above. A broad

range of detector arrangenents can be utilised since

all that needs to be known about the detector is the '
Hignes al iluskptegiamexynplis ftthistpracess i unerei ¢ataib arl hgeradiation 34 is

?&fghlyeﬁéc&’égd ®br Bxdth0 g4 WAk femChi aPerfire 21a0RIR 35‘ éb that a first
sel’'ected object plane to the detector. Variation

vﬂwp\%ahwgﬂmmes @@@W@iqdi by thawayeirspide ilabellpg 3@@)7 he radiation
Ehdbe %ﬁm/%ﬂ'ts oty %bﬁﬁén QVYGdQHIQ@é’d fr@rglethg @l'?stgﬁgﬁibﬁ'b??%e vector R.

to Huy gen S princip For " exanpl e tector
ThemeaRk densomay o ca@msqonwalﬁe &ny tanermﬂjaf@cfpcwmg @mparatus such as a

s plated bnd Q@Bﬁéﬁe $ply¥er Q'béﬁﬁtdf @l%cf?f)né H€a | Léfféb éurface or zone

radi ati on, POl nt relative near
plate faieX-Faves n’éhe averakrfa@ws"mnIstf@n@ntdﬁ)submagélysmnfmedhe probing

HidtBR bk, Mtlib tﬁlﬁdﬁ&sﬁ ?Qsa‘i')h?c} sﬁé?plgrfgﬁfs {aQidftish %‘Hhé‘&& of course

the intensity or phase o wave over the surface
§wglsaf0§@ee8@dtr@dlatlcahcqwﬁ gy uead. damtheereritiansoan de(utiisad lf §esnred
say, an alternative integral transformis defined,
referred to as T+ 1 below, over the volune of the

¥\ithoespat} to hisclipuse orftartesianvobuirates x, ¥, hecanjeedefingdiwhere z lies in a

ﬁ?%(tlgﬁ 't \ﬁarﬁg Eﬁé H&% toWa\fte W(He %&Météaodqﬁw\é? {rﬂe 8)25& id?rg‘l:tﬁ)rn relative to
? i P pon the detector.
e d@eajj@r larmgt ﬁmdemestaht Lehrthetobgcamfﬂlort indereefdimbnsions\ize denoted
f I Iy f c at i :
PRI oTREIELF 8, X580, 38 bbbl (008 o) ERR! 055, dmatvey be
dexoammiseq irdo Cartesme, coaponents xgsamtkpe nidlisngssumetdhthat each elemental

gt catt r | St ' :'r%e | ?)_g e
GP 881t DA RO AR PR AeS d Hhoolll blBRoB gy mumnatng
whve that pb§mstthamgh at. pElmbbdlmentshmf thkebasenr invatitenenekatd to a method
th I at Q L onomat i
g@%bgﬁ'ﬂ't% %é\ i t% 8Pg‘§rs( Fug Ir%\PF Fr tgl%,?e imepsions, e'it IS assumed that
e rheast ah extﬂrltl ramdo$§izé h;ﬂcbhh&tcpart of att isveulisnarttiaey rwhﬁted to the z-
on t.he detector h. na so _deter

el AERE 3R aPTahEn: £ RS o FReRavBstea  (ul Ped z=0. o
dpirestieanl (botviearzpD, dsmdﬂef@l@blwlsavmg its pestpag aténbracihg z=0. There
g nerlal anthl nt egmza sforméoul d therefore be

'SR Mt ALhg S5 (Hd" -y JediRBfed det ector or,

i ndeed, any configuration of detector. In this

n he Eresnel. .and Four.i er t egr al r

gﬁeahlgxfggatlag ?adtat?osn |%C|dgntdon t % tlarget Io Jectgcons?sts ofe a probe function P(r)
which forms an illumination function in three-dimensional space, wherein r is also a
three-dimensional vector, such as that generated by a caustic or illumination profile
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 represented by the three-dimensional 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 particular position, R, of the illumination. Once the scattered and

transmitted wavelets from each volume of the object have traversed space to the
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of such integral transforns corresponding to
geonetrically sinple approximations. Such integra

wa zesvsd20608 Wi ll be denoted T in what foll ows.PdHEeB2008/000620

particul ar enmbodi mrent we describe will assune that

this transformis the Fourier firansform it being

HExdetop ¢ ﬁfé? mataaayms dhipfabiée iarﬂ:t e, tah@”ﬁf’nﬁ@rc_’j@nerate an intensity
relatin o other detector configurations can

g@ﬁ@vthmtee@ g brespeleorFaynheferi diffragiion pattergufiey, 5?) “where u and v are
Ebdrlimbicat §hintHYy_ 8XpEeon B e Héte@fo‘?jﬁ% | f3r TRE §artRiufir | ilumination
The radiation ™34 1s roughly focuse for exanple by a

pesition Bns or aperture, labelled 35 so that a first

vol une of the target object is illum nated by the wave

grofile | abel | ed _36. The radiation can be noved to ,
he drtectops5Pwh dhFigere 5 @iag |@| fiat sdrfageopesitipaed jdownstream of the object,
Q%Sétté @i8taR¥e LN& oY 8 G |t]y tha\e@osliBAth Wer%odir?i@ﬁts the detector

onprise any appropria ocu5|n? apparatus such as a

g%qm@fplgpeapgglle;ﬁmthg s, agemgtﬁ,p ayeﬂ)éy L) anddnhassbeen chosen to be
%‘rﬁéé BREHRY déieit@rf HeRGh tHEF ST FErBuRhorén %ﬁfr@ét%heplér@ The physical

focusi ng Is sufficient

wwsﬁmwhelahﬂ of sgyars pixels Hethﬂ detsictay aﬂade%wnaieﬂ Beahsize ¢, and xp and

%&Hﬁﬁ b cddrdifsted by aﬁ)porﬁ QIR pixel RIGHS dE@EioRblaRB. According to the
oug course strongly focussed radi ati on coul d

br@alugmie apprwmlor)@étfﬁtemﬁné fumchien, e ¢anssay that, arpgpximgtely;

Wth respect to this figure 5 Cartesian coordi nates

X,¥,z, can be defined where z lies in a direction

towards the detector. It wll be understood that the

Aet-direction relative to the detector is not (1)

funddmental . Let the object, which is

t hree-di nensi onal, be denoted by Q(r), wherer is a

vector as described above, but which can alternatively

be deconposed into Cartesian conponents x,y and z.

whergséindae soliganslecn eithertanxaer drestienssutttendeddyiihe (square) side

i ntroduce phase changes or nodul us attenuation in any

pl the dietestar mixehaitbe phigct planss ed/etriomodgfineithe cardinaiesent s

of the present invention relate to a nmethod of

obtaining an estimate of the structure of Q(r) in

three dinensions. It is assunmed that Q(r) has an

ext eintg and si ze such that part of it is substantially

gonfipied to the zcoordinate around z=0, although it (2a)

may be entirely upstream (but near) z=0, or downstream

(but near) z=0, or, preferably, having its depth in z

enbraci ng z=0. There are no limts on the size of Q(r)

in Hh Xx-y directions. The illum nating radiation
e on the target object consists of a probe (2b)
function P(r) which fornms an illum nation function in

t hr ee-di nensi onal space, whereinr is also a

where S, and g, are given by:

B, =tan™ (—{L’?—) (3a)

and
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t hr ee- di nensi onal vector, such as that generated by a
caustic or illumnation profile forned by the | ens or

wmrdogn420¢t i cal conmponent. P(r) is the conpl ex PCT/GB2008/000620

stationary value of this wave field cal cul ated

t hroughout a vol ume of space il which the object of

i nteres tl)éd | ocated. It may be noved by a distance
W;pfaae‘i ? by the three-di mensional vector R so that (3b)
for a parkikcular value of R the probe is represented

by P(r-R). The wave function y(r,R) defines the phase

and nodul us of radiation scattered by the object for

each point inr , and for a particular position, R of

trhtée idpkeratibn ahiedsity MBasurements Gaé rakle cht aadbusr gixesrirt the dletector and,

vel ef.s from.eac ol.ume qof the object have traversed, .
U ceshi RueRcel ghe 1o en VB Rthele ore i Sfdaed into an
pinas e(u, AR i N SoaPORI adreothBr ipfdc2Bsihg Yuriti 6i Idabiitstav@ according the
fre.LFq. a .Frgﬁnel 2 raunhofer diffraction pattern)
PEIMfion ARYEPEd 3RV, are coordinates defining a
position in the detector plane, for the particular
(1l um pation position R The detectpor shown in Fiqur
o WHE! Gowers BERvenia b anonten iR G iAce WalR, 611 pRibseibed by the
edyatioh, say at a distance L. For the sinplicity of the
exposition in this enbodinent, the detector lies in a
pl ane parallel to the z-axis, i.e. in the plane
(x,%%bzg,imarmd L has been chosen to be large so that the
wdr r'lies in the Fourier (Fraunhofer) diffraction 4
pl ane. The physical wi dth and hei ght of square pixels
in the detector are designated as of size d, and xD

and YD describe the coordinates of any one such pixel
wherehe isd et tardeadimehsioeal vactopradi definkd dboee samall k isuraglegiprocal space

PRBG TR ol G5ob BARBAGIAPES LB Gk Bfese i e e
wag. A ibrcoaipldxeryunﬁmfwhoﬁe rndoﬁ?tﬂub [aadtphassldesdtnmte wdeemgbyluts and phase
t \ t et ect.or el .a e obj ec

ot w2083t fik st Rt b e gheaR e BLA RaiEnsi° "% Con

sin b v = (2b) where bx and by are given by: and, =tan

-1 (3b) In the operation, intensity neasurenents are

madq at various pixels in the detector and, )
A

where A 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 will have the same magnitude. It 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).

