: {]}~e3e |tP@vThbVl' O 991 63300 f' CT/US99I11G01 5 METHODS AND APPARATUS
FOR CONFOCAL | NTERFERENCE M CROSCOPY USI NG 10 WAVENUMBER DOMVAI N
REFLECTOVETRY AND BACKGROUND AMPLI TUDE REDUCTI ON AND COMPENSATI ON 15 FI ELD
OF THE | NVENTIwW@\esfd3de® i nvention is related to optical and acoudti/Bgq9/1160!

i magi ng, including utilizing such images to performoptical data storage
and retrieval, and precision ?0 neasurenents on biol ogi cal sanples, wafers,
integrated circuits, optical disks, and other sanples. BACKGROUND OF THE

| NVENTI ON z5 The invention relates 'Lo techniques for rapidly, accurately
produci ng an in-focus imge of an object, or a cross-section thereof

wherein the effect of light signals from out-of-focus fore
background |ight sources are nostly elimnated with regard mﬂ EM@“@
statistical and systematic errors. Confocal and confocal

m croscopy are finding many applications in, for exanple, t he Fpte”

sci ences, the study of biological sanples industrial inspection, and

seni conducbor wW JITU-JITU 1'C 1'/Uby9/116UL1 netrol ogy. This is because
of the unique threedirnensional inmaging capability of these instrunents.

Perhaps the nost difficult nulti-dinensional imaging is encountered when
the background fromout-of-focus 5 inmages is significantly larger than the

signal fromthe in-focus inage Pﬁemﬁhbcﬂﬁ§k§ﬂ§ﬁ§ pokse frequently in the
study of thick sanples, particular en working 1n the reflection node in

contrast to the transm s@mm@iﬁde’trﬁmm MIROSTOPYIWUSINF e are two

general approaches for deter

three-din@ﬁ5|onal mi "G %&g%ggrﬁgﬁgﬁﬁéggﬁb&ggggﬁ%“)zygﬁgﬁBased on
conventional m croscopy anderCPrisE epicCTIRCEnNDd dGemenaATnLoN he
conventional m croscopy approach requires less tinme to

15 FIELD OF THE INVENTION

This invention is related to optical and acoustical
imaging, including utilizing such images to perform
optical data storage and retrieval, and precision

20 measurements on biological samples, wafers, integrated

circuits, optical disks, and other samples.
BACKGROUND OF THE INVENTION

25 The invention relates to techniques for rapidly,
accurately producing an in-focus image of an object, or a
cross—-section therecf, wherein the effect of light signals
from out-of-focus foreground and/or background light
sources are mostly eliminated with regard to both

30 statistical and systematic errors. Confocal and confocal
interference microscopy are finding many applications in,
for example, the life sciences, the study of biological

samples, industrial inspection, and semiconductor

A
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15 acquire the data but nore tine to process the data for a

t hr ee-di nensi onal i1image, conpared to the confocal m croscopy approach. In a
conventional inmaging system when a part of the object to be inmaged is
axi al ly displ aged, f;r@mits best 20 focus |ocation, the inmage ceootasbiisul
decreases but the brightness remains constant so that displaced, unfocused
parts of the image interfere with the view of focused parts of object. If
the system s point-spread function is known and 25 i nages are obtained for
each independent section of the object, known conputer algorithnms can be
applied to susltirrdgey -t o Tefiffedts REIGRUSEMSfe Hife WiighE Gmai buted by t he
out - of - focus |yj; %hsgggagrq %QQHdﬂg#?%ﬂ ihate LR &y Nl d J&g&@sdata Such

al gorithnms are of several st nct %lpes are referred to as "conputer

deconvol utions, " akérgemer alhey masduidie febqelis impe teoreiureaTs ieqd Jprigrad e

consi der abl e i e ‘9§% 1§EP 0 tain the
desired stati g%r%g‘}cogg‘cur acy Q{% g% I830 %&ultdg%ﬁl éI‘:he&)%w de field
net hod (WA (@Raghs A@ammmawlﬁd@gefwaee-ﬂhmmalfMIws of
Bi ol ogi cal Speci nens Ut|||2|ng I e Pr in echnl ! C.

Phot oOpt . Insﬁr u%acllill 9 g , MESSH 'E, % {ﬁ%&ﬁ# fsliée%gar% yé%

St ei nberg, andhi sMudS;t rcaud,hlcmjasﬁmpla&s,vqammarm ineactwmmtmgatngr am;
A Mat hemat i cal pr t.0 _Su Resolutlon ochenl 111, 257-268,
1981; D. A A é‘rAep 4 TN 49 havgn REY. tcwa“?e NS A I iy

M cr oscopy |no'ﬁ1rc®exﬂadmnaa§,@rt$ms Met hods 10 Cell Bio.l. 30 353-377, 1989;
D. A Agard, "Opti Sectlo in M croscopy:_Cel.l ul Architecture i Thr ee
Di nensi onis Annu pifs. B Be .é)l{%r,oafgfsz%%?r 1%%%@]:@“%—’@? at(r)lk%, J.
W Sedat, andvdluke esg:afpcértﬂetm dsetmfe@—@mmd?mmlmm&mé or
Quantitative tical 15 M cr sco Bi ol o ructures," Sci.. 238,
36-41, 1987; RPSEMIEDSH, %%&f h%%da%% %/éeb%l CORGBHot e Laser
Scanni ng Fl uor@w&%ﬂ\ﬂ Carr%c&nyfocasmmlaﬁ&scaﬁy 76,2901 Upestive
conventional m croscope to se uentlall%?ach|re a set of_ inages of adjacent

