WO 98/ 28950

PCT/ AU97/ 00882 5 PHASE RETRI EVAL | N
PHASE CONTRX®38/438%0G0 NG 10 ‘ ' t he
| nvention' This invention relates generally topﬁ%@g@g vation

of structural features of objects utilising penetrating radiation
such as x-rays. In particular, the i nventilon relates to the

derivation of imges of the phase change introduced by an object in
penetrating radiation i ncident on the object, froma two-di nensional
intensity record of the penetrating 15 radiation after it has traversed
the object. The invention nay be extended to retrieve separ at e phase
and absorption data froma set of radi ographi c neasurenents.

Background Art The present applicant's international patent
publ i cati ons WD 95/ 05725 20 (PCT/ AU94/ 00480) and WO 96/ 31098

(PCT/ AU96/ 00178) discl ose various configurations and conditions
suitable $or differential phase-contrast imagi ng using hard X-rays.
QO her earlier disclosures of interest are to be found in Soviet patent
1402871 and in US patent 5319694. Differential phase-contrast inmaging
shows great prom se for viewing the internal structure of objects for
whi ch traditional absorption-contrast 25 radi ography is of limted or no
val ue because of ver yPHA: iAQ I h3 o he case. for
exanple, with soft ti ssugh;w@tbﬁgrtlg}’ﬁ% %%gaﬁ#%gyﬂfmSﬁMAmNd The
practical issue of optimally and efficiently deriving the phase-contrast

i mage 1 for an object fromthe Eéi IJ%I rgcord_ at the detector is
addressec?i n two rel ated papers b al Phys. Rev. Lett. 77,
2061- 2064 (1996) ; THls irRtioniefes Mheriito 0 8Pseharion of s reASkd & B ACCS
therein. In these papers, it ha?mtl)een%gc?er?’rgns%er at 6d 0{ fa vmrgi ﬁﬁ&tres of'o Jects
nonochr omat i #ili§ingneengustingradiatipmisicnasas-rays. Iheanionlhi,ghe aiveansn eflatdOro the
95/ 05725 and : . )

de%auon of images of the phase change introduced by an object in penetrating radiation

incident on the object, from a two-dimensional intensity record of the penefrating

15 radiation after it has traversed the object. The invention may be extended to retrieve

separate phase and absorption data from a set of radiographic measurements.

B ro rt
The present applicant’s international patent publications WO 95/05725
20 (PCT/AU94/00480) and WO 96/31098 (PCT/AUS6/00178) disclose varions

configurations and conditions suitable for differentia] phase-contrast imaging using hard

<

x-rays. Other earlier disclosures of interest are to be found in Soviet patent 1402871 and
in US patent 5319694. Differential phase-contrast imaging shows great promise for
viewing the internal structure of objects for which traditional absorption-contrast

25  radiography is of limited or no valve because of very weak absorption contrast. This is
the case. for example, with soft tissue within the human body.

The practical issue of optimally and efficiently deriving the phase-contrast image

for an object from the actual record at the detector is addressed in two related papers by

30 Nugent er al Phys. Rev. Lett. 77, 2961-2964 (1996); J. Opr. Soc. Am. Al13. 1670-82
(1996) and references therein. In these papers, it has been demonstrated that with
monochromatic plane-wave x-radiation as in the configurations of WO 95/05725 and US
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2" 5319694, the retrieval of phase information from neasurenents of

t he propagaw on of I ntensity can be based on treating the
pr opagat i-on %3880 odi fied radiation field whose ' CWﬁfoi)ﬁi CS
reflect the phase nodifying effects of the object. A two-dinensiona

recording of the intensity of the penetratiﬁg radi ation after it has
traversed the object is 5 the result of variations in the | ocal
direction of propagation of the radiation arising from vari ations

in local refra3idgm it : b Y @ g’} ation of a boundary or rapid
variation in el ect ronﬁﬁﬁgﬁ‘{%am? %#nmfuﬁ i GO BPagements OF kicpropagation of
variation. Thdntensity can baftasenmntrezingdh@btdpabRfondf thi st Al utilise a
treatment of the rog)agaté}'aon gf ap ane'p ’pﬁb " mnogﬁ’gglﬁgtlfl@hu% bield Whote
el ect r omagnet {CHRFRUGE JEde Fhaphase modifyingaefiestss of shalebjeve & twolBmensional
transport - of - irgdopdige b se sal utions of this equation to
derive a pgasgh- Wf yth?gﬁﬁlg t°t?@g5§5¥?agﬂ‘h€t’ﬁ§aﬁ‘% ALt basr'&}’&?s&. tiEhelject is
suggest ed %ol tiei reswlt ofovariations ianseWwichl difection of hiRAS ' i nvol ve
expandi ng thevg)h%se i.n orthogonal functions. %ﬁg'%[ng%g?‘% ﬁgﬁ%hg{'}ﬁgﬁfﬁm
chosen depends & ofHhdn slﬁé‘%ere e e Indaxmp ypicaliicant fndicaion nitke tohyarp NbrakfHidr €
adequat e for QarfdibgUinale] e b St FRUrier expansion.is nost suitable
for a square- 15 sﬁa%gglps%ére%que.%uﬁn tié ogje?t of &Tﬁet ‘Flﬁleé‘hé/ﬁtlfuéﬁmqﬂxe
|t er nat | onal afgtsatiopsbiticias by Nagents B 4188 SRR B0 prapagation! -4 hiJE
phase-contras ohgr%?l n%. co%__ uration utilising a substantfia I§ poi nt RE% ce
and a VO AT RIS SIPRIromAgneiici waye rpserttasc tNMaxveghisc equdtions ohaegbd oct .
It is denlnhstaaispéit-ofidtbiai Al ' in.contrast to previous 7
phase-contrast i gagi ng coﬁ?&ﬂ?‘g}?ligrﬁlg%g&gosﬁﬁﬁ bas optm‘s?‘ﬁﬁ‘flﬂ%“ Hagfete 2 phase- .
utilised, and*GRREdeEe fonx the tinessityr meordaThiwe SapeRBYsoRMOLS 1 Ak port-of.
provided its iﬁ&ﬂkiw E&r&}{ihas h|1 h |ateral spatial coherence, which In
practical termns RO BRI ES cxpandingnthe Rhess dne omthegamak furctipngl €Tten kit of

upon the sourforction ddBjeRCdepehdt . errl). The Larger the

sour ce- obj ect d(i:st ance orePtg ?\% %pnglglsg?p % %%&é%g@@% gﬂg“.“stﬁé‘%g‘? £alyBpmiglp ares

| ateral spat iadpquaghior dncieculas esbapf whilsta Bouradr risfd i§%s§§ﬁﬂ&]é Iﬁ&%l%ua?é_
at the ap

consequenece Q hese di scl osures in WD 96/31098 is that roach
pr oposedr]lgs (rzrjourlpecdéﬁ'ggigry rel ated to traditional nethods used for
absorption-contrast radi ography and should be easier to I mpl ement

than earlier propgsals. This nmethod of phase-contrast imaging is especially
advant ageous i n t e #arementionpd imgrmationd gaent Peblicatsn WOSIE/3 ﬁj@_bqliéc?(f,}és a
el ements make, @0. hﬁy&g é;S«Ech‘m.ques fconv«,ant iognally used in visible T ghP

B é§ Imagipg coptighsaton utilising A substantially point source and a

and soft x-ray m €rosco

3 : It itgo-dimaisjonal x-Bfy iGN RERMHr shAME HdnP ke & st.in one or pore
enbodi megys, g provide & Binlg . pabe8 HonPthe Bfect $PR dembnSiratedtn e
application that, in contrast to previous phase-contrast imaging configurations, a point
o

source may be utilised, and moreover that the source may be broadly polychromatic t‘-}

provided its radiation has high lateral spatial coherence, which in practical terms '
indicates a maximum source diameter (8) dependent upon the source to object distance
(R,). The larger the source-object distance or the smaller the source size. the greater the

25  lateral spatial coherence (see Wilkins ez o Nature 384 335-8 (1996). A consequence of
these disclosures in WO 96/31098 is that the approach proposed is more closely related
to traditional methods used for absorption-contrast radiography and should be easier to
implement than earlier proposals. This method of phase-contrast imaging is especially
advantageous in the hard x-ray region where the lack of suitable lens elements make

30  other techniques conventionally used in visible light and soft X-ray microscopy
unsuitable,
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met hod of obtai ni ng-a-phase-contrast—inmage froma two-di nensional intensity
record where the penetrating radiation substantially emanates from a

poi nt - | i k&VQ BB | Thisghest ks BegReplacehodi nent's, it 'is a parvAvsrlodds:
objective to provide aliH | §Hbl e to the extraction of phase and
absor ption-contrast infafi | r adi ?graphi C images recorded with a
m cr of ocus source which need not be highly nonochromatic.

Summary of the Invention In certain aspect, the invention involves

the concept of obt & B Pgedi'p B8 ik Lt Yaaed £COL0 omon finite
di stance after the rad?‘g‘tei ont%ggg&rrrrlgrlﬁgehmf}?’c?{tnyet“ t(rﬁo Jee tl,%ﬁ‘egef“cbolﬂggﬁr&%t‘f’ve
di ff erent erppyye dinsethodof otnzisingfa phase-terdiast intige from a two-diﬂﬂeﬁ&ﬂxapintéﬂ%itg

ot her aspects i nyention entails an aggr eciation that, with certal

th
features, a PEirAtVher% CRAFERINGSARIABRA BbsHALa emArRatssirom wepeint-bkesource.
i 02 bt i stk an, ok I AP VPl LR

equation, albeit a different one
pl ane- wade d¢be extraction of phitecarichuissotption-doatrss pelotnhdon Eeaf tkl(i_id‘g%phﬁeﬂﬁ"{]ééﬁi ng

S

out and retrieving phase | formation_fromat%g.ical i ntensity recor
(obt ai ned wiBPrE B HErQLochs; spugs Whick erdorot bakizhly masodhsmatic.
phase-contrast and absorption-contrast content. In a first aspect,

the invention provides nethod of obtaining an inage of the phase change

i ntroduced by an object in penetSupminany ofhiednventionnci dent on t he object,

i ncl udi ng: irradiating the object with penetrating radiation having
hi gh | ateral spalhf g?&a&%ﬁ@'ﬁ@ﬁcg‘,e inventioh InyQlyes; ‘BF fgncept phabRining BYa Pomase

sai d radpat ifinshy réIr@Shios chHBAR MileSdisthite drRdR LR the
obj ect and ther eZy obt ai ni ng and stlofclhsﬁg at ﬁgéghtg\%gﬁﬁ‘%ﬁgﬁ%f%%&é%&g% for
the recei vebiccafiraespeetiwatificientdnargyrdistribteeonsiof thewradingion. at  pr edet er ni ned
spatial intervals; and utilising these values to derive a grid of
val ues defining an i mage of the phase change introduced by the object in

the penetrating Lp@hélor ore other aspects, the invention entails an appreciation that, with
certain feamres, a point-like source configuration also lends itself to an approach based
15  on the solution of a differential transport-of-intensity equation, albeit a different one

from that used by others for the plane-wave case.

The invention is especially useful for separating out and retrieving phase
information from a typical intensity record (obtained with a microfocus radiation source)

20 which has both phase-contrast and absorption-contrast content.

~—

In a first aspect, the invention provides method of obtaining an image of the
phase change introduced by an object in penetrating radiation incident on the object.
including:

25 irradiating the object with penetrating radiation having high lateral spatial
coherence;
receiving at least a portion of said radiation at detector means after the
radiation has emerged from the object and thereby obraining and storing at least
two intensity records for the received radiation each including intensity values at
30 predetermined intervals; and
utilising these values to derive a grid of values defining an image of the

phase change introduced by the object in the penetrating radiation:

~OHERT HAS BELN |
THIS SHEET HAS
REPLACED
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4 wherei n sai dintensity Tecords—are obtained at the sane finite

di stance afger the radi-gafli has rged fromthe object, and are for
respective ?’f%?%ﬂt er?gl;ssgegt NSk L z"c'%ns of the detected pagi %J”&@z

In its fir'st aspect, theum i t her provi des apparatus f‘or ODPA ni ng
an i mage of the phase c ' ed by an object in penetrating

radi ati on incident on the object, including: nmeans to provide a
source for irradiating an object with penetrating radiation having high

| ateral spatial coherengrici@Réid intensity redBfBCLL", s for receiyving,at

| east a portion of said radiation af ter 15{1% Jrrggpagiliégnmh‘bgmfmlr’d‘é‘ﬂ distanaet he
obj ect whereby t o 4fehtesediation hasaemerged front masdbﬁegct,rmcm-@l%,fggpgcm? ueeShyed

radi ation each i ngldi J e s i val ue t predeterm ned spatia
i nterval s; %?&%ﬂvggﬁgoﬁfgﬁ?‘&rj@%@ni s arranged for obtaining
said intensity records at a uniform finite distance after the radiation

has emerggd fromthe bi'(ect, and energy characterising neans is provided
wher eby said interf ?F aSEl Brednvention ferthey godvides a@birﬁ&ﬁ%&%tﬁﬂﬁ{%ﬁn image
I ment, e

di stributiongt C hation,. I n one enbodi
respective dl%lg ?I(E:er g}ri:at%e eérégé%yﬁg—lggéc??bba’t Ay Qbiegt in BefiesRHRR) radiatian incidegt onhge
ener gy spect ohiechofnchiding: adi ati ng the object. This night be achieved, for

exanpl e, by nodifying the output of the radiation source, or by pre-filter
means. |In another enboBF#Ento, Piokile a ewopeet foreiritiiating et oBfaer Gith penerratin

di stributions are Al - Rraviding for the detector nmeans to rovt de
intensity as a fuﬁgﬁt@ﬁB%ﬂ"%ﬁ@?éé/{&aﬂépég%ﬂhﬁqeﬂceéﬁ%ﬁigy band or band(g). For
this pur{vﬂ)se, a two- ddemseroti mdhak feleietsiviy: @gg&%,gﬁ%g%@&%ogaﬁﬁzi%érg%sg {}

function of energl)éjn a certain energy Dband or
a two- di mensi onal “28HER hay emeraed framythb ebjear whirely tovgetelen gt Rasi@WB ihieti§iry O
he

be preceded by a nggri@bif fehd t Rlemiyt Eadiadbn > bach Fynrcgu%?nrg ailntteirsirt])z'i t IvZI?xleg/ ’ att

predetermined intervals;

wherein said detector means is arranged for obtaining said intensity
15 records at a uniform finite distance after the radiation has emerged from the
object, and energy Characterising means is provided whereby said intensity

records are for respective different energy distributions of the detected radiation.

In one embodiment. the respective different energy distributions are obtained by

20 altering the energy spectrum of the radiation irradiating the object. This might be
achieved, for example, by modifying the output of the radiation source. or by pre-filter @

means. In another embodiment, the respective different energy distributions are obtained

by providing for the detector means to provide intensity as a function of energy in a

certain energy band or band(s). For this purpose, a two-dimensional detector means may

25  be variably wavelength sensitive, or be preceded by a variable filter shutter means.

Further alternatively, the image intensity may be recorded as a function of photon energy

for each pixel over a number of ranges of x-ray energy. Advantageously, for enhanced

resclution, multiple intensity records may be obtained for respective multiple energy
distributions of the radiarion.
30

In the simplest case, each energy distribution may be a particular wavelength or
photon energy level.

!