T3 fy) = [[£ )™ dxdy = F(u,v) (6a)

defines the forward Fourier transform of a two-dimensional function f(x,y) which maps

onto the coordinates u and v (equations 2), and
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for a particular position of the illum nation
function, R these are then arranged into an array

w0 £00s¥42B50 i n a conput er or ot her processing unkdT/GB2008/000620

data store according the transformati ons descri bed
above. In what follows, a convéntion is adopted that a
pl ane wave can be descri bed by the equation; y(r) =
Ael 2!'* -r (4) where r is a three-di mensional vector as

| ab d—zf;xu&ﬁy [ space vector that
pdﬁ"ﬂg% ﬂvpgltuq&ctl (()n E)@f‘?}g ﬂ&%ar to pl anes of (6b)

constant phase in the plane wave. A is conpl ex nunber
defoee tmadmOugsmnﬂirw]alwkdngidrbUanﬁemmodlﬂ)fus:oaﬁ@ phase detector

: t t
SR lpg PP s 20 B AFRER A lappncimen,
addésnel onotheedrophipationt integrabmay bdwmosmappraprlaje@srvdkbhe @ppreciated
?Y thtoggs%Yﬁ'é/oem §9n3| dered, that is, solutions of the '

wave equation. It is also assuned
that the rad| ation is substantially nonochromatic so

o8 Pl Rt 218 BN R b Bt iy aer  pae
inrthg @sn@cedm rtﬁléaebjetkterirethﬂ ddsewebthe lﬂmlnamdmbﬁlmagemmatlendw alens or
?@‘E%L?{;rﬁp s 't gﬁﬂ QGGFEJtlohy %Hﬁérléﬁ@%a(,t HQ‘?%eé te Calculate the
lleginatign) éum:treny)wdsu,b}n afflane.v)If @adptitel componant sushvas @ (known)

mﬁéﬁ%@ fied {naéqu%ﬁ Y ;{l%r?é tﬁ%rE @'Bargt)gggsc‘drﬁé@{ha f(ﬁ%%é\/éqs foi écgggant phase

es u

avaeiTthe Fp(lan)e of) the ager{ure,vihe- amplitydg teidg detgrxingd byihe shape of the
S |

U5L106° A4 PaRL PN AR R G B8 JbEPURLAITy fl umination

functiart inea vy amalogass dethermbfedd idescribied hedaw, ikt with the mathematical

@ h{E‘?BEs & ESSBBJe Ol gt Wﬁ{miﬂ%t%‘ﬁagf@ﬁétu%ﬂ ieQ%ﬁ%r 8. In some
y nore appropri S AS W € appreciate 39
embsd;mehtsl weereu avallateje dilumingtios inteneity isatowoiit may dei advantageous to

YJ\@ § li’énisﬁ icgﬁcjjeq\%@ mtgﬁ’ﬁtg L@Iaﬁ aﬂtH %ftﬁ &rbt}k?eer o%ﬁ{:él%h@gnent as shown
over a p?ane I'n ar case
f Fighre 12,|tbenphasée and k&empilg.ldgeatdhatfnadl ogtlcal temponent upstream of the

0L Rnc QIRAIE by o' Bl EHBYE) 2B el N the | ens

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. |n everything that
follows, it is advantageous that P(x,y,0) is substantially localised in the sense that it only
has large modulus at values of |x| and |y] less than D, where;

D="—- @)
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illumnation function in such a plane. If an optical
conponent such as a (known) aperture lies in such a

weptmsie4236then it can be assuned that the wave iBCTEB2008/000620

constant phase over the plane of the aperture, the
anpl i tude bei ng determ ned by he shape of the

emsret A thédahgrerafbtéﬁ%bu by Ih& BRI (HHeRfH) b @btedr BREI at the point
be used to so he“illumnation function in a

way~2zAal Bythes case ohdhensnal dangiss crattrsngbaprRIpXimatien.wPt gan also be
Qxﬁeggd%dvﬁ% tdrineof W@He%sleﬁgth  hévdahk %ﬁ?snéﬁl Q\ndth (or height)

um nation function exchanged. I'n sone enbodi nen
ﬂh@ﬁé’eéﬁﬁmrlpéi@l @Si | lumination intensity is low, it rray
be advant ageous to use a lens to condense intensity
upon an aperture or other optical conponent, as shown
in Fgure 12, the phase and anplitude at the final
dpti-eal conponent upstream of the object being (8)
cal ¢l ated by a conbi nati on of the methods above. For
exanpl e, we may know that an aperture 60 exists cl ose
to the object in the plane lying in x and y where z=0.
This is illustrated in Figure 6. Since the tine
Y0y, a1 cam befexplessedireterss wbta Eourer demeof & sepbiaglaae peves incident

ég%% :f’] 7neI ltzu aﬁ ' OB '?av%gﬁiggr%éﬁ% gr?gRgml r%eact:trumf each incident
plaeeapwet kwectoarbelu'@ desarbedb_ealsdoyoyathémrlgulanncoomnatys0) and v, as
(hp BB REUFS ™ SO AT Bl Bebh 5358 eb S BER) S, oo

uhdiemuondutmat rthig u:anthecepnesemtbe aplaamdime:&ionlahaea;e pixelsj earh of which
hat follo vant ageous P 0

biip: ot Pajue eich SN e phd Bk’ br I partouter plane
waveg lyingod dheisnqilarcabrdirsate s apd|v. and \y\ | ess than D,

wher e; = - (7) Abwhere Db is the angl e subtended by

the width (or hei ght) of a detector pixel at the point

EGS At Ror WREE ecls Bionaip bebugh” 1B BhisGh! Rectors and the

t@crrmmam& Lt,hms"rep:rmeraéd Ineag‘.bMphtealaday besqarhg sitremisuch ditdeessing unit

(letg St o e 8Pt L ok s B ngiaeb il wass wyon orm =
aDsiteminhtigr &metiovaywithin ticé dettieéd splaare). hdllpthanevestér. are of the same
FRaPEobl SRR AR 3508 PP Rl 3REE 4P §3Nle panes o
threstamgphase fooogabhneat dsese mpident, wases. 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 u, 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 g,, as defined in equation 2a. In this diagram, 5,=0. p for the k-component

is shown labelled 70s.

Such an angular spectrum can be generated conveniently by a weakly focused lens
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

1
plane, A(u,v) is of the form of a circular disc of radius w, where all values w > (u2 +v? )2
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depicted in Figure 5. Such an angul ar spectrum can be
represented by A(u,v), it being understood that this

waznsieseepr esented as a 2-di nensional array prCEGB2008/000620

each of which has a conpl ex vql ue which determ nes the
nodul us and phase of the parti Cul ar pl ane wave |ying

ﬁévet hqo sl R eAGeoMals) uyuragw.than this @isE&an HavapHaddd determined

strate the rel ationship ween the inciden
LZY FRETHIO0S A dhe Rfsc BbmFH'éf’%%e'\S’aOt onyhe E\fﬁ"é‘?éﬁf’%eél‘% {urgination of
fenpngd. er array or sone other such processing unit or
data store. 701, 72, 73 and 74 show k-vectors of
i nci dent plane waves which forma 3D illum nation
THe ediatRRskipibefldent AR, wb;tatnedv@ Phieigen vidl thetFd@ribr tygefstn;
are of the same length, but are incident at different
angles. The parallel lines 7 1 7 14 show the pl anes of
constant phase for each of these incident waves. In
F(gur,@) 7 fﬂ@ev)eéé%*w@dad\e=r7¢f¢ﬂ(aav|)ged, so that they all (9)
subtend froma comon origin. A cross-section through
the 2D array is shown representing this distribution
of k-vectors (and hence the correspondi ng real -space

E?’)}%h@ﬁ%&%@ﬁﬁggﬁe %%ﬁl@%?%@éﬁr hg@nﬁ% 'g%r A(u,v) produces the

fluminatiomfupictien inthe W-Mﬁ@)e Witsz20. conpl ex val ue

associated with it, which describes the anplitude and

phase of the plane wave conponent |ying at the angle
BxonhasP(d¢fa) nisdkmawre deay iaonapeature ris tibdateddiimghearplamg z50) then the
Pa?ref 89?& Eg g%?r}b&?ngpg\zl?@t regé’ﬁ%{@}/&(} E%ﬁbﬂéﬁﬂ@éﬁ&f%ﬁ% cBulated via
Uveaﬂduyﬁetfmtvm | ens wherein the function A(u,v) can be

t hought of |ying over a spherical surface emanating

fromthe exit pupil of the lens. In the case of a lens

w th ancaperture,lyi i,n its back focal plane, A(u,
vUiva = ﬂalﬁﬁéﬁ? r?n(of\ﬁgx@(rcul ar disc of radius w, (10)

where all values w> [u 2 + v 1 -have zero nodul us.
Val ues of A(u,v) lying within this disc can have
phases determ ned by aberrations in the |lens, or

Aﬁéuﬂumatéeﬂemﬂ 9&) cérﬂlbé Fﬂc@ﬁtﬁﬂ raega:;ows trimg is ke Tl M Aatiemfunction that
e rel,atl onsni etween
s W'qnsoqﬁhrssr?m?%ﬁ'?r}%smﬁﬁ R v dooobipel Py =

jJA(uU,v)e 2 iux+vy)dudv = Tx + vy

P(x,y,2) = T} (A(u,v).e ™) (11)

where

d(u,v,2) = ?:/IE(I - cos(sin‘1 (/l(uz +v? )% DJ . (12)

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

Px,y,2) = T, (T Px y,0))ei@e®), (13)



1A(u,v) (9) It being understood that the
t wo- di nensi onal Fourier transformover A(u,v) produces

wa esidBemi nati on function in the x-y plane w RGET/GBEN08/000620
If only P(x,y,0) is known (say an aperture is |ocated
in the plane z=0) then the cor'fespondi ng distribution
A(u, Vv) required to generate this function can be
cal cul ated via the Fourier transform A(u, v) = JJP(X,

Yh fNeCequaRbi éy&)ed%QYCoHQatloﬁrbeI%éu%t tﬁeqfod? ex oideréior§ B subscripts

be cal cul ated as his is | um nati on
figfining B qoedinates pseramw@fgtfw operate, he%b%m@ﬁ%wtsﬁaﬂn other words, to
ﬁi?ﬁ‘aclﬁ(x, } )tf&ea ﬂérﬁbdlért Ma&f |nt2h$veqfﬁd?|6F trafsi6m PB&( }XO)/WKQ respect to the
Tu-; {A(u,v).e" p{uvz) where Sim | arl
5 genéryadoerd%atesyaud nfuitrpm toma ybhasa/iungtm Ieﬁ"B‘\M’edgeth@bamcular value of

splmteredy b Fodasiansiolmbiabl, Sons apove 1 he

convention of | abel I'ing the Fourier operators by

RABOEFS e Sl ARG R B M Pl lron wav

B(dpagatbh),fmen a particular plane in z, we Fourier
transformP(x,y,0) with respect to the X and y
coordi nates and nmultiply by a phase function, e'f uc
for khze payticular value of z of interest, and

t‘/’rﬁ(ér"()?dfﬁiz‘érﬂ’ nsform back. If only very smal | angl es (14)
of scattering are considered (as in the case of
el ectron wave propagation), then f(u,v) plz(u 2 +v 2)

(14) P(x, y,z), which henceforth we will be witten
using the vector notation r as P(r), is incident upon
an object function (r), and it is possible to nove
Phey, B( Mhick hencedarfeste will bdevritteor using: ther dectar estaign r as P(r), is
[ r. [
%{:ir?j%%]&%o}n%obj?gﬁ%&a%n%@f gp@iﬂ elg sé IH |Y(S ﬁoglé ttﬁé) 93?}) With: 'respect to
fherbcbr pmocmmates lghdistaaded &, ¥ Ze Iﬁ’(atheR)words ih Ivectobpetatlon P(r-R)

f un ' on 'Fmeé?c%o O\I;Eﬁlgjrqli%lngahnctlon canar}e éh?#tedo &‘)’S giveo E’I(IYR), or the

object functlon shifted to give O(r-R). In what follows, only the situation of moving the