focus 20 pl ané®LR¥f PTA?Eh s8I0 Eeh deyet 18 rikor ded
using a cosl eoa@:hﬁrx&e *&mmi@@b dewt GRot£CPimé MBYHECEEHE (We datstian and M
Bl ouke, "Charge-coupled Devices jn Astrono Sci. Am 247, 67-74, 1982)
and contai ns dAVEFTHRPIPRH: f HBRES ancOBRELEH ?%c@%el‘h%feo‘fofllhnes 25 The
techni que of Imsero LUMHtAh oM@ aphy is inplenented using a conventional
m croscope. The systemdi scussed by S, Kawata, 0. Nakanura, T. Noda, H.
Qoki, K Ogino, Y. r&nm%pn\a%tsonﬂnhlﬁ?gmﬁa@é#t%npm@a%@@%pﬁ the
M croscope, " /ﬁﬁﬂecéxﬁo 115%@@@3§99a§i99@} aspPabagetron £t prbast pal
that is close related to the technique of X-ray conputed torm%raphy, but
uses t hr eé8i ne%/@?‘b?\alo%ﬁlﬁ’ﬁe r‘é‘é@)né‘f‘?ﬂ@tF%ﬂtF%%%e@e@ﬁ%ﬁs@W'ﬁe 3¢ onal
slice reconStrB%E#FEheég(Héﬁﬁfﬂs'5@ﬂ§§a9{ §03thaﬁféﬁ ?i@é@éLLhnfocused
f' CT/US99/ 11601 thick three-di nensional sanple are collected wth a
conventi onal tPaifsHi &5ire nieadscopeehbarei BYth theobiedueli Feawfadtion
optics, and t df%gegfdé €g\étonal structure of the interior of the sanple
is reconstructed by a 5 conputer. Here, the data is acquired in a tinme
short conpared to thhttheguyseents p@@anésgpaa@é fonchionr eedknewsi andl
i mage. | noane gﬁ(\@af k 65 ¥OXEL
r econst I’UCfEBI onﬂr%e)ﬁ%% p%lgé s%te én ﬁg%egggg.éo{}%gemdéﬁg %‘%?gégl (O)ﬁs%gnd send
themto a 10 ndlpieorpukeewn ApprpXtaat elgorhthry einubesaphéhedete saghired
for digital re BovkNt8Ri u VEGt
processor at aj(':lgé1 éé uE(% ggfé%ﬁ?%yn?gaavn pgl %\?ggé]ér%ﬁlg%ﬂgggdsgg nlée
(MFLOPS). In aO‘GbTN?éﬂfQD@lﬂlal 1 pohnt aod pmﬁ@r:@ ¢oafesakhad abnrasvopalyfi ght
froma point sour sed i S spot .
The m cr oscopei)#ﬂo]gﬁs (ﬁ‘%% %gagf}(g;na%ssgg%t% %ggerg W?rsggs%ttted
t hrough t 3@ spbypest oaaepnef\erdetletboas r‘noa.\pntaéredtacngvpa)unuonat 6cahd
m cr oscope the | nC| dfP ht is reflected or
Y re uire expensiveé cOmputer equipment and
considerable computing time and considerable amounts of

data to obtain the desired statistieal accuracy.



20 back-scattered by that portion of the sanple in the spot. Any |ight
which is reflected or back-scattered by the sanple outside of the spot is
not well focused onto the detector, thus it is spread out so the point

det ect or recewoas/samby a snmall portion of such reflected or bagR/E89/11601
scattered light. In a transmtting point-confocal mcroscope, incident
light is transmtted unless it is scattered or absorbed by that portion of
the sample in the spot. Cenerally, the point source and point detector are

approxi mat ed by pIaC|ng masks contajning a nhole in 30 fron f
conventional |ightTReUYEEe ahte td BmRAL 6“5& dépec%orAg?%%p%%% 8 @

Simlarly, indaggonventionahisinsi&eat osabl PECE06€0pEoBYSieM spbiménom a
line source is focused into a very 9 1V0 99/ G3300 PCT/US99/1 1 Q01 narrow
el ongat ed spdéeilivhiedh Imwage sBrekpewhing Aespbidughe” sPFec coffecal

m croscope fo gh ct fro cabkgred,; Qy,; py t m gt

t hrough the Sp%??é%%% a&?%ﬁéﬁ etgg?or §$ﬁ§ %ne sgh?cé9an {??ge %eﬁgctor
can be 5 &ppridxdndt eBl. usi nYtaimbsyg, want &. letStnOﬁdonTQ@analt©hV%mtlonal

L IS our oo NG SN e COPYERLL NBLo B EahT on LEPRERALYELY. apblotos! o).
a line source can'be” approxi ma eping a ocuse aser am acr oss

t he obj ect totbesmpagemegmlmns@mpteEnalO Bﬁnceemnly1a,shﬁv+2ﬁ®rt1©&lof t he
object is i ed by t he copfogca Crosc e|th to be i maged
nust be rmvggIg fe? E%urg ghﬁagk?EC?O Bﬁﬁgt 2@ ?%8 Her to obtain
suf ficient |nagguggégcégc@r@guﬁgsaoppnphemﬁrbéoﬂdmeﬁﬁﬁbﬁﬁaP.Méthods

t hr ee-di nensi onal view of th Ject. Previous slit-confocal systens

have novéd th@eé%jBéPl}l%%ar3§3 %75 ditPB8¥i Bn Perpendfcul @Pticalhe slit to

obtain succesgiue; bhDRS ﬁicw@cg%;genéb@mahakmgehgegatu@ therptber hand,
poi nt - confocal systens having on one pinhole have to be noved in a

t wo- di nensi onBimgnanensi i @OnardéﬁvtoBa@@ﬁWﬁe Bwocdvrehsi ohdl-2hbBge data

and in a thre epsi nner {.n t cqui pe eed n na
St of fmge DaPATReATEReREANS! P SEESE, | AnBCHL RE Aubbbe arIE BEe

processed to @ﬁra1@hamgdrﬁenpiedaDeunossfg@cﬂmantmtaathr@Etdcaénsional

| mge of 35 e oBLest,t nal s, Laspecked or Jardeds Thephgduged,
sensitivity to 6ur>6FPY ocus |nag $°Fel Btive to €ebnvEfti ofia "mi"cr oStopy
| eads to inpro9ed; sWat Dehkecal.aBcursaeyckarra ginden.awounebbf Hawa-and the

rocessing o ion_is considerably_sinpler in conparison to that
Pequired ahegséP%BBséFﬁﬁrdﬁFanBBPﬁlﬁé&og%S€§H§§n¥FgESFCﬂP¥rgséﬁby ﬁggroach

In a system kngwneasibbe) T@QQ@%Sééﬂﬂ'eﬁﬁ1%751'10@1'10%%6@ eogs (TSOM, a
spiral pattern of |Ilun1nat|on and 5 wu ~~~u~~u~i | "/ USH / 116Ul

det ect or pi nh8FEYeRF&2LYNRBEIPAES & ﬂﬁﬁk@ﬁ &W@@e§o°fa§dﬂﬁ@eHFsﬁocPétates

t he entlFZDStﬁlbﬁagrEhQBngﬁbutStﬁéaQBQQMenoEWQn@@&%BSIOnEaéﬁflm ePgkran
and M Hadravsky, "TandenfScann |n%-Reercted Li ght M croscope
e