THIS SHEET HAS BEEN
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ir}age intensity may be recorded as a function of photon energy for each
f xX-ray for

pi xel over ‘? r}%nber of ranges of x-tay energy. Advantageously,
ehhanced're i (i Wbﬂﬁ%&&ﬂa&h@e@g&ﬁy records may -be obtgdmegosidass,

e
respective nmultiple endrgy it ons of the radiation. _
5 In the sinpleg .ﬂggmrenergysdi stribution may be a particul ar
wavel ength or photon energ bl The af oresaid derivation may
i nclude solving one or nore differential transport-of- intensity equations
relating the phase at a plane of the object to the evolution of the
intensity distribution along the direction of propagation, utilising

pr edet er ni ned uni fBienafprssaid deyvationmatist inofude sélRing! d;@rd}%bﬁéediﬁge}xf{aﬁtt}a?xg

i ncl udes sol vigigd,l wé%r-.o tilcs equations. Qthers are of course pos PFe
for particul ar con$| ik 3??’%&? aype g‘lermﬁ%ﬁfa*hébg‘? of the objectpo dicevititjon e

i nt ensi vali iny distri i in,.the object, and the
ot hod 1 Ut her | pcl ddee Ut e e AR bl ion. olibiE olrlsfrrmingd uaibuns
defini ng an BUarY veondisions. abdnr pliroativeorttfiedioni Rdeef 5819820088t r-ontic
Wth the appahaithis ObilpE. fi{;st aspect. of the invention, there is pucs
preferably further i nc'feusd“gﬁo S ’E‘é‘e for prgPEHiTROBH pet oG TiFCAM SR ACER T
machi ne readabl e i nstructions which, when installed in a conputer having a
sui tabl e operating system and nenory neans, configures the conputer to be
operabl e to utili SEferably. thalintensityovaties iatse ratlen iaﬁsd?ﬁtidﬁ%dﬁiﬁst‘iﬁftﬁé‘B@gmaﬂnd
i mage of theyphasfo MQ«% Cg%r og ced by the object in the penetratihg
radi ati on. f fothicr Inclydgs B@Eg these, ¥alups, Wndariya angrisi pfiealues defiaivgdapf
obt ai ni n§0 anetfedtiye pofe &bﬁpﬁh@&@u&fﬁ&%@ofﬂkr&ﬁgged by an object in
penetrating radiation incident on the object,

Fom one or nore
two-di nensional intensity records of penetrating radiation after it has

traversed the obj @gf i tJ}‘?paratus of the first aspect of the invention, tﬁere is preferably further
included a computer program product having a set of machine readable instructions

which, when installed in a computer having a suitable operating system and memory

15  means, configures the computer to be operable to utilise said values to detive a grid of

values defining an image of the phase change introduced by the object in the penetrating
radiation.

In a second aspect, the invention provides a method of obtaining an image of the
20 phase change introduced by an object in penetrating radiation incident on the object,

S~

from one or more two-dimensional intensity records of penetrating radiation after it has
traversed the object, the radiation being of high lateral spatial coherence when incident ’
on the object and the or each record being obrained at a finite distance after the radiation
has emerged from the object incorporating phase-perturbed components within a

25  surrounding field of radiation either uniformly phase-perturbed or not phase-perturbed,
the method including:

storing intensity values from the or each record, at predetermined
intervals;
utilising these values and any predetermined uniform boundary conditions
30 to derive a grid of values defining an image of the phase change introduced by
the object in the penetrating radiation, by solving a differential transport-of-

. THIS SHEET HAS BEEN
REPLACED
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radi ati on bei ng of high—tateral—spatial—-coherence when incident on the
obj ect and g,he Qr _each L&eor bei ng obtained at a finite distance after

the radi ati &9 B89 ner g¥ sBera Repiacedct  § ncor por ati ng phase: r bed
Em' M of radiation either gﬁﬁ’%ﬁ% 82

conponents' within a surr ¥
phase-perturbed or not phHEER , the nmethod including:
storing intensity values fromthe or each rGecord, at predeterm ned spati al

i nterval s; utilising these values and any predeterm ned uniform
boundary condi ti ongdRit LV & d of values defining an inmage of the
phase change int rodycedggélﬁa;{ﬁ%?%lﬁl?‘[egcﬁe iph e A EXE Plage phihe objegt tet thewyologion
sol ving a differenef e intersiry distdibudion ia g rad &iYGC%H%{”bx%'ﬂ-aé;ﬁfo%“ ng the phase

at an exit 6 pl ane at
the object to the evolution of the intensity distribution along the

direction of propagahv&iion .Jhe invention also provides, inits
second as(%ect " % met hodé}({)t onod'lbstoaﬁr?]‘(lﬂ?f‘ Ih'S $rERA a¥Peetng meghpdsas obkwamige an image

i ntroduced byotatie qtjasec change fisneduced b hnl Fle@t;i LAci dent.. on t.he object,
including: e +1r radiating the ogj ec?qwi tlho%glﬁfgﬁr%t Pdr‘ebd%l"adf’%ff’?r&n(’%éhﬁi ng
hi gh | ateral sﬁat’i A m@Bﬁﬂerence; receiving at |least a portion of the
said radiation at a detiggdi or.gore finite distances after the
radi ati on has energed f romg% i 8%?@8&“%38?5&5‘?‘5@ radiation usingdrigh faterall spatial
conponent s wi t hi nc@heremaeoundi ng fiel d of radiation either uniformy

phase- perturbed or not eecghase‘-l{jerturbec!, and thereby obtaining and storing
intensity val ues for tRECIUBRIERS! AapRTHER OF the saidredietmr aj 0 s dRta Ane

! ezl ; 0
nervel 30 an " moe e isuf! g el Maggsatgon pecer ot B Tor
Al Bt it i iR R TR O
at an exit pl aneglgie?tuﬂéﬁ%@eﬁ\“@c%m%@deobnw phase-pérnirhed. i andehgieby obraining
di-stribution al ongnhd fi6rikY infsitf ValBls for the received radiation ar predetermined intervals:

and

1 v ) )
5 utilising these values and any predetermined uniform boundary conditions

to derive a grid of values defining an image of the phase change introduced by
the object in the penetrating radiation, by solving a differential transport-of-
Intensity equation relating the phase ar an exit plane at the object to the evolution

of the intensity distribution along the direction of propagation.
20

v . - ‘!" |
Preferably, the same iniensity values are further utilised to also derive values t'\fj
defining an effective pure absorption-contrast image for the object. '

| The invention further provides, in its second aspect, an apparatus for obtaining an
25  image of the phase change introduced by an object in penetrating radiation incident on
th‘e object, from one or more two-dimensional intensity records of penetrating radiation
after it has traversed the object, the radiation being of high lateral spatial coherence when
incident on the object and the of each record being obtained ar a finite distance after the

radiation has emerged from the object incorporating phase-perturbed components within
30 a surrounding field of radiation either uniformly phase

-perturbed or not phase-perturbed.
the apparatus including:

‘ THIS SHEET HAS BEEN
REPLACED
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pr opagati on. Prefer‘abl‘y‘,“tﬁ‘—e Same intensity values are further

utilisedto o deriv i Qegan effective pure
absor pti on- ? £0 | rra@rgly1 %‘s ha The i nven ﬂﬂn.ﬁ%y é}”&er
provides, inits second ml arat us for obtaining an 3 3f the

phase change I nt roduced n pe tratlng radi ati on incident on
the object, from one or nore two-di rrenS|o i ntensity records of
penetrating radiation after it has traversed the object, the radiation
bei ng of hi ghd)at eRhns Bt héh I, : i dent on the object and the
or each record being obt ai necflgc ?I%SJ??%{“(SS gfoﬂ gl;&gr §PSheFecork 4t pre-deteominhds
energed fromthe ob]tam'als andcorporatl ng phase-perturbed conponents within a

surroundi ng fisgl d ﬁ"& radlgﬁ? n.either wuniformy phase-perturbed or not
phase- pertur be t #0l¥ ipFlediagiangiored (pa?gram ofemachideorcad{loe i 'u%rucuons

I ntensity val ues ffdi)rﬁt'qlkl@ Q r, eterm d I nterval s;
7 (b) means, preferalbly |?1Igﬁ% rslélﬁg%é?(?f%%wg ﬂ H¢ﬁ§ qoaditiabs e

instructi ohs, for derive a gridof rdlmsnigﬁﬁmgdm\dﬁia €9of ﬂ{bdp
uni form boundary cgdg%atlo[rﬂs to derive a grid : WLM gg@‘?@fﬁsw%n
i mage of the phase anargelf MEPHTANNE ragiation e Qba\sétﬁpnﬂrasttlmage for the object, by

penetrating radi atsobfinga @FeGufap of t he obj ect sol ving "a
differenti al tgraansport org}?x?sﬁtagndggﬁtg&el{ UERAEOP 1o ‘@S.thgpf{we d}ﬁrﬂaﬁmeat
a plane at the obj®&ie objecy e.zamunexit plane, to the eIARR oftthe ithsRY sttt 23 Lot €
intensity distri b%éga?ec?i on g the direction of propagation. Peons

i nvention al so provides Qf QEPrOgRgationni ne readabl e i nstructions whi ch, when
instal | ed0 in conputer neans al so having suitable operating system sof t war e
and menory means, __configures the conputer nmeans for operation as apparatus

:cg?g <r:| 13 ng rnce) t he Gﬂeée‘cﬁnngnr; plso @gmaqm a sethog mmmatfemabfet inktrudiidhd WREcH WL, des
ge MedhdifMedin GomPul At a?soqmvmg sitable operatmg system software and memory

means, configures the computer means for operation as apparatus according to the
preceding paragraph. The invention still further provides a storage medium. e.g a

15 magnetic disk, 2 CD-ROM or optical storage disk, or an internet server, in which is
stored said set of machine readable instructions.

The invention still further provides. in its second aspect, apparatus for obtaining
an image of the phase change introduced by an object in penetrating radiation incident on
20  the object. including:

a source for irradiating an object with penetrating radiation having high
lateral spatial coherence;
a detector for receiving at least a portion of said radiation a finite distance
after the radiation has emerged from the object incorporating phase-perturbed
25 components within a surtounding field of radiation not phase-perturbed or
uniformly phase-pertrbed . whereby to generate intensity values for the received
radiation at pre-determined intervals; and
Computer means. including a stored program of machine readable
instructions, operable to utilise said valyes and any predetermined uniform
30 boundary conditions to derive a grid of values defining an image of the phase
change introduced by the object in the penetrating radiation, by solving a

differential transport-of-intensity equation relating the phase at an exit plane at

THIS SHEET HAS BEEN
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oﬁtical storage disk, or an internet server, in which is stored said set of
machi ne reqﬂg?le | nstructions. The invention still further
i'hO PF/E898

ptovi des;, ! ®cond aspect, apparatus for obtaini'ng an PETROS/Goksyt he
phase charge introduced by an object in penetrating radiation incident on
the object, including: a source fer irradiating an object with
penetrating radiation having high |ateral Spatial coherence; a

detector for receiving at least a portion of said radiation a finite

di stance after thewe bietadl BB NBRRAESORH ; l.ect_.incqrparat.ing,
phase- pert ur bed corrpo%e_nts within a%u@?&h%ggr?gg’gf%gﬁfﬂ?%ﬁ’ﬁt‘ﬁber‘r'“ﬂﬁtm
phase- perturbed oPrapagftsnm y phase- perturbed, whereby to generate
intensity values for the received radiation at pre-determ ned spati al

i nterval s; and conput er means, including a stored program of
machi ne readabl e PRFéaMg! tHeNHm r].agi : 1] sai d..val ues and any
predet ernj ned uni form bgyndary p?(%ﬁ | T |ngﬁss%lg}éﬂéggb%@glezfggﬂﬁlﬁe e samg naensity
defini ng aAn W#ﬁ@%‘ocﬁlsq fesivptvalues defamine ah rfectiecnie sokftonobting@dr ihﬂgé FS the
penetrating ‘@9:! ation, by solving a differential transport-of-intensity

equati on relajlng t he phase at an exit t he obj ect
to the evolution of the intensity distribution along the direction of
pr opagati on. Preferably, the conputer neans is further

ggfer ﬁbLS ;(r)] UE I i]f?"“em“’r ej. Ba;mcr?fé?e's E)ﬂr?wwn(;f?ges fs@ggggpicg?ﬁ%l%gnﬁﬁftioﬁ?twﬂ@bf‘es
i ni ; : - en ! ot
obj ect . fi .I% Alt\g'ere%lrflﬁ %@b‘@ﬁ%aﬁ en disfareesyaftarghe sadiatinn basoumetged
aspect 0oF) t hizomntheobjee e.gt WOt distinct image planes. In another embodiment two or more

of the intensity records are obtained at a uniform distance, e.g. in a single image plane,
for different energy distributions of the incident radiation on the object. In a particular
form of the latter embodiment. one or more of said intensity records are recorded such
that image intensity as a function of phoron energy is recorded for each pixel over a

15 number of ranges of x-ray energy.

The transport-of-intensity equation relevant to the point source case may be
equation (16), or in an alternative form, equation (18), hereunder, and the solution may
be by a perturbation method. Alternatively. the equation may be solved numerically,

20 especially when the last two terms of equation (16) have similar magnitudes.

J

o,
<'. .'i

As employed herein, the term "penetrating radiation" includes x-rays and
neutrons, although the invention is especially useful for X-ray radiation, and may be
substantially monochromatic but is more typically broadly polychromatic. An

25  application of particular interest is the range 0.5keV to 1 MeV, e.g. the hard X-Tay range
1keV to 1 MeV. The phase perturbation by the object may be thought of as a refraction
etfect or may more rigoroﬁsly be viewed as a Fresnel diffraction effect. For an object of
finite thickness within a surrounding medivm, e.g. of different refractive index, the phase
perturbation will also be dependent on the thickness of the object in the direction of the

30 localised wave vector.
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the intensity records are obtained at different distances after the

radi ati on has_energed 10 fromthe object, e.g. in tw distinct imge
pkanes. I'n AYR3PHESEenbodi ment two or nore of the int e@gidoe7/oze" dS
are obtained at a uniformdistance, e.g. in a single imge pl ane.

for different energy distributions of the igcident radiation on the object.
In a particul ar formof the latter €nbodi nent, one or nore of said
intensity records are recorded such that inage intensity as a

function of phot on ThBEsHERET infay! rige each _nixel .over a .. hunber of
ranges of x- rpay ener gy. t‘nﬁy, Bgares bw%dgﬁt&%‘%@gﬁf‘tb—oﬁqﬁrﬁteéﬁ@f[ﬂg ey SIP on
rel evant to t H&npsmin cheetive indexewitinyespect to the ped@it@dinoRdakOh. T ihPerdln is
alternative f%ﬂ&"aﬁgl{ﬁ%}i an(‘18 ,_hereunder, and the sol ution may be
by a perturbati®on met nod: WAPESRTaLS Wk or peadigihie absormiionedpntyest or the dradiation
nunerically, Betweeg tedldili . - terns _of. equatign (16) have
simlar mayni t udes. SRLA msé‘mtd%? O}é@%‘%sg{;em@r%ﬁ é?W,ECt’cvﬁg“{aeéPg\‘he(b"“)"dmy,
"penetratifhg PadmaY igoneraliy elsode sippliccayher@ntlere is _signffft‘dﬁ% mgg})ﬁghtég’m}% Ahe
nd may be

invention is gspe bﬁlly useful for x-ray radiation, a

substantial | y nonochromatic but is nore typically broadly polychromatic.

An 25 application of particular interest is the range 0.5keV to | MYV,

e.g. the hard x-ray range ~lkeV to 1 MeV. The phase perturbation by

the object may be 1Rob@Hdans congitions afpicaityi do not need Rf be fleagiredBYd Dt g8

ri gorously bejkjaued: B diffraction effect. For an object “of ="

finite thi ckness Wﬁ?ﬁn ?@é@?gg‘kﬁ?mn PEReGRficcbundyy qondiionsniTheebrumdayv e

i ndex; thd) pheomditions are selRefed td adHicve adi j on.the thickness
atirgucNof ol ENMEN (R Bhae: ol Best 1

of the object in the direction of the 3

9 10 an arbHAry fiopEant componanty. , be a boundary, typically a boundary
exhibiting a sharp variation in refractive index with respect to
the penetrating radiation. The invention is especially useful where

there is weak or rReeferahlylltke sBIER6M FhrtHer QRIS AS e tho%%éﬁ{i&gisc%tgigi?ig% Jughs

bet ween the int S_n,si ties of the radiation passing
of the boundd®ditions may gludereeys. gewavalll wavestono chmvaapplibe theMiRident Bedistidms

signi ficart [ at the . ._boundary.,

The. boundar y eanse ef ebtaf BObi Bk fbe Rbiech atinase b bmeitumientionyat e g.
i ncl ude uni f @bjechi ri chl et, Neumann or periodi c boundary conditions. The
boundary 10 conditions are selected to achieve a unique solution of the
equation for phase, at |east up to an arbitrary constant comnponent.