10

1

[8)]

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 implementations it may be move convenient to move the object
rather than the illumination. 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:
25

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

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 R,
30 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 to obtain a wide field of view of the object,
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illumnation function is discussed, it being
under st ood that according to enbodi nents of the

wEzdsented nventi on ei ther or both of the obj ectcwGBLIS 000620

illum nation can be noved and that in many act ual
i npl ementations it may be novd7conveni ent to nove the

M. Afrhbdr )t Wboéﬂr@\@ rﬁ&‘yebé Hré’é“tﬁ@bf'e@é}redTﬁ%cé’dhﬁE WeliyNASt for any one

in the wavefi el d cause obj ect function
Rahllumigption popidien (thster é?aﬁ‘%/ |%R§\¥\n§ter ether gluraination: nosiipe Rm which
f
%Jl%s;a-r%)a d*até\iaér'ségtg w;lﬂ(-‘] ljﬁ?/ §ﬁ€ Irmr%aatés{% ?t)e |IEJ(T{|nat|05 {froguﬁh for Ry.
over the coordinates u and v (as specified by t he
f
@B&gils\a/dg?%%sgeg fa%%mmkgggﬂé*ﬂér?g@ gf&ggﬁglygtpa’tg in "—'@‘%r@@ Preferably
e, pracesspstarte rbatﬂsyumansamemmvrpWMtfunqﬁen isBP1. n$mﬁta|t &x.y,z) = O(r)
.3{’ ABY &Satu & Lﬁﬁ@ c%)epgll WoicEbrd [Jsl yad br@@ésa‘ﬂ?gﬁﬁ‘rlo@eeds the value of

ume of t ect whi ch as al s een |
@i’)aﬂ cdrélagouahnepdatmﬂha n'Uestimate ohOfnhisdabeliedPém.
positioned at sone other value of R It should be
understood that to obtain a wide field of view of the
Abpteots8ORearkmniysrprotie fRnplisi ati the doaatign brethedatrget objeet which is to be
: r Y, .
BAFHEA 8 SR RETL o i thossBleibieshRRicls provided
iI'lum nation position Rn, which substantially overlaps
d e.J |
stlp bfeghﬁbp}‘gélé{gﬁ tﬁ%aafs h&&@%rbg\?:eeg%e%fog% gg?;:g@h rﬂ%& b? determined in a
nwebat ofvdiffgneot weys depemlmgawm the dengeniencs. reﬁuleédar Ebn gxample the
S t n 0
P%ﬁgﬁuﬁ%@séﬁﬁ Ye ﬁet:%ﬁm?&&qma ani%&h Sgﬁ%e I%Sgtéblat a Or%redetermmed
distange froar thel target &s uitisedii Alieraativelysan hetiqat erasgsment with calculated

Q{]e Y \?‘alu J]l%av %l L{E &or gilli ?Sun{hglbé ﬁﬁﬂm%ry céX{)gé;Pgt%rmined earlier
bB@@cmgkmbmpwnprobbst fn_ﬁhmetpadin and revessd oajewlating what the probe function
RSO 1d Prloagf:e H@agﬁ}eh §ntgr9$|tp ‘?eﬁ{f@mqu gﬂy %Oé’nt"édﬂcs Ehé1 Bl%lbte function is

previousTy been neasure mat ed’ I's provi

whawn the nepbstepisat ed t hat as noted above the probe
function may be determned in a nunber of different
ways dependi ng upon the conveni ence required. For

examR)e- Plve— R)ale) Fynckjywr) can be deternined if a (16)
known aperture | ocated at a predeterm ned di stance

fromthe target is utilised. Alternatively an optical

R ANIE ;?éréﬁu%ﬁ picul ated or known val ues may be
st ur

used or her a probe function can be
deternmined earlier by placing a known object in the

PR rE)rg’\)?&iesr &Y ggﬁ’rﬁat‘éaéf‘w& @Eé.t{égemg\tle de?\%ti@ﬁ gpﬁ'lef Mgﬁé L)P Iterest 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 My(u,v,2)
according to the following equation:

M, (uv,2)=T,, [://g(x y,z)] (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 v (r)is Fourier transformed over its

x- and y- coordinates and placed into the slice in My(u,v,z) at z=constant.
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must be to produce neasured intensity results. In any
event once the probe function is known the next step

WO 308/Y42360(r , R) = P(r - R.Qr) =Y g (Xx,Y,2z) (AG)GB308/000620

fornmed as per equation 15. This provides an estimate

of the scattered wave functiord8at the plane of

interest in the target object. In order to provide an
estimate of this wavefield at the detector plane 33 a
Motunia®) ds DY REFKEP dgmvniinte itgradiis ang\Rbase RRTPOIENS SHalyEhat:

at step s804 by formng g(u,v,z) according to the

foll ow ng equati on: (u,v,z) =t;y ] [ 9(x,y,z)] (17)

iM @I&W,ZD=¢M9€.¥,B,KZ()"8“(%\'%& this Fourier transformis (18)
onTy taken with respect to the x and y coordi nates, so
that each slice over z=constant in g (r) is Fourier

: \Y; it - - G i I | e . .
FAF 3 PR i RO oS el Bieded 74 siacton
patverb,r/¢d @R Y is/storedt OTHid is th® dndwrs interdity maslanes B @ positidrs 1 shown in
such that: For the particular illumnation function
bigsra 8 aRd pEAvided At sterse8s. Next thegsquareyraot ehthisptessily is formed and

e, 8 IR {10, 2 i U3 e i

%uéé%t%ﬁ%ini}éﬁéﬁy,fsb&w fdpare root of this intensity
is formed and at step s806 the nodulus o Mg (u,v, z)

shown in equation (18) is replaced with the square

r,0Q f 1hﬁ—?—r1;Ee' i Rsdvby, such that: Mc(U, v,z) =
5‘?{@!:"3?&5 '“@' )f) (19) Note here that the sane (19)
nmodul us (neasured only over the coordinates in u and

v) is applied to the pixels |lying at any one val ue of .
Hotenh%(tgét the same modeiie (Measiired [PAYCOVRR ithg cpardingissi iIBgy and v) is
Shpied Yo fe pixé@é'\g‘ng' at a%g RBE IR Jiid MEfLDIZ) 2Nl EC TR Bhase which
val ues of z. xt© Mc(U,v,z) generated with equation 19
isapplirt: O¢6 Vi 2)amdlf iogeperahbe different atdifferenbvaiiespoftzo:

yc(x,y,z) =T;I[M(u,v,z] , (20) This provides a

corrected estimate of the wave function in real space,

t he back Fourier transform being undertaken only over

Nbgt M.(@and) gercmated iwithteggiation 19 is inverse transformed at step s807 according

to:
v (xy.2) =T, )[M (uvz2], (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,y,z) = O,,,(r)is constructed at step s808

by putting:
0,4(N = 0,(N+UINy.,(N-w,, ), (21)

Here U(r) is given by:
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A next estimate of the object function On+l (X, y,z) =
n+l (r) is constructed at step s808 by putting: On+

wa zgos/eB6)) U(r){yc n(r) - Y n(r)l (21) Here U(IQT/GB2008/000620

given by:where the paraneters b, d and are
appropriately chosen, and \Pma>@(r-R)\ is the maxi num

val ue of f e Il;.t ud of P(r-R). The result is a new
UGS &~ ion (s809). The update (22)
functi ipn (r}e.lR ke Ryre; gf f ecti ve deconvol ution that

occurs possi bl'e’ and i'ntroduces a weighting factor
whi ch causes the Obj ect function to be updat ed nost

n where t obe function St i
TG4 Tif Porahelsaeck 2B e! B aPARPIARY BEB: 2 [EradriR) is the
FRiXinen SalurRCHeleaimBifubeV el B@-R)N THE résutde Ohew duess for the object
g]nd need not be an integer value. It is useful to set

tigh&3%Phere is nuch noise. may be selected < 1
when because of scattering geonetry, the detected
d Ftﬁ]eqr;])glﬁtteyfﬁqgtl%p%}gse dﬁgkrgmmgl;qj?epgveggégpgﬁlpg cr)r? rtrr]1at occurs possible and

CHtMUdéésb}z( W@Qﬂtw@cfa\d:fdrl\nlﬁlch fcah&(sr theRbbJea fincior $o fbe updated most
real nunber as is common lied in Win

FV ‘P'i%)f wheredhe §“lpaelf§m’t$9“(rﬁﬁd%f§ﬁ3tr?é‘?p"ﬁé’@es%$q'%tab'e constant £ may
s8Rkl & 1.t aRay H@%el@@l@d%r‘arﬁe\/aﬁ@}ﬁ 'tﬁ@l‘ﬁﬁ'eyofmlé §ﬁd héed not be an
the noise present in the récorded data Is snal
tdegsr yauep ltde yeefyl to sehé >ambhenthere is emagh aeisei f t“mé be selected £<1
I t
?)888ﬁ%%g\gelﬁg%g@n@\ﬁ%ﬁﬂ%ﬁp?@ééé%cﬁg |Hl%ﬁ§ﬁﬂlst5? thE€ F8tm of a Gabor
poleglranusr similfamaﬂe \@‘luet «ﬁb uskd brprevent@odivdebyeera ecdoging if |P(r - R)|
new esti.m

%gq.\?\ég% @PEeﬁ nvrgp% ?ﬁ/'@ qo%?ql%\ﬁeghe&mt\{f{g nte{;vgllters and is usually

eeommmamduesmw) shiatisr thaw Ry arld yarebes obnsiderably Smaller if the noise

Lo NREW e etoein o S
frRCAgSHmJdatdmia§ adishthgedusy belvariad bsm&heo@g}w bR&nd 1. When g=
updat i ns Is carried out in response to th

&7 dlafs Pan de’ Previougrimatat theoptiedyis @”F'e?reéépabe more important

fahl @et heW dshimbte. S Viafue8al BéthEe Vel b@afaamrer.mbbnémegbf the two
flux), which would inply | ow shot-noise, then it is

gatinedtes.off l9’§€?"|"@5§§|h9§’ Qiskhes salution isfrAghedt he guessed
esti mate. Consequently the value of d can be a small

fraction of Pmax (e.g. less than 1/1 Oth) .
o is a parameter which may be set at a fixed value or which may vary. It indicates how

noisy the recorded data is and is used to attenuate how the updating is carried out in
response to these circumstances. If good conditions exist for data collection that is to
say with high beam current (high flux), which would imply low shot-noise, then it is safer
to use results gathered to update the guessed estimate. Consequently the value of §

can be a small fraction of P, (e.g. less than 1/10™).