Opt .
Soc A. 5 58(5FCO56896891Pg9A8FOOELAQCPRITAG CPUPﬁedCS?WéCGaHGCé. SmaRFno

"Real - Ti me Cogtaeak 3ganRi-AgtPahi aal M.ChaRORE, “chRRGe- BBM%M ekebewvices,
716-718 (1988)]. In terns of t he opti cal proceSS|n%88the TSOM i s basically

a single poi niNcAREEEAPMYY {r §§dopdmni RRTa dard f dP8a1 f e RONfFadBANNI ng 10
a two-di mensi gaak %?6%'&Bt8”§n9?bg a%n%‘ddﬁiofE@%%Bleimggbt ah@ghnlques

i npl enented to reduce the anount scanning require
t wo- di nen&? onal | ndge mﬁphnaquenbdcébsaﬂr&N@Eﬁé@ﬁ.angQ@QWMY|nSthe wor k of

HoJ. Tiziani ;309 HenieqUidgng" T %%J@d??gﬂéﬁuﬂlc§%%k%§'s The system

discussed by S. Kawata, O. Nakamura, T. Noda, H. Ooki, K
Ogino, Y. Kuroiwa, and S. Minami, “Laser Computed-
Tomography Microscope,’” Appl. Opt. 29, 3805-3B09 (1990) is
30 based on a principal that is closely related to the
technique of X~-ray computed tomography, but uses three-
dimensional volume reconstruction rather than two-

dimensional slice reconstruction. Projected images of a



15 by a Mcrolens-Array Confocal Arrangenent," Appl. Opt. 33(4), 567-572
(1994) and in the patent of P. J. Kerstens, J. R Mndeville, and F. Y. Wi,
"Tandem Li near Scanni ng Confocal |nmaging Systemw th Focal Vol unes at
Different Hei ghfSyesstd S Pat. No. 5,248,876 issued Sept. 1998¢T/usidhe
m crol ens-array confocal arrangenent of Tiziani and “~Uhde ib.id. has

out-of -focus image discrimnation that is the sanme as using a nulti-pinhole
source and nulti-elenent detector in a confocal configuration. Such a
systemal l ows for a nunber of points to be exam ned 25 sinultaneously but
at a conproni skiick dhgseedimensdoradaistsrleuaref chddastiedayésh Fhe hi gher

the density of M crqlenses.. .t *ﬁggﬂ.%%ri%rn m%gggic'ogevmghitf@gdsmﬂmom ique .

di scri m nate agai nst “out-of-focus | nmages, consequently, anincrease in
conpl exi ty andldostineft itdmne B0 iconputret tdec dhwelentdioes siegailr ed ructpreduce a

t hree di nensignal,_.i mage._ Fur L he Tizi_ani h i_hi d. .system has
serious |lim tz?{}? r%l il%‘ aexrilaII :%gflr’]dt&e ﬁa;ﬁ{é)zlreaggse%%%ogcsggr‘f& egx}:) ed the focal
| ength of 3% he ceingrudleans, Hehiech tile GlataOMO 2@/B33CE RETAUR Rl 560T t

proportional to the djaneter ,of the mcrolens for i_ven nu ical
aperture. Thelpéllnl?raéedago[ @a&eﬁs%quf rOE?CFttﬁ)e prﬁo&eoslseﬁlggé i-§Ti ﬁgﬁ?&?@d, t here
i's an associ atachedRGIRARSE dnhdde PR Miid edpddialentange Kalathe dfergt.ens et
al., ibid. systemincorporates a nunber of pinholes and matchi ng pi npai nt
detectors in d@Rihioddl® d&rddifetmtonts d19BNT oM 1RBnBEAST SFoisfVs td be
exam ned si muldigfaeuslos ddomemar ,aas fdetdibrihan eeed rheparagraph, this
gain is at _a conprom se in 10 discrjmnation against out-of-focus inmages
and as a FesuMiTHFIREHse IPRIGHPIRAG Y did rdos fignbesy hihead wedissequent
conput er deCOfk"é&dﬂﬂéH‘SforT_ht?ié‘i!tﬂi‘ﬁrréé‘t?nﬂ_exriﬁtti)brpfoﬂo't'i‘x*é0|i%r°azget,h%rp%$fiecre the
ability of the systemto discrimnate against out-of-focus i'mages. The

hi ghest 15 di stfr ivhindtad v vib W SR ther aete @afsP widn ausineg oy 28nenigilileal e.
Appl i cation ofsconfiegal, v QS.GOPES; irggsﬁp i 0 I roni cs was
suggested in T. Zapﬁ%jgrpcfmligw W) n%cseﬁr)lsdtsva%&e@nd@ﬁﬁgﬁ%f'ocal Laser

M croscope For Subnircrarc@orSiienal eodirats e eimtho Ye-Mosrfealadct r oni ¢

Engi neeri 5, 573 1986 T, i » t l..

Smth, " Sggnnemdl {%ssg%érfagllgl n%hfgfijr ntaegé-d a%}géévgaur%ccue?tl%gf{br 0 Sf)eéjymc%ﬁrﬁ!% 565,
81-87 (1985). veihe smxakbl shacei nimewn oks pr capaded Bhec anifocs capes timma gk e
t hem 25 useful, j SN SONAUCE or . nRnuf i n |.Jonne _q%. E

exanpl e, such %%@%%e%%%f%mw de Tor | rr%'(r:cg)\tgg g:nrgp@éﬂcatr} on o e%e%ﬁ'ﬁugh
dependent featii@sseichomiso del podmat dehectdy st ekrs,a aref tdutcke g ioft -
structures and. oall oS, HONEVSL. LRET £, EH0ME Aol LR Aseqal ftgd 30