Preferably, the s : g i.li.ses one or, re optical conditions.
such y Q‘hb”idc?tfén{ Hérfeﬁ'gﬁné’lxtadxatmn Is not restrlctgg 1o bcigg monochromatic, For

polychromatic radiation. the equation includes a spectrally weighted term or factor
20 dependent on the square of the respective wavelength components.

~’

Brief Description of the Figyres
The invention will now be further described, by way of example only. with
reference to the accompanying figures, in which:

2 . . . .
5 Figure 1 is a diagram of an X-ray opucs configuration according to an

embodiment of the invention in which two intensity records are made at different
detection planes;

Figure 2 is a diagram of a related co-ordinate system for the mathemarical
discussion which follows:

30 Figure 3 is a diagram of an alternative X-ray optics configuration in which two

Intensity records are made at a common detection Plane for respective different energy
distributions of the radiation:

|
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conditions may include e.g. a snall

radi ati on.

penetrating

pol ychromatic radi ation, the equation i ncllzddes a spectrally weighted term
or factor 20 dependent on the square of

conponent s.

way of exanple onlmg

whi ch: 25

obj ect. - Ab@?dogﬁnt

radiation is not restricted to being nonochromatic

he respective wavel ength

wavefront curvature for the incident
15 absence of focal points between the object and i mage, and
upi form i || WRi%R389Bn of t he

The invention w Il -now be further described, by

accordi ng t o amethod unhﬁmg)mb approacRio thBgnveAMER b g 1 N vvm ch two intensity
made ?,Lx di fferent detection pl anes; Figure 2

records are
is a diagra

di scussi on which follows; 30
X-ray optics configuration in which two I ntensity records

alternative
are made Aat
distributio
10

depicting a
Preferred E
Figure 1 in
coherenc#) a
film photo
t wo- di nensi
( CCD) array
refers to t
different p
waves. Late
a vvavefront
I n pract

achleved

t he beam at
coherence |
Rlerr] ist

20

25

30

[ rrd
LN |

m of a
Figure 3 is a diagramof an

a common detection pl Prefeirid ERBBEmidnte di fferent energy

ns of t.rtﬂe ragi ati on

gres HtodS-ame phiemisregraphsepioting héestref Aeamtrtiok approach.

F%%atﬁ’“tly“*}mifqdl indtiguied inghidesss invieroforte meurty SrefCiapKlS

in a mat hematqigal s gﬁt Sing one_approach to
the invention; (Jﬁ cohEitfice?ind an = es%gggn‘gémég BEOR: ey example
N!‘QI photostimulhtile rphasphoe phangy @CFFuf]l 1mdge5pla.tes) or a two- dugens[ond]

The configuration 11l ustrat
g? ﬁgéé%m%&?ﬁ%?‘bsf“&%%a E@JE%@WI@dWFCQKCCD) array. | ateral spati al
nd an x-ray two-di nensional inmaging detector D, for exanple
stinmul abl e phosphor plates (eg. Fuji inage plates), or a

ot rusgat SURE RNl o0 R Bplhemsieales: asecat on

.\
‘iq../

onal The term &lagsralr s;mnal dokerericel HereiR Rferd tghtﬂg r@pmheg% pyi ce

he term"| ateral spati al erence

ere

h%°‘%§?’§ &mpitysis of VHYES between déff?fsnbnmatspmmsucms tcoftha/vaiteaxdnebween

Opridp&gatiba '8? WRMWavel OLhf) gg ﬁg Eéh%p%ugé is s%@nox,pg ﬁﬁ nppgr];t c&n

ral spatial coherence I's

h¥svefrant hasca dicestiod oppropagitivh Whick b n@%ﬁnépévé 'Ei?&g cébY&”c{gzcE' e.

he

| tial h ,
o nigh Toseral Yyl Bheefes by tor exampletedehioved by zZLgEXsiﬁfwnﬁmmg
effdctived) §zel e | at e
oeervaSzclbby Dofrifl fic QoA e HSIRER the source,  CRBAMN,

Haterd gplagence length du = AR /s, where A is the x-ray wavelength, R, is the source 10
object distance, and s is the maximum source diameter. For example, for 20 keV X-rays
and a source to object distance of 200 mm. a source size of approximately 20um
diameter or less would typically be appropriate. The smaller the source size the better
for the purposes of this invention, provided total flux from the source is sufficient.
Lateral spatial coherence may need to be preserved by careful selection of the x-ray
window of the source, e.g. such that it is of highly uniform thickness and homogeneity.
The effects of partial spatial and temporal coherence on image contrast and resolution are
described in Pogany et al [Rev. Sci. Instrum. 68 2774-82 (1997)].

Regions of refractive index variation transverse to the local direction of
propagation, or thickness or density variations in the direction of propagation. can lead to

a significant change in the local direction of propagation of the wave front passing
through those regions.
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ij ect distance, and s is the maxi num source di aneter. For exanple, for 20

keV x-rays and a source to object distance of 200 mm a source size
of approxi:h‘%ﬂ'@ﬂ/@wﬁo[err] m 20 di ameter or |ess woul'd typi egriatoboss:
appropriate. The smaller the source size the better for the purposes

of this invention, provided total flux fr Pthe source is sufficient.
Lateral spatial coherence may need to be g eserved by careful selection of
the x-ray wi ndow of the source, e.g. such that it is of highly

uni f orm t hi ckness mgenei ty... . The effects. of rtial,spatial and
t enporal coher encgﬁg% g %ﬂﬁ% acnggwtt?g&:égmﬁﬂd arsgﬁsrﬁfi MR "ggemaﬂ‘é"g’érpﬁr%dh? n
Pogany et at pbitesour&ics beddisdsrdistbriéiBoN? ondphséid® thtdlgh the object 0. By Faco%ﬂé ons

of refractive index variation transverse to the |local direction™
propagat i on, i iRtERSEN nels sheo wayelientt §t ¢ asufficipnsndistancet fieomiithe cseimple. difitensity

o1 pr opagat | Suhionf Al i relaftoR sy SRR PO oy hanehEp gieample

11 5  may be defdoted, ant efietr Tobatibnagedred @ i iglape ThiskobRBRNLE & %\‘g@r\?ﬁgf ont

WL emanating fromthe poi nt source S becones distorted to on
passi ng t hr odgfrensial phgsecentrast ispging obhsi lagation of the imugingdesensortiy chéseh lsech

f t at f a4 i St . . ] ity. Ly
Variati ons it FisphGh SENG0R of HeCacd i AR P loviesil® R plohsny girferences
vari ations i aritilge froantheaeverd diswordynsoe tetvavbionrand b ﬁfniéeocﬁﬁliﬂa&rkubj%?{djed

in an image. This corr_ﬁg onds to a form of differentia

Pﬂgfeiﬁgntrggylﬂﬁp i i ufficient to resolve e
1FP %eradb dce 3Rl Wb d?é‘m?gnsﬁg %ﬁ@% ?ecctopc{cﬁeﬁ Stlievg%té&hﬁ réf% FP?%WS‘”S'F“P}?E

intensity differénces arising rrom
wavef ront ansbsbrptioptdoniraseinformiatioat subj ect to practi cal

ipes. Jhgrvalies secorded at the)dergetae tlse treflect gbsoimprimmins uch

consi derations. The values recorded at the detector also reflect absorption

in 10 the object and so the intensity val ues recorded at the detector

al so contai n extrggt 1an- rast in tjion, .
For reasons to beﬁ&erx%%aoﬁﬁeta %eu%)gg%géed;%‘?ﬁégqllﬁg H?’sﬁn%tdeoé&ﬁé% #[hﬁlafhet R Sect
is di seiepmsed so thah2adinidi whick _mefes fromreiegetgedt HAdBrpdiated phektperturbed
incorporﬁt es phase-pertyrbed 15 cohr%)ne,nts_ within a surrounding field of
radi at i of? nofOTRPRERS WY Anwgroypding tiedd of yadiation nejrphese-perrurbed) eg wniformly
Typical ly, tﬁﬁs@?&hﬁb&iadi ents in refractive index or thickness will be
i maged as harp |l osses or rapid variations in intensity at
correspondi ng points in the inmage. This 20 feature of intensity |oss or
rapid variation abw?,giv n E‘Oi nt i.n the inmage ja to a first | i
appr oxi mati on esseftiay 1 gleis YR FEtient prefRetv iodet Ar thicknesswillhky imaged 3sead
to very _shafpiakdRs 6P Rpid GhrideRht 8 irdRiry Ut blPeshORESy BURR WAL iage. This
pol ychromatic source is_ used.

o 20 feature of intensity loss or rapid variation at a given point in the image is to a first

approximation essentially independent of wavelength and can therefore lead to very
sharp contrast variations in the image even when a polychromatic source is used.

This configuration has the feature that for a circular source distribution, the
25  spatial resolution in the image is the same for all directions and is essentially determined
by the source size. It also has the advantage that considerable magnification of the
image is possible and so recording media such as photostimulable phosphor image plates
may be used which have many desirable properties such as wide dynamic range and high
sensitivity but not high sparial resolution.
30
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This configuration has the feature that for a circular source distribution,
the 25 spatial resolution in the image is the sane for all directions and

i s. essent i aM32%28938r ni ned by the source size. It al soppafs?Boss
advant age 't hat consi derabl e magnification of the i mage 1's possible
and so recordi ng nedia such as photosti nmul e phosphor inmage plates

may be used whi ch have many desirabl e properties such as wi de dynam c range
and hi gh sensitivity but not high spatial- resolution. 30

12 is Dol oIl |l ed t i tabl ti
nmeans M such as a p%g%ig% is pleiny X@"@E%J%%PW?P‘?G@PW&@%@E?@g(?%o%pﬁg?é&%r&%ﬁb
at 66 Mz, andcopiputardetilisisigt & 486 PCRYY bﬁér@tirll\ﬁ at 66 MAENRYYY Rgﬂr?deﬂpmtb Q%%b%pﬁtc

sof t war e. 5 . Conput er neans stores in nehory a se
intensity val JBEMPYARdRBliqaHeRs sofpxare. record at detector D, at
predetermned intervals in two-dinensions. In this sinple case, t he
det ect or ig a flat planar detector and the intervals are on a uniform
square grid The Computeramsags M Stovdiiis mdme ' i, -
depend upon the kind of detector: for Im' §%e§§g§rg§x§r@{t gglgégtﬁgﬂot‘ﬁ@rlr}gﬁnsﬂ}é
of a pixel | at dE°%Y ALEFIETAr Pnatpredicranined jstoreals inswedimansionn In thisGimple case.

t wo- di mensi onghe gadh Q1. ri.al 1y, to the copputer nmenory.

Al ternatively, O@i{g%eﬁirig’%:%l%ﬁ%g?gﬁgnﬁﬁém ‘H’élsﬁfBPgd‘» bt oEﬁeSQHé‘iC&t‘b}/rhand
scanned or sampingcr b whintjuthesedvabyes are derivéd Qilf @EBAGICEnon the ki : f
Conmputer M fure;{" el [ rﬂcl udes a control program bsﬁg\{{lbi cph thg sl?do%ge?eﬁrto&ntsqrty
15 val ues f FEHPRFeESPECPLMAY Be 6F o PixpHatad girgatird dn whinhreach pixel i sampledidlar y
condi ti ong0ar ewo-dimensidabl dchs ' farther grid of val ues defining.” s
an effective phase-contrast ?l?riﬁ{ghg \figﬁ{egi’e% strially g"eﬁﬁfﬁ%‘"ﬁf MImopY- Alfrmnaghyelet | ___’)
by sol ving a diefreeard maydie madersnp etoreddin-thod@eson 3hdeaakHet QP sampled as required by

For sinplici t)éheof formal devel opnent, we now di scuss the theoreti cgfl

aspects for 2 P ase of a nmonochromatic poi nt source, with a viewto
defining a sinple differenti al equation, and solution, applicable to

a weak phase object, as described by conditions (4) -(6). The case of

a broadly pol ychr oGemputes Mifurtheniihtluths £ 0oti¢lepregamy By SeHIGN tHeY stored ; .
Wth ref eg}:nc to the co-ordinate systemindi catgejrd [ EﬁFi gure 2? o?onlgltegglrtya
ro

25  nono pesdrospthe deteqiorrecotd @Rd @Ry, BresagTmingd upiform Bpundaty tordirimatsede at

point z = - R efiliskd t6H&ivela firthbCid Ridd fhisabpdxis £ The source

iIlum nates an object which is I(Ii)%:g{ \é%u%eqa\?@én heg:PeChVE phase-contrast image in a
selected plane of the object, by solving a differential transport-of-intensity equation.

For simplicity of formal development. we now discuss the theoretical aspects for
20 the case of a monochromatic point source, with a view to defining a simple differential
equation, and solution, applicable to a weak phase object, as described by conditions (4) 8
~(6). The case of a broadly polychromatic source will be considered subsequently.

With reference to the co-ordinate system .indicated in Figure 2, consider a

25  monochromatic point source with wavelength A = 2n/k located at pointz=-R, R, >> A,
on the optical axis Z. The source illuminates an object which is located between the
source and the plane (x, y, 0) orthogonal to the optical axis at point z = 0), the object
being bounded on the right hand side by the plane z = 0 (Figure 2). The object is

assumed to be thin, i.e. its z-dimension is much smaller than R,

30
Let
!
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source and the plane (x, y, 0) orthogonal to the optical axis at point z =

0, the object bei ng bounded on the right hand side by the plane z = 0
(Fi gure 2)WOmMses8es0j ect is assumed to be thin, ‘i.e. ipgravdibREs On is
much smal I*er than R err]. 30 Let

13 [err] be the scal ar cqg‘pl ex anplitude at the object
plane z = 0, where [err](xy) = [err](x,y) ‘Ps the phase "aberration”

appearing due to the transm ssion of the wave-through the object and 5

I(x,y) = [err](x,y) is tg.e.o.c.o.u_aspondi'ng intensity. The
propagati on of ,t he ®xplik mdey[‘dﬂ’if])(x,y)%{Merr (x,y) into the source-free
|

hal f - space “0(X’¥£ﬁ = V4R f2lequation 10 ([éDr] +
k[err])u = 0. * t 2

solution to the Hel mholtz equation, such that u(x,y,0) =J[err](x,y), is

gi ven by the first Rayleigh-Somerfeld integral. This integral can be

witten for zehd salaf complex bnplin®ierat the object pladee 0] @héd:,q)(x,y) = Jyr(x,y) is!the
order to sinply the analysis. we assune that our object i's Small" conpared
to its @hasea Abesratiopnappeariagdiecte thi transmivwierk bfythe atve elirong)y the. abjec2@nd

532&%4?{“ 9(135'@J’&Wis(ﬁ%eXérrﬁg;éclinglim){#éﬁp,](X[e”] +y[err]) [err] d[err],

The propagation of the amplitude «(x,y,0) = u,(x,y) into the source-free half-space
z>( is governed by the Hetmholtz equation

10 (V+8u=0, ()