The expression :

|P(r-R)|

P— (23)
|PMAX (r- R)|e
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The expressi onmaxi m ses the update effect of regions
where \P(r - R)\ is large. This is useful, since it is

w0 bmsa413eyi ons whi ch are receiving the hi ghestPermeBmi08/000620

of incident radiation, and therefore which contain
information with a relativel y2figh signal to noise

Fridkihfises the Sipbistk YiEBL 4f38gibRs Wh@t@rlb TR |§ 1afGé.UgRis8s LESM, since it is
that fromregions where very little radiation is

thaee craiens wiieh af rereivieg wa,%lb'ghgﬁt amosipt efdngiden gadjation-gpd therefore
{vhieh SohtafH infiimatiéd ﬁntp a‘re%tlvély h@hasr@ha‘l‘ﬁ) Roise A, LTHEs information is

function P(r-R) 1Is mask I's can be represented

ploarly mers yaluapie tean tf@t &ram@gmsmeﬂs{ V@R ljtile radiationzig dggident, and
@h@ﬁ\@%a@“y QffedPPPRbisé unction, the algorithm has sone
simlarities to the well known Fienup algorithm If in

this situation, only one position Ris used, then the

RHIARE 'stt@éﬂoh%@% 4 ¢ AR Hy 59t B fGﬁétio)ﬁ F’(P'-W}'id & Mask ®at is can

t he basic Fienup al gorlthm ere nore than one -
p@senremterd Py a iegion Whaee itg e '§N‘i‘itha/§"%6r'ﬁsﬁféreéiﬂ“@6fe or support
gdht W%Ig@)’ K29 WBmBEBLiR R ies th the FEMAndRS Fi Ffé'?‘fhk élé’éﬂthm If in
oes not su er from uni queness I ssues,
mlsjértuatloel Pty oneeppsitign W is ueged th%uﬁ@emthm oreduces to being
H%%Ha'ﬁgalwgﬁrﬁtfgggt'ﬂ% Bdit m%tnﬁ Qfgokifhtn {?‘e gW@éﬁe H&?e HaRGreSosition R

own I n progresses O se Ctl ng dat
isalsedcthedalgorithm hasexwnpidsiablecadvantages hvgrlmomnabewom including the

. T
é@@?’%t it Goﬁ%‘h{n dﬁx\ft‘éf #r@ rfu@.%ggg%%tgéé? A)Q'chj]%r B of view may be
ragedr abI y 50% or nore. The collecti on of the data may
be achi eved by either noving an aperture by a
predet erm ned anmount or by causing the illumnating
Sameauemnosmdahmg' ﬂmefrurgurngaesinnaﬁe phihe quessithe prioeessrahewn in figure 8
r ] .
é@g}eggeé) ) & &%tlhgﬁ%?é coIIIeEte f om Q%te\lﬂ/gﬁ@rtlgﬂ %ﬂg%g?g?fsﬁby at least in
parboverapsrthe erelaous nscmttlooneTha)omrlaprshoﬂldaprew@;ﬂy bebjeretthan 20%
0 n I ti t (g .
%c%: E db’rte e%‘t}!i %g?l gﬁ n’LPe 98 caf?&:’u?ﬁ o?%%egt%bﬁgéf rt%gna[cgleved by either
Bibvieg a@taqertB&E)By amed&tgmmedwmmpemtmﬂw cavswgdpe %lmznating radiation
eqt
&R\g q‘lg?xf'e |Pb;§dn %ﬁi@% %r‘IS) éf #hlgeta% ft v]yl lﬁ@‘i}n'dggtood that
Saaedlmsntsoaﬁjm ptesant muerpilos&mey s@ncmﬁjﬂymre\rm umage tdata for one
u t Js p

SPAICH B fofer ook Wil 2 Ehat ok PREEO 2 TRkfure o ncident

edition toeingt made. rih aumtdmmdMerlmaftmnstm 380Bethei algoriigd returns to
e I n

%tggl%gtb?o A#Jliggﬂgaﬁ'ﬁg ihif &%%t.%i\/@é&[lﬁé“o %gtu@g&dn @h?ﬁ@’hg loaded in the
new guess for O(r) of step S808 is loaded in at step S809. On each iteration the new

guess for the object function will approximate closer and closer to the actual object
function as on each iteration information of the known intensity and 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 collected 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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estimate. Nevertheless the nore preferable method is
next to process data collected froma new position of

waRosriBeopr ef erably in part overl aps the previRIBGB2008/000620

position as shown in figure 8. 1A known probe function
Plr-R2) at the second positi offis identified at step
S$800 isunuliltighied withethstrey kowabprobe Ifemdtion néehtified at efepas®d. This is

Wil L 8 S e S R ot v sctre
ibgl etmet illmenchtion fustctign Bdugholihihe viotumé biuthe lobjeet] The Bdslting scattered
e e b 4 5T AT B G ERS o st
phtternghicht sHdud beteteetedfat tHat potifi@t t Theltitfractism bbﬂée’r data measured
t ed f t LS . agat e t to . .
3581 5LA0RRES) PP, b LSRR 5] Bl SBTR S8 e et
siouniatiob@andehes haglitatie tiifaimatioa i dboat theTlransforifedagiveofunction. The
measur

SR R E68  oh LE ke Taanes wave i
whilgtngtiasg infolatiat isoretaindd tdUsep BB 4! UTiRis| donecraat wave function is
TPkl A ERR041S BL At HerelotPetord Ninely Treuiiecgs s tifaned in the far
fieldhsﬁresrratdranafoernéﬂirrm(vbtmr? thiai ih&gephasméméo? rnoddtion wisere Fresnel
i.ned _at st 814, is correcte ve ncti.on. i
TtR8E o Finaloslops B any e uRe TS Rur Sioar 1%  fithuiated at step
SB¢5.i Mageunsing estimateidih@(h)eisftﬁén Eéreéfdﬂéd agdoe@ingltcla the lthdate function
t f ti t i mage .is forned at cat] on .
SHOHE BHUE ot Slerf TR ST e SR oy ypsss Tor Biongbio%t function
Blustratbd i dgtemssinrnmation. This is illustrated at step
S815. The running estimate of Q(r) is then corrected

according to the update function shown above at step
BBfifis etagethe dats ubllected & the Virsg iIREfAindtioh gdarioR iR Me used for further

function.illustrated in st S81 7. At this stage, the =

(1P B e =50 e i Atemaiey JUitosr RRSTBS igruminaton

beapstte haay Heumbbi€to hitkirdbi afthef pddtnPaAE aRird et of data collected.
i further novenent of

lgorithm Alternativel ~the ] ]
RofiliA (PSR D eaens FEiapeSFeps FrESh Greiaus humigpted locations is
prefdrbile. lmosh'is ivap thexwola target cbjé@tltm@;f o@twnauysgé thﬁ@bsai- Alternatively
en
Rl R e HSIeh SE TR B L aBeE R potoning using
thizykridue &Mfféloﬁoﬁ Pagein ABLRET WY wtabgr%aitatedt et ggilbgaﬁhents of the
m
BB e S P B h R Bt FSbec o tre
tangarobjdict *sg“*h““@” |ﬁbatggm 8 tr:eeﬁeﬂfaﬁ\tﬁe.hmémowé illlt.lsh_%ted a? being repeated
t t A | ns o e rese I nventl on
B 18 <R AP C D 55 4465R SSheraiad AhsieR BRI 19 Input to the
miuttiblicatism stigetrathehthan the initial estimate of the object function supplied at step
S801.

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, R, 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 z need be
processed at any one time, although, once the data is collected the user can choose to
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target object is provided. In figure 8 the iterative
method is illustrated as being repeated by returning

wo 2008t1£366803 i n which the new guess gener at edp@t/GBR@®P/000620

S817 is input to the nultiplication stage rather than
the initial estimate of the oBfect function supplied

Adingt R wild - or'&al@J&OHf @ WﬁicHrbﬁlSr&t PRAedthadd tcaﬁ repeat the iterative

iterative lo lustrated in Figure 8 can b
paleylatiandg rMaFY Aedll pianesghioyeh game data col I ect ed
fromthe various illumnation positions, R and that

the nunber of Ris itself unlimted. The entire

T be fevietive Methadamay Be fereatrd unibia predetaiminedeveat agcuint Eor example

el ifGatPnaHhPBS répcafld £ pleabicfiAingd nEHibEthr KRES forl dxafiple/ 1000 times
specific |layers or cross-sections of the object are of

Phtutib dhe dSUnd n$qparath S8ro) a(SHES easuradeld the sliffRreres petween the
éipe%ﬂ%én@il%t%hﬁ?y dth IBREay atolrﬂlﬁedettéh@ord@éraodesoﬁﬁ‘iah?%@& positions)

user can choose torefine the value or val ues

am te estinated I’\tﬁf@ft\ééﬂf iof i thegRod dpe aerreatien) ¢alsulated érom the current
gg}lnq:é{g@?tr@’bb{j&tmﬁ}éﬁ&l, any or all planes through z. The
iterative may be repeated until a predeterm ned

event occurs. For exanple the iteration nmay be

DﬁF?ﬁé‘Fr%‘jit@aﬁHneﬂ'%E@srsWhQ fcbsh Upis:batefgues 886 thef &Jéecﬁﬁé‘rﬁ'ﬁﬁbﬁ provides a
times or until the sum scwgred error

r@agxsir%ﬂmaﬁe ferethal ebigstdHeeionet (Wben t%éer@%%m@ﬁw completed as

H&Eﬁﬂlﬁé& YoydiRbocatb R 60a Hreddi@ntitdLeldtt, fHeOFunfifg &timate of the
y probé positions) and the estimated intensit

egﬁﬁtdwn@t@ntmewﬂ%magg ctaéﬁ pt tthe Mylumg|of incatiens wh'sﬁqwqa%'"ummated

*“'ﬂ'ieemclo%ﬁ{ rd@AtRnOf THIQnggé Qata anﬁ‘JQEé Qhplifdde] m: &ﬁ‘é%e information
eration process the npbst up-to-date guess of

wbjcecqanf %H’?é?ﬂ'éﬁﬂ“pﬁ rhﬁm%ﬁéisthgqn?fmer?gh'@gtrﬁﬁﬂv@w tﬂ'aqehaft the selected

RBiGCHF the B§étUbjecien the iteration process is
conpl eted as deternm ned by the occurrence of a

predeterm ned event, the running estimate of the
PRIbBEImdnt6F it pRIsBMI fFentioRBrEiEs PRéVHEP Y Hew Pr?etl’{&i B Bh&de retrieval

| ocations which were iIllumnated by the incide
whighds iaprlicaig o imanyesityagtiens McmisgeseonypyYitht g@@cqiﬂrdemphasns on its

Qﬂﬂéﬁbﬂ:t?ftefé&hhuﬁ& t%bﬁ%s%ﬁ%lé&%eﬂl&%&bﬂeQGT‘Héerqe%Gd required as

generate a high resolution image of the selecte

et borensity tlmferm%nogeqnhomeééwerr@mfoﬁprﬁemwadjfnw@r (one or more) of
QIRS%%FtprbHB/%Ptdp%HurtehHésltﬁHn@VérQﬁtlﬁs eMefRd hofotds RIEAR8ed for post-

retrieval which is applicable to many situations in
pRSORT IgpFesihur avaidinadhe me@mwogla withsaberrations of such lenses.

