; e3e}fd}ct 6T4 1 PHASE DETERM NATI ON OF A RADI ATI ON WAVE FI ELD Fi el d of
the i nvention Thi Sy i elates to the determ nation of phase of a
radi ati on wave fi a‘lwmmm“wm‘”‘MHentl on also relates to a range of
applications in whicC E ase I'nformation about a radiation vvavezﬁ,i ?'qucan be
used. As used in this §Ph&ification the term"radiation wave FPULFO03
intended to include all forns of radiation that propagate in a wave |ike

manner including but not limted to eﬁanpl es such as X—rays[/”m" i ght
and el ectrons. Background of the Invention Techni ques for mﬂf ﬂM fhﬁnt
of the phase of a radiation wave field have many applications ip.

fundanental physi csHaRE BETERMASA TN DMURADIATIORAFUVENEIR b echii ques
i nvol vi ng various physical properties. Exanples or' is applications of

phase nmeasurenent techniques include the fields of x-ray inmaging, electron

m croscopy..qptical mcraoscopy as well as optical tonography and x-ray
phase tonogfejﬁfﬂ/‘.ct%lgh[é’é’gnﬂgntypi cal ly measured using interferoneters of

various typeg. inlBatikeYekled ealiHe &b PEEST F PRRLEYor § rhBB BRI WAy bRy
guantitatively nmeasure the phase of a wave field. Wiilst interferonetry

based techhhgueeentatinainosetes tcamangenedepalicatians haghibe @hasecugrmatadn t hat
non-interferometri echni may .be used,to provide phase information. A
nunber of M hEeT PUTORAVE I ar SRhe | AogibE i DB etREaheh Jof de
transport ‘@idiafibansaley/ fi€Ua irtehded toantRdieddl fIim&eyteratlitibd- thaspripagate

equation relates the irradi ance and phase of a paraxial nmonochromatic wave
to its |ongia wavealike rrarnemnesiudag Dat noklismadite exanoplebestichnasl K-raysague,

"Determ nistjc Phas i |: A Geen's Function Solution" J. Opt. Soc.
Am 73 143’43-@%4&&?1%@%%Hﬁ%§arti cle "Phase imaging by the transport of
i ntensjigty equation” by N. Streibl, Opt. Conm 49 6-10 (1984), describes an

approach 30 based on the transport of intensity equation by which phase
st r uct ur e BagkyeOUEhabHwinvesitine by the use of defocus and digital

subtract | %C(Plfndd‘gseﬂﬁi fh¥ r%%taéurement of the phase of a radiation wave field have
many applications in fundamental physics and as a basis for a number of
measurement techniques involving various physical properties. Examples of

1s applications of phase measurement techniques include the fieids of x-ray
imaging, electron microscopy, optical microscopy as well as optical tomography

and x-ray phase tomography.

Phase is typically measured using interferometers of various types. The key
20 feature of interferometry 1s the ability to quantitatively r;easure the phase of a
wave field. Whilst interferometry based techniques retain significant importance
it has been recognised that non-interferometric techniques may be used to
provide phase information. A number of non-interferometric approaches involve
attempting to solve a transport of intensity equation for a radiation wave field.
25  This equation relates the irradiance and phase of a paraxial monochromatic
wave to its longitudinal irradiance denvative and 1s described in M.R. Teague,
“Deterministic Phase Retrieval: A Green's Function Solution” J. Opt. Soc. Am.
73 1434-1441 (1983). The article “Phase imaging by the transport of intensity
equation” by N. Streibl, Opt. Comm. 49 6-10 (1984), describes an approach
30 based on the transport of intensity equation by which phase structure can be

rendered visible by the use of defocus and digital subtraction of intensity data



241 412003 obtai ned at various defocused distances This approach only
provi des for phase visualisation and does not provide for the neasurenent
of phase shift. Another approach based on solving the transport of
intensity equation is disclosed in T E. CGureyev, K A Nugent, 0 ‘Bégagin and
A. Roberts, "Rapid phase retrieval using s a Fast Fourier transtorm,
Adaptive Optics, Volume 23, (1995) Optical Society of America Techni cal
Di gest Series, page 77-79 and T.E. Qureygv and K. A Nugent,-"Rapid
guantitative phase imagi ng using the transport of intensity equation”, Opt.
Comm , 133 339-346 (1997). This approach allows the phase of a light field
to be recovere [ ! i I r I en an
1 um nat i G e h et GBRER HRAE TP RhblatR A, BRI Lerdrdy
di stri buti gguhigdtiordarky does rangrbade apetheuneasMBilest of ihaisappifoashogrn be
used for non-uniformintensity distributions the extent of the non
uni f or ni t yaperaachitasgdaase Mingobades sepg i fnieamty edwpilanais Bspsedifpl &xity.
Consequent i, S p i e t i : Lfarmti
Tt oducedCly i RaNEREM 2 PRa B <R’ 5, SRPFLL Bl BudRk " RrBLhL e
i1l um nat i e adt Sbuhdutraestsrm ThidapperOpeds, ValeheiZst (1098)sOp | Sa) ot abl e
to coherent wave fields. The article K A Nu%gnt, T.E Gureyev, D.F.

Cookson, DAMRAGaAnT ACNERlZDigrstnesneuarget 4114%e 3pRad i retger®y withd<-Rard
X-rays" ( 77 . (- 6 9 I S¢al d | ution
to the trgﬁ@g%?tt gﬂit%@?ﬁ%@qt@&a %%naﬂ%gggng?dtﬂg tth%c?i%n%géﬁdggg?tl%g%@
cannot be appitioad ©pt. Lomm: UGS 0BEAI4BL@AST Y. yThis sApprbadh afowStHephagpobaches
based on a solution to the transgort of intensity equation limted to a

requi r emert light {igidr iy Retipcarerededem BEQ Giarety BPatRd dglensitk measienggint , A.

Roberts "P I T t -10f;- j alel rix
sol uti @n Wt ?thI%@g\%'Pg%a%ggpk@p%rﬁ %%@‘gﬁ'sﬂtf@g‘?ﬁé@oﬁﬂﬁé W%ﬁlz,
1932- 1941 djstfiBbhoratichitdd By réstagelgr aherfRobelYisisatids Kpproddngean be Raedifad | y
Cini quenes Som-GTTgR TESsE G AioBH TS SXeah ot 4800 LSRRG sad £08003 A
t echni que i I h +Qf =R mk | } con is
descri bed "M SR AP e B PR RO P oA

t ransport not -abig émsiopy wiffuatdroonifdrimites hatguhatledstey isesnes shatplembisorption
nonuni formi)lum nation", J t. Soc., Am, A. Vgl 13,_1670-1682 (.1996),. This
appr odéh ip§°f153§(9(5 'Bﬁoaﬂ%}%m%ﬁ”Hf“'B?tﬂ%&bﬁﬁrét?tﬁwaanﬁl‘ﬁpép%(ﬁac%alﬁ sgrégtly
conmput at i gpaJ tMg%%Eﬁé@d?e'té‘_cbﬁE?WtﬂéP@sﬁ n many applications this _
conpl exity makes the technique inpractical. Disclosure of the Invention io
The present invention provides a non-interferonmetnc nethod and apparatus

for the sur ene of, pha | p. conbi ian wth I r t of
|t ensi ty | Be SR ACNLBBT s BRI e phett SR alis UEPER,

ot her pl anguhftithfite pags&irhagingawind hetdixtrayde 1de6 LT TRRE. Relnpek n2os -
techni ques. The invention also provides the basis for a nunber of
nmeasureneddb4 ichlspased arpa solutppdertiad@asapttief Ntensist equplian: oganHee

ohase of Eoraiea Fe REUEHdt FE B e AR RS R PRlaR o o "

representative neasure of the rate of change of intensity 20 of said
radi ati on wave field over a selected surface extendi ng_generally across the

vwave fi el @hghRPRIosEles mpsed 6pr @sEREtiaN Vo thedsanspost of dbtensity Fayetieq; d
radi ati on; fiel r [ : r v Yint S ] i d

reasar e ol MHaf dof FrBmaR! B MBRNEY, ¢ LegRinddhn THT LM 2

t ransfor nNugpnesentathieots dPidasppkirievg! tvaths divel tramsport-of-imgeresityt equafar m

representation first filter corresponding to,the {nversiqn o fiy st

G T or ent PRT0BAMIPB e tbe & 28T AF PSR’ of Gok St ABhahglelot

i ntensi tysd poaduaegs) fAddsstr B0 frbgsl, i At et BAASKIX TNUBBRESPRkRII ON;
(d) applying an inverse of said first integral transformto said first 3o
modi fi ed ¢ottezgniafieldsatisf dramspeprafsrtenaity myguatiopr eddcehase uniquenssst ned
representall Q. am. A Vol 12, 1942-1946 (1995), '

30



24141 2003 (e) applying a correction based on said neasure of intensity
over said selected surface to said untransfornmed representation; (f)
transform ng the corrected untransforned representation to produce a second
integral transformrepresentation and applying to said second i @ 6% S
transformrepresentation a second filter corresponding to the ?ﬁ‘@gé n of
a second differential operator reflected.in the corrected untransforned
representation to produce a second nodifi'ed integral transform
representation, (g) applying an inverse of said second integral transform
to said second nodified integral transformrepresentation to produce a

nmeasure of phaskniglietior satcharpadifaphaue wavke fdagkdoabasmiamdiaeliesicedis
pl ane. In accordance with a second aspect of the invention there is

provi ded anlesppheatns Fofoufeniit ARGt GeNyeeal ithass wineraltwéh fraagenspord

diati old i nal td | _ ‘ ;
roasur e of SECHSEL ol Bomll aBrrRabRy SR Bu8H B8 g GRS el
over a sel gcimst. [l dor. exvendingepenesal {(18oayr oBEs tapprdatie e besedfon a

propagation; (b) nmeans to produce a representative neasure of intensity of
sai d 205 r a@ibPOnOWATEOSPERY e¥PaPSigRs daBe| @t Xf erriationally seawiesing

neans to Sﬁﬁg@ﬂ{é&ﬁg{,é{n (1) Ha’%—lﬂﬁzaggﬁéﬁﬁ@nq pﬁf%rn‘?plgiitﬁ %Ské’s{ .tl‘?@a@?ﬁ?@[lgppl y

intensity produce a first transt ormrepriesentati on;

to said fifmspractitelgral transformrepresentation a first filter 2s
corresponding to the inversion of a first differential operator reflected
in said neasure of rate of change of intensity to produce a first nodified

i nt egral tb?éﬁ{)QﬁF@ FEREE iden; (111) apply an inverse of said first

integral transtformto said first nodified integral twansformrepresentation
t 0 produceTha cBesenitinegrsfoor pedidespa esenttricoometnQAbh@D@3d 4dpdratappby a

correction based on sai sure of intensity over said selected surface to
sai d unt r aféf m%r?@ﬁpgsogﬁﬁﬁﬁeon,m(?ﬁ F@HQ%OWHFtﬁe&E%QtrE@aéHremem of

lrJgItO; 222;;32??6&?&9% ASAYREMARt bP pRASEUMBWE tRECSHHES BAGFRRhshy ANHHYT Sher
I ;
plane in the radiation wave field to be determined using known techniques. The

invention also provides the basis for a number of measurement techniques.

In accordance with a first aspect of the invention there is provided a method of

quantitative determination of the phase of a radiation wave field Including the

steps of

(a) praducing a representative measure of the rate of change of intensity
20 of said radiation wave field over a selected surface eﬁending generally across

the wave field,

(b) producing a representative measure of intensity of said radiation

wave field over said selected surface;

(c) transforming said measure of rate of change of intensity to produce a
25  first integral transform representation and applying to said first integral transform

representation a first filter corresponding to the inversion of a first differential

operator reflected in said measure of rate of change of intensity to produce a

first modified integral transform representation;

(d) applying an inverse of said first integral transform to said first

30 madified integral transform representation to produce an untransformed

representation,;



S (VI) apply to said second integral transformrepresentation a second
filter corresponding to the inversion of a second differential operator
reflected in the corrected untransforned representation to produce a second
nodi fied integral transformrepresentation; and ~o (V11) apply 3&/583 rse
of said second integral transformto said second nodified inteﬁrﬂ
transformrepresentation to produce a measure of phase of said radiation
wave field across said selected plane. iS The sel ected surface can take any
formthat extends across the direction of propagation of the radiation

i ncludi ng planar, part-spherical and part-cylindrical surfaces. The first
and secondé)nt egr abpplyans botomectarh besed cnyaguineable by peeant, buel ydg 20
approxi mati ons enpl gyed for conputational conveni ence, speed or efficiency.
The first S@lECHSCIHEPGNICTRAIUNtERSETBladsreRFes it dY abl y produced using a
Fourier trapsform f form i K Ler
transform %{?he nmet Hgﬁgfgﬁ@[@p@%r aﬁ%rﬁ%d%$%{1 %%ggﬁjﬁﬁgﬁmtr}?é%e%gﬁﬁfto&etgf 6?8“8 a

det er m nat §goref imbase teinstordd repdisahizanvane dopglith itd saidreaaefid tifkdlgrdls
conputationally significantly |ess conplex than prior art approaches. This
resul t s i ntrangfArmi CMEFSNPONRra R0 atltYnCeiratRoNding donbeekyffiies of a
comput at i og 4d-aes girfERs uad dyeaRly Qndetey ol TN turehave hpsn.aahLeved.
30 The first and second differential operators are pre erabe Second order
di f f er ent i rabreqeettatar & ploduthe peafrer med fiedphemeattatristormofegrosematbod and

241412003 6 appar at ui the first filter, is supbstantially the same as the
second filf®r. It JRPIYDEEANINVEIes &F PR $erandanigdasanterm totsad seF_Rd and
second fil kN i hSE&rA t &t
reasure of Moal g e S e o A celed P R P T 92 can

conpriise saiecddistdry wauppiets acrngsfdaid seleictpueplaheequenci es of the first
integral transformrepresentation. In this formof the invention the second
filter can conprise selectively suppressing second hi gher frequencies of

sai d secongl '&a?&&%ﬁkewv@ﬁlsé UdBIePLesen! ot itp@-ln@&nﬂsfheg@ér%f:p%é@%‘?ﬂ on

the measure of intensity over a selected surface can be a nil correction
wher e t he appheatsstfpr gapntiaivasieteenihessn tdidhe ephmsedeft @ railiatidn sed e fied
armount . .
including
L5
(a) means to produce a representative measure of the rate of change of
intensity of said radiation wave field over a selected surface

extending generally across the direction of propagation;

(b) means to produce a representative measure of intensity of said
20 radiation wave field over said selected surface;
(c) processing means to sequentially

(h transform saild measure of rate of change of intensity to
produce a first integral transform representation;
(I apply to said first integral transform representation a first filter
25 corresponding to the inversion of a first differential operator
reflected in said measure of rate of change of intensity to
produce a first modified integral transform representation;
(1)  apply an inverse of said first integral transform to said first
modified integral transform representation to produce an

30 untransformed representation;



Preferably, the neasure of the rate of change of intensity and intensity rs
di stribution over the selected surface are produced from neasurenents of
the intensity distribution over at |east two surfaces extendi ng across the
wave field and spaced apart along the direction of propagation of éhs

radi ation. In another formof the invention the representativezﬁéﬂ g0 of
rate of change intensity in the direction of radiation propagation is
produced by obtaining a first zo representative nmeasurenent over a

measur enent surface extending across the ' direction of propagation for
radi ation of a first energy and obtaining a second representative
measur enent over sai rrea'apgﬂr f fQr i atd f ; :
di fferent energy. ﬂl\%t he a}égr%?lte)%%?g?%rgggiogt?%%&ﬁérﬁgg%?gé%ﬁigcﬁ%dnge
in radiation energy can ssedetiiserece bysabamgiangfarhredéepaysdrdatipet, or by

suitable 2s filtering. The sel ected surface for whjich nmeasurenents of
intensity and rate(}afg c HEIFEOTH7 %r}‘ﬁ 1 egré’”&a@a{%g@di ST eFasNaipn, to

| ocat ed between two of t i J-ntensi t
ﬁs%%@g%éc@fp@rnq%éﬂélr &Q!{?ﬁérrﬁ‘r’rgpé@%‘ng&%dn, y

distribution is neasured. 24141200 erre orm of the
i nventian the sel e€¥Bd swpfyade ard sEaced agegtal strehsfoesn aepreskataion lat i s

further preferred that the planes are gener.all rpendi cul ar,to the
aver age gi rection of préﬁﬁ@r%i@%ro@?ﬁgpqr&{fi‘%t Eé’oﬁﬁgp*ﬂ%@rﬂ@f‘h% 3 n¢Fcond

apparatus of this invenyifitefd) Hseraior! @ASEIRAIH kiYe | JRIRIEN B aHSINGhR

sui tably programed conputer. In particular the processing neans preferably
conpri ses a suitably prpreasmidticniipaiastucen sebend mapkiied ntégrahtransfdrmar e
pref erably perfornmed usiré}% %\ ﬁtgwrgb programed conmputer In such forns of
the invention intensity'T S? r ion may take the formof io digitised
i mages ;pr data conpaini BeplynhAr iMREisenof riM sdeebnk MREESral ItAarRfde to said

i npl ementations of the invéention a dedi cated Fast Fourier transform chip
can be enployed as at feeeandEedilier intearyittséaTheerreanstatpado produce a

representative neasure of rate of .chan £ Lty f Yo
produced ~s by subtractﬁ?ﬁsgée rogpprhgggnggts%\'/de r?ré%@ébe%@ﬁ?sﬁé'gs%%@?%vséq'(;j/ made
at locations over the sgpseewddaiatd. surfaces. In the preferred formof the
invention the representative neasures of intensity and rate of change of
intensity are obtained by sanpling nmeasurenents at selected | ocations over
t he surfac P rab e i MBas AL tions
defini r"n{g a?lh%g%?q%?tegr%%@é%océsgrg kéf %ygfl}??ace. %ﬁ%%ﬁ%ﬁs ﬁeggfr%“%rg%?eved
for exanpl prdpagasibngpfah€GBdiatioohiacigdingopliphed mevEplegrics driepaiicglitdrical f n
the preferred method the direction of propagation of the radiation wave
field is se¥dR3%d to be the z direction of a Cartesian co-ordinate system
and x and y 2s conponents of phase are produced separately. In this
Cartesian co-ordi nate systemwhere the z direction is the direction of

pr opagat i ofihefirstrend seidcntd ntegrahisannfefes caol bei ¢ftamsseitabieftypehand draiudd

(k.~ 20 kYagp%(r)évalwatTgrls érmifn?/oyed?of comput%%ﬁélzcoo%%emence, speed or efficiency.