A solution to the Helmholtz equation, such that u(x,y,0) = u,(x,y), is given by the

first Rayleigh-Sommerfeld integral. This integral can be written for z >>A as

15 u(X,y.2)= ——IIE-U
n

expfiitkr
pf )fug (x,y)dxdy, 3)

where r =/(xX—x)> +(y~y)* +2°,

() In order to simply the analysis, we assume that our object is small compared to its
distance from the source and is weakly scattering, i.e. '
20
Y(xy) =0 and a(x,y) = 1, when (* + y)2d. d<<R ; 4)
197 35 wexyl <<®)™", n’ + n* >0, (5)
25 la(xyl=C>0and|a” 3y a(xyl << CHA” T w(xy)l, m* +n*>0 (6)

where R'= RR/(R, +R,) and z = R, is the position of the "image" plane. R, >> A.
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25 [err] where R = Rerr]Rerr]/(Rerr] + Rerr]) and z = Rerr] is

the positi "image". plane. Rlerr] >> [err].
14 . :OG’OOJME&(éondi tion (4) requires the wavefront inci gepisv9foedshs

obj ect to‘have a snall curvature. Condition (5) also has a sinple
physical neaning: it ensures, in particul a{ that there are no focal
poi nts between the object plane z = 0 and dhe I mge plane z = Rlerr]

(as | [err] <<I/R). In the absence of condition (5) phase distribution in
t he i mage pl ane  Conditidiy4) ' ity.distrihution in the object
plane in a nore conpl ex r_rér?n?ﬁaféﬁseh{&ow‘t’e?ﬁk lxcdgcsnzi%'l e BEPt Pnhae ansmalk.
Condi ti on ( 6)CUEEAEt | Gendjtione(f)ialseshashesimptd plgRicab8RMARES: it ensures }il, ltph,imc%tre

i art o € '

t he object ung / 1e vari.ations, of the imaginar
refr ac![ ive %ﬁﬂﬁ@exdﬁﬁg Fﬁ@fa‘é‘“ﬁé%ﬁtﬁ"éﬁ OPJSCQjéaIm;gh Qmél«gc imbgenplake; = R

vari ations of(as | %yl el /ROBI I B 2Buefibe ray. wavel ength [err]. The
| ast requirenent gjg)pl i (l}sb)abotﬂ;]kE ?%Fﬂ‘kcpﬁ}seéﬂmgﬂj(g)c?@seﬁﬁ\é\ﬁﬁ'\[@B ‘gél?e Lmzge planeed

pEas S/ ?]E)s o ptPShredae ecingensity dis:rilbutim?] in th}g@bjb@i Plafd z(ﬁ)g}&c&#@k‘ﬁ{%ﬂé -etfqet tEat
the di ractlan) ifﬁ@gdogﬁ é{ag Ss@?qs .Cng[rie ore, . under "tftese “condi t1ors
the i mage car be cal cul At%&d ng-PRULen 46 essentinllygreglires thelfncideRf bbam to
where R = R dlturhinateRhe bbjkcafkormly : -,‘[P)r 20 . Appl yi ng
the stationar 2 phase for"rh}yl ato llyn‘%nggtp%lvar( %"é\éf B imaginary part of thé'f:f;%cme
uidex 1nside the object to be much weaker than the variations of its real part at a given x-

ray wavelength A. The last requirement applies both for "phase” objects, and also for
10 mixed phase/absorption objects. '

Conditions (4 to 6) guarantee that the diffraction angles are small. Therefore,
under these conditions the image can be calculated usin g the Fresnel integral:

Co _ ik exp(ikR ,
15 ey R = = SR e kS 5, ) e )y @

2

where R=R, +R, and

QAT ' 2 2 2
S(x,y)z(x X)” 4+ (y'~y) LX Tty

2R2 2R + l//(x, ¥). (8) @

!
20

Applying the stationary phase formula to integral (7) we obtain:

b = X SXpUTAR+ kS(x,,y, )+ (7 / 2)sen §°
u(x’y’Ra)-Z R Jﬁ & "“]‘)‘”(xnyk)+0(k”), 9)
2 x

25  where the sum is over all stationary points (x, ,y, ) corresponding to image point (x' y’),

is the number of negative eigenvalues of the matrix S" of second-order partial
derivatives of the phase function S evaluated at point (x

sgn 8"

Y, ) and det 8" is its
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_25 where the sumis over all stationary points (x, ,y, ) corresponding to
i mage poi ntvg&)%/?%g%éond-orsgn S", is the nunber of negative ei genval ues of

the matrix der parti al derivatives of tHCI/ I®R0s32
function S eval uated at point (x, y,) and det S" is its

15 determnant, | Q(k[err] gs|] [err] const / k. Conditions
(6) ensure that the residual term Qk[err]) is much smal | er

than the leading ternms in (9). Cal cul ating parti al

derivatives odetdriménapbdsrfaChh@N & 8oty j O, Ny g
zero, we obtain the foll ow ng equat i o%s fonrgcttH Ié“‘%%a%"?gﬁﬂa"’r‘@“g%‘}lr%’@ O?k ) is
(x[err], y[ er rych smaller than the leading terms in (9). = Mk[err] + Rlerr] (x[err],

ylerr]) y' = Mferr] + Rerr] (x[err], y[err])
(10) where M= (Rerr] + Rlerr])/ Rerr] 10
d wh d Cedjuddei ]t : 1 J i vat.i :
M erry o 7 LSea CEg bl R enb ghal shBid B, SR Wty Shemitng

on the obpPectZeff. Meobsain peifpliawing peuations for[ter stdlonary points (x,y ). and ending up
at a given point (x, y', Rerr]) of the inmmge; constant M1's the

coefficient of i mage magni fication. Condition (5) ensures that
equations (10) haye-gnl ¥ e)‘s? tion, 15 (x[err], y[err] ), i.e.
there is only one ray ctonn f:%l" dueach point of the inmage with the

_corziggoondi ng uni 9@1‘@%&‘1’8 xyt}]}e obj ect. Consequently, thlet symmti(l%r)l sign
In can ! I's

strai ght f or weyidmet @7 £aRCURALE the matrix of second-order partial derivatives
of 20 tl(r)le phase fu c’tfjg%:/q{'

and where we used notation of the type y,' for partial derivatives : ¥ ' = 0¥ / 9g.
Equations (10) describe ray trajectories originating on the object plane at points .y )
and ending up at a given point (x) y, R,) of the image; constant M is the coefficient of
image magnification. Condition (5) ensures that equations (10) have only one solution,
15 (x..y ) ie. there is only one ray comnecting each point of the image with the

corresponding unique point of the object. Consequently, the summation sign in (10) can
be omitted,

It is straightforward to calculate the matrix of second-order partial derivatives of

%3 20 the phase function:
. 1/R)+y, v,
S (x,y)=(( AR o
{7 (1/R’)+w” a1

This matrix describes the variation of the curvature of the wavefront. In view of
25  condition (5) this matrix is non-degenerate, both its eigenvalues are positive (hence. sgn
$"=0) and its determinant can be approximated by

der $°=(1 + RVyW)R®, RIViyl<<l, (12)

30 Now we can simplify the stationary phase formula (9):

£3G18826 £ 1§ v 47130 ST1IH33Y §6:71 €861 "URLIEL

(= )
[oa¥ ]
[«
[ated
(¥



This matrix describes the variation of the curvature of the wavefront. In

vi ew of Wi 55 condition (5) this matrix is non-degenerate, both its

el genval ues Q E{z‘f?ﬁgi tive (hence. sgn S" =-0) andedtsushiegdm nant
can be approxi mated by det S'=(1 + Rlerr])/Rerr]. Rerr]

(12) 30 Now we can si rrplf'6fy the stationary phase formul a
(9): 16 [err]

The corresponding intensity distribution on the inmage plane is 5

[err] (14) ‘ Let us now use the
stationary-point equati ons( (10% to further sinply equation (14): 10
[err] Lo Subsa(xt,ut)ng (15) into (14) and denoting x = Merr]x',
y = M[err]" y“(,x Ye RsbEa TR e’[(PéfS?(f,.y,‘)). Thi s equati on (13)
descri bes the i mage of pWase obj ect (as described by condi tions

(4)-(6)) as a function of the source-to-object and object-to-inage
distances. It 20 shows that in the case of negligible absorption the i mge

contrast is proporfhe@oftsponding intensiQ @mibiiion lANGE; i@ the Laplacian
of the phgse shifts introduced int o@t he 1 nci c?gnt mﬁge%ﬂge’is

I0e,y'R) = MUz, y JIL-RVy(x, ) (14)

Let us now use the stationary-point equations (10) to further simply equation

(14): .
10
Ix,y,)=IM"x-M Ry, .My - MR, v,)
=IM X, M) -RVEVWM 'y, My, (15)
Substituting (15) into (14) and denoting x = M 'x’, y = M * y', we obtain
15

M I(Mx, My, R, )=I(xy)[1-R'Vy(xy )-R'Viog I(x.y) Vy(xy)). (16)

This equation describes the image of a weak phase object (as described by
conditions (4)-(6)) as a function of the source-to-object and object-to-image distances. It {}
20  shows that in the case of negligible absorption the image contrast is proportional to
"focal” distance R’ and to the Laplacian of the phase shifts introduced into the incident
beam on passing through the object, Note that formula (16) in the case of Vy = () and
Vv = 0 trivially gives the exact value of intensity in the absence of any objects between
the source and the image plane.
25
For x-ray wavelengths away from absorption edges of the material of the object,
the linear attenuation coefficient 1 is known to be approximately proportional to A’ and

Ar,

2z

¢
vy === | p(x.y.2)ds, (17)
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beam on passing through the object. Note that fornula (16) in the case of
[err] = 0 and [err] = 0 trivially gives the exact value of intensity
in the absW@8/28¥50any obj ects bet ween the source and pdEausH@ssP! ane.
25 ' For x-ray wavel engths away from absorption edges of the
material of the object, t he |inear attl nuation coefficient [err] is
known to be approxi mately proportional to ferr] and [err]

(17) -
where [err] is the classical electron radius and p is the electron density
of the object. These facts and equation (16) inply that in the
accept ed appr oxi mMathefd¥, isRe tTABGAI electron raam@taﬂéigtis bR%)udh WhGry WAL 8§jh§:h
dependence on_ the wavel ength. Therefore, pol ychromatrcity o e
source is notThesectactapnd gquationbdfhdmplyt that lie thepplieptti appratintation the image

met hod and c explicitly taken i.nto account the factor [err] is then
repl aced by g@nﬁ’a%t l}ﬁ%s L FPRE ueéﬁ%tgﬁ?eggﬁﬁ"fsﬁeﬁ%nﬂ@ntwﬁyﬁﬁpﬁbsqu\eéﬁf@P-the
respective waublchngtaticity of the $o0rieq8 @6t SecessaribOan obstacle to tﬁﬁuﬁﬁﬂﬁgﬁi&l@ il

y

be used for explicit retrieval of the phase fromintensi

measur enent s mathadwind eangee prplicisly, kerdintataecbuat : Bieefacior ids Bhe replacad Byaur e
1. To see hO\fsNetpriﬁ . gH%edachJ eved, it is convenient to rewite the
equation in TRECPDY | BEEhgd ependent oy the sqyage of the \fespestivg xwyneleagth
[Merr]l (Meodponeltserr]) - I(x,y)] / R. Equation (18) relates the
transverse derivatives of the phase on the object plane to the

I ntensity distributions on the object and i mage pl anes. 20

Equat'i ony£18) is gjm.d.ar t he pl ane- wave,.t.ransport-of-intensity equation
(TIE) 16 whi chﬁé‘g‘n‘rﬁf"ﬁe“?gr‘ﬁ%ﬁey“& ¢10F FEBUGTH SoHipYad)of ihe phase from _intepsity
There are, h@aeeseEmerie 0 image b [ | f frer. ' , ' .
TIE, equation (18) qoegﬂx’qt mélggglr?g&{ E@%ﬁt%tgr%eﬁmﬁﬁn E@&%é#&éﬁ%}oﬁ%

pl anes D er r [Rapbe aehievadeités ¢comvenieitity raveritattesaguation incheofollondigiorrsi mal | y

smal | . Second, equation (18) takes inage magnification explicitly
into account, and, therefore,
-V-{I(xy)Vyixy)I=F(xy), (18)
15

where F(xy) = [M'I (Mx, My, R,) - I(xy)] / R'. Equation (18) relates the transverse
derivatives of the phase on the object plane to the intensity distributions on the object
and image planes.

20 Equarion (18) is similar to the plane-wave transpori-of-intensity equation (TIE)

vats”

which can be formally obtained from (18) when R, — 0, There are. however. some
important differences. First, unlike the TIE, equation (18) does not assume the distance
between the two planes D ,D, where intensity is measured, 1o be infinitesimally small.
Second. equation (18) takes image magnification explicitly into account, and, therefore,
25  is more appropriate for phase imaging with a point source. It can be readily seen that an
atempt to directly apply the plane-wave TIE to imaging with a spherical incident wave
leads to a different function on the right-hand side of equation {18), namely the distance
R'in the denominator of F(xy) is replaced by R,. The resulting error is due to the extra
wavefront curvature produced by the incident spherical wave and is negligible only when
30 R, <<R,. Finally, our method of derivation of equation (18), which was based on the

application of the stationary phase formula to the Fresnel integral, ailowed us to

o
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25 is nore appropriate for phase inmaging with a point source. It can be

readily seegvé f an attenpt to directly apply the plane-wave TIE to
iymagi ng wi;t h a B i cal incident wave | eads to a di ff‘,@&ﬁrﬁg.,;o@ggti on
on the rigdht-hand side of equation (18), namely the distance in

the denomi nator of F(x,y) is replaced by R[grr]. The resulting error is due
to the extra wavefront curvature pro&uced by the incident spherical
wave and is negligible only when 30 Rlerr] << Rerr]. Finally, our nethod

of derivati onfatnubae el alid{ty 8dndiddHGB).Y t he, . application of
the stati onar¥ phase for rrul% %‘W@C@ Q@ﬁ%?‘?’ﬁﬁgﬁg&%’@lﬂ%%ﬁmﬁdo(x,y) on
18 hsrabifch plane.hEhesalareiffoctiveln dohdiangs difihe iicah?;r R Rfind gbgn
anpl i tude di Srﬂ{ﬁidﬁwpieoﬂld[ﬁ”w%%% on ‘the objec p}réane. 'Fllle % e
effectively conditronsodhe g 3 paliamstespef the #maging {dyeus olarcoatrast to this, the
the sanpl e andodvesteD ¥RkKddC B¢ r f p.he i ing layout. In
contrast t t%ivgir the P %@gpﬁoﬁgﬁﬁ ﬁéﬁﬁé@g?ﬂf’mdg\e%ﬂﬁé‘oﬂ‘ﬂee%aﬁon
pl ane- wave’ Tl VeTrragHEeentaon ither diffraaéd MAplitud® i(x y, Y OLVES ' nt.s_on
the diffract egerggmbltaygc% u(x,y,z), z >0, \I/)vhi ch ;(itrjeﬂa?ﬁ‘?’cvd{"{tég%é Sﬁﬁcm?to
verify in practice. ) In order to find a unique solution to
(18) one needs to define sonme boundary conditions for it. Such
boundary conditions can be readily obtained using condition (4). 10 f

I
[err] is a sinply [Bcpesctoefindionmiquei solitivn g X% Ol N e
t he centre (gt ptohe gﬁsgti%n&g?’hcrygggd%r]f‘ipé?

circle of radigdgindne for i with ]

t hen on tge bou nﬁlg%fofé[r' rﬁucgfbo[“"éqaﬁ condifignsccan be readily obpaimed usingcdhdition (4),
(19) 19 If Q is a simplyf @stinectdd om @R G t |y the Dirichlet boundary=
condi ti ons (19,)h,mbut an){/ un?lgéﬁﬁnﬁ%gﬁﬂggﬂfﬁ%%ﬁ?‘ﬂ”@%eGHCIFé}frfj‘“?luédg. I
t he Neumann oYith the cpure 2 thecorighe of cobdifarss. thed drPfe boundary | di fferent
fromthat encountered in astronom cal adaptive ogt P%l"sdd%?rfgf?’%gg‘ﬁ ane-
wave TIE is al so used for phase retrieval. There the distorted wavefront is
not sqr(g'g}ppc_lqg by the primary unperturbed or uniformy perturbed one
as in the present 20 situation and, therefore, boundary conditi ofE)nust
al ways be neasured directly. In the case where the primry
unpertungd or un'fgarprﬂy perturbed wavefront is not neasured, a

procedure”of arti th t4FaloRG Can definenrpticndy mm@éichktbbm@@ge&;d@ﬁo;k@aj'rgﬁggny
field or of hﬂi%rgattdﬁﬁhy rc%@hgw ng-t he EQ se and recal cul ating the
intensity distribution 7S IS e r%eit Q%Wﬁfhépé‘mom. Iés otwaged t o
effectively wrvest differint from thRQUHRBR ¥ red in astednBRGUAA 'ac?ﬂ:%ivg] oggés. tv)v efe t g'plane-

wave TIE is also used for phase retrieval. There the distoried wavefront is not

surrounded by the primary unperturbed or uniformly perturbed one as in the present

20 situation and, therefore, boundary conditions must always be measured directly.