FRP! Aig&Rhi teYn#lélle?lCQBﬁVéF@est rr%]élV‘ ﬁﬁ'r@ﬂe@é Sfk" BRase of the object
m croscopes hod Tequired

transmlsswn function. This enables high resolutlon images illustrating the structure of
target objects to be generated in real time. The algorithm is also effective in noisy
situations and works for a very wide variety of different objects and probe functions.
Embodiments of the present invention also enable probe functions to be calculated when

target objects having a predetermined structure are used.

Figures 9 and 10 illustrate apparatus for providing image data which may be used to
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 900, 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 onto a selected region of a target 903.
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input intensity information only neasurenents from a
smal | nunber (one or nore) of different probe or

w@Epds/M4e) positions and this therefore renovespdeBr®8000620

for postspeci men | enses thus av0|d|ng t he probl ens
associ ated with aberrations of23such | enses. The

ghe Hdiddniradimlopyies &P%%%H?Wa&@ﬂ]n@il% efhdr 4 é}kl?%ﬁvé fidction . This
phase of the object transm ssion function.

exhpes fuRichon isq¥epaaateshasrasydistance Liyvhese ?ﬁ@ffr?ﬁ*@n pattern is formed

%Fm fa‘r#‘%r#é&%f Qbtdcfird 8b4 08 Giistaricd (OR a@%‘ﬁtééé&ﬁly' §hfﬂ‘c§‘éHtly long so that
he algorithmis also effective in noi's

§1q mrapagﬂﬁgd exwas W§thQ§\’f°Hn$/éf}?uwrdgff"@ﬁﬁ'qrbﬁﬂﬁem in the far-field. The
@bfet:&‘a’f SRthy PRIVRSdsSataoskt Wn@%tédtﬁ?cv@ﬂl&néan ng‘éetdﬂhg‘?%ﬁsﬂf of radiation

present I nvention al so enab pro e functions to

@att%ﬁdc ay dhe tPraplenbieelr Y é}bioé%ttng grriGeng0%is provided which may for

BLSARE SBdTan@ifkrS tdcHikdH Snditfs Lb%ﬁdocaﬁé QHE Qar g%t %Bﬂec@-(&t one or more
i I'lustrate apparatus for providing inmage whi ¢

iagptions assdasired WiBITesRast to eha@ﬁuraaskm thiiveY ra#@@@ﬂ Efpmasource 900
HRgRmade |ﬁC|Hé‘r'itgﬁ1tdlf?@deﬁﬂbcé}%?ng'bF'ih@ngEfPeérh%urface of the target 903.
abovedescri bed enbodinent illustrated in figure 5. A

source of radiation 900, such as a |aser, provides

il EHIoN@hi Q0B 'BrQV|ae§3 e8RS Rli %ﬂa‘ise fo 9%1 rﬁM?b CRURAGRBP also receives

the radi ati on. erture can be noved to enable
intensy ﬁt?@ﬁ@fﬁ"te@t feélu fsameagh 9éthegtixal detegiosn 161 ig the detector array

b@& gefheggﬁwt@%nitnfdo@e’%lufi@éj'a%ic‘?&br&fb“ss@fn10(523 A8 J¥RV&tore 1003

function and an exit wave function . This exit wave
fagsther aithi & upsrdplegace d 08¢ mbich maY ingiude 3 usiiedieplay and a user input

ﬂé)f Eé&‘c%@r&oﬁ%ﬁ FHit'mby bEUoRRECEN t8 fa&ﬁé}ypreées% ed%tv%ssuch as a
di stance L is advant ageousl Z sufficien

lapﬁ@ ‘sQ95t HAC f%éemotﬂ)@@ﬁ'toédp\lé%ﬂ?t"(ﬁh/v' V"f"bhﬁ:%‘”‘iﬁﬁs"f’@g Hhat the control
GRYADES c4H b bﬁﬁﬁde@rbypé“atp%dqoﬂ pct Hfe c@ﬁﬂél'lﬁlkt%nm?onﬁatlcally control

det ect or array provi des at | east one detector
therpraducsion of ineagerdata ) tepl timer Allerativaly 3 dgen @ndisere usgr interface

B?‘Fagﬁ)‘p to Qél@&ttarggs?of tﬁe lteﬂ’@@tt Akt ?&Vﬂnﬁ@n& QP plovidrraNhe&teer input.

for exanple bé a mcro actuator and this can
Iocate the target object at one or nore |locations as

fiesid fd éUch],% $r&a8iafidn bo ﬁlﬁﬁnu@a@é‘sr fh@rt?eaﬂ E‘plfttgl' §0Wh radiation. The

radi ation from source 900 de incid
targeteghignt 908 daseleativebr |°t3ﬁ§d @Méh? @&W\a% ﬁpéd@déf C@"ﬁ@' of the control

LAk 9@60 9Qﬁe rﬁdu&tﬂm forths lénalﬁra%f?&pp@tfé?ﬁ IR t<ORN fe@bective locations by

e mcro actuator and al so recelves

n
Breopihe e detestss niersietectar Artay W0d0rRRasalin fram these geteelprs is input to
fRt &5l §nli-gg§ rhay Bg%tcﬂ'@&@rﬁ&r data’ Qredth3 dhepl g”étEO' If only one

unit 1000 i ncludes m croprocessor 1002 and a
pegitian ispbsing g¢pedhter d@\ﬁ'\t%"aagfs dataj theemjcaeroqessar WEeE this detected

(RS 2B16h Wtﬁer%ﬁ{ proigPdth 3¥stRREorR HEIBHing ﬁﬂHFmé’tﬁ)Yl At the process

The cont unit nmay "be connected to a further
pPexeRaiedh &P ggvyet@eslmqgeagata However if one or more further positions are

required prior to finalising the image data the control unit next issues signals 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 be a CCD array of 1200 x 1200 pixels. If
no further intensity measurements are required image data may at this stage be
generated by the control unit in accordance with the two newly stored sets of results

using the algorithm above-noted. The raw image data may be displayed or a high-
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| aptop 1005 or PC for renote control. Alternatively it
will be understood that the control unit 1000 can be

weroosil4baeh by a | aptop or PC. The control unit BEFIGB2008/000620

automatically control the prog’rction of image data in

real tinme. Alternatively a us can use the user

resottibadeage gergrated ftom thel imate aaamapbe idispldyad @atthe user interface
rovide further user input. In

§Eéeﬁ¥%ﬁjg§r8[ﬂyc°é‘g%l?e °58F‘§ P c&ﬂ? € 11 umi nates the beam

splitter 901 wth rad| ation. The target object 903 IS

| ec ocat actuator 905.,under can
BRMRA! MEkoteR PaRE PR YRR Y, i prese hverton using the
d'rrérﬁgements shpah tie mgwdaetaeahdetj OaFor eSmEGérgUEobjéetaMoOmjector slides

tectors i.n the,detector
RbieE PBed bisk i 66 S5 smyfa brEcstiiniied ted odH antitaoe. Data was
uoilettealnmdmr;ocbssesltﬁ atsbvendesbtbediafon two vakeed @93, odrresponding to the
| apt etc | f on itio ei ng use 0.
P b8 in e e S0ineths ot dRe b Bided Toio0egRE Boln’in moduius and
dBQsecgmdg Iartbtxl Uﬁtduormég@eﬁé'nerobwmdd Frgm&E anra;] illustrates the modulus of
uctio Judln i, nf rrrat t e process

s ittt aon el Fhaie 56, ARtEle. 08 HHESERE that same
[Hconsm&:tédmmlage pagird I1dbS|IIa$t&té£therrﬁddLﬂﬂs Qﬁfotrﬁatlon of a second
flnaI|S|?nogthe uni t

|
ARt B riate T 0Grs dobisfaliihecrnalBe (e Sepnad frepnstructed
Ma@n OfHechirssaieoft |ﬂ1ﬂagé©ha\te Bgen @Tt&llﬁéc}l ;Aﬁth@r v%oﬂ?&orrespondmg to
h ere 0S
e BB o 38 st pepigds <Pl i B Setarit S S iatted with

walu¢ btz detrespondingts the pasitivras tiesecdnd préjectoeslidel In the first pair of
cant,r uni t

Gy T s e BT ] B et s
anerin rﬁtanUSI bmerlesiettgrsmﬂﬂﬂuaremtd& e (WeKphi dre Ghn tHE@@nedaﬁtae second
t t con
SR Bl el o7 58 B oGP e R0, Bl are Bt o focus
bigtithe) lettees whigb rard hmlwmh@ma?areﬂw ihake plRgof Ch%:@dcond slide as
b resol ut eperate

Oty P58 B BP0 R 0D

interface or renote display on a PC or other such

B e GBS bbrrommatta ity s st 480 Aienton But can of course

loer leama@de@racmrsih@vm: furthier @rbedintentrud the. prEant ara\%atlgn t% provide a
get t ct ed side

P 9 FiePhteS blekloerih Al Vel 6 etpetiee

Babadlmstscof Itrm:benieammvemtmemeobraﬂd@mvnerdm mddest for deriving

rresFondl

{0
o i, 6 1iSettoidy, TRG HERRE Telin' pbPfabedh mpdetigent way o
dsMo bq‘m@e&o lzopéd with genehalissr idndinafiers Sysinis.nth thebOtiAd traismittance

' . e 11g il lustrates the
f{;#ﬁ%{ﬂnlu ape uFeels(wetaﬂlyndee%necF {)Igg lEJeam 0 racﬁlatlflon 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 will 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 throughout the thickness
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a first reconstructed i mage, whilst figure 11b
illustrates the phase of that sanme reconstructed

WO moag/e4236t gure 11c illustrates the nodul us i nfrEIT@EB2008/000620

of a second reconstructed imag2 with figure 11d
illustrating the phase of that Ssecond reconstruct ed

Ioﬁaq&eeﬂwﬁeﬁélérﬁ: oBRlct. PhodeaAfar AAM ehd 8RWilf Adalige mmhe extension
a value of z corresponding to the position of