W th using confocal 1 nmagl ng systens Tor inspectl of electroni cs. For
exanpl e, 80ngllzapkndwd et eyed ey Ttlrgui pertioo oficthe isewdlor igcdrim mpathe

object in two directions. i cal : f canni r m over
he obj ect e ELeRNn R LS TAEER 'S SISOy M sp ani ng
di sk approach smeple nothei ¢ evt otise TSOM resuldiedve Nl afd @reehtorard the

mai nt enance probl ens. The nunber, of different depth slices uired (and 5
therefore t he ArbintCof ﬁ?‘r’é et Hatd EB?‘F%&%‘&IS %%pté[h‘?j?%be% C{%Cftaﬁrge of

hei ght that nusécbeverasnreda andlal sorupom ¢hesesiret dreightor stk i on
and perfo nce of, the optical syste For_typical_ el ectroni I nspecti on,

i mges of I’Z%g t oAb TR £ 1’%?1?' de hagh:@éim 'g}rbg b}éomt-conf 1

microscope, incident light is transmitted unless it is

CS
ocCa

scattered or absorbed by that portion of the sample in the
spot. Generally, the point source and point detector are
approximated by placing masks containing a pinhole in
30 front of a conventional light source and a conventional -
detector, respectively.
Similarly, in a conventional slit-confocal microscope

systeﬁf light from a line source is focused into a very



10 required. Furthernore, data in several color bands may be required to
differentiate materials. In confocal inmging systens, a separate

t wo- di nensi onal scan is required for each desired elevation. If data for

mul tipl e col orwpamas9s desired, then multiple two-di mensi onal PTSEEAZY/HE0!
each 15 elevation are required. By shifting the focus level, simlar data
can be obtained from adj acent planes and a three-di nensional intensity data
set can-be acquired. Thus, none of the prior art confocal m croscopy

systens can be configured for.rapid and/.an r.eliahle.three20 di nensi onal

t onogr aphi ¢ i miYi HY! ei‘ffé%%taefcf Y |ancet’he‘ﬂ}llcg1 cfsofaali%r?spktélgtwi%or?sora Fn%é)é!l ng.

Al t hough the cmd oglal t et fracdl insi ey sscagter di aghtSear iargth tane fderddse dbeff tagt,,
for exanple in confocal fluorescence work, .when t concentration .of

e ni ned D5 st rTAE TS W i CHE OV (O (PSS SOET e RS |
has several prastécedr advem agese dherdmsind ripiord akiteeftdrhess it t hat t he

|atter can_utilize dyes that are excited in the ultraviolet ( range and
these of ten seERTRFENG bRhstSHNE BT evhlttr]} ifar® HHosd éff'(?intte(?\g i# 30 the

vi si bl e range. cMhsdwwtdbnan Uhasesucan el i naorqoraiménasdhea | ight source
of a confocal mcroscope [M Mont agI J. rzﬁul ulies, R Jargens, H @Gundl ach,
M F. Trendel eRBEFGEOERd FESIFFHEELY workl gt 3 T Yrhé SauELe Gap

991 63300 PCTI US99%4JA60L: Scoading sMedpse; MOsaseapaasspedidine MW ss
Localization at High Sensitivity and Miltjpl e-Parameter Fluorescence,” J.
hlicrosc (OxfoFdg @&613‘%‘3 PEC b9 ymaged QD HisPgYRd K. Kuba, S . -Y . Hua,

and M Nohri, " SpatgahcanghDynaniga Changesidh & IiHd angldd ars Gagagddeasyr ed
by Confocal Laser-Scanning M croscopy in Bullfrog Synpatetic Ganglion
Cell's," NeuroskEhe. crebocad mpareogepe(9vither HIg (dneck H%edn eintagednd D.
E. O apham "Quticabe Mpdi L cali onge ERGbdd gl nad dangausfEanhiac aloJ &g ng
Wth Dyes Excited by 10 U traviolet- and Visjbl e-Wavel ength Light," J.

M crosc. 169(Pin aydenstogobtadm]subfigyeRlesinage ratekda &FAdUde idfrared

(IR light usipgnphetet WRoPELHLORS i 5EENNG AUEh £ M- dBHGs ®inAl -vidbidk )rnéhese
techni ques invol ve consi derabl e expense and practical difficult

.15
Furt her nore, t fBJeebt edPLED et et bEsCoRERCGh LHhatk ihavg I‘Fﬁ‘(ﬁ%s@éﬁ)y

systems col | _eCBb% erdat aehpiparRl Leki Fatheon tharpstiialiah @5 daessifpe
photonmul tiplier TPMI) in a confocal mcroscopy system As a result, if the
CCD can be mad&Ctebiedd sUECADEEVEapidey O t BeRrndenitgmadi nignage data.

per formance, t e Liensi gn i he. c Lgnal
i Cr oscopy. syseam hey o by Bue B bar g A R e B tner e At o The
confocal m cropébhyleybeem tevea nhvadhirhe twered eesibrfaly oumpel ekn
deconvol ut4pn tagi . n h 1 O ditional del ay
before thékgatggggglggbggééggglFygv?%ﬁ% gggng%r£ﬁ3%$ﬁ%%§?g%a %%nﬁe. The
si gnal -t o- noi s&hraerdinansépnel omanpest e i srienl taczemacle rusthe¢eo be
consi dered whep; LE choicesb n rs e din
parallel a tmoa§§2§%ggH§}oE§F gtgﬁﬁggaﬁg%%EDégg%ﬁféﬁrlpfﬁ%&%%t%o%?%cal

m croscope. Th&ymétbligpatprygdobnd dabedi prosésrad CCHE@ixed fwoof the

order of 200,0 . s...This_Lim. 1tz}f:le S ' l'c% ccurac t%at an
be achi eved inggmgh%%%{égg Crgg@ §§Fg].l|ESi 1al£%%'%5@9r? nﬁa)éfﬂa%x%%% le’eogs
conpar ed t4bt h&aheachijecabkbani whsotthepephetioeni ssiyed detBot arsdsoedl as
PMI* s or photo al¢_devi ces, gn equent | for those. applications where
t he out-of-foc\égk%étﬁﬁ?gtgn °c8h rP%u??SH% %frn%gg?glr’ﬁf?%:'a‘ﬁ%)lwglo
conventional microscopy leads to improved statistical
accuracy for a given amount of data and the processing
operation is considerably simpler in comparison to that
30 required when processing data obtained in conventional
microscopy approach.
In a system known as the Tandem Scanning Optical