The first and second integral transforms are preferably produced using a Fourier
transform. More preferably, the transform is a Fast Fourier transform. The
method and apparatus of this invention provide for determination of phase of a
25 radiation wave field in a manner that is computationally significantly less
complex than prior art approaches. This results in significantly lower
computation times. In some examples computation times improved by many

orders of magnitude have been achieved,

30 The first and second differential operators are preferably second order

differential operators. [n the preferred implementation of the method and



s _kx + k,, k,, r where s kx, kY are the Founer variables conjugate to x,
y and a is a constant determ ned by noise in the intensity neasurenents and
is equal to zero for a no norse case. The neasure of rate of change of
intensity is preferably multiplied by the negative of the averggf éﬁéﬁ
nunber of the radiation before the integral transformation int 4 urier
domarn. The representatwe neasure of intensity over the spaced apart
surfaces can be obtained by inmaging of that surface through an appropriate
i magi ng system is That is, the intensity information may be inmaged to a
detector rather than nmeasured at the surface. The nethod of this invention
thus provides for the quantitative and decoupl ed determ nati on of phase and
intensity ofpperaiaditheifiost filievés $m@tdnmllyath§ sauond as:&@aeamd)&lsert hié sdfiurteet i on

et or m na i 2 & oL BT B TR G e R ARES AP e drrspan fany

ot her Surf%eaﬂnotﬂgr'[ebﬁés‘é'n'fzﬁﬁﬂe'rﬂ@a@urepéﬂﬁ@@@ttyon Accor di ngly the
invention provides the basis for a nunber of measurement techniques. zs In

a further aspect of the invention there is provided a nethod of inmaging an

obj ect |nclud|n the eps..o e the object to a radiation wave
Frera 4 om's 008 dpbaofchE vt g LA EPL can il B S aetBeifeh FUBhist e o
change of 'leEt%érYfrWnc?essé’ﬂ m@tfﬁst mgrap@amﬁﬁdemsgaf%ﬁl | on AR %% the
241412003 y _ wave field on the side of the object renpte fromincident

radi ati on; of )prontragha sesendsitier saan eompaserselastivelyt surgiregsioy setodd

o o Rl B ERYES o Sl SRR BB AR AR 1 5 ¢ e

representation and applying tosaid first integral transformrepresentation
a first filtercorresponding to the inversion of a first differenti al
oper at &¥ r effhecpegction sased padbarecassure ff dntepsibhafje sgleriedesigrface ¢an be

Mhver se of 2l BorERd! Wifere RO ng oo iR, A RO ATp AR °"

transf or m ggpetedesrhabmton t o produce an' untransfor rred representation;
(t)applying a correction based on said neasure of intensity overiSSaid
sel ected surface to said untransformed representation; (g)transform ng the

cor eeLed URIEABY] ol ESaLEsep At oAt 5T R HSFREAL Pk e

r epr esgnt adhsmbuasmcamd the Isedrcted suefaporae rpgotiocédwéronnmayu@err@fntsaof the
second2odi f ferentj al erator refl ected Ir@gt he cor ect ed

unt r ansf or'ﬁ’@d‘lsgbtdégﬂﬁ‘t‘ N BHet 8! (FAsHlKe SHTSEEDF! g B&tPSSnihegyaye field
transf or nrepy gsental ma(dngaml St ioALA mségﬁ%o%f ofsﬁﬂ'edra%f‘aq%d fnnér?&ﬁé#

transformto sai dsecond no integral trahsfomm representation
produce aZémeaduhe infenlvastheofemasantatich areamuraaleafa ef dha'ag&)srstenszty in

i dsel d pl f h f th h
o ovi ded ARE aBBariisSs dRdiaHeg MORACOITECE  IRaT RGP BoSE R0 G e £ o

I rradigt e (bp@s@htAve Mehsureriadicier anmeayerenfdiisurface extending across the
: direction of propagation for radiation of a first energy and obtaining a second
representative measurement over said measurement surface for radiation of a
second different energy. In the case of X-ray radiation, for example, the change
in radiation energy can be achieved by changing the X-ray target or by suitable

25 filtering.

The selected surface for which measurements of intensity and rate of change of
intensity are produced is preferably located between two of the spaced apart
surfaces over which intensity distribution is measured.

30



24141 2003 io (b) neans to produce a representative nmeasure of the rate of
change or” intensity of said radiation wave field over a selected surface
extendi ng generally across the wave field; (c) neans to produce a
representative nmeasure of intensity of said radiation wave fiehg sai d
sel ected surface, (d) processing nmeans to sequentially (1) tra 44ﬁﬁﬁ%aid
nmeasure of rate of change of intensity to produce a first integra
transformrepresentation; (11) apply to said first integral transform
representation a first io filter corresponding to inversion of a first
differential operator reflected in said neasure of rate of change of

intensity t roduce a first dified integral, transformrepresentation;
(11 () appl yPrhﬁ"Ei ,Q\g%,égrgdo*orghiog‘?lp? r‘%‘feqt'ﬁf'eg"%a?e‘?F{?%s? #& 6Nsatrpqedr dpart s
nodified rn tr-ansi;eLm repr, [ p u rans

repr esent at %%ﬂ%&(&l\%@a@gﬁﬁma gtgﬁgg}tqﬁ%tn pggfs?g%do?lﬁ%ga?% ﬁ%@% eﬁgf Blé)lﬁl%%ﬂgl ty
over sai d spé¢mpenddusartbdbe averap direnionani oiropagedionegfrtbs eadiatioon; 20 (V)

transformthe corrected untransforned representation to produce a second
integral transformrepresentation; (VlI) apply to said second integral

transform reps asanbatdnanagoaRedner fHid irenton aanrandi kG int of
a secondS differenti al op%‘?%tor refI(lact edni n tChe correctsrtta%aﬂ;z1 m]@‘%g{]eﬁ%q]ned

r epr esent atissmg teo spttalliceragrarotat caogivtéred i mastewlar theansborsaing means
tati : d_(V(lI I i f id L nt I

troner or m St BY seodRi a8 BBy PG AR AR D a0 dbBntEPE o 1

produce a nRagseteaf prifasd Pipesrinfletaing i0BuM@Ne Jrebhmcactansutd din

sel ected pl ane. 241412003 The radiation used to irfadiate the object can
be a pl anasughviermsepldthe iRyaionciatengdyenpiklinfoonation anay ttake yhedfoanfofel d

If it is desi.red to_repr t e_jn_the object plane the phase wave
field ditelige uf)=bRE dodol walieBuRda 2plPar T s gh dRograpalnelie and
the wave fiap@nisedtitms bf tadinabetidrs adddlida6d fdssFadheeMeamsd e ReMRbat us
of imaging substantially incorporates the determ nation of phase as

di scl osed Eempieyet ApAt tapst Rartiqftee PEIrEssE@dABaaSpect s of the invention. The
preferred aspects of the invention described in relation to those aspects
above are also applicable to the method and apparatus of io imaging. It is
possi bl e | Mheospreappladtvet ineasutecofUate af aerngeddfjiehsitpid prderaphapeddced ance
corresponding to contact-imging wth zero propagation distance. is If

desi reds t hBY @b’jbé'@f:“%%r?fH@pf‘?ﬁ%‘rﬁ%t"reu@ﬁéauieﬁ” He rSEP%%tt"ebﬂ H?ﬁ?eo?t kg@kions

bropagati ng,Lhe,d BhaBsyt Ao AR uHIRaL! | Bf ke 59@@%%& R BRUhBNnLenfHTRAL Cal |y
reconstruct an 1 mage of t'he actual object phase and intensity structure.
representative measures of intensity and rate of change of intensity are obtained
by sampling measurements at selected locations over the surface. Preferably
the sampling and measurements are made at locations defining a regular array
20 over the surface. This can be readily achieved for example by using a CCD

(charge coupled device) as the detector.

In the preferred method the direction of propagation of the radiation wave field is
selected to be the z direction of a Cartesian co-ordinate system and x and vy

25  components of phase are produced separately.

In this Cartesian co-ordinate system where the z direction is the direction of

propagation of the radiation, the preferred filters are of the form

O - (k; + k),
Tk k) k]

30



In other fornms of the nethod nore than two i mage plane intensity

di stribution 20 neasurenents can be nade to obtain a better estimate of the
rate of change of intensity or intensity derivative In this case one or
both of the source to object or object to image pl ane distancegghg ﬁagnged
and another intensity distribution nmeasurenent is nmade. The pr LHGPE3;
repeated until the desired nunber of neasurenents is made. The neasurenents
provi de data to which a function 2s can be fitted for the determi nation of
rate of change of intensity. The nmethod of inmaging an object has particul ar
application to point projection mcroscopy using X-rays, visible light or

el ectrons. 30 In another aspect this invention provides a nethod of phase
anplitude imagi ng including the steps of 241412003 (a)irradiating an
object with a radiation wave figk#;(B)focussing radiation fromthe object

t hrough an imagi ng systen(Q an—iregiag—strface extending across the wave
fiel dpropagating fromthe oﬁjé&ff?%Yb?éﬁQcing a first representative
measure of intensitydistribution of radiation over said inmaging surface at
a first'focus of the imaging system (d)introducing a change in focus of the
i mage on s&hgmgnagingsurface t hrough the i mging system --io (e)producing
a second representative neasure of intensitydistribution over said inaging
surface; and(f) usj kgaatind Fduretr vandbleeconfLgatptesentaati ve nmeasures
toproduce a representative neasure of intensity and arepresentative neasure
of rate of chang® ¢F 2iRNeRET ffiSTEnedhBENeEEa tgﬁr"ﬁtﬁé‘é'tlémwr%eaﬁraf@s t he

wave fi el d;iégbﬁé%.szfe(?é%rnﬁg@%io%en@%%we of rate of change of intensity
toproduce a fIrst integra ransf ormrepresentati on and appl yingto said
first integral transformrepresentation a first filtercorresponding to the

inversion _of a-first djfferenti al opefrator?.o .reflected in said neasure of
rate of chdfydn@dsyrat @ns3ieyCt sHrbaRCce’ MEPsit isrdietarallyi mwWipled by aier or m
represent atj-an. Lh Vi yE r i fast i to
o a T st S ol TR KR d ARt BE e ERlialol Sills, e AT
anunt r ans temséd matpnesernhaticmie2 siofmdmappl yi ng a correction based on said
nmeasure of intensity aversaid selected surface to said untransforned
representation; (j)transformng the corrected untransformed representation
t opr oduce T cSREAHLE i i RIMRhs L FABE RSy VR I881spheN ANFAPRkYdAIcAPpsai d
second integral transformrepresentati on a3osecond filter corresponding to
t he inver sbtained by sragingdiff fhat entrizat Hpeugit @n epprariadel imaginge sgstemect ed

t f . 24141 2003 i~ ; t ati t d ified
"t coral 1Pahdt-of i FUBRRle aTTRHE (R5Y bl TGTale o FSIRae oG8l d 2econd
integral p{asted Bt e fpadesecond nodified integral transform

representation to produce a 5 neasure of phase of said radiation wave field
across said selected plane In yet another aspect of this invention there is

B Tao ati ofeVBOEeR, & ui<lnRRRsE AU prafides SRMY SuBbuBhE B b o o

to focus ge@rmiraionf s0phasai dnabinetisityoofad radkdiongwavef fte fximndufgcacr oss
t he wave field propagating fromthe object; nmeans to_produce a

r'epr e¥ent a¢ose eadiieeionr of Riraegairn-©f i theerrdiaforby ef ragaj WS wagsagardir f ace;
said i magi S Lncl udi L r.apl a 1 id
focus of 'Igg?n cﬁt& a%elqgwlgﬁi@gItggip}%%ﬁ%%?gnghéﬁﬁgéggt@% @%Eﬁeggwi»l?{s?ﬁfocus
and a seceothér fsuciage plongebsi digecteansf tpoop2@ation. phoshrdimgly, rtepr esenti@t i ve
measur e of intenﬁity and a - r&%resent ative neasure of rate of change of
i nt ensi t yPRYKies2he Hagist b a TR O ERERHULME AL YUY PR wave fiel d from
representative neasures of radiation intensity over said i nage surface at
said first focus and said second focus; ?s (ii) transform said neasure of
rat e of chaagiriber iaspectsoft fhet mvpnbciudirera isi prvidedt agmathad ahshaging an

representatjon; (iji) apply to said first integral transformrepresentation
a first fPEJLeéF Ir@m%i%ng‘?ﬁﬁo?o the inversion of a first differential
operator reflectaqg)i rexgasiﬁgrmé%%[étt% a'ratiRtieh wARNEEIdG orh A &NRtEY tO 30

produce a first nodified integral transformrepresentation;
(b) producing a representative measure of the rate of change of

intensity over a selected surface extending generaily across the



24141 2003 n (iv) apply an inverse of said first integral transformto said
first nodified integral transformrepresentation to produce an
untransformed representation; (v) apply a correction based on said neasure
of intensity over said selected surface to said untransforned
representation; (vi) transformthe corrected untransforned repﬁ@géﬁpﬁﬁion
to produce a second integral transformrepresentation; (vii) apply to said
second i nt egral transforn1representation‘%.second filter corresponding to
the inversion of a second differential operator reflected in the corrected
untransfornmed representation to produce a second nodified integral

transform representati opav@niki§ vbh i theaRRley qﬁlntﬂen‘é%fé& fmétel tropeCABdent
integral transformto said second nodified integral transform

representati on to produ@giagdions neasure of phase of said radiation wave

field across said sglect lane., Preferably, the n rical .aperture. of the
i rradiati ng wave fi@ d qr§g%ﬁg€|aerlg P %sa%%?ﬁvee %&ﬁélﬁriec f'ﬁgeﬁbgl‘ty & (?%5# r%drﬁaé'on

i magi ng system 20 - Prgdws 8l bvet Bgidi 8@iteg sadatace is a detector. The
detector is of any suitable form such as for exanple a CCD canera.

Preferably the firdf)f d@ansiarornesisondoeasuran of nato@ischangge catintemeity uof ace
and 2s the changed foc;é)?oé@c aaffi{ﬁéetqﬁﬁ,%@%%‘dﬂ%%ﬁ? Hreggﬁ%.t’gﬁ;%q%eé%aﬁﬂgbbve or

positive defocus may beé USed. us is prefe

degradation in spatial sagsofitsti ofteygalm trarsiced. répresermtidBp! 4 Carétongitgyor e
than two i mages nmay be obtained to obtain a better estimate of the rate of
change of intensity. 360TREPRAMSLCatiE apysipiatusl fodirghdilerental i eratator

i mgi ng substantially i r.at t r i a { osed
| rel ation to the f1r TERAPA" SR HABIEN R OF RonBIoar iRgnihndd

i nventijpn The preferredraiped Srsomddifted integral teemgless répedentatioa] ation to

t hose aspects abov? are al so applicable to Bhe net hod and appar at us of
i magi ng 1n a pref ef¥ed2BPPNScal iBYEBRLEAAJESY Beeral tepsiiuatn spkh fiksd

oo et ooy che “PRRl S, SEARAE UMREBRNR! 8 bhedee a0,
preferably planar. Theumtnaresitinoed védresectatibe f urt her descri bed by way of
exanple only, wit h(f) applying a correction based on said measure of intensity over
15 said selected surface to said untransformed representation;
(g) transforming the corrected untransformed representation to
produce a second integral transform representation and
applying to said second integral transform representation a
second filter corresponding to the inversion of a second
20 differential operator reflected in the “corrected untransformed
representation to produce a second modified integral transform
representation;
(n) applying an inverse of said second integral transform to said
second modified integral transform representation to produce a
25 measure of phase of said radiation wave field across said

selected plane.