Pf Fléﬁh HPUrert teghnigge t%ﬁb’?sé'g?'i‘f@ @éb@ﬁd’"’ﬁﬁ”sﬁmﬁé\?@eﬁ@éﬁ‘ﬁs PreV'°US'Y
RugH! & 8 iMpolsiBleVR) WehiBle n PRICHES RONEhE Drigevehf of the following
position of the second projector slide. In the first

p%qspn@f i mages of figures 1la and 11b the words

‘canmera” (contained in the first projector slide) are

in focus but the letters which are upside down (which

&irgtly; nit ¢ i5eWgl-kReWERT thah dtesativgn ghage d%tf'e‘é?'e”lﬁmdéf have difficulty in

de@HRining" tHe BlarBCON theP BbfecO THIR UL DetdlReVEESR dﬁﬂéﬂ%h%t f th
are omr’gof gcus but th erecetters WhIeCh gre upslI e ye ol e

é%meé?f’ #age rt\QW@erﬁ of jRway| feare thsr detpetos Bl@pR dlosnqtApPaaciably affect the

E d%Ye&éhe Wﬁ'euﬁjc@éssz oﬁﬁ%dabd?/etrﬁ@'\tfoﬁé@rbﬁbl‘ aftt fe@Rique with 2D
are s ocus. The results illustrates

ﬁ@ﬁﬁ@rh@ﬁwééefﬁfctfﬁ be@y 1sagrte fely CRethe apipegidentoRogitiense gh the two-

QfmerRIsharoiect @hbaRE BartirGIaPEdintle bPthEWD MEMirREBI9 Ain¥Bo used in the
of the present invention to provide a _continuous array

TRFONREUCHOR b dvasopreyiosrly ity sipposads that dnany Ag@ra &t OPJﬁet was not

eBh&aEMt Aith t@%%b%%éeﬁfmétwp@bsﬁﬁéﬁ su@V@rﬂ&lb@ﬁthHWéuld be bound
provide an iterative nmethod for der|V|n I m dat a of

ép fallr fecaussj betdatacelieqted movwebwtcnaﬂstﬁgt wﬁbqhe AFFeMptipns made
@Bout k& intdra&Idh ohaye BrRbawith@hdspjgktl € to cope with

generalised illum nation systens. In these the

transm ttance function of an aperture is weakly

@@Eérﬂﬁﬁ fer aa3beaﬂbetf Wél@baédaﬁé‘reﬂaﬁ‘orﬁedlﬂ@@h{ YayeP€ 6$ @A object will
I'n alternative enbodi ments rather than derivin

ingréareeini e diffragiioppplage ini 2 wave thadj weyld; ender %h%ﬁwm'mens'ona'

'aBEr%hHﬁhb@rh\faﬁ&arﬂﬁ@Q Eéé%uéé‘%raé lgR@n qrmté%?feuéfesdaitére'é;dra phase
may be derived. It will be preci at ed

ﬁhﬁ’flﬂesaﬁf ¢ intfqgeicad F\%S"’aﬁ@%ﬁ"@@ém f5em défFPFSWg@‘FF?tP%ﬁf {he efject. This

%UId%gHéﬁC{hétosdcﬂV&éFféﬁﬁE@WBM\@ - {TB) Qﬂ%brt(n%@ to apply the existing
j ects_usi nﬁtmg fracted data col I ected froma nunmb

Qf'orp%rb%@ alged peAUsH ittakesoaeseuns of sugh interference effeCtS
estimate of the probe can be nade at the plane of the

2D obj ect. Enbodi nents of the present invention can be .
JhiEdy.aib isakpryyre that iy SPnhokinets e pluaiiation ifenction. ahplanes substantially

Al 'frbhmhev‘é}ﬁfa?ice dubacP PR Iadiioh, ﬁaélt%%oo?@fétlv@ to the free-space
nunber of different planes at different depth

t”HF‘dJ'L?éj%GF”Q"'H@ becausRe sthe Séattﬁme(‘)@%hé'ﬂ@ﬁﬂﬁ woftedng) from the
bheeatskam liar with the art will realise that the

extenS| on of such a prior art technique to

i nvestigation of three-di mensional objects was

Pb&HIP WecHuse in the prior art methods 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 modified as per the present inventions teaching and quite
unexpectedly applied to provide a tool for providing data which can be used to
estimate/investigate structure in 3D specimens.
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t hought to be inpossible to achieve in practice for
one or several of the follow ng reasons. Firstly, it

wO oswedBBetdknown that iterative phase retrieval MEWGBZI®S/000620

have difficulty in deterninin%gthe pl ane of the

object. This is because smal | <8i spl acenents of the

?ﬁ:%bgﬁ&ﬁqhe\@égc 1o/anf é?ém@v‘@’ythfsréHBcFﬂB@tld?lﬁttﬁé:%Fdso'c%ﬁ'@nse and
appreC|a y a he intensity detected The

Sootairy andf variptionseitee Wéfﬂsb fﬂﬂ@%ampleolcoﬁlpfﬁ'ﬂ@cm §o@prises’, means

Vihdilidd BRI Rt tihitdStot, h?ﬁoefétht RRERUHRICR) (A B6ES ndY) é)!&:ﬁhde other

col ncident positions of the twodi nmensional object and

freietigaraddiivearcosonapis dnisgets stapsi | | umi nat i on

function used in the reconstruction. It was previously

to sugposed that if any part of an object was not

Fbiovgherdrihe \deserintine apdpraimsfofithis %’@P‘f'ﬁ%ttoé‘d ther gjpgular prGempasses

g'}écﬁlur%f‘ RGO tceme}ép&hé’m}i?e BquRd. tiR pfaﬁlcbbar b/ﬂfe?é’?n% ih@&¥inite article

ta CO [ ect e e I nconsistent wt
@sgsﬁﬁptth@r@enﬁq@mb@u&o bwnnﬁ&sgmcﬁ @ﬁnt@mmaﬁ@gpwle'@éty as well as

t hives dtRérmise3D obj ect, waves
gfﬂa ":9 c[q?ér om goﬁgere Iﬁsayers gf t he obj ect will
|nterfere in the diffraction plane in a way that woul d

F@ fds, ﬁﬂggérgpcr%'ré'@é}%'tl%adon%%ﬂ’é“dﬁ@ﬁil&n N mdiMRsi g -grdiPsSdescribed
ecause or a given fini'te angle of scatter, extra

mmwr@hmyé@ apagiculer peRRe: cnhasimentos examplgtdl Hie inyention are to be

gh&ér@fo@&“to dc?eo'é\p@lcgslettgeavﬁbi)tﬁg aspetit SeMBYlitheRt 80 @%Emple described
such interterence destroy the opportunity

hereipwilgsstineorepativte thgrepithor art 2D al gori t hm because

it makes no account of such interference effects.

Thirdly, it is known that in 3D objects the

illumnation function, at planes substantially distant

fromthe entrance surface of the radiation, is altered

relative to the free-space illum nation function

because of the scattering (or even nultiple

scattering) fromthe object itself. Fourthly, because

in the prior art nmethods only 2D data has been

collected. It has until now been felt that this would

not encode any 3D information at all. Enbodi nents of

the present invention nmake use of the unexpected

result that despite the previous beliefs that certain

techni ques woul d not be applicable to 3D applications

certain aspects of prior known techni ques can be

nodi fied as per the present inventions teaching and

quite
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unexpectedly applied to provide a tool for providing
data which can be used to estimate/investigate

weoosaiasee i n 3D speci nens. Throughout the descrepnGBRWS/000620

and cI ai ms of this specification, the words "conprise”

and "contain" and variations & the words, for exanple
CEAlRSi sing” and "conprises”, neans "incl udi ng but not
limted to", and is not intendedto(and does not)

excl ude other noi eti es, additives, conponents,

i ntegers or steps. Throughout the description and

¢ ai md Bethedi f pweingiimage slata f%é%ﬁﬁﬁ%lnara%ﬁﬁmaééﬁg'on of a

e Birdr8lon 6P ard ABORR0 Birihg Halitgss sequi res. | n

particul ar, where he indefinite article is used, the
Speci piovidinadrcifent radiption, fraer & agiion sowsRt %@&%ﬁqragt object;

plur alihtyt 188stVHe détsctdr, HHRRY e |riié‘rl|§ﬁ§softrl§8|aﬁ9r'ﬂts€§ﬁered by said
requi res ot herw se. Features, integ

et Rhjeqtiwith clbe 'Bgﬁﬂﬁdﬁé@tm% Rk i @&1 P%t'@i iy rgspect to the target

ghjestps described in conjunction with a particular
aspect enbodi nent or exanple of the invention are to

be untfcPasitioningthe incidepbradiation eslatiyedn jheoierast okiastct |

enbOdéL%@Hu&{tlyWing tﬂ@%ér‘\éﬁ?%f hﬁtﬁlsﬂld'h é’&ltt‘%%:d by said target object
i nconpati bl e t herew met

pitwthedneigentriagjationata mpn@ eﬁ%mcrrwth nggcﬁ t@ ﬁmgtérq% opject;

r egi Ofet@fmilin ErH rebd 'flm&‘l QH@Eatﬁﬁ% dsAF2ed oPRY 1854t one characteristic
conpr|S|n e steps of: providing incident radiation,

Pfrtbmmlqe@ a&tat@n %thmeccé mase dgpthpin the gb okjesteand vi a at

| east ,QURirde rR&dLHata dfb R GiHidHart H%g'erﬁf%ﬂé'otr)‘n&fe regions of the object
radi ation scattered by said target object wth %

MY ibgepDstrutrdYia @A itgratiye pracess paiRg F@'@ﬁf%etfhn@@@pect to

the target object; re-positioning the incident

radiation relative to the target object; subsequently

det ecThegnathed @ﬁtcéﬁ@‘,‘ietiy" laimatiwheresh S§'€a$t?6rcéopf9‘9'd'§9|'@age data

futheetortses thabtkpPs be i ncident radiation at a second
position with respect to the target object;

det er RoMidig SRidhimsge damtaspensive tadit lagst thg detected intapsity at said first

2hd lecoRfPosiBBfs Wifigaat %ﬂlﬁt\ﬁaﬁllrﬁf traRSmittBREE §0hction, or illumination
radi ati on, at one or nore depths in the 3D object; and

bsnémrumvgab'm@ rgspest twaﬂﬁwt@mesh i mge of one or

nmore regions of the object may be constructed via an
iterative process using said probe function. 2. The

fet holihagethosi areciaimeddn anyprecegieg elpim, Sithercoapprising the steps of:

provi gitBEnihiMBAs pRARAIRY of depths within said target object corresponding to, for
each depth, a respective region of the target object which is to be examined ;

for each depth, determining a respective probe function ; and

providing said image data as a plurality of sets of data, each data set
corresponding to a respective depth.