Microscope (TSOM), a spiral pattern of illumination and



5 larger than the in-focus imge signals, consideration of the
signal-to-noise ratio nay lead to the conclusion that a one-dineii sional
parall el recording of data in a slit confocal mcroscope will perform
better than a,t{wodisgnsional recording of data in a standard necroseapar 10
configuration or a point by point recording of data in a single pinhole
confocal mcroscope will performbetter khan a one-di nensi onal parall el
recording of data in a slit confocal microscope, all other considerations
bei ng equal . 15 When the consideration of statistical accuracy as measured
by the signal 9¢berbPEePiBPPéePnREGeREESCENaNERI EctilbiOyf I sdy SCemPSudiieas a

slit confocal 3fikEr PSEQRPEsOVEhcacitandasd il 6has$ORS; @t asSiRging Rl Nhol e
confocal mcroscope over a slit confocal m croscope, the residual 20

signal s fromthe dumentibonsud citpatjes PESEanhangy ¥t e echieyesk yoan Teedem-
conparabl e to_or | arge an.the.i.n;fo i.gnal s.,, Such, i.s the case for
c%nnlnagﬁaggscFﬁpoLﬁght ﬁgérﬁsgoﬁgy %H Eg %

exanpl e when exanini IFol-ogi ca a es “at 5ficé¥“maVelengths
where scat3 ergagspf epti-eak radivayi;on.dQm Hates aveRr.algsenpt,i @md kn tshis 25

case, one is |eft with the need for a. lengthy conputer deconvolution, i.e,
| ong conpar edXtB°t heRFPﬁéTFE‘&uFPE%OFBla%&gflpé“fghg)%gt&tc&l RBCEOSPhi s i s

in general trugpfior phie siregle, Benhohe-ganf qaalggnijcr osgope as Wal lkmas the
slit confocaal m croscope when | ooking for an_in-focus inmage 30 signal that
i s nuch snal | ePtifah PRECPESTAGal THEt L6 dSuPaistage 131 gna Sl eARHSIgh i t

is easier to agaupahel %ifigiskore thensi:gnalrly e¥a (G603 detrators dhan 44 om a
PMI (J. B. Pawl ey, 10 1VO0 99163300 fCT/US99111601 "Fundanental and

Practi calldi nit §Wpnddpsnedanali ke tioer @8€opPintsednmi tgme3, 189- 198,
1991), the PM is i-ngl Vi : he ; rach£ld
whereas the CCD isgg%!‘fn%gleﬁygg Itg]r%ggt%ghrng?ﬁgf ?@g;é(ranfeten% dget?)gct ors éaf]tgfé
addi ti onal noemeunt asssciranddowreludaededo v tiagm tehd wai-ddmeare-igined|
variations in; it t ffse ract.eri i 0 i

Hi r aoka, et allﬁl%af%bwé\éh % %@?’f%&r?% tgrrgé%l%?eﬁg%ﬁ%t% f%%ﬁe(ljtntsﬁ]} gcﬁeste‘b% ot
Fl uor escence HM.cHdos@dpyausi mgdl ¢i.Phbt dide,i pllihere cRiligeraricddandingl ysis

Cet st o1 M08 LA 0 2 IR, AR o) SRUE, B Wese
Eval uat e and #al(iadat & 6397 ascoEe lamyiing thestpertdrr duant id.atlesestens,
the above di sthniei SR 1 i pilor Setliet arerlAsl 1T aHe SaRHSthods of
t hr eedi mensi omain FFCENOTEGRRY e @it sdotwitth Fitsdersidiieds ke Different
Heights,” (U.S. Pat. No. 5,248,876 issued Sept. 1993).
20 The microlens-array confocal arrangement of Tiziani and
‘Uhde ibid. has out-of-focus image discrimination that is
the same as using a multi-pinhole scurce and multi-element
detector in a confocal configuration. Such a system
allows for a number of points to be examined
25 simultaneously but at a compromise in discrimination
against out-of-focus images. The higher the density of
microlenses, the poorer the ability of the system to
discriminate against out-of-focus images, and
consequently, an increase in complexity and cost of the
30 computer deconvolutions required to produce a three-
dimensional image. Further, the Tiziani and Uhde ibid.
system has serious limitations in axial range. This range

cannot exceed the focal length of the microlens, which is



conpl ete, because the cooled CCD detector is the nost 20 suitable

phot odet ector for those confocal m croscopes that acconplish the scanni ng
function by using holes in a spinning disk (Petran, et al., ibid.; X ao, et
al., ibid. ) WOAH&BMer techni que known as "optical coherence- (E’GF‘E’BASHWQ’B”‘
reflectonetry” (OCDR) has been used to obtain information about the

t hree-di nensi onal properties of a system This nethod is described in the
followi-ng articles: (1) "Optical Coherence-Donain Reflectonmetry: A New

Optical Eval uation, Tech r and 3Q, E

N. Davies, OBf°P Eﬁgfonfg(g? tP%&iEB\ %f%%tpgt?% §n'llﬁ(%%lﬁla%%sur err%ntg%gyes em
for Fault Loeatnlemmcam éptirtakeVaveEheired odevi ces WBasedknon tan dinttérd er onetri c
Techni que, ada, 1. Yokaghama, K i.da,. and J.__Noda, pl . Opt. 11
WU ~m633uu ergﬁgffsléét 156¢65°C8p. t%&%—l%oe?%( I%@ﬂc;laﬁséo'%ﬁl%dﬁe\/\ave
Ref | ect onet r yrwithb Meemomeker aR&sQI whine,." B. L. Danielson and C. D

Wi ttenberg, Appl. Opt. 26(14), 6-2892. (1987 The OCDR rret hod differs
from the 2oherent TBﬁt Kezptens ﬁ§ 8 mai 4%t ebt P CEPORP Y i que i n

t hat InS_teadn%.fmb@rp@Ifs%%hbglats SQUr G tIME IS g5 rp darpadhand [y iinueuswave
source with a short coherence Iength. The source beam enters an

i nt er f er oet EONLRCART @FTERECHERLhES & IVaHIYF A MBRenioth B bt ded

i ght from tRkSnThelok ikl 1RO LIsNg .2 trRierance heaprand d kg ot her arm
contains the optical systembeing tested. The interference signal in the

coherent |y niPXe€§efdndePrEdIrPghr PdM It wWos & i iCOTHRIEESEd BY t he usual

heterodypg met;hed iandayiiehds bhesteguted d-nfarumtiiyaby the optdsalt
system 15 The heterodyne detection of the backscattered signals in the

OCDR t echni q@@ |1§Ca’@@él¢pllpsl¢é’é}1pﬁ3?xtlﬁé’ methgeP o oimfiadLiggshisubsequent

interferomet lyoy dt%%e%l&n%QuQﬁ%@ﬂs's SiHd thidH&r the g, Arde pf an
i nterferoneter, ref ected by the adjustable mrror and the backscattering

site, and 2omm£@rl@r$t|>th|ee@@weﬁe&henﬁtsﬂnae%ddf uthe it athe g act that
i nterference J;Jéhe JHGS N A2pRSR 'o'?ltubef—rﬁ?&ﬁ@'ﬂ%i%&eamﬁu Y

difference int optical path |length between the Two arns is essthanthe
coher encéd| er@ltsrﬁrdﬁnmwéill@@amolfﬂhﬂe PeCHR st edrewitirs ord iyenl il ¥ effes ences (1)
25 and (3) a?r% ﬁf?or;;aeke use of this principle, and reference (3) shows
interferogra ber gaps in test systens obtained by scanning the

adj ust abl e nirror fad imsdsion v derfngahgihcodseires econibisrrt signabt

Reference (Dealag dasy Lhes Addidded mhogahn i o Yhe iy a0pdat he

30 reference arm 0s ates at ontr quency an
causi ng a DoppiretRestarfdt,i N Gdref awefle lermer M pnadsceprl Ede Jwooidiored si gnal

is fed | B0 as’griultctteJriengdecaisrucru&&enttq 'd%l C}oéﬁ]gcplegftuérfz%fﬁggr 8”@' 12
573-580 (1986) and J. T. Lindow, S. D. Bennett, and I. R.
Smith, “Scanned Laser Imaging for Integrated Circuit
Metrology,” SPIE, 565, 81-87 (1985). The axial
discrimination provided by confocal systems make them