In a still further aspect of the invention there is provided an apparatus for
imaging an object including
30 (a) a source to irradiate the object with a radiation wave field;



reference to the drawings in which' Figure 1 is a schematic illustration of
an arrangenent for determ nation of phase where an object is illum nated
with (a) plane wave radiation and (b) point ~s source radiation; Figure 2
is a flow chart showi ng an inplenentation of the nethod of phase
deternination in accordance with an enbodi nent of this inventi o?4/4R2093r es 3
(a) to (f) are s~nu(ated imges illustrating phase determ nation for
pl ane-wave il lum nation; 20 Figures 4 (a)ioto (m are a series of inages
illustrating phase determ nation and _ back propagati on to another inage
pl ane; Figure 5 is a schematic representation of an arrangenent for pant
projection m crosco% usi n the nmethod of this invention i

n

Fi 6
schematic illustrat é‘?r%@&é’ﬁ“én? ﬁ‘ecg’feﬁﬁfgﬂwet ﬁ?wrﬁhggéﬁﬁsré‘lg o

anpl i tude mi croscopy USbHQné@%r nRichem, of stahi Pad AV W08 fidid %Ué?a sélﬁct%d
schematic drawi ng of an exenplary systemfor quantitative phase anplitude

m croscopy accordi ng tosttiaee emﬁ@mng)@enara@yaaero@(same M@V(ecf)eléhow intensity
i mges and phase ir’r&ges obt ai ned usin tem shown in
h

o n e oSBT S bl SRAEE Beo8ee Bt el dhsald
profles for the fibre ofydaimAate field R EHi200BcE Firtidee 10 is a

schemati c drawi ng of an exenplary system for three dinensional optical
phase tonography ac@brdmr@g?e‘s&lﬂghnsamﬂﬁemqttﬁﬂtla#vgure 11 is a schematic

enl argement of part of gure 1 Fiqure 12 al _tornographi.c,slice
through phase inmage pr d ucedtr"f”?]&g |”ée%§“r§,93 rﬁfg)afgha@g% gagtegsuy to
conpari son of reconstructed getUiastd ¥&t il ﬂ"aﬁyb\’rﬂ%Eﬁé%e\Ntéﬂbrknovm

refracture I ndex distribution accordi nfg to Exa ures 1 (a) and (b)
show a schematic arrand8irentagrly tpisase r@éurfete@iahértaunéforﬁmretpcﬁe%@f@ah@rarac@'sw th

boi nt sburce radiati on 2 to rsanetrEhdal &b BiahuB R Lon T
space, an optical beam possesaestdrwerlgtiepent $88: meas@asof rsaté.rtﬁ change of
intensity to produce a first modified integral transform
representation;
() apply an inverse of said first integral transform to said first
1s modified integral transform representation to produce an
untransformed representation;
(iV) apply a correction based on said measure of intensity
over said selected surface to said untransformed
representation; a
20 (V) transform the corrected untransformed representation to
| produce a second integral transform representation;

(V1) apply to said second integral transform representation a
second filter corresponding to the inversion of a second
differential operator reflected in the corrected

25 untransformed representation to produce a second
modified integral transform representation; and

(Vil) apply an inverse of said second integral transform to said
second modified integral transform representation to
produce a measure of phase of said radiation wave field

30 across said selected plane.



phase. Intensity is a nmeasure of the anount of energy flow ng through each
| s point, while phase gives a neasure of the direction of the energy flow.
intensity may be neasured directly, for exanple by recording an i mage on
film Phase is typically measured using interference with a "reference
beanf. In contrast the present nethod gives a non-interfer onet r 24/4R90%d
for measuring 20 phase. Intensity can be neasured over two parallel planes
A, B extending across the direction of pngpagation of the wave field on the
side remote fromthe incident radiation. 2s The present invention

determ nes phase by providing a solution to the transport of-intensity
equation: (1) ~- (~~~ ~=-kaz 30 241412003 where | is the ~ntens~ty ~n the
pl ane. the Jgradadiatioopsedttorirradiatdhthepbipjeet tsn deropiadak wiasetfledd vagphoudder
of the radiation, and cll¢c~z ~s the intensity denvahve or rate of change of
i ntensity Nog¥e figlg OF ap| ¥pitrayy savanfiely {fribih desdredl 15 esRipeece the paase in

measur enent g i i, Lhe PF}Jn%”gyf% @Qg‘sg WM d'éitﬁg%ﬁeol’bty"‘ﬂe' gB%ﬂ?& hafhBAShhy |

is given by the average neasur enent’s 1n orde ain a sol ution
t o equat i orapbaratsiisbatk pnogagated iangtthdetaveefiblasiséd)to Cradiate is dubtractder e
the right hand side is assuned to be irrotational ~o Thus equation (1)