4. The method as claimed in claim 3, 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.

5. The method as claimed in claim 3 wherein said step of providing said image data
comprises the steps of:
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further conprises the steps of: providing said inmge
data responsive to at |east the detected intensity at

woniogl1f36t and second positions using a soft|pcwveBW0sg0620

transmttance function, or illum nation function,
novabl e with respect to said t8rget object. 3. The

et hodstfgath P%W@ﬂeétﬁuﬁ&%nﬁﬁcﬁ@ﬁﬂbrﬂ lé‘és@'oﬁé cﬁé’rrat:ﬁﬁ%tlc of said region
conprising the steps of: determining a plurality of

akipenrarogl etieet rg%nqmswartg detepisp é@?“%*dﬁsr@%%wﬁ@ thebmc'fi%mt radiation
e&%sgep%mon@d WS Fé%‘ﬁbbt‘i@ tﬁeeatg@ﬁ 0 Jfﬁclt BRgtarget object

i's to be examned ; for eac ept h, determ ni ng

a reslé%rét'YQhérep‘F%B’é?“ﬂGﬁéFlQS’i?Ct funetions wherelyng sai d i mage

data g§ cchdéyabi kY rinirdelestimbtedst Qhe %Té&t C*@ﬁéﬂo‘f"nebrowded by re-
corresponding to a respective depth The net hod

estinatng th%objleaﬁfﬁngl,onﬂ%mm@\redc\wr’f’p?%lW@attone st eps of.

provi di ng i nages of the target object at the

det erm ned depths by sequentially constructing images
Bach & F@&*MERE ¢laimed 'rachaé%éémhqvéowem'ng the sigpsof:

r eSpeﬁﬁJit‘ﬁ@ll@QBe%Etquéfea obﬁct quBt%r{Wth@%rélfe fah&iored in

cla wherei n said ep of providing said i rage data

conpr p@w%e §<taétsgedowaégtqs|tiﬁ|@ten@%ﬂ%ﬂﬁwswan@t aorﬁsult of said
hflipfi@dtibRg at | east one characteristic of said region

of the target object responsive to detected

i nt enBioPPgatingethecscatiersr: Wavenestimeate denstion iiPErvidsnan estimate of an

léi?déc%&%c‘étt@r@?d batRReGng th respect to the target
object; and iteratively re-estinmating said object

f unct FIFECtiME e fle I§ashnong cHaERSerStic 20T GANi 9gPeated nipatierny pattern

bbQr@RY &F4 dbideekiiqBngifyovi ded by reestimating the
obj ect function is inproved with each iteration. 6 .

The method as clainmed in claim5 further conprising
the steps of: multiplying the estimated obj ect
function by the probe function; providing scattered

vave &be meghad astﬁie'meénn Flaisn § fasthes CPmpasm@mﬂ ftepst ofs ai d

mul ti plécat pre ag&fn?p%aéér%téch%xﬁ&?éa %E%r?ﬁ@vﬁattem to provide an
estimate function rovide an estimte of

HRjRted septiorad Wavg ?Pé'”k?é& fusetion; aRd

updating the running estimate of the object function responsive to said updated
scattered wave estimate function according to the function:

0,. (N =0,(N+UM\w. (N -v, ()

where r is a 3D vector represented by Cartesian coordinates x, y, z, Op.4(r) 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 value when there is no preceding estimate, U(r)
represents an update function, y;,(r) is a corrected guess at a scattered wave estimate
function and yg.(r) is the current guessed scattered wave estimate function for an

iteration.

8. The method as claimed in claim 7 wherein said update function U(r) is:
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correcting at | east one characteristic of said
expected scattering pattern according to a detected

wo miogmgséey. 7. The method as claimed in clai micf/gBtdsnoos2o

conprising the steps of: inverse propagating the
corrected expected scattering?fattern to provide an
updat ed scattered wave estlnate functlo and updati ng
the running estina, of t @blg tf fﬁndg)on responsi ve
to said updated sca Eﬁ p? ction
accordlng to the functl ¥ i g g U(r){Yc (r)
r)y) wherer is a vector resen . )
&Q? in A ARG Vr?ﬁt°é§"<3¥ed/by the, PFOBBI fhe f'f§t 9 %éﬁﬂ?ﬁ Rgsitions, B is

FEEdRCcR c@ﬁstbhte pth)érst a Pkﬁ'b%tfhﬁ&bon(%i(d poditforARPPEFFY i1 the complex
esti mat e of ect unction or 1S unl t or sone

60'Hegaty of ther erphe ﬁwt'%PaeRW@n(rtwelﬁ dhe maﬁmﬂv dagioh ghe amplitude
8EPlIBiS a s%adabg (ERERE Snd? WRCRI UGk BRery C. N(T)

I's a correcte ess at a scatter wave estimate
function and yg n(r) is the current guessed scattered

gave Zﬁén{j@’t‘ EISH mfa‘ﬁ ofB chtcE bo\ﬂher% Jgﬁs@t&%%pagatmg

as cl e n sard up date 1

cempriges: wtf@ueerRtrar@fermtlgo arhep theatettﬂct%vws&y is |qetected at the far
be fromthe first to second positions, b is a

eedback constant, P(r-R) is a probe function at a

position R P*(r-R) is the conplex conjugate of the

ob h .
ﬁ’? gﬁg%ﬁ«?f‘ d? EIEP@'g(m a‘f(ﬁgﬁé oEz)acllaan b f/h%}%gt §Q‘fa<?'§té dé'?ropagatlng
sl Ftesnsl raosagaelon aties theatlrastane @tedrcbfes @b a tﬂmam from said target
GhBLITMAL Bl Afchin Ghth@Rs® Whereln sald step of
propaga ises a Fourter transformation when
t he detected |nten3|ty is detected at the far field.

T [
\}mq)er ei n me Iﬂﬁp?szgalo A ||F§H)é Brgetclél(?]mg ?@ﬁ%qgrtﬁerado%rémg the steps of:
pr opagelectng sdic secorsl msntioeasq thah @ncarea detarminedain said first position
f ' nel
PRt fAFhrar blleRGined ) S84 AR BARERTE
any preceding claim further conprising the steps of:

| ec | r
Eg tor trrnh%e de'if%cfi as %&ﬂ?g ﬂ?éla&tﬁ?lvgl%r% \Baéral ogfhsrﬁtvefgﬁeaaoverlaps at least
POYtdieaidanearedet ermi ned in said second position.

13. The method as claimed in claim 13 wherein said further area overlaps more than
50% of said an area.

14. The method as claimed in claim 6 or 8 wherein propagation is calculated according
to:

M, (u,v,2)= T, [t//g(x y,z)]

where the transform T;}y is only taken with respect to the x and y coordinates, whereby

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

and y- coordinates and placed into a respective plane 2 slice in My(u,v,z) at z=constant.
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12. The nmethod as clained in claim 11l wherein said
further area overlaps at |east 20% of said an area.

wd 08/Tksenet hod as clained in claim13 wherei NPGEGH2008/000620
further area overlaps nore than 50% of said an area.
14. The method as claimed in Paim6 or 8 wherein

P5.0PPER ImdIRod BsCahifiiddainedlaint 46 1fdiRE shprdiHg! the &tepdof correcting
I [yg(x,y,z)} where the transformT 'y is only taken

t(gl v, 85 RGEF tHeOcdoh é(tef‘ﬂdanﬁ £ 906 Eérreé’{@&%?lm‘at%‘?{f M_(u,v,2),
eath’ depth a pl ane ST e over z=constant in yg

Fourl er transfor med over its xand y- cogrdi nates an

preEding thintengity egsseied At the datector, §9r|acearr'w'mrab¢/ p??'t'%ﬂ R, via the
z=constant.15. The nethod as clainmed in claim 16
felationghiPconpri si ng the steps of correcting My (u, v,z)

over the coordinates u and v, to derive a corrected

estimte of M(u,v,z) , according to intensity

nmeasured at the detector, for a particular probe
posv, =R (v vaR)4i¥“ el at i onshi p where Mc(u,v,z) is

the corrected estimate of My (u,v,z) where is the

square root (nmodulus) of the intensity neasured over

the det ect or pI ane coor di nat es u and v for the

lﬁérenﬁgo@poﬁe tPI‘f?ﬁgl? )es "iggﬁ%eglggf’d/n? VQ%?E?LQSWPVR) is the

(u v,z)into its nodul us and phase conponents as , it
bqaiang rootdercsiutusyl of et intehsigr mehsweg overcthe detectoroplaneisoordinates u
of Mc(u, v,z) will thus be constant over all z for

aad v ﬂﬁttﬂétlm.fmlﬁ@ﬁﬁrdbaﬁﬁ@ R, dnd Whdret BaEv2 gethphgtie' édmponent of

) VVI|| in general be different for different val ues of
h
HolPuaT I P LR SRS B comor

yc(x,y,z) =T-1[M(u,v,z],yc n(x,y,z) being a corrected
8%ti mate of our wave function in real space for an nth
iteration of the calculation, the back transform being
undertaken only over the u and v coordi nates.

0, (uvz)

Mg(u,v,z)=|Mg(u,v,z)‘e e,

it being understood that after this process the modulus of M (u,v,z)will 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.

16. The method as claim in claim 7 wherein said inverse propagation is calculated

according to:

v.(xy,2) =T, [M (uvz],
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17. A nmethod as clainmed in claim1, further conprising
the steps of: estimating the scattered phase and

wanpkidaee of waves caused by the object throughogB2608/800620

volume for the nth iteration of the processing
al gorithm given by Yg(r, R B(j - R.Q(r) = Yg(x,

z [ r rii
Ysbevdn By RELSIRTd BBk Gl b el Sace for an o
cor respondi nt]zj particular current estimate of the
dgatien of thecedlatationgtherhack transtaimakeing HPIRIERKER oRyapyer the u and v
V\hereln the first estimate of On(r) , with n=1 ,
genidinates: of unity anplitude and zero phase over the
whol e of the volune of r occupied by the object. 19. A
method as clained in claim8, further conprising the
steps of: calculating P(x,y,z) via Fourier corrponents
af- Aﬂe@a%@s slpm@lm%@ éP@HP”%"Qﬁth@)@&?ﬁﬂ by a
| ens, such that P(x,y,z) =T (A(u,v)' éf?,‘g
det er ﬁ?tﬁi‘ﬁ’@gathﬁn'i?aﬁa@daﬁmssrﬂ?ea@f’"taﬁ’\e é’ﬁd‘(ﬂVSF C§H Py fhe object
of plane waves incidept on the target objects, as a
fhﬁﬁl&hoéh't%‘fmli’ﬁ% fordee A ﬁgrtaggn of tha @’QFeS%{HQj alggthan, given by
f(uv,z) =1-cos sin -1 ( 2+ 2)2]20. A nethod as
@Mér,rt%)d= PEftRéﬂffl@'/JfglﬁKUhé)r conprising the steps of:
caI culating P(x,y,z) fromval ues of phase and nodul us

tHe éJﬂl)ha@é‘Selﬁé APBHEILIE 0P @ gHlriddifar go8iibh o Bidill@hinaféh function, and a
P(x,y,0), berng such that P(X vy,z) Tu ((tx P{X,