In the case where the primary unperturbed or uniformly perturbed wavefront is ’
not measured, a procedure of anificially blurring the image at the edges of the image
field or of iteratively retrieving the phase and recalcuiating the intensity distribution in

25

the region around the edges of the object to effectively create uniform boundary
conditions might be used. '

Equation (18) with boundary conditions (19) has a unique solution for phase
provided I(x,y)>C*>0 in Q, where C is a constant defined in (6), while solutions to

30 similar problems with the Neumann and periodic boundary conditions are unique up to
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Equation (18) with boundary conditions (19) has a unique solution for
phase, rovided I (x,y)[err](err]>0 in [err], where Cis a constant
defined i n%® ? l e solutions to 30+ simlar probiems Wiplchy dtb9/phigh MBNN
and periodic boundary conditions are unique up to

19 an arbitrary additive constan;‘ The requirenent for the
intensity to be non-zero is satis ?ed due to conditions (6).
Solutions to the problem (18)-(19) and simlar- problens with the Neumann
and 5 peki 263 re stable with respect to errors
in the right- hang tigr}b‘iﬂ&iﬂ% BEOHQ#}H ?9%23@85?"’5?5" Note, IN[FBHEN & bet Bmrzase risr s
in Merr] | (Msatislipd dm er ednpitimns (6)( x, y) shoul d pr ef er abl y be small
conpared not only to these intensities, but to their difference which

has to be nmuch smaller than the intensities t hensel ves according to

equation (16) and retore referred,
S'([:] rongly, (t hZit t hgmrlr]ggtssutro ECF]Q ﬁdtbteérixg :a éx)s(biga)t a gmllibpi‘ob}egisrwyl? tha Nawmann aad
pﬁ“iehe a

noi se to &pt ipaiedic tboundagy |caiimmoxtsyar9fstmb3%tht fé&[béé? td %%fseihahh 0;1
In the case %nﬁﬂgﬁfﬁxg} g&ensg‘x ) }/ [err] 2 [err] on the

si npl e sol uti PYvexe (ﬂ@ Wiiioish“t Mél(p}éx IMN.I ﬂ)bamhd@iriw should
condi tions i prefdighls BRIl (CDB?Q)ed)ﬁo{ oﬁy% thege intensities, blg 'to %l?e?rzé))\?fc?eln\ég r\]ilhlljg;’l the

formula 15
where [err] B#fdto[ ke mpuch amélletriteaIFﬁnarmensmeuen‘hfamﬁélmt &cé‘ifdu{ge{or %\Tﬁéu){;‘l (?(?d fhe

(experinment a urabhl.e) function [err]

Rlerr]) - M"¥1]‘]°“ (5 I [ﬂi%F‘:? 982y 1t i§ preferred, sEppelyothat t e measured intensity deta be
general Hhsefam Yeldan U FofrOioRel ob ect plane, the
| ast two terns i n equati orﬁefgbsﬁhg%*%%&gg%g%@&mﬂg {tllepf %M@—r in

many real situations, where the illum nating wave has uni form
intensity and abslgr tion I s noderate, but not

he . .
negligible, the I'as f‘gFr?f “H‘If%fgfhﬁt‘tftﬁﬁyv(fiﬁay) TrilyOrbhe biict plane aimpls solurion
rest. In Sttﬁitqﬁéztﬁﬁs(i%ﬁﬁt c(-ﬂ>§i)c %ﬁﬂda{?ﬁ gﬁnéﬁ&g dﬁiﬁ%ﬁﬁ‘gg }1'%)3,? tﬁiﬂﬁgs

I n particul ar, |t|sea tos
but with the>donstagiven by thetormula

15
(2]
n ) m+n? >0, (20)
where v, and F_ are the Fourier coefficients of W(x,y) and the (experimentally
) nction
; measurabie) function F (xy) = [M'I (Mx, My, R)) - 1] / (IR, respectively.
20
In the general case of non-uniform intensity distribution on the object plane, the
last two terms in equation (16) can be comparable in magnitude. However, in many real
siwations, where the illuminating wave has uniform intensity and absorption in the
object is moderate. but not negligible, the last term in equation (16) may be smaller than
25

the rest. 1In such cases equation (18) can be solved by perturbation methods. In

particular, ft is easy to show that an equation similar to (20), but with the constant

intensity J, in the numerator of the function F {xy) replaced by the measured varjable

mensity distribution J(x,y), can be considered as a first order approximation to the exact
solution of equation (18),

(7] BBBL cunPgg
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iﬁtensity I[[err] in the nunerator of the function F (x,y) replaced by the

measur ed vagjabl e intensity distribution I(x,y), can be considered as
a-first ornd®O WP nation to the exact sol ution of eguas, %8).

20 ‘ Finally, when the last termin equation (Af%?/o ¢ a
simlar magnitude to the pr ecedi n% one, system (18)-(19) can be
sol ved nunerically using one of the well Kk Q)wn nmet hods for the
Lapl ace equation on the plane. 5 - It is believed that the
descri bed derivation and radi ographi c nethod and appar at us provi de
a practi cal techni%u&; or deriving phase-contrast information contained in
one or nor Bnakést, ewberd thentaen Sriny ind EGiatioh Yt b PRSs 14N di mensi ons. The
configuration i @Mlbﬂ%lbﬁpasf grﬁg]r M Z§nuRde, tg she

‘%Fé%im in Figure 1is straig
configurati onCr R ?qcoﬁ%ﬁtq‘?(@e(é X ean besobied tnumericallylGsing 6mNbH &8 twell known

radi ography. mhbéodd fe kiR FELhed: o .deriving the phase-contrast inage Is
particularly suited to pl‘%ndgrgc e é)(;:l'?) rtgeglrmed pi xel l ated or grid

constructidon or which are read in an increnmental manner, and all
the nore suitabl eﬁgbtpe %og{biigatior_l of such detectors and digital
conput ers. 15 cheved i daspaed depyutjmodgsdingraphie otk S AR appilaiRs

for absorpti growiddh basticd Yechni tional nethods, one can
si mul t aneously deri \Ii/)e bot h phlggg-f %Igdr%?i \régigtd hgﬁedcontrast 1ﬂ90§ﬂ§69fp§q%ﬁngbmqmgu

i mges from WYy, defestedoigteaplty distrétaniods iy Iwb MifndRsi I ‘
g 1o 4 iy st i, T s g

di mensi onal g Dlerr errj. 20 . .

intensity di g‘éﬁ%ﬁt’%tnaég%tt%ﬂ"ﬁ’%’ @pd gkindp sopfigusstiqsaraditiddhby uied for absorption-
order tolBar cynteast rpfiGgepHye tTHC8 y J s._.be conveni ent or -
practi cal . F%rg‘éig - %Wygl eF tlﬁééogénga%g@éﬂﬂ%@vmattgﬁghw-qqmrgwmgmés :\3
at different PpdsHkirlp suited wnplandredensotdrs of a pixella@ti & upres. .

preci si on rmyf%qelgtﬁ] of t he@get ector syst enq D (i ndi c%*?dé%'%“%‘?"?‘o%r wﬁmh are g

in Figure 1) WhiCh By oREnth qRamen snd allthe qnore| suiteblartp the 2bindiStion oFageRd
nmet hod of 25de!e¢tbl%$1ﬁd'a@iﬁi€d{@ﬂmér9 t he present approach nay be achi eved by
measuring two or nore I'ntensity distributions in an inage plane at

fi xed distance fromthe object but with two or nore distinct
di stribuj4 ons of jngi t enerqy, e.g. different wavelengths in a sinple
case or eveﬁd}ﬁnﬁgg&gdj’é'ntpg%‘@m Yy detaetarg values dorreabsorpriah-contrast by
ener gy- sensi ¢anventib@hle ohothodsC hnd S T aged o -Nh-Te. Wth
reference again to Figure 2, co[ls?a ermgm%%(rgg%l}gla ® rﬁ?&\d/eﬁl\g]aé‘l“ﬁomﬁsi head r ee
hal f - space zﬁf%"tPF‘P"'GOIFfFﬁSérﬂnézebi fromy yayt mtlingodphice FROFdh st r | Bhre two-
coherence WdiRef GO0 Eﬁm@gﬁlbt ude

| Rt A

-,

20 . . . e o
Recording of two image intensity distributions at different distances D,D, in

order to carry out phase retrieval may not always be convenient or practical. For {-3
example, the measurement of intensity in two planes at different positions along the optic '
axis vsually requires precision movements of the detector system D (indicated by arrow

d in Figure 1) which may be undesirable in real-life applications. A second method of

phase retrieval in the present approach may be achieved by measuring two or more

Intensity distributions in an image plane at fixed distance from the object but with two or

25

more distinct distributions of incident energy, e.g. different wavelengths in a simple case
Or even more advantageously by using a 2-dimensional energy-sensitive detector such as
those based on Cd-Ma-Te. With reference again to Figure 2, consider 2 paraxial

30 wavetield in the free half-space z20 in an arbitrary state of temporal and spatial

coherence with complex amplitude
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21

[err] (21) where v = ck /

(2[err]) Is the frequency, k is the wavenunber and ¢ is the speed of Iight

in ) WAOHEINS0 Let S(r, v) be the (power) spectral densidty

[err] : where k[err]=argU(r[err], v) and we omt z=0 fro'm}@%]iz st of

argunents of all functions. 1In 921 nonochromatic case we have
I(r)[err](v- vierr]) and the

Ur,v)= Ur)[err](v-v[err]), 10 S(rv)

phase k[err](r,v[err]) coincides with k[err](rferr]) = arg Ur[err]).
The TIE can be obtakned by integrating equation (22) over the frequency

range:

(time-averaged) intgnsity

f or m of

vaLer= | U@RY re 1(r) =[err]S(r,v)dv ist
P ( )C[P(LZW%AE al ready di scussed, this (Qﬁ

the TIE relates the difference between the intensity distributions in the

obj ect
pl ane.

weaker t han

and the image pI anes to the phase derivatives in the object
variati ns of the spectral density are nuch
Yhere v= 2 ’525? §86Eﬂqﬁ3‘°§h sethe JYaveRyrehes and ladn thecpeed ofligia 2y

can be sinpl njdbﬂgn Let S(r,v [bgrtﬂﬂ][qqo‘{’ﬁ@s?e%ﬁdl d%‘lsi[ gcnts;]teuat ion is typical for

phase objects, i.e. obj ec S W

10 -

15

20

25

7E
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S(ry, R v)=S8(r,,v)= =RV o[S(r,,v)V y(r,, V)], (22)

where ky(r;,v)=argU(r,,v) and we omit z=0 from the list of arguments of all
functions. In the monochromatic case we have Ulr,v)=U(@)8(v—-v,),

S(r.v)=1(r)d(v-v,) and the phase ky(r,v,) coincides with ky(r ) =argU(r,).
The TIE can be obtained by integrating equation (22) over the trequency range:

Itey, R)=1(r,) = =RV o [[ S(r, V)V ,y(r,.v) dv], (23)

where J(r) = JS(r. v)dv is the (time-averaged) intensity {14]. As already discussed, this

form of the TIE relates the difference between the intensity distributions in the object
and the image planes to the phase derivatives in the object plane.

If spatial variations of the spectral density are ‘much weaker than the
cotresponding phase variations, then equation (22) can be simplified:

S, R,V)=S(r, V)1~ R Viy(r,,v)]. (24)

This situation is typical for phase objects, i.e. objects with the real part of the
refractive index varying much stronger than its imaginary part at the given wavelength.
This is the case e.g. for thin biological samples imaged with high-energy x-rays, For
such objects conventional images based on absorption often have poor contrast, while
phase-contrast images are much more informative {5.8.9].
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refractive index varying nuch stronger than its inaeginary part at the given

wavel engt h. This is the case e.g. for thin biological sanples imged
wi th hi gh-&YRRPE#3BIS r ays. For such objects conventi onalpdpipgaRefased on
absorptiorn often have poor contrast, while phase-contrast 1 nages are
much nmore informative [5, 8, 9].

22 Let us assune that the pﬁgpagation of x-rays through the
sanple is paraxial and rectilinear. Then the spectral density and the
phase in the object plane can be expréssed as 5 [err]

[err] 10 where the values with superscript "in" correspond to the wave

inci dent on the sdmplug assume that @b %&fpﬁk&tﬁb‘ﬂ (ifsx by E?MQP%H Fh% s%ﬁ{ﬁ’é far%g%ttﬁxg

lines parallel to the optic axis, t he
refractive i fGexingAG Thep the apgctrai@emm@ad tm:)phnspun te m:@@tfpl&eecaﬁ be lckpadkded
wavel engths  ,¢ present in the spectrumare sufficiently far away from

t he absorption edges of the sanple material, then 15 [err]
[err] 5 (28) 20 where [err] = v[err] [/

v and v[err] is sonme fixed frequency from the spectrum Substituting

equati ons (255G (.28F Siﬁrpvmpqu-jpﬁl(zzﬁ/)dz'}/\,e obtain 25)

v, V) =" (r,,v) —Its(rl.z'. wdz’, (26)

10 where the values with superscript “in” correspond to the wave incident on the sample,
integration is through the sample along the lines parallel 1o the optic axis, 1- & is the real
part of the refractive index and y is the linear absorption coefficient. If all wavelengths

present in the spectrum are sufficiently far away from the absorption edges of the sample
material, then
15

U, v)=oiulr,v,), 7

5(r,v)= o%8(r,v,). (28)

-

20 where c=v,/v and v, is some fixed frequency from the spectrum. Substituting

equations (25)-(28) into equation (24), we obtain
S(R.v)=S"(V)exp(~o°M,)[1 - R V* W)+ Ro* Viy,), (29)

25 where we omitted r, from the list of arguments of all functions and denoted
M, ’-'-f.u(l'l‘z', voddz’ and w, =j6(rl.z’,v‘,)dz'. The last two terms in the square

brackets in equation (29) must be much less than one if for example the paraxial
approximation is valid.
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[err] 25 where we omtted r[err] from the list of argunments of all

functions a%pﬁ@%’ed [err] and [err] . The last two terns in the

square ! brackets in equation (29) nust be nuch |ess thapcpa@otbogtP"

exanpl e the paraxi al approxi mation is valid.