25 useful in the semi-conductor manufacturing environment.
For example, such systems could provide for improved
inspection of height dependent featuxes such as
delamination, blisters, and thickness of structures and
coatings. However, there are some problems associated

30 with using confocal imaging systems for inspection of
electronics. For example, single pinhole systems require
too much time for scanning the object in two directions.

Optical systems for scanning a laser beam-over the object



11' O 99163300 PCTILJS9911 | 601 Another variation of this technique is
illustrated in reference (2) , in which the reference armmrror is at a
fixed position and the difference in optical path lengths in the two arns
may exceed thewvoohessnce | ength. The 5 conbi ned signal is thenvrcntseduoed
into a second Mchelson interferometer with two mrrors, one fixed in
position and the other being noveable. This noveable mrror is scanned and
the difference in path I ength between the arnms of the second interferoneter

conpensates for the del ay between 10 the backscattered and reference
signal's. at did& &t ﬁ(?é%’t]iedﬁs K ihee Wge%rﬁsﬁ*r GPPEOAFES posdi A to the

scattering sitg@s Joeiag ITSEOM aesesddd atri rQ iphase tvanhidat:am @haacdefinite
frequency is inposed on the signal. fromthe backscattering site by neans
of a piezoel e®HARLEMS t r ansducer nodul ator in the fiber leading to this

site. The output signalnddp e et chglisorliitie helneiey (=hded to
a lock-in anplifier, which detects the beat frequency signal_ arising from

both the pPezddiekaiare thin SRREIL Afdiimad o fiadid qond eads ) erdestinds dmeded

by the 20 notiifk ofarddie ScaMight MHd©Omuskhidke tREWIAWE han heen uses to
measure irregularities in glass wavequides wth a resolution as short as 15

um [ " Char act erit¥atdomi od digi it B Wy Atk PR TR NGR &fF difdnet ri c

Qptical Tinme Domed,Ref|actPmetror el e Usd @ chicd URphve!l eagth 25
Super | um nescent Diode,” K Talada, 'N. 'Pakato, J Noda, and Y. Noguchi,
Opt, heft. 14 imEyes 7h-7Og o, UYBI L JLeraordrmth Flilggsomdrlad ke OCDR i s

the dual -?@am%&i@éd.cohﬂ%maﬁ@; fegoaretiers LG Wi %@%w%ﬁet 0

measure the thickness of fundus layers in the eye 3U ["Measurenment of
Thi ckness of Rig@usredyler sd by qzgnt a t gmmelanicel sSTondgy aismEocaly wa x| er

701-710 (16 a9 3 T h T ne PO aed by BT ST i o msdleked 7 o
911 633110 |' CEHa89Mes159d e ehet somn. | nt erdafoniremsigliinls adightbdyetam of
hi gh spatial coleAeace pul yal inshorh CONGEATGRA S0GLN Qo M4 N gf wo
parts: the reference beam an e neasurenen eam (2). At the
i nterferohbterebxvaticmmezee tyauired. By shifting the focus level,
similar data can be obtained from adjacent planes and a
three-dimensional intensity data set can be acquired.

Thus, none of the prior art confocal microscopy
systems can be configured for rapid and/or reliable three-

20 dimensional tomographic imaging, especially in the field
of inspection or imaging.

Although the confocal approach is more
straightforward and works better, for example in confocal
fluorescence work, when the concentration of stained

25 structure is high, the conventional microscopy approach
still has several practical advantages. The most
important of these is that the latter can utilize dyes
that are excited in the ultraviolet (UV) range and these
often seem more robust and efficient than those excited in

30 the visible range. Although, a UV laser can be
incorporated as the light source of a confocal microscope

[M. Montag, J. Kululies, R. Jdrgens, H. Gundlach, M. F.

Trendelenburg, and H. Spring, “Working with the Confocal



5 conponents are conbined again to forma coaxial dual beam The two beam
conponents, which have a path difference of twice the interferoneter arm
|l ength difference, illumnate the eye and are reflected at several

i ntraocul ar i'NP&8¥$38bs, which separate nedia of different ref FREUPPEIY

i ndex. Therefore each beam conponent (1 and 2) is further split into
subconponents by reflection at these interfaces. The refl ected
subconponents are superinposed on a photodetector. If the optical distance

bet ween two BURAIRECBVILLELD MR Buepaualspdotiae e 1BLEN,CLATBLeG 1S

armlength ditftreren ere are two subconponents that wi travel over
t he sane tot Higpatknkétigvhtanane Muldomslembamntane tient éllfierescEack, Vallue of

the interfer ter _arm.ldengt i fference I ¢ i.nterfere pattern is
obser ved, is?Jér%ﬁglscta( AR tHaG%CU(IPZC{‘ opt'i c!atlEL gzllé%tr}anlrc&éﬁ? ‘P%C(‘)’g’ladeg't Kat
there is no guher agtr BNgNb@iec sy tniedr nd thhmaatisolo=egeesiiti on of t hese

interfaces can be determ ned21n vivo with a precision of 5 um However, the
PCl suffebs fintmakciedlvdgirodsa dudeasumweti b 6bnfheadbl.aserdacamyinge time

required for .t - canniyng. tfﬁﬂ i at ] .Of g:DRcaIIed
opti cal coheyéﬁgot Sm‘ES’r ggh?ﬁ?&%%ﬁ% eetnevtraledpgﬁrat@gl%gr tc:‘l"r?ltlvi’vo retinal

i mgi ng by ENeiroSwans®a,s.J10A. 24at259 M1HR1 Hee, HDitdwang, CedBleliiter J.
S. Schuman, C