. YorPdsh8nding pirticdlar curfiht BBErmaE o@%e%tﬁédfﬁﬂwdtlﬁn claiml

further conprising the steps of: térmnating the
iteration process when a predeterm ned event occurs.
22. The nmethod as clained in claim2 1 wherein said

REEGS %%é‘i‘n&? ds QY agr%d GD BRfrh 5|95wr'(ijé?&n QHgJﬂPs% e@{rlnbfeeéfaﬁbgﬂswuth n=1,

sati styi ng a predetermned condition
as cl ai in claim2 1 wherein sajd r? rm ned
gQnsiitts egﬁw ) SRS B SHOcREge AYPLineBiais o) figualime of r occupied

redeterm ned condition. 24. The net hod as clalned in
Y H1&RPIECtf urt her conprising the steps of: positioning
the incident radiation with respect to the target
obj ect by selecting a

19. A method as claimed in claim 8, 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, (A,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

b(uv,z) =22 [1 cos{sm (z(uuvz)%m
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| ocati on where the incident radiation falls on the
target object. 25. The nethod as clained in claim 24,

wd 208/heBeoconpri sing the steps of: sel ecting t RECT/GB2008/000620

| ocati on where the incident radiation falls on the
target object by formng an i 132uni nat i on profile wth
a lens or other optical conponent. 26. The nethod as
claimed in any one of clainms 1 to 25 wherein said

pOCi dAthethadiad ciaffed MEMIMSIBSfuRhSIHRRpABINgahé ¥teboon! | zed
wave field . 27. The nmethod as clained in any one of

cl ai n‘éaléulb@ngzﬁ()d!yﬁﬁrf@nﬂvéi@ééjoﬂ pHA8E afAdhddORE afany one Eredetermlned
substantially wavel ength-limted resol ution. 28.

%hboﬁosﬁ%nébétEﬂ?(ﬁl-"(i‘y,@ﬁ)beﬂﬁesu@ﬁ thdtai ms 1 to 27 wherein
said at | east one detector conprises two or nore
detectors. 29. The nethod as clained in any one of
claims 1 to 28 further conprising the stepsof:

PRe) S8 e LTI, 30, e method as ol ai mec

in any one of clains 1 to 29 further conprising the
steps of: generating the image of said region on a

v$ erh thé m&ﬂo@ﬁﬁgiﬁé‘HQﬁ‘ chifth 9 fbr'ﬁ?éi’%o%h@ing e stgﬁéa

laimed 1n any one of clains 1 to further
conpr iegmrrgatlﬂa ¢hesitesptiongirocess whiedi arredeateminae ﬁu@ﬁtoccurs
radi ation at said target object via a weak lens or a
caustic froma reflective surface. 32. The nethod as .
éRai méheimether applainggd ip|caime? 11whesein spid predgieFmined event comprises

IR 5 itbRgord SRRyl a ﬁr@@@t@?rﬂﬂe@@&ﬁﬁlﬁ&i d at |east

one detector in the far field wth respect to said
target object. 33. The nmethod as clained in any one of

ebai Mghd fQndPad HFaFnQ&‘f|nCdeTer21S«}vlﬁkgeﬁ1rh%lcﬁbr%B§te%rned event comprises

| ocating each said | east one detector at a distance
BrsYm sfaed q,r@eqatlgfmpg@tpredetermmed condition.

24 The method as claimed 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.

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

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

26. The method as claimed in any one of claims 1 to 25 wherein said incident

radiation comprises a substantially localized wave field .

27. The method as claimed in any one of claims 1 to 26 wherein said image data has

a substantially wavelength-limited resolution.

28. The method as claimed in any one of claims 1 to 27 wherein said at least one

detector comprises two or more detectors.

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



10

15

20

25

30

35

where Fresnel diffraction dom nates. 34. The nethod as
clainmed in any preceding clai mwherein said radiation

WO :o0s8eeBéer ed via Fourier diffracti on and/ or Rr@&EBaB2008/000620

diffraction. 35. The nethod as clainmed in claim5 or 6
wherein said at |east one charicteristic conpri ses
anpl i tude and/ or phase. 36. The nethod as clained in

claim 3 and any. cl ai m dependent &gerefron1mgerein ai d

pr obePAY#Y %ﬂﬁgmﬁﬁ‘i’%‘%é"e ahe fegion; 4 gaiddAgenpoIge in real time.
illumnation function. 37. The nethod as clained in

claimb or 6 further conprising the stegs of : L

3Povi dhageinos & iR INRONE 08 cBRoL & 28 fidthies GPRPTITAG the steps
gpurce and said target object; and |locating the

aperture and/or source at different |ocations to o

t her eB§"§SRHRG thei NIl SHAGERIAN BN 2apses AisPIqy pPagedypppn said image
gagond positions with respect to said target object.

38. The nethod as clained in claim5 or 6 further

conprising the steps of: providing a | ens between the

Badi atrh®melRol 86 cRMedAl dhy lone @B tlafhd ¢ 30 Aithdr @eAIpHEIBG the steps
the |l ens and/or source at different |ocations to

Pﬁereby provi de incident radiation at said first and

secongraRRifid $8d hoiiehbhrddRfiBR Gt s4i@ targbotjédt yRi a WekR tdns or a caustic
9. The nmethod as clained in claim37 or 38 further

3

b8 fellpelyerwgase eps of 1 providing a di stance between

a lens or aperture and said target object, said

di stance being sufficient to permt a wave function .

33500 he EPUIRT S Planett NGy 2ne 9h o@ims 1t dadurdier somedsing the steps
bens or aperture to evolve in shape prior to incidence

at said target object. 40. The nethod as cl|ainmed in .

cl ai nfogating eagh ?ad%’ ghieastenpgstestergn dhifas figlgowily respect to said target
dejeecting the intensity of radiation scattered by said

target object with the post target object aperture or

the incident radiation at one or nore further

Bacat TR tethddas BRMRSH intahy loRe of Blaid 1 @B GlirtherR@mprising the steps
providing said image data via an iterative process

@8ing the detected intensity of radiation scattered at

at | efszhtifyeadt shideatl ibéthéle boreabor AP S didthncé floRiRHid target object
program conpri si ng programinstructions for causing a

&laﬁr@ﬁrgfnql giffraction'dominates.

34. The method as claimed in any preceding claim wherein said radiation is scattered

via Fourier diffraction and/or Fresnel diffraction.

35. The method as claimed in claim 5 or 6 wherein said at least one characteristic

comprises amplitude and/or phase.

36. The method as claimed in claim 3 and any claim dependent therefrom wherein
said probe function comprises a time independent 3D illumination function.

37. The method as claimed in claim 5 or 6 further comprising the steps of:
providing a pre-target aperture between the radiation source and said target
object; and

locating the aperture and/or source at different locations to thereby provide
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performthe nmethod as clainmed in any of clains 1 to
40. 42. A conputer program product having thereon

WEWRuiBE0 program code neans, when sai d progr apa1/6B2008/000620

| oaded, to make the conputer execute procedure to
di splay an inmage of a region o a target object on a
gw%ﬁfenfjﬂ 3RkiGY at émgr%t 844 SedoRt pBSRSAANIIEspEtdo | SERASget object.
el ng determ ned he conputer in accordance with a
nmethod as clainmed in any of clains 1 to 40. 43.
ABPar ghdltneiiid & Q¥ifEang cratm%r@%r%ér%n@ﬁaﬁg %é §8pSbr:
i mage of at |east one region of a target ob
conpr PEIVISHg &leng phraenrihe rAdiationsgurcg @pd |saidrfargeheb19@tn?nd
r adi atchfhgafheQeg’sDaE@/Bg%ure@Ja?QFfﬁeréHt Iéc%ﬁ&ﬁs Pl qsrbAle incident

device for detecting an intensity of radiation
saciation @b gaif first and seeangarosiione with respeslctarsaidatasl piect.
that selectively |ocates the target object at two or
nore pre determned |ocations with respect to the

BRci déhe meifndaas daimegyid alapn 8¢ 5 38 furthgacoppiisingits sters of:
| mage, Qﬁféi% SHQEREY Behiten S94RCHE QPérmrg NsHdt ¥a|9ftaFdé? object, said

scattere |at|on at two or nore ocatlons wherein -
distansa ibgingr %5%@% rtoipermit mawavalfunetion assogiatechwije ragiation at an exit

'IJ&QL&@H Q&g%ﬁé’?ﬁ WoBrtfe foe&mlr\aghip%sﬂ‘?&ttbvlﬁmg@rﬁgeh& said target

I n sal D target object. he apparatus as
ebigftred i n cl ai m 43 wherein the | nC| dent radi ation
provi des a softly varying illumnation function. 45.

The aggar atus as claimed in claim43 wherein said
AP.oc edBe Mmethad arcelaimedpn claia 37 or A &4rB)sF 6@BBREING the sters:of:
stor edét@@l‘ind"fNeCIiﬁteﬂéﬁ)ﬂoia%ldtleﬁts‘bHﬁérb@rﬂw§ day ta?g"étdobject with the post

nlcroprocessor and controll er that prOVI
tataety ohiegt capertuee ﬁb\t@e icideah sadiglipn aff orgyjof mqféufaéh@r locations with

l; b@tttb%t%Fqét%Bﬁgf aR@i ect. 46. The apparatus as

aim 43 urther conprising: the processor
| s ar PeNiging said Heage datavia areiteralivrePmoaeE Yy e dategied intensity of

FRAABASCAErE B bt 1845t ORE of HedGih&Ib&fibns. 47- Appar at us

constructed and arranged substantially as herei nbefore
descri bed with

41, A computer program comprising program instructions for causing a computer to
perform the method as claimed in any of claims 1 to 40.

42. A computer program product having thereon computer program code means,
when said program is loaded, to make the computer execute procedure to display an
image of a region of a target object on a user display, image data for generating said
image being determined by the computer in accordance with a method as claimed in any
of claims 1 to 40.

43. 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 scattered 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
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reference to the acconpanyi ng drawi ngs. 48. A nethod
substantially as herei nbefore described with reference

wo cookh&3acconpanyi ng dr aw ngs. PCT/GB2008/000620

35
a processor that provides the image data responsive to a detected intensity of
the scattered radiation at two or more locations; wherein
the said processor is arranged to provide image data indicating structure of

regions at respective depths within said 3D target object.

44, The apparatus as claimed in claim 43 wherein the incident radiation provides a

softly varying illumination function.

45. The apparatus as claimed in claim 43 wherein said processor further comprises:
a microprocessor;
a data store that holds data and instructions for said microprocessor; and
a controller that provides instructions to move at least one of said incident

radiation or target object.

46. The apparatus as claimed in claim 43, further comprising:
the processor is arranged to determine the probe function at each respective

depth of the target object.

47. Apparatus constructed and arranged substantially as hereinbefore described with

reference to the accompanying drawings.

48. A method substantially as hereinbefore described with reference to the

accompanying drawings.