23 If the characteristics #f the radiation incident on the

sanple, i.e. Serr](v) and [err](v), are known, and the spectral
S(R,v), can be

density at a given frequency .at the i mage plane
e SR B TR0 b ity e et g s 020

i s possible tequidd ¥8) can be nsed f . [eerr rl?vgiefrlo ‘ \{\Qere . » the
I[Dgir;]son eélljgtwmlepgm)s.. gﬁi@ﬂt{isfirogfﬁgl@f E@@y,) ;@fg&;ﬁt@%ﬁ l?‘ahgrgﬁglr ???rﬁesmcan
be assi gned tu(')rftﬁfgr] ‘i f the imge i S ’urro'ungi_eg at ‘H’)?alf%g Reaseed.uthsed
pri mary beam §& wguarron: §2¥q et voand 39) and tacﬁnmgcgkp#@s%r} Mrom these

equations, it is possible to derive

. Vi, = YR IVIV (1) - 15* Vi " (v,)]

, RS (=70 , (30)
10
where
_SRW[ vy T
5700 | SRy L
15 The phase w,(r,) can be recovered by solving the Poisson equation (30). Note

that any uniform boundary conditions can be assigned to y,, if the image is surrounded

by the unperturbed primary beam. The solution to equation (30) with typical uniform

i) boundary conditions is always unique at least up to an arbitrary additive constant. It is
obvious from equations (30) and (31) that the stability of phase recovery is determined

20 by the ratio o = Vo /v of the two frequencies and the ratio of the spectral densities in
equation (31). In an experiment these values can be chosen to be sufficiently different

from unity, in which case the recovery of the phase using equation (30) will be stable

with respect to errors in the experimental data. Therefore, this technique may have an
advantage over the earlier-described method of phase recovery from intensity

25  distribution in the beam Cross-sections at two different positions along the optic axis.
Indeed. in this larter case the z-distance between the cross-sections must be small and the
difference between the two intensity distributions has to be small too, so the calcuiation

of the phase Laplacian is a numerically vnstable procedure of the “division of zero by
zero” type,
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boundary conditions is always unique at |least up to an arbitrary additive
constant. It is obvi ous from equations (30) and (31) that the
stability ;64’05?(&%959 recovery is determ ned 20 by the rati opd©ktdroogsavlerrl
/ v of the two frequencies and the ratio of the spectral densities In
equation (31). In an experinment these val Ugs can be chosen to be
sufficiently different fromunity, i'n which case the recovery of the
phase using equation (30) will be stable -with respect to errors in

t he experinental data. Therefore, this technique may have an

advant age over the earlier-described nethod of phase recovery from

intensity 25  di i Wihithowrailier embodierts 6ff 88SnsatiohOBS aRhlop¥F Sl {1](% )
latter case the

posi tions al t optic axis. .Indeed, in this

z-di st ance b%@lg@bég?%’ﬁ‘g‘t“&? BE'@@ LBesing Hdthra smalbpolycharmatimepurdeccan be derdivéd. @hence

bet ween t he tadBitionil ; i o i . b mal | .top, .so the

calculation . of ﬁmﬁté%ﬁgggéaﬁggﬁggﬁdﬁg%g ﬁﬂ%@’rﬁ‘gﬁuﬁi}'saﬁ?f‘&gpg"fﬁ ocdaur e

of the "dPvi dncidensibeamy eanbbe explicidenakent jnee.account. Consider the following "quasi-

24 spheric 1..A§ W tp t he e&rzbj er enbodi nents of the invention, “an

anal og of eqSBISTISAl" @glpe of equation (¢ e for in-line phase i maging with a

smal | pol ychromatic source can be derived. The addi tional curvature

appearing in th wavefront due to the quasi-spherical nature of the 5

i nci dent beaWo%(MheReabpiS(cj,wy-tmvgn[S@ﬁl,Q/)aggggm).]},Oonsi der ?125 fol | owi ng
i ) [erf]

"quasi - spherical " anal og of equation ( 10
where M= (Rlerr] + R / Rerr] is the magnification coefficient, R =

err a . i s.the ., source-to-object distance.
Star 1 ng 7 roneeuit oy TEH K episiubeifinn costicieny B Usbre and &yt he <)
st rai ght f or wgggled-@- It Vit Jys eqguation,for the phase simlar to
equation (30), &ﬁébdlgpﬁ\t/ﬁtn ‘? ﬁ %?%ru ?? ?&%?i@é‘&n39£)[ ‘HWerPC%F’@mxaetédambwe-
and [err] rebissiaightfprwdrs to derive the Poisson equation for the phase similar to equation (30),
but with w"(r,,v) replaced by y’ "(r,v)=w"(r,,v)=12/(2R), R replaced by R’
and 7 replaced by
15

14

s yrageen SME RV S, vy T
e 4 [ ,.L__o))] (33)

S*(r,,v) | S(Mr,.R.v,

In a slightly differem experimental arrangement without an energy-sensitive
detector it may be possible 10 perform intensity measurements in the image, plane with
20 two different monochromatic incident beams with frequencies v and v,. Then the above

equations (30) and (32) still hold with the replacement of all spectral densities by the
comrespanding intensities.

It is now proposed to outline a method for phase retrieval from polychromatic

25  images obtained using only a conventional (not energy-sensitive) detector. Let us assume

that the transversal variations of absorption are so weak that

exp{-0°M,(r, )} = exp{-0* M, }[1 -6’ Mi(r))l, (34)
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In a slightly different experinental arrangement w thout an
energy-sensitive detector it nmay be possible to performintensity
measur enent’® BE%MAe i mage, plane with 20 two different rRAQEHSAIRG, C

i nci dent Beams with frequencies v and v[err]. Then the above

equations (30) and (32) still hold with t repl acenent of all spectral
densities by the corresponding intensities. It is now

proposed to outline a nethod for phase retrieval from polychromatic 25
sensi tive) detector.

[ bt ai ' ke | t
Lgﬁgﬁ: gssﬁlrrgﬁ&cuﬁ r]iga?t?éqt Ve ans géttéog‘lnﬁ\/ insgf“ipER gf“ébé’ﬂmﬁt oot ém ¢l <sd

weak that  everywHeps.'The constant 37
25 where [err] is th8 cé%\?grdgté:ém megéforptd?eolﬁnqwqu?ems@@bI“éefh’ﬂ‘[“}’v—

vierr], whil@cidentrgn the sample and @y e6aMpES, aAfkye [ ]
determ ned fa{gr(ng gbknowi edge of total ﬁ?eﬁﬁ?iﬁﬁl&tﬂ The V%AR ‘°&“Wﬁ$§‘6‘ﬂ‘s
sanpl e and t ffe'dLLROSCHMOR & wsweqmmpwage The weak | ocal variations

[err] of sabsorption are assunmed unknown. 5 In the
first crude approxination one may choose to neglect the term[err]

Then the fol |l owi gy tﬁbfmmm@q&p’p&mﬁiﬂaﬁ&{ ohé“?nﬁ?' élﬁ?secf’dqnpﬁe&atﬁle i dﬁtﬁl}\'{fﬁe

from equatiqp

(29):
notation S[ ekicp(hy oligping ]’legoamu{mmr for thHehgtiaet oarebe b&hﬂ&fﬂcﬁvE@ it Etﬁéﬂﬂﬁse
A

t he

can be (29): found fromonly one polychronatic inage
sol vi ng equation (35), providing the properties of the I nci dent
radiation, i.e. S[err](v) and [err](v), 15 are known a priori.

It is now proposed to denonstrate that if the weak |ocal variations
Merr] (r[)err]‘; of I(R) fS""'(v)[l-RVilpr"‘(v)]dv

R[ 5™ (v)odv

(35)

using the notation §°“(v)=S"(v)exp(-o’M,). Therefore, in this case the phase can be
found from only one polychromatic image I(R) = I(r,.R) =j.S‘(rL.-R. v)dv by solving

equation (35), providing the properties of the incident radiation. i.e. S§™(v) and w"(v),
15 are known a priori.

It is now proposed to demonstrate that, if the weak local variations M,(r,) of

£y absorption have to be taken into account, the phase can be found from two

polychromatic images obtained with the incident beams having different spectral

20 composition. Substituting equation (34) into equation (29) and integrating over the
frequency range, we obtain

u=bM; - cViy, +dMIV? We= (36)

25 where a=J(R)- f S“MWIM-RV iy " (W)dv, b=~ f S™ W= RViy "(v)lo dv.

c= RjS""(v)a’dv and d = —jS"“ (v)o'dv. Given two images, I,(R), j=1.2, measured

with incident beams having different spectral composition (described by the 4 priori
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absorption have to be taken into account, the phase can be found from two
pol ychromatlc | mages obtained with the incident beans having different

spectral - 1 WO828¥hposi tion. Substituting equation (34) i Nt 19 b0 (29)
[e

ahd integrating over the frequency range we obtain rr]
25 where [err] [err] and ngqr G ven two i nmages,
Iferr](R), j=1.2, neasured wth i dent beans having different

spectr al conposi tion (described by the a prior4
26 d| | ons,. Jf er {V err](v), j=1,2), Merr] can
be el i ni nat e omd%%rlritﬁ‘Rﬁ%“s sy O 6‘}4 é’ép dllngzijal 0 cﬁ“"eﬁ%a&hn%iﬁdteéd)m@n@e

obt ain W the quantities defined for each
of the inci der?t“e%)@n & xacctt 39“‘5“’“\:;(%@\/‘@% ogt [err], etc.

simlarly, it is possible to solve for Merr] to obtain an effective
pure absorption-contrast imnmage. 10 These expressions have
denonstrated tYay the x-r » e e can _be recovered using

Transport of In enshmy égyabﬂdp—ﬂﬂpnnpolychronatlc I mages obt &7
fixed position along the optic axis. It can be done with a
quasi - plaﬁe or a qua5| spheri cal par axi al incident wave, whose

spectral den of .t he hr.o conponents are

known a pri oﬁﬂlﬂw%ﬁ BB&&%g%ﬁﬁqéfﬁr@Fgﬁgﬁ?’? l?%[\}?‘@ss%ﬁ%tb’aﬁ% ahpvey €15

conpl ete charact | t 9 [ riqr to.phase retrieval

expori ments. e S0y is?%ﬁf’“%‘ﬁ’s -f”a@ﬂf‘} Srbaurheraaas. & pessblne sive for
absor pti on-contrast images can

denonstrate tle B 8 ecti ghase-
be obt ai ned, SOV} ¢ °3 §b§9¥5q1%‘29@3§ri§1‘3§¢}e of the fol | owi ng; &)
(1) Fromtwo I mages obt ai ned wi th monochromatic incident beams with two

data

10 These expressions have demonstrated that the x-ray phase can be recovered using
the Transport of Intensity equation from polychromatic images obtained at a fixed
position along the optic axis. It can be done with a quasi-plane or a quasi-spherical
paraxial incident wave, whose spectral density and the phases of the monochromatic
components are known a priori. The approach would preferably involve a substantiaily

15 complete characterisation of the $ource prior to phase retrieval experiments. The above-

described embodiments of the invention demonstrate that effective phase- and
absorption-contrast images can be obtained, in a variety of ways including any one of the
following:

(1) From two images obtained with monochromatic incident beams with two G

20 different wavelengths (photon energies). ' ' |
()  With a polychromatic incident beam and measurement of the image
intensity as a function of x-ray energy using an energy-sensitive detector (e.g.
based on cadmium manganese telluride), with some binning of the energy values
to give sufficient image intensity in at least two energy ranges (bins).

25 3) With a polychromatic incident beam and measurement of the image
intensity using some energy selectivity in the detector, for example by the use of
energy filters based on the use of absorber foils. In practice this might involve
using 2 pair of x-ray films with an appropriate filter foil between them to
simultaneously record suitable image intensity data.
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20 di fferent wavel engths (photon energies). (2) Wth
a pol ychr%gngtgig/g?i nci dent beam and neasurenent of the inmage

intensity %Pction of x-ray energy using an energy-septqk‘;{j%o tector
(e.qg. based on cadm um nmanganese telluride), with some binning

of the energy val ues to give i_yffi cient image intensity in at

| east two energy ranges (bins). 25 (3) Wth a polychromatic

i nci dent beam and neasurenent of the inmage . intensity using sone
energy selectivityyin g for exanpl e by the use of

energy filters baésa()ad Onﬁ&&g@%}éﬁ%&?‘m&%@& QESEWE?Q"IWl%r‘ﬁ‘é€!¢1‘éé30ﬂmi?sllavirght

i nvol ve diffeseinn gpezirplacompsition’ @4 4 ichienMbdA opriate filter
foil between themto . si mul t aneousl y recddr%&seﬁ@?@b%lrﬁ'ﬁheﬁémw'
intensity data. 9etector

27 (4) From two pol ychromatic i nages obtained with

i nci dent Os{t:eams haﬁ/’i ng di fferent spectral conposition and a
conventi ehal , ratlneach bfitheserabogy sisetivhs, N one measurement of an ihGbERI Qe .:

I n each of t&?s%agbove Si taigahi ons, just )oAne measur elﬁ%nntmélp lglﬁéei ﬁa“’é‘&f“f‘%’”
suf fici ent PHase fe50VisNal dhe dEagyearse ispatishoatiations v stsosmiohi &k neplibd, ONs
of absor pti oDthefvdsd) €8 lit Holli . r wi,s it is possible to obtain
separate effective phas o péélﬁ% tgb%bé?lgtﬁe%g"o%?cig? pth‘m' fnd abpaEpsionfoontrast he
i mage i nt endimagesfsom the imagd thtensity data, Fi gure 3 diagrammatically illustrates
a variety of arrangenments for deriving plural intensity records for
respective different energy distributions. Such neasurenents can be

P g ¢ ‘ ‘ “tive. det ect ‘ i th
Source 0 O GFRERE 9 diatdnln Bl B0 M ARF R Vet Bt Sfinpepeu b deriing poral
profile, or inERsityacpmstly bdrrresprtiive different cﬁ@ﬂ%@%u@mﬁﬁﬂs.i EP&Y i'ri'é?ﬂﬂgrﬁ%g can

err]) or

nonochr omat QLS e?fo flé,t{ers eitﬂzr ahead of the object (

after the obJ Y. @sqy 105 example, 1wigh ap|energy-sengitive dttector Dyoror emis Gy source

sensi tive CtipabRtigck r.ptj in the sa e i 5 negligible,
s bdnol C o vA29 3R Be gt briri. PR R aalychwamate

t he phase can be found fromintensity

i mage, provPeNsee § hed prarplempeabde mbnodheorhNeste HltefsAGinat AHRRd Bf ﬁlegiiﬂ]fé?/[‘ep‘g%gr

priori. 20, . Ot her .approaches to using two or nore

spect ral” di e 1B, PhigFsc-E 25k ShUMEr F, tgant of Fhetfoneanetay sapmiivenCaBsdomendd ol

t ransport - ofibsoRftioRSh the s il Y. \Y . convol utiqgn of the
spectral distr imbut i gﬁhéfsﬁgj%ﬁilhg‘g%ﬂa%lg@btp?rﬁé%[eecgﬂg’f itwdj%’né Iptensay quabvr@se
type fittinBolpFsemais émege, oxovided theepropertey of t@ﬁ&i&%@hﬁcﬁﬁﬁ&@ﬁﬁdkﬁﬁéﬁb%ds
based on rioriB2Y€si an anal ysis mght also be used. It is proposed to now
briefly outfi ne phase and 25 absorption retrieval by a techni que based on
a Fourier optics approach.

20 Other approaches to using two or more different spectral distributions (i.e.

alternatives to approaches based on transport-of-intensity equations) may involve
deconvolution of the spectral distribution from the data or, alternatively, a least squares-
type fitting procedure to extract V. Even more sophisticated methods based on
Bayesian analysis might also be used. It is proposed to now briefly outline phase and

25  absorption retrieval by a technique based on a Fourier optics approach.