. A Puliafito, anq J. .G _JFukji.moto, "In Vivo Retinal |nmaging
by Optical CoREr Bnck 36175 apiiP Gt %Jrﬁe%?l.café% ?énfg?é&flﬂsesa (1993),
?ndSE. SA.h S\A@aml\n/gaﬁedold@ag@nfbca@ m%g'inﬂuj ®ith lD%Ile%ﬂEix@fiitTe@, r?@ivep' L;n, and
. S..Schuman,. "Met hod an paratus for tical Imaging with ans for
Control | tHg tH&rE¥iolevo @sﬁé’m%@n IEGY lrfc%‘a:i't%d%'néﬁl% of the
Sanpl e, " U. Sigdadt+ Na,),5132b0h, 09 spues Jan.ded H394e EheidkQV&ith

referenced patent describes a method and apparatus for perform ngdc‘)qpti cal

i mgi ng on a igdFsredwHdRei A Ubrginuidihath s et Mg feshniismiend¥-n t he
sample i's prodnded d 1. hat, MANYT Nhd &l Atdth apidLal, Ak | engths for an
r

optical path Ieao’!i ng to thé sanpl’e and to are ence reflector, or by
varyi ng an omonsdldestadrlacterpiestde afd threaoitgan dirioani topt i cal source
applied t he appar. ansver s } i &9 e _Qr {wo-di nensions
IS provi %gd on thg%ggct}n%ls‘%nobf’pr%gjv% d‘l’eonoafﬁ%mér’tgléégc Fel at iu\(/%éedtm)l\?enent bet ween
t he sanpl e arbny epvtdloe afo ehilae-d stanie hs vk tees | ol lad! drhebydadteeem ng opti cal
radiation in rgb t d sver.se i,tion. .T
reported spatp }ag% lgggo%ﬁﬁ%# ?Csha% i%ég%gﬂ ﬁ’n %/\% '?ﬂ) ease htishg% %glzjﬁﬁnﬁi\}:é“ p? %(fd: dB
dynam ¢ r ange)PMT)Hdwe ze rcantfe d@lC reld fescopy onystiem t atAsors sty ndti on of
t he object durin ine required f t t hr eedi mensi onal, ,scanni ng.
Optical inter & g:rCr’I\s‘ﬂtq‘reclaté1 ;?reofn}aiq%er st%r]éé)&\{/\(/lid%% Iﬁ%%d 6t t‘“hlrt &~ i mensi onal
profilingOof dagrfaaties vitten peorfaomace, nelhd odsr ee-ed imegqua roech ] Thase

profilers typically use phase-shifting interferqnmetric PSL?) t,echni_ques and
are fast, ac(llzyuercazilbtI]edy,l n;&mfa&eepeoaﬁa %,° 18\7&12% (grte Ifrﬁllo?ﬁ?%ceo&’rye L}llsrte%ﬁ[{a%freat

t he surface lpersmdic beelstgnief 1@ahhey 251 geen veare! gt o foft Hehe-drifgdal
source. Surface discontinuities greater than a quarter-wavel ength
(typically 158 GHiYS O Y e ‘?’bu%%‘l‘%}“rté}é%ﬁv_é&e vﬁef%éaeéi for

si ngl e- wavel ergightiRasid@B 1 becan seoRput hei 6y§ | hEamat i afhdhe might
interfergnce.. MiuJ tiwavel ength neasurepents can. 30 extend this range, but

the consfrai MS FMASKEE GPaa 8 L1yt e SREer BRY AP eFri YD RfemEivasthbi ity
cyan be severgidwdd.aPathr No-dAn49is081 1 ssagd, July 20, 1982 to N 15

The signal-to-noise ratio in relation to statistical
accuracy must also be considered when making a choice
between a CCD detector used to record in paréllel a two-

30 dimensional data array and a slit or pinhole confocal
nmicroscope. The well capacity of a two-dimensional CCD
pixel is of Fhe order of 200,000 electrons. This limits

the statistical accuracy that can be achieved in a single



VWU 99! 6331 10 hcTi us99n nop Bal asubramani an entitled "Optical System for
Sur face Topography Pseasurenent.") Profilers based on scanning white-Ilight
interferonetry (S6~dLI) overconme many of the limtations of 5 conventional
PSI profil ers vwopydshe neasurenment of rough or discontinuous sur@EUSW/ 11401
nunber of articles describe 1~ 15 20 25 30 this technique in~detail [cf.
Refs. 2-7 in L. Deck and P. de Goot, Appl. Opt. 33(31), 7334-7338 (1994)].
Typicaldy these profilers record the position of a contrast reference
feature (i.e., peak contrast or ﬁe%k %% % fog each oi nt hq field of

vi ew whi | e axPEPPYUFPafs| SPTRGT6Re tor 6T ARPLGY gawhtFnPE f&ronet er
i1lum nat ed whhBtachheadhandesertee s Au@@nagnpnmobl@ﬁwwhbhobbuﬁa&@chnlque
is the enornous anount of conputation required for calculatlngéthe contr ast

for each poi nfeVACEEal Fpﬁéeqéﬁpéﬁybh5060ﬁPP§§taEE@éG?E%PBﬁ yhere the

'nSUff'C'ent'MUEL%?L§%cQ%C%H%%gQBuh@ed@h%%ﬁgbgléﬁgpbtégshBB?EY%Entﬁ?rC'ng
either an incrEase in the sanpling density or incorporatin

|nterpolaﬁionlﬁé§ﬁﬁ|§@@n heh 16 f@Irieh goenat 98pbev t Renad @FéﬁﬂPBnOf

process. The Epheg fig%lert%b%omﬂs%r %%qre)em(aQP%dHStantﬁéagshel%lbhl %h%'tass
of profiler [U. 818, 110 issued Apr. to 1 ~l

Dwi dson ent|tBe@newﬁﬂﬁ@@saﬁ@aAbG@ﬁéﬂ&§1oﬁ89§Fﬁ§n8 qﬁodBéanﬂpnﬁeﬁﬂéﬁence

M croscope f%oh%egqt 'man%f d teeg;rﬂtle%egfcﬁw B%t@@g msntbk%wo—
Davi dsoa, K. Kaufman, 1. or, : plication of

| nt erference Ml@ﬁ@§é@@@1tGeﬁﬁﬂéﬁﬁéméﬁfGiﬁéh#ﬂ-ﬁn§bé@ﬂﬁéd mAagrNscepeogy, "

SPIE 7750 233291 LIk UiSo BiliniNpy SollZ. 128oFasHedobRy 12, 11097 to

M Davi dson zor entltle " vet ancenent
fnr the COhC rsem@éerbﬁéndMecmxfm@Mmm*mgpp@awnéhspeafpmme@eatted Circuit

Met r ol ogy. " rof il ers r a rg,nqt able
to work wit h Erag)e d?)rrensdlqg%gjl%ﬁfglal 3%5933%?%08%&@%@9@91%6% gcts
have t he bacYgdoEn@dnﬁmaaﬂ mﬁtnpmmmwﬁnﬁﬂdnathemteohenéacetabosobeopﬂ, are
sensitive to %Hgggpions, and require conputer intensive analysis.