becomes>(3) G .(G,.~)=-kc=l Mking use of a standard identity ~' , c-
~~~, thi it He N, 5t pmama L sTha ; - denpt
Che two- di meer et Lag dot B aetine oV PYTe | soppitely Mot §
equat i on haetadenépdh ohphass paldiddlasesbinueiadon t2@he first-dad, second addecthef

gradi ont oner a of i LReRH S L0BRN PSR 2hl s R el DO

those aspectis above are also applicable to the method and apparatus of

es

10 1maging.

It is possible in some applications to use a zero object to image plane distance

corresponding to contact-imaging with zero propagation distance.

15 If desired the object can be reconstructed in the object plane by back
propagating the intensity and quantitative phase information to numerically

reconstruct an image of the actual object phase and intensity structure.

In other forms of the method more than two image plane intensity distribution
20 measurements can be made to obtain a better estimate of the rate of change of
intensity or intensity derivative In this case one or both of the source to object
or aobject to image plane distances is changed and another intensity distribution
measurement is made. The procedure is repeated until the desired number of
measurements is made. The measurements provide data to which a function

25 can be fitted for the determination of rate of change of intensity.

The method of imaging an object has particular application to point projection

microscopy using X-rays, visible light or electrons.

30 In another aspect this invention provides a method of phase amplitude imaging

including the steps of



The defining equation (2) for the function A allows (6) to be transforned

into: (7) ~~~ -kvl~l _~a.l . 241412003 is _ Dividing both sides by I
then yields: s Taking the two di nensional divergence ¢ . of both sides of
(8), and again meking use of the standard identity ~1 D, = o% then (8)
beconmes: py~Q = _kp, ~ h_,~y0l-za.l~. This equation has the foI2I46416?F|B3

synbolic solution: ~s In order to inplenent a practical solution to
equation (10), the follow ng fornmul ae arg required. A suitably-well-behaved
function f(x,y) may be witten in the formof a two-di nensional Fourier
integral: mmf {x~Y) ~.~f {ki ~kY)e' ~"",~+tk~y~ dks dk y . 20 The
function f (kl, ky ) is called the "Fourier transform of f(x,y). The x
derivative of {11) () el dsadiabng &R)objedt(wthYa rachation wavkfletd:ks~ky J

~ ~ Tk, y~dk~ dky 4141 2003 J9 Hence the Fourier transform of -
f(x,y) is equal to(®h e g rashatiaBy Hor thgxolies {pyoudh en pneed dgysten
Stated differently, -~ - d o o] r o] tion
and F'' denotes i nverse our| era?m% g?ﬁat %g%tn%gjq; %@8&%0@5&} d\grgg%l (F)I%@

apply to a f(x,y). QY spidpddatin fegon #ee abyelt,; = a , + a , of (11 ) is

obtained and simlar reasoning applied, it foIIowsthat D ; -F-"k,-"F ,
where K = kz + ky(& husprch-@)n%a flrstFreRfesgptanye -melﬁSUR%FOfa 'mefrFS't'kaF :
dy distribution of radiation over said imaging surface at a first

focus of the imaging system;

(d) introducing a change in focus of the image on said imaging

surface through the imaging system; -~
10 (e) producing a second representative measure of intensity
distribution over said imaging surface; and

(f) using said first and second representative measures to
produce & representative measure of ntensity and a
representative measure of rate of change of intensity over a

15 selected surface extending across the wave field;

(@) transforming said measure of rate of change of intensity to
produce a first integral transform representation and applying
to said first integral transform representation a first filter
corresponding to the inversion of a-first differential operator

20 . reflected in said measure of rate of change of intensity to
produce a first modified integral transform representation;

(h) applying an inverse of said first integral transform to said first
modified integral transform representation to produce an
untransformed representation;

25 (i) applying a correction based on said measure of intensity over
said selected surface to said untransformed representation;

() transforming the corrected untransformed representation to
produce a second integral transform representation and
applying to said second integral transform representation a

30 second filter corresponding to the inversion of a second

differential operator reflected in the corrected untransformed



io Here, F denotes Fourier transformation, F' denotes inverse Fourier
transformation, (kX ky) are the Fourier variables conjugate to (x,y), and
k= k? + k~ ~s Equations (13) can be used to rewite equation (10) in the
form~~s~ -F_,k~_,krFl _, F~, kj k~_~F~k all (14) ~ _ ~cx~ +~Ccyy ~~~.=
F'' k~-ZKYFI -' F " kYk~-2F k al C a~ In practice division by i nteré‘}/ﬂlf-oﬂé only
performed if that intensity is greater than 20 a certain threshold val ue
(eg. 0.1 %of the nmaxi mum val ue). Divisiof by k~ does not take place at the
poi nt k~ = 0 of Fourier space; 2414] 2003 20 instead nultiplication by
zero takes place at this point. This anmounts to taking the Cauchy princi pal

val ue of the integral operator =1 rder. t nti.t-atively neasure the
phase of object it is necrggéeér%w%tgnstoi ﬂé@f’%@?aﬁ%"@ﬁ%@c’%ﬁ?&i‘ tgp?/aéérﬁ&sgq{%
into the phase recovery akg@idehfinogt ven rn Equation (14) relating to the

experinmental setup in use to quantify the variables kx, kY. This can be
done by rewiting edati &Pp{yiag anninvReser of Sa\di sREANGr imtearat dvneforoer to said

i npl enentation using a f el ~5 = - o~ F 1 FVv |
JF~1*-1.1 :~0_- (Nax) ;-QE}:‘?’[’:‘?%C@%ﬁ’?%g"%ﬁr@a?ﬂgf”?r?fgr-ejsfn,!:a”_c’”_mﬂb?“ﬁ?| F
1 F, JF~l* -1_I ~ ~ (~¥Wregsuré oftphasd (of, 3id; radiion tavé feld BcrosBJsapdex
the frequent conponents of F(!* - | _ ) where the intensity derivative a _ |
(x, y) is obtained by sub@estd ignewo i mages |+ and | _ separated by a

di stance ~, i and J are the pixel nunbers on the imge, and rs using the
fact that the Fourier space step size is given bar dk - 1 Nax where the
imge is an N ¥ Mehonathedfagpecelos tok isiverti@x theréhigspriomdaddat i apparatudofor
measuring the three intensity distributions it is necessary to know the

pi xel size ox Phags BERdtuficsinanied 8723 Raiarm i tine h ~. in order to neke a
quantitgfive phase ”eas”r5?E&Eti%rﬁ‘wévefﬁew?é@'cg.‘ﬂé‘m'étd'{iéfaessé?é‘%b?t'r eadi |y

determ ned: the pixel size can eterm ne irectly far exanple fromthe
CCD det ector geonetry (i nan lreagmgesysiteni toefotcus madiatigh, fram dayd ebjadtitngn
techni ques for calibrating the 2s transverse di stanﬁj% cal es g.i n, the case
of an imaging syst oHjA0HE HEFREHEHIG 2FOSS Lah WBLC TELL BIeFeal Pa 4O Neand
the spectral distrigyggen of the

means to produce a representative measure of radiation
15 intensity over said imaging surface;
salid imaging system including selectively operable means to
adjust said focus of said radiation to said imaging surface to at least a
first focus and a second focus;
processing means to: N
20 () produce a representative measure of intensity and a
representative measure of rate of change of intensity over a
selected surface extending across the wave field from
representative measures of radiation intensity over said image
surface at said first focus and said second focus;
25 (i7) transform said measure of rate of change of intensity to produce
a first integral transform representation;
(iiy  apply to said first integral transform representation a first filter
corresponding to the inversion of a first differential operator
reflected in said measure of rate of change of intensity to

30 produce a first modified integral transform representation;



241412003 ~i illum nation can be determ ned either by nonochromatrng the
incident field or by analysing the spectral distribution of the radiation
usi ng exi sting spectroscopi c nethods. s An exanple of the phase-retrieval
met hod i npl enenting the solution of equation (14) can be repre &'l'lyflf%by t he
flomchart shown rn Figure 2. As shown in Figure 2 the quantitallve

determ nation of phase of a radiation wave field proceeds froma set of
intensity measurements ~In ~ over the twi4spaced apart planes A and B. A
measurenent of central intensity I(x,y) in a selected plane parallel to and
ro mdway between the planes A and B is also obtained. The intensity
measurenents are perfornmed over a defiped arr on each of the two planes A
and B and the resp@@ti v%pfg‘él Bl s NEE5Er QEtSé’b‘?thg%t‘rﬁﬁﬁ@i tendadhrio 68/ck st
intensity derivative. Thig vl Uetdggamtdddbingd r p/re%gﬁtart‘l%ﬁattbVepr@éu%é‘ean
average wave nunber. The data aresplit into two conponent sets and a fast
Fourier transform ~s i sundernséomeed tepresemtatent he respective x and y
conponents in the Founer (ilomai n. Afilter, is t&zn apﬁl ied to tge Founer
domai n represent atVbns ARPEBrIULGHIRE Ra58AHRN PRI MERSH P DIRF e W S0
operator reflected in tfagdbl aRetOtEBE d ARFARNEA RipreddiRafibhf erenti al

operator is represented by 8~'D for the x conponent and ay' DZ for the y
conponent. An invdvise Famnsfam 26h¢ r angkotad | sntraesfopeetiormpiesemtaiaoh of t he

x and y conponents to produce a spatial domain.value fromwhich the
differential operator WAS9Yeef Sreéﬁ%élﬁ?gﬁ?éﬁawgr%rel@{/esﬁgé%%t ral intensity

I (x,y) obtained bxyipverafagiw@ §88 JeBbRASHICY rATRAMLT SR R SreQ¥RtatiBhaN8Scdhand B
is then perforned if the intensity level i's above a selected threshold

| evel . The resul tant déitter icormgaiondirgutd éhe 2imversersfefr aedecornt miffeieptiaed by
the sane filter to again cqorrespond to,the inversion of a differenti.al
operat&f reflected i n CREFIN FIROISH adeds oah o BRrFlerBrti P opaiaes: | s
again represented by C%Frod‘we H Recan® o intage abnB¥drmf Rpré&entition;
conponent . The resultant conponents are again inverse Fourier transforned

and summed to provide &ndetrieved phase measurement. 3 241412003 It w |

0
e DD Sr et LR, el ST, SRS iR, 50

proceed from any res atlv rimna ensi
derivatwe or rate of chedgr ffodidensednn aeasioarsipeiattator tageodxdeendi ng
across the propagation direction and the intensity over that sane surface.
As W |15 be s expl ai nedMeasvir iFushasarRll eaidt rrdjatieatWavariiald 3%as ngdidi n a
variety of ways and th popl enented to yield phase of the radiation
wave field. Rewiting %d%@{epﬁa}e%) with: ~s(kz kV a) = kFkr _,
.~2y(ks, k~,a) = ky.k._" ~(r,Y) _ ~~ (X Y)-~ my~(x v), 15 gives
~~X~(X, Y)=F~' S~~(k~, k ,a)F. 1 F-'S2 (k .k ,a)F k a! ~(x, ,
(X Preferabﬁy, the nun)werical apertun(e of the lrgadlatmg wag/e ﬂeT& is smaller than
the numerical aperture of the imaging system.
20
Preferably, the imaging surface is a detector. The detector is of any suitable

form, such as for example a CCD camera.

Preferably the first focus corresponds to an in focus image at the surface and
25 the changed focus to a slightly defocussed image. Either negative or positive
defocus may be used. The defocus I1s preferably small so that degradation in
spatial resolution is minimised. In some applications more than two images may

be obtained to obtain a better estimate of the rate of change of intensity.

30 The method and apparatus for phase amplitude imaging substantially

incorporates the determination of phase as disclosed in relation to the first and



(15) ~cy>(~,,Y)=F ~y(ks~ky~a)Ff x F~~y(k~"kra)F ~ ~~ ( ~ Y) C ?0 where:
~(x, y) denotes the recovered phase, F denotes Fourier transformation, and
F'' denotes inverse Faurier transformation, I(x,y) is the intensity

di stribution over the plane of interest, 2s (x,y) are Cartesi agéﬁﬁg@% nat es

over the plane of interest, (ks,ky) are the Fourier variables eto
(x,y) 241412003 ?J k = 2;:~~. ~s the average wavenunber of the
radiation, ;: is the average wavel ength of the radiation, 81/az is the

estimate for the longitudinal intensity derivative, a is the regularization
parameter used to stabilize the algorithmwhen s noise is present. As given

above, the sql ans t of - nten uat i.on ( assunes a
perfect i Cﬁég %g?é‘%}s‘ %}ﬁa{%é @vgﬁ{ﬁ%?e Jlrhg RB%%%%r Eic(%sgf éf ederft” ’iOH t he
optical sysie@rbeedn reladbhabnhbée aspeelsitovedateaslbiphlitshibad thdhetrbhe
algorithm O -~o course, no imaging systemis perfect. The inperfections
present inaag apnaratysmj IB\Agingm may be quantified by a set of numbers: (16)
A ,A= A ,... ~s which are terned aberration coefficients. !f intensity
data were taken on an inperfect instrunment whose inperfections were

characteri zee prefareerdmplicateretheodtnomns akketrfat goantagléd iphiagBtsmMitude A~
A , It would be desirable if the filters S2s (kxkY, a) and S2 y

(kxky a) pFEGERECPY) (MLBYS sase tia Wamng spstateld pyagpticalied systerer s whi ch
explicitly depend upon the aberration coefficients: (17)
S2s(k:ky,a, A ;A= A ,...} and S2y(ksky,a, A, ,A~, A3,...) zs This would allow

the i rrperfEfcttheqmefeTfed e mgen@vemsirﬁhets@rheeQﬁ(pdelf@riablyypttaaken into
account, leading to quantitatively correct phase retrieval using aberrated
i mgi ng systens. For the special case of a non-absorbing phase object in a

radi at {on yayenbridh i URbL o5 ARhERUdskribbd by ety Gk - Sanfbiehoh§Swifhan

reference to the drawings in which-

Figure 1 1s a schematic iflustration of an arrangement for determination of
phase where an object is illuminated with (a) plane wave radiation and (b) point-
15 source radiation;
Figure 2 is a flow chart showing an implementation of the method of phase
determination in accordance with an embodiment of this invention;
Figures 3 (a) to (f) are simulated images illustrating phase determination for
plane-wave illumination;
20  Figures 4 (a) to (m) are a series of images illustrating’phase determination and
back propagation to another image plane;
Figure 5 is a schematic representation of an arrangement for point projection
microscopy using the method of this invention;
Figure 6 1s a schematic illustration of an arrangement for quantitative phase
25 amplitude microscopy using the method of this invention;
Figure 7 is a schematic drawing of an exemplary system for quantitative phase
amplitude microscopy according to this invention;
Figure 8(a) to (d} show intensity images and phase images obtained using the
system shown in Figure 7;
30 Figure 9 1s a graph showing a comparnson of measured and expected phase

profiles for the fibre of Example 3.



241412003 2a _ 2~r radians) phase variations the appropriate nodified
filters lead to the follow ng functional formfor the phase-retrieval
algorithm (18) ~(r~y)=F~" F~ {lon~.,o0~~. a(x~Y)-l~r (- 2,2. & .~? (k + k2
) _ 2~ ~Aknkr, r j" Lrnr ...rnm r v ; 5 where' Iaberratsd@%wwbobg t he
aberrated intensity nmeasured at defocus distance & , Am- are the
aberration coefficients which characterize the inperfect inaging system io

If a filter is defined: (19) S2(kXky,a,.l, ,.4~ A ,...) 1 -~2~c.~. ~ (ks ~
Ky ) - 2 smSrr ~mmkx ky 15 Then (18) becomes: 1 _ _ ~20) ~(x~Y) = F~' ~F
~F ~~~f labertated (x~Y) ~ | 0 The term~ loberra,cd (X~Y) - ~is a

I
measure of o i i t | ot i i |
constant f oﬁ'aéﬁel ? gr‘%ggﬁgrﬁt&cy&%gjﬂ?$gfa? f&eaﬁéé'&h@%?aﬁog@ﬁg?a ? ﬁ%@ﬁag
(15). Consegteatphasehtenspespia) acaseirf toatbarinagntion.can be dealt with by
changing the filter in the general net hogpdes ri bed above. The x and y

cormponent gy 51 &7 Sﬁﬁﬂms 9%’?369@?\%%0 3’25’(%{:291”53.19)'(_ =SZy=~S2
24141 2003 %%@@WE' g4 %/p%émloﬂ:rdgﬂ%;?%ﬁa“ gmcen%%ggypﬁ&@ ?ﬁ%%pﬂar@aﬁc&‘@vﬁ

irradiation si mul at1on was con I'n accordance w e arrangenent
shown m  Example 4; and

Figure 13 shows a comparison of recanstructed refractive index distribution with

known refracture index distribution according to Example 4.

Figures 1(a) and (b) show a schematic arrangement for,_.phase determination in
to  accordance with this invention where an object is illuminated by plane-wave

radiation 2 or point source radiation 2 to produce reflected beams 3

At each point in space, an optical beam possesses two properties: intensity and
phase. Intensity is a measure of the amount of energy flowing through each

15 point, while phase gives a measure of the direction of the energy flow.

intensity may be measured directly, for example by recording an image on film.
Phase is typically measured using interference with a "reference beam". |In

contrast the present method gives a non-interferometric method for measuring

20 phase.

Intensity can be measured over two parallel planes A, B extending across the

direction of propagation of the wave field on the side remote from the incident

radiation.

The present invention determines phase by providing a solution to the transport-
of-intensity equation:
ol

(1) V. e(IV,¢ )=-k5;

30



s Figure 1 (a) corresponding to planar illum nation The exanpl e shows the
operation of the nethod on sinulated noise-free data. Difffaction patterns
are cal cul ated using the "angul ar-spectrunt formalism an orthodox
procedure. Figures 3(a) to 3(f) show inages produced in the sinulation. ~o
Di mensions of all images are 1.00 cmsquare and provi de a sanpi¥¥ff2803ay of
256 x 256 pixels ~n a plane extendi ng perpendicularly across the
propagation direction of the radiation. The wavel ength of the |ight was
taken to be 632.8nm The intensity in the plane z = 0, which vanes fromO
to 1l in arbitrary units, is sho in Figure 3(a). Wthip the area of
nonzero i IWWﬂd¥ it%%,‘”t?'ﬂ%[yrﬁnﬁgﬁm?’l% tFﬁ?%ﬂ&epg/O%{é%aY\é@%tB? p?ehrée r‘ﬁaa?%tﬁp
intensity.—(T I r g fx i nt.ensi i
correspond\;*t'gplzste)trh%qyan\%e)ﬁgﬁbf?)o(?%r%%gﬂfgﬁ'pﬁréds)efﬂ%ﬁl}gcﬁ v@?‘%&es}s{tyfromng?o rr
radi ans, i r$f20McHAhGE GURRN3LP) NOERERS AT ILENPNEteRT 3R tRh }¥eS eRegR)i vel y
and positively displaced 2nmm from 20 the z=0 plane shown are in Figures
3(c) and (B rreaspeertiens| y, thamdaned & Esprawi vie Frgaxe rfumitilet tteshtdragy ofis 1. 60
and 1.75 arbitrary units; the propagationi nduced phase contrast is clearly
vi si bl i AVEAdY b 3\rseee iO&ereeg‘.ea?ngrf‘ﬁBtsdef ocused i mages are subtracted to
formthe intensity derivative, which is shown in Figure 3(e). ?s |Imges
shown in Figures 3(a) and (e) respectively providing nmeasures of intensity
and rat e lof ordbahgebfsin ardodutsint tp epraies 1 tree 2m0tiph dne fnetrgefirfeehapr ocessed
according to a conputer inplenentation of the nethod shown in Figure 2, m
order to yield the rlétoveredphdse? map given in Figure 3(f). Note 30 that
Figures 3 and (f) are plotted on the sanme greyscafe |evels, indicating
that the \g/géﬁ/f@ﬁef %r’i‘é@éﬁ eq%%ﬁ»ﬁqf?%% i@@?;}”@@?@@%’t. 241 412003 2G Fi gur es
4 (a}gt o fh)s rP(158kk8me’f simulated images illustrating phase

determ nati on and subsequent back-propagati on to another inage plane. All

i mges are 256 pixels x 256 pixels =1 cmx 1lcmin dinensions, with the s
radi ati on wavel ength_equal tog_632.%$ nm The intensity and phase of the
radiation in a giverpl aneat &" shbwT“FnFi gures 4(a) and {b)

respectively. Figures 4(c) through (e)respectivel yshow t hepropagat ed
intensity atpropagation di stances of 199, 200 and201 nm note the interm xing
of infor j: Fi ndb) dn i I measur enent s of
Fi gur es W’c)‘é’ﬁd]t’%%?’m(adg)tgﬁ‘ﬁ%('é?’sﬁ)ﬁs?hg ‘ﬁha‘?my&%“ﬁv ii‘?g‘}dﬁ%sf‘ 4 (c), (d) and
(e) only, the phase retneval algorithmobtained the phase map given in
Figure 4(f) for the phase of the propagated field at distance 200 nm

| mges of Figures (4) and (f)-were used to nunerically back-propagate the
field back to the initial plane. This gave Figures 4{g) and (h) for the
back- propagated intensity and phase, respectively. i s These are in

excel l ent agreenent with Figures 4 (a) and {b), thus denonstrating the use
of the phasee fet'rienebs the wo-dirpensionat haplgaantactiagiover tee sunfenatof time of t he
anplitude and phase of a field over regions far displaced fromthose over
whi ch i ntres@s-t yhiseaatendisstharfellomidg. sk @lica3detiathat t he back- propagati on
is not restricted to free space; back-propagation can al so be effected

t hrough a known zo optical system Exanple 2 -Point orolection nmcroscopy
As shown in Fi gure s, radjatjen-such as X-rays, visible light or electrons
froma zs point source 10 es all owed to propagate through free space to the
object 11, located at a distance dso fromthe source. The radi ati on passes
t hrough the object 11, and is allowed to propagate a further distance dod
to one off thdngradragicogrrateesy| iis apglied to both swesbf thie eqnetios| it ypexfornés

radi ation is detected. This detection is perfornmed using a standard device
such as a CCD canera, inage plate or 30 other device capable of registering
and digitising the jntensity distribution. One or both of the distances dso
andl dr dsd is then( hang%d-‘gﬁ‘é&*y tb%m[roduce

The defining equation (2) for the function A allows (6) to be transformed into:

(7) V. .d=-kV vV, 5.1,



241412003 z~ _ defocus into the images and the intensity distribution rs
measured once again. The case of dod=0 corresponding to contact-inmagi ng
with zero propagation distance is included as one possi bl e neasurenent. s
The intensity data is then processed using the above phase recgmﬁr t hod,
‘to recover the decoupled intensity and phase information rn th |Hﬁﬁﬂﬁg
pl ane. Paraneters, such as wavel ength, pisxel size, and defocus distances
are inserted into the algorithmas explai ned above, to yield quantitative
i nformati on about the magnitude of the phase shift in the image plane. io
In certain cases a reconstruction of the object in the object plane, as
opposed to the downstreamdiffraction planes |I,...l~ is desired. fn this
case the i pledahbotRkicdsaantichaldMe. phase information obtai ned above can
be used to back™propagate the li'ght field to the object plane, thereby
nunerically reconstructing an i mage of the actual object phase and
intensity structure. This can be dpne usi ng ~s standard diffraction code.