The treatment of phase retrieval in the spherical-wave case is analogous to the

treatment for the plane-wave case and quite straightforward, This section is thus
confined to the latter,

30
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The treatnment of phase retrieval in the spherical -wave case is anal ogous to

t he treatnent for the plane-wave case and quite straightforward. This
section i V0 baR8ss0 confined to the latter. 30 - PCT/AU97/008

28 ' It may be shown that in the plane-wave case, 80\A/Pe832/ s form
of the Kirchhoff's fornmula for the2-ray wave function can, with
certain small-angl e approxi mati ons, be reduced to:

[err] 5 and therefore [err] 10 where we adopt the

convention that hesdy bostavr thacin BB Plaeavive dagdovaars famdl of AR Kirchhoff's
correspondi ng frequency-space functions (after taking Fourier transfornmns)

are in uppefmula for the x-rag wave dungtionrqan| svith) gertajre mpll-gusle \Approxitoaticuss be t her
di scussi on &fdu%gaemst eps involved in this derivation, see J.M Cow ey
(1975) Diffraction Physics (North-Holland: Arrzst erdam). Rel evant
theoretical discussion isyglsatd 428 "+ t al (1997) v. Sci .
I nst. 15 68, 2774-2782.‘[/@'ﬁ AR, pﬁx&%@ﬁﬁm sﬁ‘i &on functi on(jc?Zn be
witten,? assuming [err](Xx,y)t(x,y) and [err](x,y)t(Xx,Yy) are
sufficientl ndﬁﬂ? hmas g(x,y) [err] 1 + i[err](x,y)-[err](x,y), where
[err](x,y) :%/err X,y)t(x,y) and [err](x,y) = [err](x,y)t(x,y)/2. The
Fourier transformof the ‘transm ssion function is then given 20 by
Qff[err]f[err]) [err] (f[err]f[err]) +
i [err](f[err]f[err Wk gi[=¥Ef] epid.y) explimeR,(f3nt DAY, Lan then be @Ntten as
[err] 25 where [err](f[err]f[err]) = [err R[Yerr](f[err]+f[err]). By
expandi ng (40) and taking inverse Fourier transforns of both sides,
](c)ne cari(blbtwh&w wo afloptstheocaieention fhar rdalapate[ funtlionsad DTidvieredsd B the
uncti ona ndence:

correspcgn%Pneg requency-space functions (after taking Fourier transforms) are in upper-
 case, e.g. QEL) =?[q(X,y)]. For a further discussion of the steps involved in this
derivation, see J.M. Cowley (1975) Diffraction Physics (North-Holland: Amsterdam.).
Relevant theoretical discussion is also to be found at Pogany et al (1997) Rev. Sci. Inst.

15  68,2774-2782,

Y

s 5
Y 2
.

The transmission function can be written, assuming ¢(X,y)t(x,y) and p(x,y)(x.y)
are sufficiently small, as q(x.y) =~ 1 + i¢'(X,y)-1'(x,y), where ¢'(%.y)=-0(x.y)t(x.y) and
H(xy) = u(x.y)t(x,y)/2. The Fourier transform of the transmission function is then given

20 by Q(fl,fy) ~ S(f:,fy) + id)'(fx,fy)-M‘(fx,fy). Equation (39) can then be written as

WAL,.£,) = v, explix(f,.£)] [8(F,, £+ (£,,£)-M (€, )], 40)

25 where x(f,f) = mAR(f’+,). By expanding (40) and taking inverse Fourier transforms
of both sides, one can obtain, to first order in ¢' and y', and omitting the functional
dependence:

[=1-2¢"» Fsin()] - 2p" * F[cos(x)]. (41)
30
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[err] 30 29
Consequently, in the case of a pure-phase object, one can retrieve the

[err]- - WO9R8ISAi bution froma single inage: . PCT/AU97/00882
[err] ‘ and, in the case of a pure-absorption object: 10
[err] (43) 29 In the nore usual case

of an object for which both phase and absorption effects 15 are
significant, two inmages, I[err] and I[err], which have been collected with
di fferent val uescohsequentiyRifrtht RGP s pufdia8ecieser (e 3k BLRGUSHENG. L he
monochromatic case here, but in the pol ychrofmatic case two diffefent
vol t age set diskipution fromea singlaymagaar ce, gi vi ng two di fferent spectral

di stributions, would be appropriate) could be used. Assunming, in the
absence of any absorption edges for constituent elenments, that [err] =

[err] and that [err] 20 [err] the resulting simultaneous equations can
be solved to yield: | Fa-n [err]
5 e [m a “2)

and, in the case of a pure-absorption object:

10

g | FA-1)

In the more usual case of an object for which both phase and absorption effects

15  are significant, two images, I, and I,, which have been collected with different values of
R, and/or x-ray energy (we are discussing the monochromatic case here, but in the
polychromatic case two different voltage sewtings of the x-ray source, giving two
different spectral distributions, would be appropriate) ¢could be used. Assuming, in the
absence of any absotption edges for constituent elements, that y, = (A/A,)', and that ¢,

20 =(@/A)¢,, the resulting simultaneous equations can be solved to yield:

v.
Y e

[ 1
W 3
F(,~1)cos(x,) - ;\3 F{1, -1 cos(x;)
pt=-F | — : -
Nt : (44)
25 2 [.)\_’] sin(x;) cos(x,) ~ .:_’] sin(x,) cos(x,)
L ! L

and

30
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and 30 30

[err] The advantages of using the multiple energy nethod

of retri evM@;S'%ma@e rat her than the multiple di stanggigidipgsshncl ude
the fol |l owi ng: [err] ability to record data by electronlc
rat her than nechani cal change of 30 I magi ng conditions (for

exanpl e by rapid switching of . tube voltage or

energy-sensitive detectors) | a ')Q to the possibility of jery rapid phase
10 retrieval ; Fd,-Dsintx,) - F+sin(abi [ ity to yse

2-di mensi onal energy digpeFsi e &‘e ectors (e.qg. those based on

CdWvnTe) as these becone avail afh in order t ecord a I ‘ge nunber of 2-

di mensi onal images for differfe siBY) RE{NHIY| L% Q cos Example 1
To test the validity of the P\o o?é()thelnv |gﬁ§%t| |S|ng

transport of -intensity equations, a nu r| cal exanple was prepared
wth SI | at ed dg,ga and the_successive steps are illustrated in
Fi gur es to 9. 3Be advantages of usmg\ %ﬂ’f‘-‘é‘éﬂlf} \eueigh dasthedaf iretrigving\phpssi rather

source was gHaYedu TlehdeﬁxY r{%ﬁ{dﬁ]t {outog“}%glm nm (Cerr]Kl err]

radi ati on), and sour e to- o e di stances R[err] =

Rerr] = Os 2m abilityt tuatredak@ rdala— b9. aieuﬂﬂﬂc Yather? thafil fH4ERandOal of\ R#E
duci ng the

phase object was al so assuned size 640 x 640 [err] pro
phase distribution off4gHé Gﬂ}dé%‘lﬂquf@fnéxml? ) rapidbwvitehing of whe glolteged or The

range of the phase vgle m?{é / radi ans. .. ... The
intensity distributi on seYi’?iﬁ rr psé 1"?‘1&& Q?rg 2 PRSIDILLY, of s VeTK JAPIdPRASE at ed
by 1 rev:zeval and :_-_‘.}
*  ability to use 2-dimensional energy dispersive detectors (e.g. those based on
CdMnTe) as these become available, in order to record a large number of 2-

dimensional images for different x-ray energy ranges.
15 Examplel

To test the validity of the method of the invention utilising transpori-of-intensity
equations, & numerical example was prepared with simulated data, and the successive
steps are illustrated in Figures 4 to 9.
20
A perfectly monochromatic x-ray point source was assumed with wavelength A = @
0.154 nm (CuK, radiation), and source-to-object and object-to-image distances R, =R, =
0.2m, so that R'=0.1m and M = 2 (Figure 2). A pure phase object was also assumed, of
size 640 x 640 um’, producing the phase distribution on the object plane (x,,0) shown in
25 Figure 4. The range of the phase values was [-0.8667, 0.6706} radians,

The intensity distribution I(x,y,R,) on the image plane was then calculated by
computing the Fresnel integral (7 above) on a g}id with 128 x 128 pixels. The scaled
image M'I(x /My /M, R,) of the obtained intensity distribution I(x.y,R,) is presented in

30  Figure 5. For comparison the calculated distribution of the phase Laplacian, -V@(x,y,0)

was plotted and is shown in Figure 6. Obviously. the scaled distribution of intensity on

o3
4
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conputing the Fresnel integral (7 above) on a grid with 128 x 128 pi xel s.
The scal eddMO% image Merr]l(x My /IM R err]) of the obtained intensity
destributiioMOPEREIOR err]) is presented in 30 Fi gure 5. i son
the cal cul‘ated distribution of the phase Lapl aci an, -[err](ﬂ?&‘@g 2 was
plotted and is shown in Figure 6. Qbvi ouslg/, the scal ed distribution of
intensity on 1 31
the i mage plane and the distribution of the Laplacian of the phase on the

obj ect pl ane - agpear al most i dentical, which supports forrmula (16) in
the case of nH§IEE6P ng2nd the disgibution of the Laplacian ofathet phasth er tthes phiger plawe

conput ed i nt epsdebyalfiost iGkdidi Qn; Faetele] ] C formyl a (20)
were used to ?ﬁépconstruclt tﬁ%’%ﬁé@g"b g esu??iﬁg?ﬁpﬁ%gser%tgrf?ﬁggﬁft%%w(“f’ﬂ'
shown in Figure 7. Again, it is in a very good agreenent with the original
phase from gir%ijre 4, with the rel ative nean-square error of this

reconstruction equ eof“?i‘.té% the computed intengity dineibgupt onntindmage pidne and
met hod wass al fRmuBSE8Y weie ﬁ% 092 Eordfrudt é}gh{e?rﬂk% %‘T%H’ttle(ﬁls . ?si}eggﬁstr'ubgo'n \i/ghen

the last term in forimula was s gniti

di stribution ghevnhe RigjreGt Apaimdt ivcia sSverylpabe dgreementdying tﬂﬁooﬁ%]ﬁalfﬁgi@hgm
l(x,y) = -1. 6&7 +13 X esﬁ?e@ié{x err] + %/'[err] 6_/ 2*1280[err])).

The val ues of - BHE 4 N{E 10T Fejatiys dcanSqpase guorAf this reconstpurgipn eqm g0 #ie5Ensi t v
15 distribution I (x,y,Rerr]) on the i mage pl ane was conputed by

eval uating the Fresnel integrals. The non-uniformty of intensity
di stribution resulThedp¢rformance’ of gretrethug” was alshetested in tBOTd6S RO MW OGifoFRIE

(Figure . ' learly reflects the non-upiformty of intensity on

the obj e?%“ pY@*ﬁéQt@o’vﬁev‘éﬁ?" E’g’)" zﬁgt‘P%thng’fF’H@ (eha tSjendfieant.i béwi dnersiryt he
obj ect pl ane distributidif sithé BBfectPade sl , s [RVF o [ e difference by
the scaled interplanar di s?gnt?g 20 “sgﬂgwg.d%n?gﬁgk%%glt%‘gmf ormula (2) we
were abl e to Herohslt64Tct 3 rleap ¢’y wal/ (PHER86)N th a root mean-square

error of 6.67% (Figure 9). This result confirns that in the case of
noderate non-uniformty of intensity distribution on the object plane (e.g.

weak absor ptprenvafdseef Shéa : sal fergp t ‘% t he.i nci dent
beam), the described * Si rrplqg{e@sgt Y\gﬁoﬂn@gﬁkg&of?? a 1\(/% 3]'ca hsemtensﬂy
ef fecti vdPy Huatdbytion HuauR,) oat the cinage r planeawasf conipmrib by ®hisging hihe t Bresne)
produced by 4 Figures 10 to 15

show an ex am:;ﬁgg%& g‘ﬁ’t§§‘8 na‘n@g@gy&%@ﬁ&bﬁtﬁ@@bg@% resplgnd inihe Sognettingipfshet
((ji[ fe 1; e ]r e ;n valcogespohdif @hide (Flphee SSWhh! ARy hatecRORE nbiS SlirGiinily 6r RRAGHPHA ON
the object plane. However, by subtracting the inteasity distribution on the object plana

from that on the image plane. dividing the difference by the scaled interplanar distance

20 R'=0.Im and applying formula (2) we were able to reconstruct the original phase with a
root mean-square error of 6.67% (Figure 9). This result confirms that in the case of
moderate non-uniformity of intensity distribution on the object plane (e.g. weak '
absorption effects and/or weak non-uniformity of the incident beam). the described
simple variation of formula (20) can be effectively used for quantitative retrieval of the

25  phase shifts produced by the object.

Xa 2

Figures 10 to 15 show an example of phase and absorption retrieval from two
30 images at different values of R,. The CSIRO logo has been used as the absorption (ut)

and phase (¢1) distributions (Figures 10, 11 respectively). For the former the values are

Yo
LED

<Fy
<~

¥ e 8877 ON 19818826 © 19 -7 €13 STUNIMS 09170 8861 unpegy



and phase ([err]t) distributions (Figures 10, 11 respectively). For the

f or mer the“\f/qla!ggzes are

32 " el 89300 (bl ack) or 0.1 (white), and for the | atplql,d ted
logo) -0.1 (black) or 0.0 (white). The inmges (intensity‘“g”’m’§°85

di stributions) were calculated for the plane-wave case, 1A radiation,
0.2x0.2 mferr] (512x512 pi xel s) area, ané’zR[ err] = 80cm (Figure 12) and
Rerr] = 160cm (Figure 13). These conditions are such that the inages
are not inmediate _Ldnterpretable.: Applying the retrieval algorithm
(44, 45) di scﬁ’s‘@‘@'aé'g \KE“B‘&% ﬁlt(%utﬁbwﬂ tfer the laygpro (ipverted doge)s-0114 (blagk) aehd.0h

whi | e not peg . : I . i . ) CLAIMS: - 1. A
met hod of obt‘i’?ﬁ’ngﬁ{aﬁ‘”?ir%%ég“ﬁe%‘&@ﬁgg%t@?gh@ hEHE SAleRlaredalok i gﬁ“ﬁ'ﬁ”%ﬁj%ﬁ% in
penetrating riddiadtation 0.2x0.2lem® GN2431Q pikélSCirea, i@ RIY BGGm r(]l_:igure 12) and R, =

irradiating obj.ect wth _penetrating radiation having high |ateral *
spatial coh B@‘H’Eed: fere {3). gcPanditpnatare sueh that seer images aire siat dmmediaadly on

at detector iRapfetid el vl MBS fromthe abject and

t her eby obt ai ni ng_and St g‘r}ﬁ%ﬁgtr@%%g‘gtd%\%hl @éﬁgﬁlvc‘-}s Or‘"@s&ft{’}l" ‘}“F pesults
recei ved r adshawrnotFigueni4, 46) whichgvhiletnenpértact, \aeé cleglyedecoufddleer M ned spati al
intervals; and utilising these values to derive a grid of val ues

defining an i mage of the phase change introduced by the object in the
penetrating radiation;
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)

wherein said intensity records are obtained at the sane finite di stance
after the radiation has emerged fromthe object, and are for respective
di fferent Wﬁ’eﬂsﬁwl stributions of the detected radi-ation. met hod
accordi ng to claim1 wherein the respective different ener gy él St tions
are objected by altering the energy spectyum of the radiati-on | rrad| ating

the object. 3. A net hod according to #Faim wherei n spect Ve
different energy distributions are obtained by providi E!{ E ,ﬁ”ﬁr%ﬂ'[t or

means to pr o qu]tensMy as a function of energy in a-
band or bandFs A nmet hod according to claiml1, 2 or 3 wher ein $ai d

derivation incl udes solving one or nore differential
transport - of-| nt ensi témequat ions relating to the phase at a plane of the
obj ect to thk evohumathnd eff ohttisingrancimeige wf dhiesitiabddthidn@s ittodee d dﬁibgﬁ,&t ion

of propagati determ ed uni f orm boundary conditio
A net hod acc tlrar‘]tg d(ﬂaﬁ‘é#xgx?m@@%n@rbtpeg IR MEiudingai d deri vation incl udes
sol vi ng 5FOUH er - opt | GEragiasitt i@ dBject with enetratm radiati

34 6. A nmethod according to any preceding cfal mwh iR dxing high {peral spadal; y

val ues also ref Icé’é%fe%ﬁ?sorptlon contrast in the object, and the nethod
grld of val ues defining

further includes util |§dpg sal % val ues tg derive a
an effective pure absGFptiohacEAt%Rorion.0f saik ragition §pdeteetor means aftek et hod
according to any radigfecha3Gnfer dnf'ré!’fﬁftﬁ@b aind R i Lol
conprises x-ray radiation. g”d A et ﬁ’oﬁ artlcco&g%[)&%’%m% %qaﬂﬁt?l%@?lg?%
saj d x-ray radi atVe ,a,ntp:gslweqqﬁ@s foz tipereCeiBed<diation each including intensity values at
P10 predetermined intervals; and
utilising these values to derive a grid of values defining an image of the
phase change introduced by the object in the penetrating radiation:
wherein said intensity records are obtained ar a uniform finite distance
after the radiation has emerged from the object, and are for respective different
15 energy distributions of the detected radiation.

2. A method according to claim 1 wherein the respective different energy

distributions are obtained by altering the energy spectrum of the radiation irradiating the
object,

- 20
) 3,
distributions are obtained by providing for said detector means to provide intensity as a
function of energy in a certain energy band or band(s).

A method according to claim 1 wherein the respective different energy

25 4. A methed according to claim 1. 2 or 3 wherein said derivation includes solving
one or more diffetential ransport-of-intensity equations relating the phase at a plane of
the object to the evolution of the intensity distribution along the direction of propagation.
utilising predetermined uniform boundary conditions.

30 s. A method according to claim 1, 2 or 3 wherein said derivation includes solving
Fourier-optics equations.
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to 1 MeV. 9. A nmet hod according to claim7 or 8 wherein said
irradiating radiation is substantiall yc“nmwﬂ"u |f 10. A net hod
aecordi ng .(WO@%2898 7 or 8 wherein saidli H Bli at i¥@fyAG97/00882

pol ychromdtic. 11. A method accordindg t6 ahy 'bné of clains 7 to 10
wherein said irradiating radiation is frqma substantially point source of

full width half-maxi nrum40 [err]mor | ess.>% 12. Appar at.us for obtaining
an i mage of the phase change introduced by an object in penetrating

radi ation incident,on the object, including: .. neans,to provide a
source for i rér'adi a{%i'ﬂ%&'%"ﬁa%ﬁ?}"gﬁg QARY, pﬁ@ﬁ@ﬁg éﬁ"ﬁgw'tlféﬂ‘i“a%aiﬁﬁﬁ‘tﬁ&&)’ riglues also
high lateral mfladtiadborpBBSESRER: inPibE object, d:ﬂ@(&ﬁﬂ{ [ § LEAGHY g at
| east a portion of sar?d radi ation aftJer the ra mt@orﬁggﬁmiﬁgs “ﬂﬁg‘}ﬁgﬁg@d
from the obj evalusstiedetive a prigofivala¢sedefiinidgearseffactive ipntecabsorpion-eomris idigge dthe
recei ved radi[%ioggceach including intensity values at predeterm ned spati al
I nterval s; 1% herei n sai d detector neans is arranged for obtaining
said integsity records at a uniformfinite distance after the

radi ati on has energed fromthe

35 7. Aoisyesioad acsandingter gy pieeeding chimiwlgreinanid penepatng tieihtion
wher eby said j | e records are for respective different
energy distr iégﬂ{pﬁg%s{'éy rf‘%u%t ected radiation. 13. Appar at us
according to claim 12 wherein said energy characterising neans is 5
arranged to alter the energy spectrumof the radiation irradiating the

obj ect . 8. A method according to claim 7 wherein said x-ray radiation is in the range 0.5
10 KeVio1MeV. ?::3
9. A method according to claim 7 or 8 wherein said irradiating radiation is

substantially rnonochromatic.

15 10. A method according to claim 7 or 8 wherein said irradiating radiation is

polychromatic.

11. A method according to any one of claims 7 to 10 wherein said irradiating
radiation is from a substantially point source of full width half-maximum 40 ym or less.
20
12. Apparatus for obtaining an image of the phase change introduced by an object in G
penetrating radiafion incident on the object, including; .
means to provide & source for irradiating an object with penetrating
radiation having high lateral spatial coherence; and
25 detector means for receiving at least a portion of said radiation after the
radiation has emerged from the object whereby to generate at least two intensity
records for the received radiation each including intensity values at
predetermined intervals:
wherein said detector means is arranged for obtaining said intensity

30 records at a uniform finite distance after the radiation has emerged from the
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| A

m e T RET BAS SN
Ly *d  EL6Z CN 9618826 ¢ 19 ¥ 913N STTIHITYS ..




14. Appar atus according to c sai d energy characterising
nmeans I ncl udes neans ren ml!‘j Ewmﬂ m nmeans able to provide
intensity WOSH289%Act i on of Nsa & rtal N ener geCtiaush/gans:
band(s). 10 15. Appar atus according to claim12, 13 or 14 further

i ncl udi ng a conputer program produc§5 havi ng a set of machi ne readabl e
I nstructions which, when installed in a conputer having a suitable
operating system and nmenory neans, configures-the conputer to be

ble to util , ' f
Chege 15 Cof -t hepdoafe RS clfaciiningt oot i oRidel WiBteBR ol iR ng
radi ation. recdr@s are fOPRAFeRE WS diffe Rk @haagy §1@trihhﬁbﬂ? &Qhéﬂﬁlﬁé&wmamci@n

derivation includes solving one or nore differential
transport-of-intensity equations relatlng t he phase at a pl ane of the

obj ect toth evo ) tri n,.2long t he direction
of propagat i on Z%b’ﬁaru %()E“&r}ggprec‘fiP e %\“&8 "hﬁ%ﬁo?‘?ff acr“'gf‘s%meﬁ'sohs
17. Apmar ammuga@cmﬂ&rtt@ energg!spéoRuml 6f fﬁh%dﬁti&nﬁﬂhdidtﬁ%rdhb!%bje@{‘ i ncl udes

sol vi ng Fourier-optics equations. 25 18. Appar atus according to
any one of clainms 12 to 17 further including a source of X-ray

radi ation asygaid rad ] oGt ar at us
according to 4(S:I ai Wg&ﬁ é%ée%{r%ihg a"fadbg%fnlrl 2@3 E’ng ref |"':§1(r211 PR, hﬁraéggﬁlﬁé%g

KeV to 1 MeMncldfes means2€nderingpbadetetsr meamy &bldﬂg) provideain®nsityB a0l fiSeritfaesrei n
said irradiating radiatjon is sub?tantl ally nonochromati c.

21. Appar & a‘&é&FH@‘ﬁ&“?’By(?ﬁ%‘?ﬂ'ibal‘Q r 19 wherein said irradiating
radi-at i is polychromatic. 22. Appar atus according to any one of
claims 18 to 21 wherein said source is a substantially point source of
full width hHE.f - vepparanm aBofdérg forolaim 12248 .or 14 turther including a computer program

product having a set of machine readable instructions which, when installed in 2

;-1

computer having a suitable operating system and memory means, configures the
compater to be operable to wtilise said values to derive a grid of values defining an image

15  of the phase change introduced by the object in the penetrating radiation,

16.  Apparatus according to claim 15 wherein said derivation includes solving one or
more differential transport-of-intensity equations relating the phase at a plane of the
object to the evolution of the intensity distribution along the direction of propagation,

20 wtilising predetermined.uniform boundary conditions.

17.  Apparatus according to claim 15 wherein said derivation includes solving

Fourier-optics equations.

25 I8,  Apparatus according to any one of claims 12 to 17 further including 2 source of

X-ray radiation as said source for irradiating the object.

19.  Apparatus according to claim 18 wherein said x-ray radiation is in the range 0.5
KeVto 1 MeV.

30
20.  Apparatus according to claim 18 or 19 wherein said frradiating radiation is

substantially monochromatic.
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23. A method of obtaining an image of the phase change introduced by an
object in enetrating radiation incident on the object, fromone or nore
t wo- di mensij NEAL q”ﬁ? ensity records of penetrating radi at | orpc/A B$7/dobsanas
traversed the object, the radi ati on being of high Ilateral spatial
coherence when in ect and e or each record being obtained
at a finite dist aﬂlmuhl“g"l m “mljl ation emerged fromthe object

i ncorporating phasé %er'tufbell conponents within a surrounding field of
radi ati on either uniformy phase- perturbed or not phase-perturbed, the
met hod i ncl udi ng: storing intensity values fromthe or each record,
at predeterm 2ed spppargéths iabéopdiMal s, ¢l | g nd. any
predet erm ned_uni forplbm boundary %Oﬁdl ;tnlmorg ('groq%e$1|’m\clrgIlﬂ s‘ﬁ@‘??rgdx\é@#‘??m on 15
defining an |P\‘g Yremaidie phase change introduced by the object in the
penetrating radiation, by solving a differential transport-of-intensity
equation relating the phase at a plane at the object to the evolution of
the intensi ty2xi stA us0 Becdkdiig 1 AR t ; 0 Loe 1c A
nmet hod of obtajni ngpﬂ;!r?tl mage oif@t he %%Igggﬁcﬂgﬂmgsepgl rtlr%)rzgg‘gg% 8 &1%38%%?&&‘1 in
penetrating rSRBFtaRtadN poins sewses ofoflltwidthdtajferbximunc 4 dinngy less.

irradiating the object with penetrating radiation having high | ateral
spatial coherence; receiving at least a portion of the said

radi ati on at 23. detgaictodalf obtni [ r.the .. .
radi ati on has emerged fromthe g Jdgggjggl%\?:ﬂgﬂrh% rhg% ng %Eﬁ@a{ﬁ%?t#%babjem in
conponent s WiPERSLFAIRE Sadigtinprincident fonaghel olgecty ﬁ'dnmrle(m reoreheo-diea6rial Yntensity

h
Bhiii Bg: o Eg%r@%%’g&{“ﬁ“%‘%’ agiarian afteryit 41 averseh the ohiestshe yradiation: Seing roft h@

recei ved high lateral spatial coherence when incident on the object and the or each record being

obtained at a finite distance after the radiation has emerged from the object incorporating
phase-perturbed components within a surrounding field of radiation either uniformly
phase-perturbed or not phase-perturbed, the method including:
15 storing infensity values from the or each record, at predetermined
intervals;
utilising these values and any predetermined uniform boundary conditions
to derive a grid of values defining an image of the phase change introduced by
the object in the penetrating radiation, by solving a differential transport-of-
20 intensity equation relating the phase at a plane at the object to the evolution of the
intensity distribution along the direction of propagation, | @

24. A method of obtaining an image of the phase change introduced by an object in
penetrating radiation incident on the object, including:
25 irradiating the object with penefrating radiation having high lateral spatial
coherence;
receiving at least a portion of the said radiation at a detector at one or
more finite distances after the radiation has emerged from the object
incorporating phase-permurbed components within a surrounding field of radiation

30 ejther uniformly phase-perturbed or not phase-perurbed, and thereby obtaining
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radi ati on at predeterm ned spatial intervals; and utilising these
val ues and an&ﬂgredeterm ned uni form ﬁmlmﬁmthMH ns to derive a grid
of val ues l 8% an i mage of the ph uced pstvAthSo8ghect in

the penetrating radiation, by solving™a di ffer'ent’i al

transport-of-intensity equation relating t phase at a plane at the
object to the evolution of the intensity stribution along the direction
of propagati on. A et hod according cl ai-m 23 or 24 wherein said

intensity val ues rptign contrast in the qbject, and the
met hod furt her mc%&ém@t llnrﬁn?% g%f‘i té?r\gl'ﬁl’lﬁ%%""cdo”dﬂ‘élf’i' AePredgfeTmined inervales
defining an effectinge pure absorptlon contrast image of the object. 26.

A nmet hod according to claim?23, 24 or 25 wherein said penetrating radiation
conprises x-ray radiat mmlsmgzl’iese valdesranduny predesroiimng dtﬂuﬁh&ioﬁh&ﬁy%ﬁ&ﬁbﬂ

d di at KeV 28. A t
Z?l:or )C(II Lgyt (r)ac: ZI Irﬁ(az%lﬁgf I‘iggf‘ BZ‘I’% de, P@glqgr‘&%ﬁgﬁtq%ﬁbe phase ghange mvgucecci) by
substantiaj |y nmonogbroy ?@i i€ the %&e&amﬁ%qﬁ&m 3@89&9 g‘g d?fﬁgrgnté% ,IZEH7“5$\$]T§E’ -

said irradiating radiation is polychromatic
cl ai m 29 wherein §a¥eﬂ315’cﬂ§1$lﬁﬁlmelaﬁag thiephase Apaptamesdr the objei ehihe @vHIRFiBH 8f the

factor dependent e of the respective wavel ength conponents.
31. A nethod acggrhaﬁ'gégﬁ %F dEF%WI‘?’BO f PEORAGAHW- wher ei n sai d

boundary conditions include un| for m Dirichlet, Neumann or periodic

boundary condjtions, and are selected to achleve a uni que solution of the
equation for Phaseér mathqdeaesordigg clainar3aph 4 rvdreyemcsastt mrdnsity vajpen anb - refldet-

A net:hod th furth til
more.opt el veaRap Poftaf i otigS: Fillnt e Emchites Vit atveives o

wavef ront curdesivengritiof vilbes defining an effective pure absorpuon -contrast image of the object.

26. A method according to claim 23, 24 or 25 wherein said penetrating radiation
comprises x-ray radiation.

15
27. A method according to claim 26 wherein said x-ray radiation is in the range 0.5
keVto 1 MeV.

28. A method according to claim 26 or 27 wherein said irradiating radiation is
20 substantially monochromartic.

29. A method according to claim 26 or 27 wherein said irradiating radiation is
polychromatic,

25 30. A method according to claim 29 wherein said equation includes a spectrally

weighted term or factor dependent on the square of the respective wavelength
componenis,

31. A method according to any one of claims 23 to 30 wherein said boundary
30 conditions include uniform Dirichlet, Neumann or periodic boundary conditions, and are

selected 1o achieve a unique solution of the equation for phase, at least up to an arbitrary

constant component.
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38 incident radiation, f focal poi nts between the object and
| mage, and_uni form iIIJeﬂ H@giﬂmj ll] He object. 33. Apparatus for
obt ai ni ny ‘WP 3REW of A ) i ntroduced by an objpegtsdoPnosss
a sourc

penetrating radiation incident on the object, including:

for irradiating an object with penetrati n% radi ati on having high |ateral
spatial coherence; a detector for 3Beceivi ng at | east a portion of
said radiation a finite distance after the radiation has energed fromthe
obj ect incorporating phase-perturbed conponents within a surrounding field
of radiation not phase-perturbed or uniformy phase-perturbed, whereby to
generate intgpsit : ' tadi gt on at pre-determ ned
spatial interval s);A lggd3%§cé°%1n£ (E%ﬂ%ﬁ’?g %f%‘gg‘e%h@ﬁﬂﬁ?ﬂg{% ULPSES Ofe 9F Seram
of machi ne r eptedbkenditisnsrseleried fram thepgroaw benststinglof biskRlSA r‘d?{ Hﬁ‘—?atﬁ{}dfo?”y
pr edet er m ne unl.ﬁormcﬁpundaé% conditions to derive a grid of values
defining an i Iraj@ugH raqian neerffgel pamfshetvenn thy objaet anbjimage, iand uhitorm
penetratifg Imiﬁiiﬁitid?;rbfcﬁé/obﬁ'eét)/i ng a differential transport-of-intensity
equation relating the phase to a plane at the object to the evolution of
the intensity distribution along the direction of propagation.

33.  Apparatus for obtaining an image of the phase change introduced by an object in
penetrating radiation incident on the object, including:
a source for irradiating an object with penetrating radiation having high
10 lateral spatial coherence; @
a detector for receiving at least a portion of said radiation 2 finite distance
after the radiation has emerged from the object incorg;orating phase-perturbed
components within a surrounding field of radiation not phase-perturbed or
uniformly phase-perturbed . whereby to generate intensity values for the received
15 radiation at pre-determined intervals; and
computer means. including a stored program of machine readable
instructions, operable to utilise said values and any predetermined uniform
boundary conditions to derive a grid of values defining an image of the phase

change introduced by the object in the penetrating radiation. by solving a

20 differential transport-of-intensity equation relating the phase at a plane at the
object to the evolution of the intensity distribution along the ditection of
propagation. .
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