In some cases it is @sirall.étoklidke’ mo?d than two inmages in order to
obtain a better estimate of the intensity derivative dl/dz, in which case
one or both of the distances dso andlor dSd is altered once again and

anot her i quhg%om@me@oigi &ivg,lb%%gu"ve J %?;’dacgfe?d%u;i'% ieolg (?ge?ﬁﬁyrsg%%gq gf

desired -inag I'S acquil red. function can the

in"pl ace drhs e dnd SERIPUAFIRY G, 06  RagebelORRER TR Ce 2s Beampl e

3 -Quantitative phase anplitude m croscopy Figure 6 schematically shows an
arrangenent for quantitative phase anplitude m croscopy. A sanple is

i 11 um nated using a(gpurcey o y\hw,e.y-ww@g[ r illaum nation 15, commonly
found on optical mcroscopes. The Tight is transmtted 30 through an object
1 fi amd collected by a m croscope i magi ng system 17 and relayed to a CCD
canmera 18 _or other digital_ imaging device having a planar 241412003 28 _
~mag~ng sJ%f%%@atﬁﬁ%%Sf%@égw COPPlECIUHIOHN i n-focus i mage, o, and two
slightly out of focus images I+ and | _. The defocus ~s obtained by suitable
means such as a drive system 19 to adjust the m croscope focus knob. The
def ocus introduced (ﬁo)usugliykqpvte.]sn*willv,s@_y at degradation in spatial
resolution is s mnimsed, altho glh the "opti mal anount of defocus to use is
determ ned by sanple properties and imagi ng geonetry such as magnification,

numeri cal apertures, etc ) ) . .
15 Inorder to implement a practical solution to equation (10), the following formuiae

are required. A suitably-well-behaved function f(x,y) may be written in the form

of a two-dimensional Fourier integral:

@ @

(1) See= | [ Flk ke ™ dk dk,.

- —-m

20
The function }(k,,ky) 1s called the “Fourier transform” of f(x,y).
The x derivative of (11) yields:
5, . Whas
25 (12) —f(xy)= [ [ Lk 7Cheenk, ) B4tk k.



When taking the images the nunerical aperture of the condenser is chosen to
io be less than the nunerical aperture of the objective being~used. |If this
is not the case then serious imge degradation will occur) although the
preci se anount by which the condenser and objective nuneri cal Qg{zmgwfs
shoul d differ involves a tradeoff between inage fidelity and spatl
resolution, nth the optimal difference depending on the sanple properties
and the optics used. is Intensity data f'Yom t he col | ect ed images f+ and | _
are subtracted to produce a representative neasure of rate of change of
intensity (intensity derivative). Fromthis and the intensity data of
collected image to the nethod descriped above can be used to produce

quant i t at i VENCAf BremAorEar disaatorihel nadhl vuife egiabto tthe owws sangformoft he

i mge plane. As in Exanple 2 for poidﬁt projection, there nay be cases in
which it is desirable to take more than twg i mages in order to obtain a
better est fap @afiptiekby nk.enSiated diffareatly,ve- aliF di.F . Avieradt denoteart euren be
fitted to this data fromwhich dlldz can 2% be conputed and used in the
phase det efrghgfaihanofRRGd AN Pdafes Olnvehs SFORI&G SHMHSIhARIN, Of §| o TBges
normal Iy used. It is also possible to operate this systemin a reflection
geonetry to obtain surfa t opogr.aphy. The principle of operation is the
same, howet¥ snﬁ%njgtl8§§laggﬁ/§8 \?@"’50 be fol ded back on thenselves to forma
reflection geonetry - otherwise the process is identical. 24141 2003 ~G
For certain applications it gan agpkso be desirable to filter the light to a
parti cul arlf whgeleatadian a¥i Fopghr thi sofi €7 hotis neldesisdr wnHosimiter  dessaminged

i magi ng process as it works €quaffy well with white light. s An
experimental inplenentation_i,s shown, in Figure 7. An 0 ynpus BX-60 opti cal

mi cr oscopeaPRiedal fRRHiHed W'tﬁ'ﬁqéef'd‘Fh@JrﬁP‘Fiaﬁ kaet/gl | WPHFcal obj ecti ves
and a uni versal condenser to provade Kohler illumnation. In order to be
able to conpare the results with existing i magi ng nodes Nonmarski DI C optics
to and a set of cover-sl i{) correct edy Upl anApo 9bj ectives were al so acquired
for this nicroscope,(18n8bl &r§ ‘kiifges—t-oifbe Faken=of 't ffe sanme field of view
usi ng both phase retrieval and Nomaf%ki DI C f o the pur poses of qualitative
conparison. A 12-bit scientific grade Photonetncs SenSys CCD canera 21

equi pped with a 1300x1035 pi xel Kodak KAF-1400 CCD chip was added to the

0. 5x Vpdepieper t Fi sd@ibtede PO Ries eRpefdrmationui FE dighdtak iirbaes ofodme

sanpl e. The phase recovery techni que of this enbodi mrent of the invention
requi res tMEsSEFEALONt (kelfy)otredbe boyset vaniahies copugatdpiset.WolBE drive system
22 was attached to the focus knob of the mcroscope. This stepper notor 22
was attached to the 20 parallel port of a 133MHz Pentium PC 23 al so used to
control the CCD caneraj2l,;2epngbling full autonmation of the acquisition of

t hr ough-f ocus i mage sequences.” This data acquisition systemwas |inked to
custom software witten to recover phase inmages fromthe CCD i mages,

t hereby enabling full automation of the inage acquisition and data

processi nfavaterh el cande usest efewrde ganstien ( H)entthaforphase i magi ng usi ng
this invention can accurately neasure the phase structure of macroscopic
sanples it was necessary to have a sanple with a well-characterised
geonetry and refractive index distribution. A 3MF-SN 3224 optycal fbre (a
comercial fibre made by 3M was use .¢‘f%(3=ﬂ"|’1dé’¢gﬁﬂéﬁfﬂkﬁp‘é§d¢erﬂents of the
refractive index distribution obtaingd using atonmic force "??roscopy and
comerci al profiling ¢ldghnigues’ weie Javai | abl e

&

g = F“k,'ZlcyFI"F"kyk,'2F[k -al]

In practice division by ntensity 1s only performed if that intensity is greater than

20 a certain threshold value (eg. 0.1% of the maximum value).

Division by k. does not take place at the point k. = 0 of Fourier space;



241412003 30 enabling accurate prediction of the phase structure of the
exit wave field. Another advantage of this fibre was that it had three
regions of different refractive indices, an inner and outer cladding as
well as the core, whereas nost fibres sinply have a cladding ayjseppg This
provi ded an additional test for the s phase imagi ng system because rt had
to accurately imge three transitions rn refractive index rather than just
two The optical fibre was imaged side-on2Go as to obtain a projection of
the refractive index through all layers of the fibre structure. This was
done by first ro stripping the plastic sheath fromthe fibre by soaking it

ol ast 1o cottthg" RIp D HRzR BRTRRES yplecib Ty Tl FRRUAG: o king '

appr oxi nat n i i I -2pl aced on a m croscope
sﬂodef(l i rm@llréée u?ﬁ&%r%%a?ggﬂe@gﬁgmkgﬁlf? %%\8{‘3@;”8 covered with a 3 lgrrm

thick cover glass. Any tilt on the cover glass is would introduce a
spurious tilt into the recovered phase so two snall sections of fibre, both
of simlarldiciAet e toaniiatizalpreaswes ethpl abase pafr abjexlt 1t ds andcedsant t@. 5cm
either side of th in fibre. The cover, class was then placed across all
three 3 br lé]g@f%orgﬁesgsrénet RaYsieg! q%gtaégs MP&FF&S}‘%SS rleﬁgv?ﬁycar'%%@gﬁbgg’?f‘d@ as
practi cal | ggpassh bl € relamaes ok &hreri akntdIsl: AKtir 40X
0. 7NA Upl an%\po ob}?e@t ive, Wwhi fg]tﬁ n{}%ntmﬁtgig\g{ Olgx500td|;iétf<ée}ﬁlr?m%}1g¥ﬁ%@s
conveni entky Kgpdhifeelt be dans oy wvdttinoequaieor [then thmbblithéng Mrdensebleas
set at NA=Q. 2. I 's.refractd ve index. profiles were known for 632. 8nm
(HeNe Iasef%’ 'TP‘ ‘?A%QE’@“?E‘Q@ 5&3‘%”8&&8%@5’5% nterference filter was
inserted into the illumnation systemto ensure that-the recovered phase
profiles were obtained at a wavel ength as close as possible to that for

whi ch data was avail,abl e2on the éhbre. én ﬂntr_e.nsi ty kgﬁg?;of this sanple in
the plane of best Beus A8q gl 2~¢ m el theyy si pteTg:‘ est-/focus rs shown in
Fi gureo8, ékehgséde a ph,)alse i mage 30 fecovered fromthe two defocused

i mges using the p sg-_r_eff_r_i_eil_al_p-al gori g:hm1dqs-cribed;: bgy?. Note that the
fibre is virtually{1’hvisidl(e/ad t he +nifdeyg) | mEge;® 241412003 31 and
barely visible in slightly defocused i nages, whilst both the fibre and the
regions of different refractive index, including the ~~ mdianeter core,
are clearly visi b%mia&the phase image. s Figure 9 shows a conparison of

the measurggtrand, A4/ phasane Phal&s WhhBohbesU efyaLnty %hér@déh%ﬁt ed

in the figure réprgsénting one standard deviation of the data along the
length of the fibre. This variation is thought to be primarily due to
spatial vnteasihoserivativeni TUegsisobbianeed dyesublragiingatdo ninagescbpearsl ilde. As
can be seen, the recovered and expected phase profiles are in good io

agr eement SRPIRISHOVMOITIRRCE Wi t h 4'HE JpRE-Ithe BiehPEMbess 10 thg Wadsi #Nche
error bars of .th rofile produced using the technique of this invention.
Exanple lwgmgﬁfwggggtitﬁgh&eofﬁ%queéﬁqagslst%ﬁagg B GG GPAphY ~s This exanpl e

denonstrates the application of quantitative phase m croscopy to the

t hr ee- di nensi onal inmaging of objects through 'the use of conputedtonography
techni ques. This is pogﬁgpLg_using the techni ques of this invention because
t he phase shifts introducegpaly the object can be directly neasured

i ndependently of any intensity variations in the object, thus an inverse
Radon 20 transform can be used to recover the three-di nensional structure

glr E)\e/ffjla)(; %8{%&@‘{@58&%%#% g%aarréb)" EJP%H(%WS tor?esizeex%?rr.i rﬁl?wrﬁts‘f’liln ggcrirrﬁgﬁttéati on
20  measuring the three intensity distributions it is necessary to know the pixel size
Ax, defocus distance & and wavelength A in order to make a quantitative
phase measurement. All of these quantities can be readily determined: the pixel
size can be determined directly for example from the CCD detector geometry (in
the case of direct imaging), or by existing techniques for calibrating the
25  transverse distance scales (in the case of an imaging system), the defocus

distance can be measured directly, and the spectral distribution of the -



optical regine, the same principles are equally applicable to X-ray,

el ectron and neutron phase tonography. 2s For the purposes of collecting

t hree di nensional data sets the sanme optical mcroscope described in the
previ ous exanple is used with the addition of a rotation stagezéﬁyééﬂ3the
‘pur poses of rotating the sanple within the confines of the optfca

m croscope i magi ng area as shown in Figune 10. The rotation.stage 24 is
shown in greater detail in Figure 11. 30 241412003 The previously

descri bed arrangenents included a stepper notor drive system 22 attached to

the parallel port of the me 13 Pentium PC used to control the CCD
Camera 51 (iRl cAb PRGAISTRAGE STt B8 R GEeBRENT e BRGIRN el By not or

25 was conggg@sﬁl}gt e Bsed gﬂ%gﬁg@gp%}rﬁrﬁé r%@i%tigf‘?ﬁ@fngdéic%ﬁnﬁSs)f/%ﬁr‘ég?:méécf or

t he purposes otating t ata acquiTsition stem

| i nked to pushods.software v~rritten to recover phase i mages fromthe GG

i mges, thereby enabling full automation of the inage acquisition and data
processi ng sequence. Each data set was collected using the same m croscope

as in %Xarmheex?amp@rbf@hé/frﬁélsse-@fﬁ@&gn%ﬂh%alimm&ﬁgwfﬁeemml@!f )g'gtr;]%n@h set

of 1o cover-slip corrected UplanApo objectives and™a universa enser to
provi de Kofikércanldeuripnagarded bpite flavchatigbownen & iguptr Ad sheivmginaFigarebi t

A IS i) Mo P R
fibre sampl e-28f h@dndReea9 rbhent ﬁ?? veP BRahib YRS d LARNSH AN & nging! |

i
segnent of the end of "a section of bre, typically about one centinetre in

| ength, bys spakémnantdi dfi &rird NnichaRy apyY) A @obbcibRepiaHs] htraflet RATERLCT al
fibre stripper to renove the plastic coating. The fibre was then cut into a

smal | 18egmedivayf Refweeni e gllgnemeli A0H iBn i5ealgoh obldingd.t hel hasintémilyd end

then being 20 slid i e auge,_ 100mm syrin needl e 27 and
i xed & nt aeeaTentrttiate bl Blela dhifgy ray d PR RPL I S Pt o3

was used tzpdaBt ash fheerawpedliee 2A1Hed SLBPREEINLOprodficeAaPPRhsOfe of the

i ndex-matching fluid 29 surrounds the fibre 28 as shown in Figure 11, with

a ni cr oscHpensity deriggivaf ziedalyade Midplied metts neaatiysi ofgheiavetagrewgrease
and a 0.1 i Gk C r. gl r - : 1 SsLon
Mt ensi 1y Pl et e e B ARl s ah 0 AP ro i EMSET e 5
above jysi iig panrfotingtpies pibiuce. HaNfeddddtian whyrecli sempbhéntship tendanser set
at NA=0.1. The inages taken were 500x500 pixels in size which 30

conveni enfiPPadpaniediteods hey arrliedi & Hher Feueerr damainyerEssatatirhswiol e

region of .orrespond to the inversion of a differential operator reflected in the

untransformed representation. The differential operator is represented by 3;'V?
for the x component and a;'vj for the y component. An inverse Fourier

20 transform is then performed on each of the x and y components to produce a
spatial domain value from which the differential operator has been removed. A
division by the central intensity I(x,y) obtained by averaging the intensity
measurements over planes A and B is then performed if the intensity level is
above a selected threshold level. The resultant data is again Fourier

25 transformed and muitiplied by the same filter to again correspond to the

inversion of a differential operator reflected in the untransformed data. The

differential operator is again represented by 8;'V} for the x component and
a;'v; for the y component . The resultant components are again inverse

Fourier transformed and summed to provide a retrieved phase measurement.

30



precession. As the refractive index profile of this fibre was known for
632, 8nm 241412003 (HeNe |l aser) light, a 625 ~ 1 Onm band- pass
interference filter was inserted into the illumnation systemto ensure
that the recovered phase profiles were obtained at a mavelengtg @igse as
possible to that for which data on the fibre was avail able. Ea ﬁﬂ@%

i mge was processed fromimges taken at .t 2,:~ ms either side of best
focus, and data was collected from 100 i ndependent angles through 180
degrees equal ly spaced in steps of 1.8 degrees between inages A typical

t onogr aphi ¢ phase image is shown in Figure 12. The projection data, in the
form t he reldomdthai@ppargidbat itagasralviBeenetias asconding4adbrsi invention can

the summat | EcBrc T ey iRl Rhr el BvE aRleyifodlor ol Fie IR TR R 0

t he tonogr apfiecoff epangér octimtensky i duegnai selbbted [HUdc¥agRtepiog avms the

| anguage. First, the data sets were aligned to a comon raotation axis by
t aki ng profproeggetiepujfectine ahdistiedatensdet @velnthalod@nei fgfatiom Antwillabe 5

order 16 asEiag o VEPPLEERaRIIEF e PRBTAIERe ORERELER, 22a1d0 Shay "

m e the 0 e€ro ionaxis and t

digitally sdidthednsthddiatpiémmentaat aiyiold fhese efahachdiadomividvet figid mi ddl e
colum of the smogramto sinplify the reconstruction process. Fitting a
curve to the phase profiles also enabled m safigned data sets to be noved
back into I4 : ] i KD,40 i nproved the quality of the reconstructed
i mage. Thi sgérbg':"itllrly%%@bc}aﬁpdr}’oﬁg&tw,%h data . was then transfornmed into a single
slice through the object by back-projecting the collated phase data after
filtering the projections to suppress the 11lr point spread function

associ abed with back-proj ecRgd, rieoonskricti ons. These slices through the
obj ect were then stacked up on top of each other to produce a full 2s

t hree-di nensi onal refractive index distribution of the sanple. A slice

t hrough the reconstructed refractive index di stnbut~on is shown in Figure
13. Note that alf three red§idhs kfc)df fflerent refractive index are clearly
resol ved and that these regions formconcentric cylinders, as is expected
for this sanple. 30 Aline profile through the centre of this
reconstruction is shown in Figurg, 13 (d ed line) alongside the known
refractive index distri bté]'ro%‘?’_fﬁi?(t‘fﬁ)s* ﬁ?‘?}gfe")(sol id 241412003 34 _ line).
The val uyes ~n the tonographic reconstruction are very close to those of the
known profile, which confirns the quantitative phase tonography techni que.
24141 2003 giwe€LAIMS 1. A nethod of quantitative determ nation of the phase
of a radiationwave field including the steps of(a)producing a
representative neasure of the rate of change of intensitysof said radiation
wave field over a selegted surface extendi ngg]eneral |y acros _t[.g wave
field;(b)producing a reptasentariveireasaye—oi—Fireis],k ,ag}:fs :

radi ati onwave field over said sel ected surfH&ef)(c)transtornngZdai d neasure
of rate of change PlfS)i tensity to produce arofist integral transform
representation and appliying to sad firstint eg{aal transform ep@r/ sentation a
rust fitter correspondipg to theiigversjo f fei-1 diff §'al operator
reflected rn said neasyre (6f¥)atg %?F]{fh}é’ﬁggpq&,\})rﬂ g?fts(lk’t’;'/k’t@r thace a first
nodi fied integraltransformrepresentation;is (d)applying an inverse of said
first integral transformto said firstnodified integral transform
representatjon to produce anuntransformed representation;(e)applying a
correcli onVB&€ed on sai d neasure of intensi ty over saidsel ected surface to

sai d untransfor ned¢(rxep);mé§tﬁi,é)fgc%(ge(é‘d)ﬁﬁ§g§form ng the corrected
unt ransformed represéntation to produce asecond integral transform

representation ande s dNFdfied A FhsFRRAMBNNIHY H' derbedLifldreprrRagrrat i on
a second filter corresponding to theinversion of a second differenti al
oper at or rtedrisfemreatidm' the correcteduntransformed representation to produce

a second nodified jntegral 2stransf.o representation; Lying an inverse
of said second i ntf%y)a' t ?%@Pﬁ'ﬂn@?&%?ﬁ osvgéé’ﬂ%iﬁmefﬁg%b%?ﬁ?%grgl transform
represgntation to (Rg@%@@a&té%bﬁ&dﬁfa@éﬁéee@ﬁhesﬁbﬂe AGHtatdsen wave field

across said sel ected plane. _ _
(k,,k,) are the Fourier variables conjugate to (x,y)



241412003 36 2 A nmethod as clainmed in claim1 wherein said first and second
integral transforns are produced using a Founer transform 3. A nethod as
claimed in clam 2 wherein said Founer transformis a Fast Fourrer

transform s ~. A nmethod as clained in any one of clains 1 to g‘”@@@f
‘'said first and second differential operators are second order i tial
operators5.~ A nethod as clained rn any gne of clains 1 to 4 wherein said
firstfilter is substantially the sane as said second filter.ro 6. A net hod
as claimed rn any one of clains 1 to 5 wherein said firstfilter includes
sel ectively suppressing first higher frequencies of thefirst integral
transformrepresentatign. . MBsh - clans 1 to 5
wherein at | east on7§o1c~ a/} &é%r?graé@gﬁgﬁgéé}cond fafrmfg?és(rﬁ%%es a correction
for noise in saidisrepresentative neasure of intensity.8. A nmethod as
claimed in any one ofS feadyryage wavelgnadth @lthyradidiaft ep of pr oduci ng sai d
representative neas\r.es _qQf intensi nd rate of chan f.intensity over
said sel ected surf?@rZb'ffqg?88&@?%9%%66%30&@2@“%'rﬂgﬁgﬁr%ﬁﬁ’ﬁg'gecorrespondi ng
to intensity over at anar f ext endi C t he
wave field. 9. A ﬁ{et.ggaéggagﬁgfzﬁn@%ég%i?gﬁgi m é%ﬂiﬁ? glf’ér?]b‘?lizaer ﬁesgfaggﬁwe@ ‘éﬁ??ace
i sbet ween hvReod pssdatspaced apart surFaces. 10. A nethod as clained in claim
8 wherein said selected surface is oneof said spaced apart surfaces.2s 11. A
met hod as clanmed in any one of clains 8 to 10 including the stepof directly
detecting e J i i i

sur f aces 195 Kt e s dfie FERALY T (R LRSBOR S nPHEn SRR TRsIPE R (e
st epof pr oskrfactgmaging syesperas efitaats, (ke rearkune "aiferratioan’s ptegeav gy thatoptical

| east 30one of said aced apart. surfaces by imaging {hat surface.

241 4] 2003 Hstem s E%%”a@‘ec'lné?ﬁtd %faawp'%’ng F?Id Ataithe %9@@%1@ vihEr ei n
sai dspace thS ; ] i i i ] ai med
in cl aﬁ)m gcs&gmi%r%?ﬁﬁé%ﬁg%sy%g@gy?%g@? E'SSHE e{g@zség? E!I@usbéfeasﬁp Frgf qub@h@r .S

15. A nmet haystesm chay heduiantifiey by aesadfof cluaibess8 to 14 wherein

sai drepresentative neasure of rate of change of intensity is produced
bysubtraction of representative neasurenents of intensity respectivel ynade
at locations over ggf d spaged gpart surfaces.16.A nethod as clained in any
one of clains 1 to 15 wheréin®’saidrorepresentative neasures of intensity
and rate of change of intensityare obtained by sanpling neasurenents at

sel ected | ocations aversaid surface.17. A nethod as clainmed in claim16

wher eitn savhicts anptarmgaezieraiinemasBgientsade at | ocati ons defining a regul ar
array overrssaid surface.18. A nethod as clainmed in claim2 ar claim3
wherein said radi ati onwave field propagates in a z-direction of a Cartesian
co- or di natesishsiy dak weré haken el wei Imgpdrhect Shepudenpatbsel Moperections
conponentand a y conponent of phase separately.20 19. ~A nethod as cl ai ned
in cl ai m y&rewebpeadiedzadiby iarcartaimaetali knayet sharalion epeffinignts # chrdonent s2x
for producing the x conponent of phase and a conponrent S2y for producing
the . compioneult b sRESBIRT (bnditesy i ((ketysakyak 2,0k, k, . €k Presegt 1 A1) akx
25 (k~ + ky)kY "' (k~ +ky)~ +aky where kx, kY ace the Fourier variables

conj ugat e cedldvamplgced b.\zmaw@@%ﬁ!t% which expligty €arend eperiha aPeppliaBi se in
t he i ntengi é%ﬁ gsurements. 20. A net hod as clainmed in claim19 including
the step ? tiplying said representative neasure of rate of change of
intensity by the negative s of average wave nunber of the radiation before
said integral - _
(17) Q, (kb 0,4y, 4y, 45,..) and Q (kk,,a, 4, 4;, 4;,...)

Xy
25 This would allow the imperfections of the imaging system to be explicitly taken
into account, leading to quantitatively correct phase retrieval using aberrated

imaging systems. For the special case of a non-absorbing phase object in a

radiation wave field of uniform intensity with weak (i.e. much less than



transformation. 21. A nethod as clainmed in any one of clains 1 to 6

i ncluding the step of obtaining said representative neasure of rate of
change of intensity by obtaining a first representati ve neasurenent over a
measurenent ro surface across the wave field for radiation of ?4;4%;@3
energy and . obtaining a second representative neasurenent over's
measurement surface for radiation of a second different energy. 22. A
method as clained in claim2 or claim3 wherein at | east one of said first
filter and said second filter include a correction for aberrations inis
said representative neasures of intensity and rate of change of intensity
by i ncl udi n@atadieas)plare warnponethe dppessteng nosdifide finber iead it®'the following
coefficients of a system producing the representative neasures. 23. A

net hod as crf@mmal}{prm farhe phasereingvahalgortiinat i on wave field 20
propagates in a z-direction of a Cartesian co-ordinate systemand furtfier
i ncluding the step of producing an x conponent and a y conponent of phase
separately. 24. A method as clained fn clai mFZ:{kjvvher in)_s id firstyand said
second filters have (gg8gonpongrfy)SiF" wduc e f phase
2s and a conponent s2Y for pr odvuci ng| [tRe & Adé ert2of phasle, Afat h 'of the
forml -4~ &z.~, (ks +ky)-4~m ~~ Am-k~ ky 30 where kX ky are the Fourier
vari abl es cehgmgate to x and vy; 241412003 39~, is the average wave | ength
of the radiation;~a errated§x~§ iE the aberrated intensity measured at

def ocus di stance~z smrpedfd) {h& & BEFIEIED MR MERSHIE RheiPLRAIa@Nee ze
t he irrperfeg% si magi ng system 25. A conputer programto execute the steps of
any one of clains 1 to24.26.A conputer program stored on conputer readable
st orage nedi ai ncl udApg aredhs abersteouteefiitientst epschothamactarire thle chmerfectl to
24.10 27. An apparatus for quantitative determ nation of the phase ~of

aradi ati on ! Ng S¥FE™ ncl udi ng(a)means to produce a representative neasure
of the pate of change ofintensity of said radiation wave field over a

sel ect eg sur faceext endi ng generally across the wave field;~s (b)nmeans to
produce a rlgprfitsers @efines: measure of intensity of saidradiation wave field
over said selected surface; (c)processing neans to sequentially(l) transform
said neasure of rate of change of intensity toproduce a first integral
transformrepr esent(a}bion;ﬁfjg Ikl)a app‘!y to,said first integral transform
representation a first filterr~ ’(‘:"O’r‘rze‘éb‘c')' ding to the inversion of a first
differential operatorreflected iq sai d neasure of rate of change of

intensity to produ:f fist nodified integral transformrepresentation;

(111) apply an inveyserdk.igaf ¢ i) FST | Bt eqrigliitransformto said first 2s

o]

nodi fied integral transformrepresentation to produce an untransfornmed
represgpntation; (11~ apply a correction based on said neasure of intensity

over said selected surface to said untransforned representation;
Then (18) becomes:

(20) #(x,y) = FJﬁFilF-‘ﬁF{Iabenzled (x,y)~1 }

¢

The term { I,,....(x,¥)—1 }is a measure of rate of change of intensity. /o

20 intensity is a measurable constant for uniform intensity so that (20) is the same
general form as (15). Consequently the special case of aberration can be dealt
with by changing the filter in the general method described above. The x and vy

component filters Q, and Q, are given by

25 (21) Q,=Q,=

x

1 ~
—=Q
V2



{V) transfom- the corrected untransformed representation to 30 produce a
second integral transformrepresentation; 241412003 ao _ (VI) apply to
said second integral transformrepresentation a second fitter correspondi ng
to the inversion of a second differential operator reflected L?’h@@03
corrected untransformed representation to produce a second no 4|

integral transform srepresentation; and(VlIl) apply an inverse of said
second integral transformto said. second”nodified integral transform
representation to produce aneasure of phase of said radiation wave field
across saidsel ected pl ane. ~0 28. An apparatus as clainmed in claim27 wherein
said first and secondintegral transforns are produced using a Founer
transform 29. An apparatus as clainmed ~n claim 28 wherein said Fourier
transf orm i E&xafage 1FeGimelatibnamgthorarnBily Ancid@miariateisvaas iobdiatied ~n any one
of claims 27 to 29 wherein saidisfirst and second differential operators
are second order differential operators.31. An apparatus as clained in any

one of clai g sA{ulbRoSOwdbesRiduceR G iéc%braa{nlcteewltﬁsth%u%?ﬁaagrghgéfr{tﬁmen S.ﬁge

as said second filter.32. An apparatus as clained in any o alms 27 to

31 wherei n B@itdof (ay seoredpandingdd uplesas elurtinatieny Jinepresasipiy shavet thegher

frequencies ofthe first infeagral transformrepresentatign. 33. An ar at us
as cl ai med ?%ergﬁgnoqetﬁgfmgfrg%rngn f*fny%?eﬁn\%ﬁgf ?Ehdﬁp ‘e?é&%ﬁ@n(ﬂa@gﬁﬁ HCrst
and second ¢djkyieted ivehdIdRe BarmNdregddciunfoforhedlSel, Nag abAnb&H¥ seBkalieve
nmeasure of intensity.2s 34. An apparatus as clainmed in any one of clainms 27
to 33 i ncl UdigHERfed(E © S(hrbawoeagep meadmestinvbe séaglatiefent s corr espondi ng
tointensity over at |east two spaced apart surfaces extending across

t hewave field.35. An apparatus as clainmed in claim34_wherein said sel ected

sur f acepi s3Ioeineets bhall ofhagak tire Pa0@EraRaniresand aee8de a 24hpliagQaray 86, An
apparatus as clained in claim34 wherein said selected surface Is one of

sai d spacedHp¥rdd& prEst &t 2 BiANe AKIaRYAM RUBSBGICEREY RAOFH AR ypropeoaion

ol aims 34 1o 3fohnghiid g5 SGhenJRANTROT ihd ADRAL SRt LY cdotast
representative neasures s of intensity er sai d°spaced apart surfaces. 38
An appar at IheathtehsityniedtHenplang 0®e0 ovhidhavares3totno036 1 nelatditragy dedtecisor
means to produce, said representative neasure of int_ensjt%pover at feast one

of said sp&PeWNaparioWerd@esVdhtd thadrer) HedaiEere HyagetiPRathe (RiPKRE ont o

t he detect S l.ed 1 [ o 38
wher ei r%?s aiqqu eg%&:ﬁsaﬁ/‘r’ t% Pg}ﬁ% ﬁg‘%ﬁg‘?@r'ﬁ@ﬁ St g\@? gﬁ)égq%g?%lf ?'?I@Idzgé%éﬁte
appar at us a$ tiod anteedity rmagg ameespbnds$ 4o mer@4nteasid8) wihbe énputs phdse pabiet
apart surfaces are substantj all | anar. _41. An .apparatus as clained in any
one of cl aivﬁﬁe%%oﬂbaltﬁ (Khré’ldé?r}?'g% Wi InhEigHze ?&)pr oduce said representative
nmeasure of rate of change of intensity subtracts representative
measurenents of intensity respectively nmade at |ocations over said spaced
apart surf froeges 42rregpoagipgriat pignes nepativedyl aind posjtivale displated @nm7rern 41
wherein saggfj%mg@ns t o produce a re%r.esentg%ve measdr e of t.i rltensit and
said 28° me T ﬁ#%é@oéflw e%?eg’e 1A Fve agrl‘ﬁe f 'SSREEVGY yct‘?&qug asF
intensity gadpRlcBv@msemant riedNga! bONSOQNEr 1. F8ib sl afRs: tAE. proPagdti-at us
as claimed in claim42 wherein said sanples are nade at | ocations defining
a regul ar xduggd oRRases gPatrastr fsaelearly visible in each of these images. The two

defocused images are subtracted to form the intensity derivative, which s shown

in Figure 3(e).

Images shown in Figures 3(a) and (e) respectively providing measures of
intensity and rate of change of intensity across the z=0 plane were then
processed according to a computer implementation of the method shown in
Figure 2, in order to yield the recovered phase map given in Figure 3(f). Note
30 that Figures 3(b) and (f) are plotted on the same greyscale levels, indicating that

the recovered phase is quantitatively correct.



44. An apparatus as clained in claim28 or claim?29 wherein said 2s

radi ati on wave field propagates in a z-direction of a Cartesian co ordinate
system and processi ng nmeans produces an x conponent and a y conponent of
phase separately. 45. An apparatus as clained in claim44 V\hergggmrs
processi ng neans applies said first and said second filters ha

conponent s2s for 30 producing the x conponent of phase and a conponent Shy
for producing the y conponent of phase of the form 241412003 42 _  (kr +
ky Ykr ~F (kX +ky)2 +akr (k ~ + kY )k~ . "' (kr +k~)" +ak where kx, ky are
the Fourier variables conjugate tt5 x and y; a is a constant deternent by
noise in the intensity neasurenents. 46. An apparatus as clained in claim
37 wherein said representative t o neasure of rate of change of intensity
i's multipl Feairdy 4 he) neggt)i vieowd 4 heriagevhganuaved nwages 0fsttdtegr adiagki on
before said integral transformation. 47. An apparatus as cl ai rreg in any one
of clains Q?te{@‘r?i’oﬂhéf’@W%ﬂ&eﬂbﬁﬁégé@%@@%%sﬁﬂo@% IMagee Pdﬁn%héﬂge of

intensity i b n a_fir
over o mali oAl antt BeEd 53 WREaa, L Fhef croa R SR ¢
ener gy sandragidtainniweyetersgic oagualepr €3 atrhve Trrmsmteasrre,ntarmjwhasal @I‘ the

measurenment surface for radiation of a second different energ An
appar at us 26108 fe@ PIYeR! Rlane28ro s e i J39\WREr i (3) &nd é%)sfes(ﬂ?ét’2©‘)/of

sai d firstgilderg@n dtﬁguﬂénfééor}gsﬁé&tﬁ/‘é | Hdwdgea %Pégﬁtte'do’?ntfeﬂglty at

aberrati ons In sal repre tive neas res of 1 ntens rat e of change
of i nt ensigrgpbyatiorc| didiangeat of et¥% 2©®eaodnﬁ6memmdemmdém iofertnipeng  of

5otho an ERAHPn IR Py Tenautd A 4B VRER S MRy Ra Y o
field eroma@t@% drid @) Zt@ﬁgefhtel g F a0’ ), 02 ezghge Jysbﬁgé@nd

wherein an corrponen and a corfponent ~ of phase are eparately.
24! 4] 2003 raBiesol algnnﬁ‘ppaztaanosdabe ehasewdapngdden m Ehguvmé(’fkfcn tﬁamha‘snercsft and

sai d second T} L8 &iSed T 3 RIBR0S HooShon. MRt indrd B arcP TH nS At of
used to numerically back-propagate the field back to the initial plane. This gave
Figures 4(g) and (h) for the back-propagated intensity and phase, respectively.
15 These are in excellent agreement with Figures 4 (a) and (b), thus demonstrating
the use of the phase retrieval techniques for the quantitative determination of the
amplitude and phase of a field over regions far displaced from those over which
intensity measurements are made. Note also that the back-propagation 1s not

restricted to free space; back-propagation can also be effected through a known

20  optical system.

Example 2 -Point projection microscopy

As shown n Figure 5, radiation such as X-rays, visible light or electrons from a
25  point source 10 1s allowed to propagate through free space to the object 11,
located at a distance ds, from the source. The radiation passes through the
object 11, and is allowed to propagate a further distance dqq to one of the image
planes I, l2...1n in which the intensity of the radiation is detected. This detection
is performed using a standard device such as a CCD camera, image plate or
30 other device capable of registering and digitising the intensity distribution. One
or both of the distances ds, and/or dsq is then changed so as to introduce



phase and a conponent s2 ~ for producing the y conponent of phase both of
the forms 1 ~lr-=~7L~.iL(~ ~ -~ ~ ~~~m~i~ ~nm-| ~~iy where kX kY are the
Fourier variables conjugate to x and y; ~, is the average wave | ength of
the radiation; o ~aberrated(x~y) is the aberrated intensity neggﬁw@ﬂxgt
‘def ocus di stance Any are the aberration coefficients which chafac e the
imperfect imaging system 51. A nmethod of, i magi ng an object including the
steps of is (a) exposing the object to a radiation wave freld froma
source; (b) producing a representative neasure of the rate of change of
intensity over a selected surface extending generally across the wave field
on the siddefdcush@tobjetnagesnend theontensidy dexiributah st ineasurea ¢nge pgadtuci ng

a representative e re.of intensjty of said radiation wave field qver

G2l o sol ol 8 5659 adeteerl COVRMRTBIN g SracHEsElne ‘Wi A6 RoPeRaNge of
intensity HRtMQAKMGRcIBEH B8loreb@AIHL dANssAER. M epresent ation and applyi ng
to said first integral transformrepresentation a first filter 2s
corresponding to the inversion of a first differential operator reflected

in said rre? uret of.tr t%.of change of /intensity to produce a firsﬁ_‘ rmfi~ed
integrai t1BRSISAMY dRPeSdNTRPI BrsSed o hgsi dhe a P Tassdrearey eainacs 1% st
integral trapstpnhe t@c@@F%J Int&hs ifo8ne bHaREe@f i aibAnd %mm@%g@f@?@t ion

f
to produce an 30 untransforned representation; 241 4] 2003 ~ta _
appl yi ng aPa@meters civchasewavelesgind piedsuce aof defeussiisianceears ansertasl ect ed

surface 10,581 YALEARRCOIIIRG, KEPLESEN L) O o Bhilt BOSLALALAG, LS £orr ect ed
r epr esent ahighit@dnsistprl phaxe $Hft yaind geeenslanat egral transform

representation asecond filter corresponding to the inversion of a
seconddi f flarcentgirarcasgren aeepnstarcties ©éihe Abierkindberite@@lane, as opposed to

unt  anst orFEAICBRIERGN BHaNid piBRodNces, 3 secend IPld Lad gl ang
transfornrepresentation; ~o c} appl'yi'ngman rnverse of 3%aid second 1ntegral
t ransf or mquargitdtiecsiond mpshniateth otae@dabbdvennsh GemisaPie dabk arbpagdte
produce aneasure_of ase of said radiation wave field across sai dsel ected

ph ( .
pl ane52. Athediabufield te the RBigct Rlaneathrrey NHEYAIGRIY regPasEbeiNGHAN PNeEa @ ng
sai di sreprgsenlab| ‘6%575‘?3;?&5 £ ALeOS) tsYrH@trﬂige.r a‘r%is‘)fcaﬁhpggﬁo% using
i ntensityover sard selected surface by ‘produci hg representativeneasurenents
cor r egpondiarglard diffreefisn tydever at | east two spacedapart surfaces extending
across the wave field.53. A nmethod as clained in claim52 wherein said
sel ected surface is2obetween two of said spaced apart surfaces.54. A net hod

as cl ai negl, i i @i el [ f f jtdinspaced
apar t U § B B R B e T O o s ei
sai dspacetetipaestiate afcthe intemsiyldetinativiea Vgz, pamdlitie cass 066 .0k hodh b dhes

clamed in _any one of clai 52 to 54 wherein saids ed. apart_surfaces are
Subst ant | S fhr 288 She o TerBd ATAR BePn g e Braat drka SBTT o 6
wher ebf s@iigrnBreseRt Aljettedmagivitiee HumpdreoPteshamamagts i 5t atlited. | A
produced bysubtraction of representative neasurenents of intensity

respect i v&incdon . eandihent be didtadi tortbisod@ta fsendvisighcBdizagair bestampited. and

used in the phase recovery algorithm in place of the simple subtraction of two

images normally used.

25  Example 3 - Quantitative phase amplitude microscopy

Figure 6 schematically shows an arrangement for quantitative phase amplitude
microscopy. A sample is lliuminated using a source of white light Kéhler
illumination 15, commonly found on optical microscopes. The light is transmitted
30 through an object 16 and collected by a microscope imaging system 17 and

relayed to a CCD camera 18 or other digital imaging device having a planar



241 412003 45 . 58. A nethod as clainmed in claimb51 including the step of
produci ng said nmeasures of intensity and rate of change of intensity over
sai d selected surface by producing first representative measurenents
corresponding to intensity over a first surface extending acrqﬁﬁ4bﬁg S wave
-field, changing the distance between said source and said object, ana
produci ng second representative nmeasuregents corresponding to intensity
over said first surface for the changed di stance between said object and
said source. 59. A nethod as clained in claimb58 wherein said sel ected
surfaces is to one of said spaced apart surfaces. 60. A nethod as clained
in any onemeping aUA8CS1 thyes7magssudiengoteriedt ep bffoais evapg. tetat iy

repr esent at.i i_nt ensi er i ed apart rfaces. 61. A
rorhod as St BRCBHOERS MraRh T haY d hE Bt G PRGBS byt E 36F8s o
surface i gugpaed dRardystem sab hdplitase rhitrodopd frekileRbof TRE ARagatd on of
said radiation. 62. A nethod as clained in any one of clains 51. to 61

wher ei n s#itpdsedce Hsualhbsugat smapll ysaa tiali degeasiatios. inespatmalneasiediions is

clainmed in.an e l,ai,gs 51 62 wherei id first.2 nd .second

i nt egral m’%’@?gﬁﬁ]‘ngﬁi?%grbg%%LPC%@%S?%SUQFIQ&#%@&% F%n%sfeoﬁm%egezfm'ﬁeqi&yhod as
cl ai ned i Bamp¥e WEpEitics! ahasinkdgih§ @@om/@ﬁ?es@;ﬁsaaqi n8gHifidtidr, aRgheRtal s a
Fast Fourier transform 65. An apparatus for inaging an object including 2s
{a) a soudeetyEsi fiCadi ate the object with a radiation wave field; (b) neans
to produce a representative neasure of the rate of change of intensity of
said radi ation wave field over a selected surface extendi ng generally

across t he/heavakirigethd infggeqreanauineripaPapefue bEMHeEBeNdader §s BhRSHA 80 Of
intensity of said 30 radiation wave field over said selected surface; (d)

proceYsi re IAsari5ar & e symaiicehppgriure of the objective being used. If this is not the
case then serious image degradation will occur, although the precise amount by

which the condenser and objective numerical apertures should differ nvolves a
tradeoff between image fidelity and spatial resolution, with the optimal difference

depending on the sample properties and the optics used.

Intensity data from the collected images . and |. are subtracted to produce a
representative measure of rate of change of intensity (intensity derivative).
From this and the intensity data of collected image |, the method described
above can be used to produce quantitative information about the magnitude of

20 the phase shift in the image plane.

As in Example 2 for point projection, there may be cases in which it is desirable
to take more than two images in order to obtain a better estimate of the intensity
derivative dl/dz. A function can then be fitted to this data from which di/dz can
25  be computed and used in the phase determination method in place of the simple

subtraction of two images normally used.

It is also possible to operate this system in a reflection geometry to obtain
surface topography. The principle of operation is the same, however the optics
30 have to be folded back on themselves to form a reflection geometry - otherwise

the process is identical.




241412003 4 ci transform sand neasure of rate of change of intensity to
produce a first integral transformrepresentation, (ii) apply to said first
integral transformrepresentation a first filter corresponding to the
inversion of a first differential operator reflected in said ngﬁﬁﬁiépé?
rate of change of intensity to produce a first nodified integr form
representation, (iii) apply an inverse of,said first integral transformto
said first nodified integral transformrépresentation to produce an io
untransfornmed representation; (iv) apply a correction based on said neasure
of intensity over said selected surface to said untransforned
representation; (v) transformthe corrected untransforned representation to
> 5 produce_a second integral transformrepresentation; Fvi) apply . to said
i

second i nt e AetARAREPHFAG S €388 iAndasIERliefa Titel the lighriees PERERURY t o
the I nversi swg%d' renti ik carrected
unt r ansf or rrv%g(}/e(rpéenpﬁg's%nt at hotlr?]?si % rﬁ:ﬁlodﬁggggﬁé@t%edég%ér%gﬁﬁa'ggwqt ﬁfoé:g?%lag

t ransf or m nteporks eatjuat!ly ovell wittdwhveilighappl y an i nverse of said second
integral transformto said second nodified integral transform
represehtation to produce a measure of phase of said radiation wave field

acr ss. sai (el sehnbl ARieREnons 8ABARAIRICRRe Cf & ARCONMAILER BF

i ncl udi ng means to produ representative neasu ndi'ng

i ntensity optcalamitmasvpe wb0 spasedqapaet suhf acest eoft &idPlzg acstafsrgtded wave
field. 67. ‘apparatus as claimed in claim66 wherejn said se|] ected
surface i sogg?a)é%haf‘% B‘F’Vggiagcgﬁ %%?Prafﬁa?rf’wgﬁr’%@g%rs‘.”UW%@”- Agﬁ’ HFFAIAL us
as cl ai medpp ipfd & BrAfaMBEGLE R IhSBISFGaM ] ABekNomarsRNBI®bpaad d
spaced apart surfaces.éa 24141%003 69 }An rf%l’ppaarﬁat(‘j;s a§ zr\{oarpanrgg ~n@f§rﬁ)y one of
cl ai ms166 and 88t 0 cadtmyipderrestted Uniamdpposjectiverdera atsioramuingd det et

representative neasures .of .intensit ver sai.d space part surfaces, 70.
An appar atr@écrggc%qeamsqhﬁgéwggﬁ Oot® "f"%ﬁ'}@?%@ ?gm§8€?lﬁc9?d’é‘?”ﬁdls§1%§f)g}:tor
means to pheelicrtsdlA ahaMNEHERADICFoPBRS Bl oaks I hBBRELVe B¥RIbaRboh easSt one
of said spaced apart surfaces and i magi ng nmeans to i mage that surface onto

the det ect bi-bit EriemiiicagisdealbetoametoraiganbyisnCaly cameraflickauipped with 20
e RS RS PR W A B bt P
represgnt adr ye MRRSsEdeoh dafutreafigiediamnggesfof tid eapbley is produced by
subtraction of representative neasurenents of intensity respectively
The phase recovery technique of this embodiment of the invention requires the
acquisition of defocused images. A stepper motor drive system 22 was attached
to the focus knob of the microscope. This stepper motor 22 was attached to the
20  parallel port of a 133MHz Pentium PC 23 also used to control the CCD camera
21, enabling full automation of the acquisition of through-focus image
sequences. This data acquisition system was linked to custom software written
to recover phase images from the CCD images, thereby enabling full automation

of the image acquisition and data processing sequences.

In order to demonstrate that phase imaging using this invention can accurately
measure the phase structure of microscopic samples it was necessary to have a
sample with a well-characterised geometry and refractive index distribution. A
3M F-SN-3224 optical fibre (a commercial fibre made by 3M) was used.
30  Independent measurements of the refractive index distribution obtained using

atomic force microscopy and commercial profiling techniques were available



made at | ocations aver said spaced apart surfaces. 73. An apparatus as
claimed ~n claim65 including neans to produce said ~s nmeasures of ntens~ty
and rate of change of intensity overs said selected surface by producing
first representative neasurenents corresponding to intensity oygﬁ%gpaérst
'surface extendi ng across the wave field; neans to change the drstahce

bet ween sai d source and sai d object, andgneans to produce second
representative 20 neasurenents corresponding to intensify over said first
surface for ' the changed di stance between said abject and said source. 74.
An apparatus as clainmed in claim73 wherein said selected surface is one of
sai d space@nabliid agsufaeepredrionasf dppaphaess duictyrei abdheneghywayre fisfld.

cl ainms 65 i i aps. .t irectly tecting representative
measur es og\‘gpﬁfeénglgwﬂéggrggégg ﬂ%rgcgvc?%aﬁ a?tt 'tsf}??a@éé? ORh YpPliEEls as
ci at med i nreAmttionendtes] @i Mpebant@uldr sbeding 2sSeellaseheebrd wrbasendst

spaced apart fromsaid object in the direction of propagation of said

radi at i on. filzesmMPAhhayp ardeddnasng eareed Nin PARyideaaroadditianastesbfardha 6
wherein saj 0 RS t I, aLl i 1 41 ~5 78. An
appar at’usaﬂérga% g}t]g a5 %y%g%@ %\%’L%F %:/Ih%fjrr)rtg %%@g@g%\/\ﬁ%? éﬁﬁeesg{?’gglf“fjpgtm and

second i ntregaativé radesd rather thae justogdoced using a Founer transform 79. An
apparatus as clainmed in claim 78 wherein said Founer transformis s a Fast
Four ~er transform 80 A nethod of phase anplitude imaging inciud~ng the

steps of ( i | ald prpil?%t L~ radeat i,qn. wave. fiel.d:
focussing ﬁ’?aedic%{tlﬁgm: rr%%v?ﬁel obj gjctswtehdr)r(])ug ag‘n tgn%%{%ﬁ]m%yg)tréjl%%bgm aéfbi}%gi ng
surface extfadiveg rataxossotdrealvdaeers ictltite pbapagatiung fTresvidiedens est firs{ C)
producing a first reﬁ)r esentative msashjre of intensity. distribution of

radi at'Pon SSRRING4Ne ARG Fipauige 1eatidg BY peakingdul iSPPIARY! peRfich¢hasy st em
(d) int roq}éﬁkﬁga T rhABESa] 'ﬂb{eg)“sﬂg)r&éfr foh‘?er‘n%@etr%ng?é’s‘,tﬂ 'cgﬁgﬁgg. I Sif ace

t hrough t he I"magi ng system oduci ng a second representative 0
measur e i segnsnt yofditser typidallpre etrend sdiabproxigiately sand & éyo agethtididtrassinng

said first and second representative neasures to, produce representative
measur e_ .”Qtﬁt Wﬁ§!ﬁ'?Fe£§8”§ %W%&P@;ﬁ@ﬁ?a{?%r%' # 808¥ Of?’&fjégdf’at@ﬁﬁﬁge of
intensityqipy tHe HvER WRR Pb TR IVPRASEL | ARy AUEDN 3hs foRet gihsiur face
ext endi ng across the wave field;
15 would introduce a spurious tilt into the recovered phase so two small sections of

fibre, both of similar diameter to the sample, were placed parallel to and about

0.5cm either side of the main fibre. The cover class was then placed across all

three fibres to ensure that it was as parallel to the microscope slide as practically

possible.

Images of the fibre were taken using an Olympus 40x 0.7NA UplanApo
objective, which meant that a 500x500 pixel image conveniently spanned the
whole width of the fibre, and the condenser was set at NA=0.2, The fibre’s
refractive index profiles were known for 632.8nm (HeNe laser) light, so a
25 625+ 10nm band-pass interference filter was inserted into the illumination
system to ensure that the recovered phase profiles were obtained at a
wavelength as close as possible to that for which data was available on the
fibre. An intensity image of this sample in the plane of best focus and at £2um
either side of best focus I1s shown in Figure 8, alongside a phase image

30 recovered from the two defocused images using the phase-retrieval algorithm

described above. Note that the fibre is virtually invisible in the in-focus image



(g) transform ng said neasure of rate of change of intensity to produce a
first integral transformrepresentation and applying 2s to said first
integral transformrepresentation a first filter corresponding to the
inversion of a first differential operator reflected in said ng&,s%@if
rate of change of intensity to produce a first nodified integr form
representation; (h) applying an inverse of said first integral transformto
said first 30 nodified integral transform!'representation to produce an
untransfornmed representation; 241412003 49 . (i) applying a correction
based on said neasure of intensity over said selected surface to said

unt ransf or medr GarAP YIB! Pidhty deRREtey %@geghwetr bat @tk YBHd amsl giared
representation to produce to said second integral transformrepresentation
a s second iregiegs adf differefibrefraetivee setaxatincidayd thept y mgliameéronadref, i dreer
correspondi n%@t‘éo t he inversion of a second differential operator reflected
in the corrersly Wsibleanshemmagei®pgesent ati on to produce a second nodified
integral transformrepresentation; __ io (k) applying an inverse of said
second integral transformto said second nodified integral transform
represeni at FRjuré @ $ficuodlaecompaasu 6f 0k rA8asfedfarkindthdctst aba@élng@s fital d
across said selected plane. 81. A nethod as clainmed in claim80 wherein

sai d radi at twum@alﬂﬁ@fﬁ indisatgddnahafigsire capreseatingranes g@ndard dryationof
nuneri cal r e 10 al j S e : t aj In.claim
80 or claim 1&%‘% %Q’E‘Pf@? diF hgﬁgbﬂget ?@Ier gagﬁ\éa@;;@e'?notgro @éﬂ@%bgﬁq#‘c‘)’gus

i mage at t heue nagipatiab vafiaiensaindtigekindssesfond doeusgiads the mRgédapesyikieem
produces a slightly 20 defocused i mage at the inmaging surface. 83. A nethod
as clai ned M @3y heesn. dhgi rcosgrad andl wxeeeled ShREE] PRiasy asirinageod s
subst ant al haahwi od: |.al [ i [ o 83
wher ei nPOt heéglrr?ggl ng \%erég%gn@egh\glftﬁ? Q%E?éfdﬁ%gt’gg %?/Iy&%gﬁlg@n qhgr?e?ﬁqg%%r%s

cl ai med i n @ftiie prefilefprobiaced uSidgtthe Sdchwhgueeonthésiirdentimgi ng surface is said
sel ected surface. 86. A nethod as clained in any one of clains 80 to 85
wherein said integral transformis a Fourier transform 87. A nethod as

clai med in e} ahglBP . WAREn SR iGhAIBHHCS! phAAN BT dPabRy @ 30 Fast Fourier

transform

15 This example demonstrates the application of quantitative phase microscopy to
the three-dimensional imaging of objects through 'the use of computed-
tomography techniques. This is possible using the techniques of this invention
because the phase shifts introduced by the object can be directly measured
independently of any intensity variations in the object, _thus an inverse Radon

20 transform can be used to recover the three-dimensional structure directly from
the projection data. Although the experimental demonstration provided is in the
optical regime, the same principles are equally applicable to X-ray, electron and

neutron phase tomography.

25 For the purposes of collecting three dimensional data sets the same optical
microscope described in the previous example is used with the addition of a
rotation stage 24 for the purposes of rotating the sample within the confines of
the optical microscope imaging area as shown in Figure 10. The rotation stage
24 is shown in greater detail in Figure 11.

30



24141 2003 so 88. A nethod as clainmed in any one of clains 80 to 87 wherein
sai drepresentative neasure of rate of change of intensify is produced
bysubtraction of said first and second representative neasurenents
ofintensity.s 89. A nethod as claimed in any one of cia~ns 80 t(ﬂﬁzﬁ ﬁ@ﬁrei n
sai drepresentative neasures of intensity and rate of change of “i % Ttyare
obt ai ned by sanpling neasurenents at selected | ocation oversaid inmaging
surface. 90. A nethod as clained in clain89 wherein said -

sanpl i ngi oneasurenents are nmade at |ocations defining a regular array
-oversaid i magi ng surface. 91A nethod as clainmed in claim87 wherein said
radi ation i r - } NelN i 0 r I - i nate
Syst om andFor Eher oI Rel S raet e A By coieBe i ot B U Rl

yi sconponezit atthcipdthietreepanitigion 62tha sehddd3MHx Pahtrech PG wical o Ghtrner ei n
said first_ an aid secopdfitters have a conponent S2r for producing the x
conponent (B¢ gﬁ‘zjséaﬁ?ﬁfaaggéﬁpgh‘@ntthesﬂcq%%”nBoﬂfﬁ@?%(j“'FF%S%’Péonﬁoﬁéﬁ@”d)f
phase of t r Kby o th K at ( + Ky ~ "' ~
Coc 1y oot Mgl S gl e sl PodnBhit SEE BRI 1o
and y; 5zs sysiesn 24cfon¢hapurpbseeraiiro@dnyhareaseiée.n Thivedatat asgiidiyon system
measurenents. 93. A nethod as clained in claim92 including the ste

f
mul ti plyi MPESSHIRET EpCESm soTvaren4dignelootecryee PB?S%H@@@@S%?OW@@&&D(; by

the negat iyeges 2HdtbB00ShAHingOf It BtoRERIOATSt RY it ifldhe ah@diatl on
bef ore sai”é ?'fral%’egr al ?r ansfjggrrﬁjti on. 94. An appalr at S%}[cg?fsgc%sgngn% I'tude
i magi ng obraresshjgeseqierdaudiany datramdit avdsocolismied fuselgdtrsosame merdsaopei at e

i d obj t; i i t iati f i d obj tt
e R e ol N S o S b A s
obj ect; MBANS-4ID @é@é’g@@ @pl@ﬁpgéiﬁﬁé@ﬁvég%r{mw@e@él Eéﬁd’iéﬁée?r}o!&%ﬁgéi ty

over said imaging surface; said imging systemincluding selective
oper abl e Kétertiburadjation. sRigitaf svagevvesaiadptargidat$iog a d 2skit ®@hiotergetmigs

surface t I at_a first focus a S d : essi ans
tor (1) poganke G Peiatmneatboed Wl Ao B REF oo ) SRRaRESs BRRL e ac ve
nmeasur e ofhipajrethefo. sRana bt bhireNSidrysddpet he direction of radiation
propagation over a selected surface extending across the wave field from

representative nmeasures of radiation intensity over said i mage surface at

Pare bi ' oranbe e TR BR BB 20 i e ey ERRL B RPN ©

r epr esent akinail;segnént iR ¥nt @f Sadedtibh ot fibidttpgically bbansses Beh@RERS @Rt at i on
a first flter correspondi ng} to the inversion of a first differential

oper at or IPBgYeVet0ding dhe TheadurwRsePY alechn! tRanENeR ramamTtd) fibee 2s
produce afpget deinbved eeSF%?fi \cIhiRST ORE figR! GRSNRIA B idibvd apBl Y an

i nverse rst rn ranstormto said firs i'ed integral
t r ansf or rseigepere ¥ rppiro Ximately pnedncle irmlengtit, naitrs trer arstripped eserthahibemg (V)
apply a correction based _gn said asure of intensity over 30 said. selected
surf @8e t599drfodhgrRnchats gﬁrﬁ?d’greeﬂgé@@?\ﬁ%'?%ﬂeeme 27 and fixed into position

with a small’amount of 5 minute Araldite. A mount 28 was used to attach the
needle 27 to stepper motor 25, A pool of index-matching fluid 29 surrounds the
fibre 26 as shown in Figure 11, with a microscope slide 30 affixed underneath
the fibre using silicone grease and a 0.15mm thick cover glass 31 placed over

25  the top.

Transmission intensity images were collected in the same way as described in
Example 3 above using an Olympus 20x 0.45NA UMPlan objective with the
condenser set at NA=0.1. The images taken were 500x500 pixels in size which
30  conveniently spanned not only the width of the fibre but also the whole region of

precession. As the refractive index profile of this fibre was known for 632.8nm



2414] 2003 52 {vi) transformthe corrected untransforned representation to
produce a second integral transformrepresentation; (vii) apply to said
second integral transformrepresentation a second filter corresponding to
the inversion of a second s differential operator reflected in %ﬁ§2P03
corrected untransformed representation to produce a second nDd? I

integral transformrepresentation; and (viii) apply an inverse of said
second integral transformto said second?nodified integral transform
representation to produce a neasure of phase of said radiation wave field
across said selected plane. 95. An apparatus as clainmed in claim94 wherein

sal d radi agHSF\‘Je"\@éSr l?gﬂkda '898*%‘?1%%8 as%ﬁﬂgé@é’é‘éniég‘?igér%amﬁé’e&&eu

nuneri cal erture d "1 magi ng aratus as r]a med
in claim 9mearllmdna1am955§aaedw ftorsmsdrecﬂsatofhd hecbmg'dnghss'@t;mﬂnelsodmes an
i nf ocus image at the |ma ggasurface and s'%| ds rgd focus of the ipmagi

syst em profl F?é’%e%%?l"@ﬁel RS REIAF MRge/Pi ta Fatyiich dale pRdRE fibre Ag
appar at us gssCl\ajiapd. :Fl? phgg@,@ég&wsnﬁro%ésééa HEPRRE G haREh Gi20o L FRO! NG

surface is substantl a anar. . An apparatus as al med 1n any one

of claiqe 8hdosidd dmkwselfcstdsh@narma s $ bllewied If&arﬂmoonheemd'erd&ér@crés)r
99. An apparatus as clainmed in any one of clains 94 to wherein said

i magi ng sulhfraegh |1§0§§966@e¢@€ﬁ”éépégﬁ¢f atetep3f108 degreesﬁptpeatmeosmageel & ned

in any on [ r transformis a Fourier
transfor mtyﬂ?f(f ‘%h”irsgﬁ a@juass 49 2Cr a!?%\g a{nﬂncﬁ?é 0 wherein said Fourier

transformis a Fast Fourier transform 102. An apparatus as clained in any
one of clainms 94 to 101 wherein said 30 representative neasure of rate of
change of The évsiection flait.outhed fasp theseaansiomted phaser @wadasn warestied fir st

and_se, °T‘fpro€8§§e°oe%fb“tﬁ dBhesral ioga\%n ddikensihbY o 194 ié“’%tné‘g%ye cdS as

cl ai I'TE any one o erern sard re resen nmeasur es

of i ntensiiinpl@ndntatibe of tmdflalmg&n@ﬂlon raifefrrlmred isack- er@éﬁtmn@edlgbytmraa,nwmng
nmeasur enents at sel ected |l ocation over said inmag |rr;% surface 104. ~ An

appar at us @¢ecfi é?rri”ntn@( SorRegER Niph EFRANSIAIEHAN SWHReT Hy theallll/BNeWayear e
TR0 o LSSk ates deslhat Ll QLRSS TR aIIRERS |0,
pr opagat exxinbg tzkldgrmofllreenthufu@ Oaer pbasaaldata)—setsdandt@nsmsrhcethemdnfwat her
ot D L oSHeL g A0 X, STRRNENL 80, ooy eqppopent, of phase
gggp s ﬁleﬁt to GRRGANSE tHd foRhBoMaY felrotRIBPRE g the duts WHsAHlYRAINGHIRE Xo

that the rotation axis coincided with the middle column of the sinogram to

simplify the reconstruction process. Fitting a curve to the phase profiles also

enabled misaligned data sets to be moved back into line, which in turn

20 improved the quality of the reconstructed image. This r;aligned projection data

was then transformed into a single slice through the object by back-projecting

the collated phase data after filtering the projections to suppress the 1/r point

spread function associated with back-projected reconstructions. These slices

through the object were then stacked up on top of each other to produce a full

25  three-dimensional refractive index distribution of the sample.

A slice through the reconstructed refractive index distnbution is shown in Figure
13. Note that all three regions of different refractive index are clearly resolved
and that these regions form concentric cylinders, as is expected for this sample.
30 A line profile through the centre of this reconstruction is shown in Figure 13

(dashed line) alongside the known refractive index distribution for this fibre (solid



of phase and a conponent Sit for producing the y conponent of phase of the
form (kx + ky)ks ~s - (k+ky)  +ak~ 20 (ki + ky }ky, ~'""' (k1 + ky )~ + aky
where kx, kY are the Fourier variables conjugate to x and y; a is a constant
deternent by noise in the intensity neasurenents. 25 107. A ng%@gggﬁ@
clainmed in claim2106 including the step of nultiplying said repre ative
nmeasure of rate of change of intensity by the negative of the average wave
nunber of the radiation before said integral transformation. - 24141 2003
4 5 108 A conputer programfor processing a representative nmeasure of the
rate of change of intensity of a radiation wave field over a selected
surface extendi enerally across the wave field and a representative
neasure of hri“?gt eﬂgﬁg@%ﬁas g}ﬁ(f&e ?%{HPSHW 6@%’#&”&*'8" AerVesy & Eoef@@tee‘éf
surface, sg j | S i éﬁgg ] i e of
rate of chgwrfj ggwov?g Pﬁﬁa’%gﬁ b yﬂtégg}f)’rr @gﬁgéoﬂ%}cr{tﬁt{@ nt eﬁ'gﬁ#ﬁ@ g?drwlm
representation and applying to said first integral transformrepresentation
a first filter corresponding to the inversion of a first differential
operator reflected in said neasure of io rate of change of intensity to
produce a first nodified integral transformrepresentation, (b) code far
applying an inverse of said first integral transformto said first nodified
integral transformrepresentation to produce an untransforned
representation; is (c) code for applying a correction based on said neasure
of intensity over said selected surface to said untransforned
representation; (d) code for transform ng the corrected untransforned
representation to produce a second integral transformrepresentati on and
applying to said second integral transformrepresentation a second filter
20 corresponding to the inversion of a second differential operator _
reflected in the corrected untransforned representation to produce a second
nodi fied integral transformrepresentation; (e) code for applying an
inverse of said second integral transformto said second nodified integral
transformrepresentation. 2s 109. A conputer program stored on conputer
readabl e storage nedia for processing a representative neasure of the rate
of change of intensity of a radiation wave field over a sel ected surface
extendi ng generally across the wave field and a representative neasure of
intensity of said radiation wave field over said selected surface, said 30
program i ncl udi ng: 241 412003 ss (a)code for transform ng said neasure of
rate of change of intensity toproduce a first integral transform
representation and applying to saidfirst integral transformrepresentation
a first filter corresponding to theinversion of a first differenti al
operator reflected in said neasure ofsrate of change of intensity to
produce a first nodified integraltransformrepresentation;(b) ,code for
applying an inverse of said first integral transformto said firstnodified
integral transformrepresentation to produce anuntransfornmed
representation;to (c)code for applying a correction based on said neasure
of intensityover said selected surface to said untransforned
representation; (d)code for transform ng the corrected untransforned
representation toproduce a second integral transformrepresentation and
appl ying tosaid second integral transformrepresentation a second
filtercorresponding to the inversion of a second differenti al
operatorreflected in the corrected untransforned representation to produce
asecond nodified integral transformrepresentation;(e)code for applying an
i nverse of said second integral transformto saidsecond nodified integral
transformrepresentation. 20
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(g) applying an inverse of said second integral transform to said second
modified integral transform representation to produce a measure of

phase of said radiation wave field across said selected plane.
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5 4. A method as claimed in any one of claims 1 to 3 wherein said first
and second differential operators are second order differential
operators

5. ' A method as claimed in any one of claims 1 to 4 wherein said first
filter is substantially the same as said second f{lter.

10 6. A method as claimed in any one of claims 1 hto 5 wherein said first
filter includes selectively suppressing first higher frequencies of the
first integral ransform representation.

7. A method as claimed in any one of claims 1 to 5 wherein at least one
of said first and second filters includes a correction for noise in said

15 representative measure of intensity.

8. A method as claimed in any one of claims 1 to 7 including the step of
producing said representative measures of intensity and rate of
change of intensity over sad selected surface by producing
representative measurements corresponding to intensity over at least

20 two spaced apart surfaces extending across the wave field.

9. A method as claimed in claim 8 wherein said selected surface is

between two of said spaced apart surfaces.
10. A method as claimed in claim 8 wherein said seiected surface is one

of said spaced apart surfaces.

25 11. A method as claimed in any one of claims 8 to 10 including the step
of directly detecting representative measures of intensity over said
spaced apart surfaces.

12. A method as claimed in any one of claims 8 to 10 including the step
of producing said representative measure of intensity over at least

30 one of said spaced apart surfaces by imaging that surface.
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10%4| & () - $380%4| & A)meliod asoclaimed in any one of claims 8 to 12 wherein said
spaced apart surfaces are substantially parallel.

14. A method as claimed in claim 13 wherein said spaced apart surfaces
are substantially planar.

5 15. A method as claimed in any one of clams 8 to 14 wherein said
representative measure of rate of change of intensity is produced by
subtraction of representative measurements of intensity respectively
made at locations over said spaced apart surfaces.

16. A method as claimed in any one of claims 1 to 15 wherein said

10 representative measures of intensity and rate Bf change of intensity
are obtained by sampling measurements at selected locations over
said surface.

17. A method as claimed in clam 16 wherein said sampling
measurements are made at locations defining a regular array over

13 said surface.

18. A method as claimed in claim 2 or claim 3 wherein said radiation
wave field propagates in a z-direction of a Cartesian co-ordinate
system and further including the step of producing an x component
and a y component of phase separately.

20 19. - A method as claimed in claim 18 wherein saia first and said second

filters have a component Q_ for producing the x component of phase
and a component Q for producing the y component of phase of the
form

O - (k; +k))k,
TRk + k!

x

25
Q- (k] + KDk,
Yk k) k]

where kyky are the Fourier variables conjugate to x and v;
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transformation.

21. A method as claimed in any one of claims 1 to 6 including the step of
obtaining said representative measure of rate of change of intensity
by obtaining a first representative measurement over a measurement

10 surface across the wave field for radiation of a first energy and
obtaining a second representative measurement over said
measurement surface for radiation of a second different energy.

22. A method as claimed in claim 2 or claim 3 wherein at least one of said
first filter and said second fiter include a correction for aberrations in

15 said representative measures of intensity and rate of change of
intensity by including at least one component dependent on the

aberration, caefficients of a system producing the representative

measures.
23. A method as claimed in claim 22 wherein said radiation wave field
20 propagates in a z-direction of a Cartesian co-ordinate system and

further including the step of producing an x component and a vy

component of phase separately.
24. A method as claimed in claim 23 wherein said first and said second

filters have a component Q, for producing the x component of phase

25 and a component Q, for producing the y component of phase both of

the form

1
JAr Ak 4 k) =45, T, A, KTk

30 where K.k, are the Fourier variables conjugate to x and y;
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Amn are the aberration coefficients which characterize the imperfect
5 imaging system.
25. A computer program to execute the steps of any one of clams 1 to
24,
26. A computer program stored on computer readable storage media

including means to execute the steps of any ong of claims 1 to 24.
1w 27. An apparatus for quantitative determination of the phase of a
radiation wave field including
(a) means to produce a representative measure of the rate of change of
intensity of said radiation wave field over a selected surface
extending generally across the wave field,;
ts  (b) means to produce a representative measure of intensity of said
radiation wave field over said selected surface;
(c) processing means to sequentially
i (1) transform said measure of rate of change of intensity to
produce a first integral transform representation,
20 ()  apply to said first integral transform representation a first filter
" corresponding to the inversion of a first differential operator
reflected in said measure of rate of change of intensity to
produce a first modified integral transform representation;
(Il apply an inverse of said first integral transform to said first
25 modified integral transform representation to produce an
untransformed representation;
(IV)  apply a correction based on said measure of intensity over said
selected surface to said untransformed representation;
(V) transform the corrected untransformed representation to

30 produce a second integral transform representation;
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(VI) apply to said second integral transform representation a
second filter corresponding to the Inversion of a second
differential operator reflected In the corrected untransformed
representation to produce a second modified Iintegrail transform

5 representation; and

(VIl)y apply an inverse of said second integral transform to said

second modified integral transform representation to produce a

measure of phase of said radiation wave field across said

selected plane.

10 28. An apparatus as claimed in claim 27 wherein said first and second
integral transforms are produced using a Fourier transform.
29. An apparatus as claimed in claim 28 wherein said Fourier transform is
a Fast Fourier transform.
30. An apparatus as claimed in any one of clams 27 to 29 wherein said

15 first and second differential operators are second order differential

operators.

31. An apparatus as claimed in any one of claims 27 to 30 wherein said
first filter 1s substantially the same as said second filter.

32. An apparatus as claimed in any one of claims 27 to 31 whereimn said

20 first filter includes selectively suppressing ﬂrs_t higher frequencies of
the first integral transform representation.

33. An apparatus as cfaimed In any one of claims 27 to 31 wherein at
least one of said first and second filters includes a correction for noise
in said representative measure of intensity.

25 34. An apparatus as claimed in any one of claims 27 to 33 including

means to produce representative measurements corresponding to

intensity over at least two spaced apart surfaces extending across the

wave field.
35. An apparatus as claimed in claim 34 wherein said selected surface is

30 between two of said spaced apart surfaces.
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36. An apparatus as claimed in claim 34 wherein said selected surface is
one of said spaced apart surfaces.

37. An apparatus as claimed in any one of claims 34 to 36 including
detector means positioned to directly detect representative measures

5 of intensity over said spaced apart surfaces.

38 An apparatus as claimed in any one of claims 34 to 36 including
detector means to produce sald representative measure of intensity
over at least one of said spaced apart surfaces and imaging means to

image that surface onto the detector.

to  39. An apparatus as claimed in any one of claims 34 to 38 wherein said
spaced apart surfaces are substantially parallel.

40. An apparatus as claimed in any one of claims 34 to 38 wherein said
spaced apart surfaces are substantially planar.

41, An apparatus as claimed in any one of claims 34 to 40 wherein said

15 means to produce said representative measure of rate of change of

intensity subtracts representative measurements of intensity
respectively made at locations over said spaced apart surfaces.
42. An apparatus as claimed in any one of claims 27 to 41 wherein said
means to produce a representative measure of intensity and said
20 means to produce a representative measureQ of rate of change of
inténsity sample at selected locations over said surface.
43. An apparatus as claimed in claim 42 wherein said samples are made
at locations defining a regular array over said surface.
44. An apparatus as claimed in claim 28 or claim 29 wherein said
25 radiation wave field propagates in a z-direction of a Cartesian co-
ordinate system and processing means produces an x component
and a y component of phase separately.
45. An apparatus as claimed in claim 44 wherein said processing means

applies said first and said second filters have a component Q_for
30 producing the x component of phase and a component <, for

producing the y component of phase of the form
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) 48. An apparatus as claimed in claim 28 or claim 29 wherein at least one
20 of said first filter and said second filter include a correction for
aberrations in said representative measures of intensity and rate of
change of intensity by including at least one component dependent
on the aberration, coefficients of a system producing the
representative measures.
25 49, An apparatus as claimed in claim 48 wherein said radiation wave field
propagates in a z-direction of a Cartesian co-ordinate system and
wherein an x component and a y component of phase are produced

separately.
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producing a representative measure of the rate of change of

intensity over a selected surface extending generally across the
wave field on the side of the object remote from incident
radiation;

20 (c) producing a representative measure of intensity of said radiation
wave field over said selected surface;

(d) transforming said measure of rate of change of intensity to
produce a first integral transform representation and applying to
said first integral transform representation a first filter

25 corresponding to the inversion of a first differential operator
reflected in said measure of rate of change of intensity to
produce a first modi{’ied integral transform representation;

(e) applying an inverse of said first integral transform to said first
modified integral transform representation to produce an

30 untransformed representation;
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3!_10%‘/$N&I5Q - VR#AQWM% Qa?med in claim 52 wherein said selected surface is one
of said spaced apart surfaces.

55. A method as claimed in any one of claims 52 to 54 wherein said
spaced apart surfaces are substantially parallel.

25 56. A method as claimed in any one of claims 52 to 54 wherein said
spaced apart surfaces are substantially planar.

57. A method as claimed in any one of claims 52 to 56 wherein said

representative measure of rate of change of intensity is produced by

subtraction of representative measurements of intensity respectively

30 . made at locations over said spaced apart surfaces.
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corresponding to intensity over a first surface extending across the
5 wave field, changing the distance between said source and said
object, and producing second representative measurements
corresponding to intensity over said first surface for the changed

distance between said object and said source.

59. A method as claimed in claim 58 wherein said selected surfaces is
to one of said spaced apart surfaces.
60. A method as claimed in any one of claims 51 to 57 including the step

of directly detecting representative measures of intensity over said

spaced apart surfaces.

61. A method as claimed in any one of claims 51 to 60 wherein said
15 selected surface is spaced apart from said object in the direction of
propagation of said radiation.
62. A method as claimed in any one of claims 51. to 61 wherein said
source is substantially a point source.
63. A method as claimed in any one of claims 51 to 62 wherein said first
20 and second integral transforms are produced using a Fourier
transform.
64. A method as claimed in any one of claims 51 to 63 wherein said

Fourier transform is a Fast Fourier transform.
65. An apparatus for imaging an object including :
25 (a) a source to irradiate the object with a radiation wave field;

(b) means to produce a representative measure of the rate of
change of intensity of said radiation wave field over a selected
surface extending generally across the wave field.

(c) means to produce a representative measure of intensity of said

30 radiation wave field over said selected surface:

(d) processing means to sequentially
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(i) transform said measure of rate of change of intensity to
produce a first integral transform representation,

(i apply to said first integral transform representation a first
filter corresponding to the inversion of a first differential
operator reflected in said measure of rate of change of
intensity to produce a first modified integral transform
representation,

(i) apply an inverse of said first integral transform to said first
modified integral transform representation to produce an

10 untransformed representation;

(iv) apply a correction based on said measure of intensity over
sald  selected surface to said  untransformed
representation;

(v) transform the corrected untransformed representation to

15 produce a second integral transform representation;

(vi) apply to said second integral transform representation a
second filter corresponding to the inversion of a second
differential operator reflected in the corrected
untransformed representation to produce a second

20 modified integral transform representation; and

(vii) apply an inverse of said second integral transform to said
second modified integral transform representation to
produce a measure of phase of said radiation wave field
across said selected plane.

25 66. An apparatus as claimed in claim 65 including means to produce
representative measurements corresponding to intensity over at least
two spaced apart surfaces extending across the wave field.

67. An apparatus as claimed in claim 66 wherein said selected surface is
between two of said spaced apart surfaces.

30 68 An apparatus as claimed in claim 66 wherein said selected surface is

- one of said spaced apart surfaces.
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first and second integral transforms are produced using a Fourier

transform.
79. An apparatus as claimed In claim 78 wherein said Fourier transform s
5 a Fast Fourier transform
80 A method of phase amplitude imaging including the steps of

(a) irradiating an object with a radiation wave field;

(by  focussing radiation from the object through an imaging system
to an imaging surface extending across the wave field

10 propagating from the object;

(c) producing a first representative measure of intensity
distribution of radiation over said imaging surface at a first
focus of the imaging system,

(d)  introducing a change in focus of the image on said imaging

15 surface through the imaging system;

(e) producing a second representative of measure intensity
distribution over said imaging surface; and

M using said first and second representative measures to
produce a representative measure_ of intensity and a

20 representative measure of rate of change of intensity in the
direction of radiation propagation over a selected surface
extending across the wave field;

(g) transforming said measure of rate of change of intensity to
produce a first integral transform representation and applying

to said first integral transform representation a first filter

25
corresponding to the inversion of a first differential operator
reflected in said measure of rate of change of intensity to
produce a first modified integral transform representation;

(h)  applying an inverse of said first integral transform to said first

30 modified integral transform representation to produce an

untransformed representation;
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82. A method as claimed in claim 80 or claim 81 said first focus of the

imaging system produces an infocus image at the imaging surface
and said second focus of the imaging system produces a slightly
20 de'focused image at the imaging surface.
83. A method as claimed in any one of claims 80 to 82 wherein said
imaging surface is substantially planar.
84. A method as claimed in any one of claims 80 to 83 wherein the
imaging surface is an intensity detector.
25 85. A method as claimed in any one of claims 80 to 84 wherein said
imaging surface Is said selected surface.
86. A method as claimed in any one of claims 80 to 85 wherein said
integral transform is a Fourier transform.
87. A method as claimed in claim 86 wherein said Fourier transform is a

30 Fast Fourier transform.
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88. A method as claimed in any one of claims 80 to 87 wherein said
representative measure of rate of change of intensity is produced by
subtraction of said first and second representative measurements of
intensity.

5 89 A method as claimed in any one of claims 80 to 88 wherein said
representative measures of intensity and rate of change of intensity
are obtained by sampling measurements at selected location over
said imaging surface.

90. A method as claimed in claim 89 wherein said sampling
measurements are made at locations defining a regular array over
said imaging surface.

91 A method as claimed in claim 87 wherein said radiation wave field
propagates in a z-direction of a cartesian co-ordinate system and
further including the step of producing an x component and a y

15 component of phase separately.

92. A method as claimed in claim 91 wherein said first and said second

filters have a component Q_for producing the x component of phase

and a compenent Q, for producing the y component of phase of the

form
(k +k2)k,
20 Q. =— ,;) ;
ok, k) ok

(K} +kk
€,= (k? +k2);+;k2
x y y

where ky,k, are the Fourier variables conjugate to x and y;

a is a constant determined by noise in the intensity measurements.
g3. A method as claimed in claim 92 including the step of multiplying said

representative measure of rate of change of intensity by the negative

25
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of the average wave number of the radiation before said integral
transformation.
An apparatus for phase amplitude imaging of an object including

a radiation wave field source to irradiate said object;

an 1maging system to focus radiation from said object to an
imaging surface extending across the wave field propagating from the
object;

means to produce a representative measure of radiation

-—

intensity over said imaging surface;
said imaging system including selectively operable means to

adjust said focus of said radiation to said imaging surface to &t least

at a first focus and a second focus;
processing means to:

(i) produce a representative measure of intensity and a
representative measure of rate of change of intensity in the
direction of radiation propagation over a selected surface
extending across the wave field from representative
measures of radiation intensity over said image surface at
said first focus and said second focus;

(if) transform said measure of rate of change of intensity to
produce a first integral transform representation;

(iii) apply to said first integral transform representation a first filter
corresponding to the inversion of a first differential operator
reflected in said measure of rate of change of intensity to
produce a first modified integral transform representation;

(iv) apply an inverse of said first integral transform to said first
modified integral transform representation to produce an
untransformed representation;

{(v) apply a correction based on said measure of intensity over
said selected surface to said untransformed representation,
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(vi) transform the corrected untransformed representation to
produce a second integral transform representation;

(vi) apply to said second integral transform representation a
second filter corresponding to the inversion of a second
differential operator reflected in the corrected untransformed
representation to produce a second modified integral
transform representation; and

(vii)y  apply an inverse of said second integral transform to said
second modified integral transform representation to produce
a measure of phase of said radiation wave field across said
selected plane.

An apparatus as claimed in claim 94 wherein said radiation wave field

has a numerical aperture smaller than the numerical aperture of said

imaging system.

An apparatus as claimed in claim 94 or claim 95 said first focus of the

imaging system produces an infocus image at the imaging surface

and said second focus of the imaging system produces a slightly
defocused image at the imaging surface.

An apparatus as claimed in any one of claims 94 to 96 wherein said

imaging surface is substantially planar. B

An apparatus as claimed in any one of claims 94 to 97 wherein the

imaging surface is an intensity detector.

An apparatus as claimed in any one of claims 94 to 98 wherein said

imaging surface is said selected surface.

An apparatus as claimed in any one of claims 24 to 99 wherein said

integral transform is a Fourier transform.

An apparatus as claimed in claim 100 wherein said Fourier transform

is a Fast Fourier transform.

An apparatus as claimed in any one of claims 94 to 101 wherein said

representative measure of rate of change of intensity is produced by
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103. An apparatus as claimed i any one of claims 94 to 102 wherein said
representative measures of intensity and rate of change of intensity
are obtained by sampling measurements at selected location over
said imaging surface

104. - An apparatus as claimed in claim 103 wherein said sampling
measurements are made at locations defining a regular array over
said imaging surface. -

o 105. An apparatus as claimed in claim 101 wherein said radiation wave
field propagates In a z-directicn of a cartesian co-ordinate system and
further including the step of producing an x component and a vy
component of phase separately.

106. An apparatus as claimed in claim 105 wherein said first and said

second filters have a component Q_ for producing the x component

of phase and a component Q for producing the y component of

phase of the form

O =tk
FkE kD) +ak?

20
k),
Q= +k2) + ak!
where ky,k, are the Fourier variables conjugate to x and y;
« is a constant determent by noise in the intensity measurements.
25 107. A method as claimed in claim 106 including the step of multiplying

said representative measure of rate of change of intensity by the

negative of the average wave number of the radiation before said

integral transformation.
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said second integral transform representation a second filter

20 corresponding to the inversion of a second differential operator
reflected in the corrected untransformed representation to produce a
second madified integral transform representation;

(e) code for applying an inverse of said second integral transform to said
second moadified integral transform representation.

25 108. A computer program stored on computer readable storage media for
processing a representative measure of the rate of change of
intensity of a radiation wave field over a selected surface extending
generally across the wave field and a representative measure of
intensity of said radiation wave field over said selected surface, said

30 program including:
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code for transforming said measure of rate of change of intensity to
produce a first integral transform representation and applying to said
first integral transform representation a first filter corresponding to the
inversion of a first differential operator reflected in said measure of
rate of change of intensity to produce a first modified integral
transform representation;

code for applying an inverse of said first integral transform to said first
modified integral transform representation to produce an

untransformed representation;
code for applying a correction based on said measure of intensity

over said selected surface to said untransformed representatior;;
code for transforming the corrected untransformed representation to
produce a secand integral transform representation and applying to
said second integral transform representation a second filter
corresponding to the inversion of a second differential operator
reflected in the corrected untransformed representation to produce a
second modified integral transform representation;

code for applying an inverse of said second integral transform to said

second modified integral transform representation.