15 When the consideration of statistical accuracy as
measured by the signal-to-noise ratio influences the
selection of a system such as a slit confocal microscope
over a standard microscope, or a single pinhole confocal
microscope over a slit confocal microscope, the residual

20 signals from the out-of-focus images for the system chosen
can be comparable to or larger than the in-focus signals.
Such is the case for example when examining deep into
bioclogical samples at optical wavelengths where scattering
of optical radiation dominates over absorption. In this

25 case, one is left with the need for a lengthy computer
deconvolution, i.e. long compared to the time reguired to
acquire the data. Note that this is in general true for
the single pinhole confocal microscope as well as the slit
confocal microscope when looking for an in-focus image

30 signal that is much smaller than the residual out-of-focus
image signals.

Although it is easier to accurately digitize the
signal from a CCD detector than from a PMT (J. B. Pawley,

10



Profilers based on triangulation also overcone many 5 of the [imtations of
conventional PSI profilers but suffer fromreduced height and | ateral space
resol ution and have | ar ge background form out-of-inmages. An i ion
of this techn!" 8&’ /6?3§’gf ound in the paper entitled "Parall el pepl%lswﬁtﬁbl
Thr ee- Di nensi onal Sensing by Color 10 Coded Triangul ation" by G Haus' _er
and D. Ritter, Appl. Opt., 32(35), 7104-71E9 (1993) . The nmethod used by
Hausl er" and Ritter, ibid., is based on the following principle: a color
spect rum of - a phid-@rdritght Mr&%dtidaqa%ﬁdrlﬁt@t ant ken@bLget LRYKic! | uni nation
fromone certain 15 direction. The object is observed by a color TV canera
froma di rectMldil”FocﬁCOcB’tYserv%ftqwftmrlc% it 4dilPer R 19 r ofNENEMA| AECRi on of

|11 und nat | on.o ;1ha LY; dhualaOfc £AER Rlotelaits13 @ﬁagggte%zw di stance
froma reference pl ane di stance can be evatuate

t hree(r ed- gr eémnﬁam)tf@mgm asituaidel @ dergechargy oéuphedrde\?zr ce (CCD)
camera ang i eval il on can B Pl erent ad Wit IVor galytime. Hovever,
the resol Ution in eight and 1'none 1 ateéeral spati gi-engion is

consi der abl y aeduxed dael fowr et mo&ale\t@dpmxtea PﬁlrlaltldOSWan there is a

| arge 25 backgr nd t t i i_ler has_the nai

characteri strsges LST nvolratt 3 eérfe]{fosrreqtglr{rh%ttrrgggﬁr gr%aﬁ tegﬁﬁr o] Sratﬁ‘ﬁnad(a{i'ti on,
the triangul atixaoyr,oféd er1i,s ividt,ed .t @.sweiderprali Ki.ngut@pe of the
probl enms encaunt er.e. |n wh ht 30 interferonetr wWLl) is the problem
of phase anbi gé]‘?fﬁte]s tﬂt‘iﬁ’ O&,%‘}%P%E‘ﬁ&&"ﬁﬁgp%&{ﬁﬂ en recei ved

attenti opow t¥hot@specipliced hRup s AMagUiny DRitekliters] 3 Mee Hdidpereslive
interferonetric j)rofr | oneter (DI P é}l roposed by 17 1~VU 99/ 6330U

1' CTI US99/ 1169405 %%fhvﬁwerz% d 198 Zhdu |Jr?ra‘tc|@é(&§r' Bnt FLRE] " Bi-s Fevedvve

| nter f er ot rica A ofé | il " lsadialdn oKk ma93,987 5610k echosi i | ar
approach for W.l has al so been report ed by U. Schnel E’ Zi mmer mann, and
R Dandliker & HfeBake iand Enkidate) & Aisglonceors §rreriréegrvr§ér§ttre@h€mr W t h

Synchronously]ﬁaﬂtgj t CI}@&P e m Lat enferanetry, "
Pure Appl @%4]3\@%65&‘%&%%5) : ﬁddgsg%eerégl CBtltolr%e gﬁasé an%r guity

probl em éan bJe9*3:EE))mpI etely avoided with the use of DI P I n the DIP 10
apparatus, a parallel_be ght, S ce i,cul arI nges
upon the real wed ieg :?1?01?'{_?'& gge%u T %& Ei’Tﬂearto#e X %%roﬁf front of%tar? ‘”re(;r!r%r{atr c
m cr oscope obi:Ieetplwcetod'érteecﬁtmwseuernt griearatver mes hoaismed ltr:yxrtelme i nner
surface of th IE\s{encie late c%]d tt]_touo]ta ehcott Jb5 surfsa%e %n he light is
reflected back™ The T %% ap%ra I Ng spectror‘f:é) S \fﬁr i seperses t he
sof ar i nvi si bd:@nrbletnge tpxactamer el cpxrcmai:tcsm rte;@pﬂ:@irr im dohieo mepdt near
array detecto he dete tor each t sur.f ace _sel ect ed

slit of %E’e s%‘ét:?]% t ho %Jrceé%%%r r&’ Ossp'“a’ercsoen Ocﬁelcftrlﬁr’ﬁoﬁfcqu atir gap
in the Fi zeauaco@xepimlmn’etherscél’zhnelrﬁg|f1ge:‘qmam ennugany belesalimted by use
of Fourier-transform and frléerrn rre t hods t tarn t he phase information
fromthe interRIPY B9 s3+Fbut %Br - t 'k %aanlr 25 Al t hough
the phase ambigiity, probl em can be avor ded with the use of DIP, DIP is not
suitable in applications requiring the exam nation of three-dinensional

obj ects. This is aPeoR3equepelnbEue ERQWR rahsieP e iapdiey anaryedaseri®yr ound
produced2isn DbBrieofdbRbt:0F - {OEHR) | HRI8Se e NEs P RAGHATAWNA ¥ DL6M 49

conparabl e to the background problemfaced when trying to produce
t hr ee- - di nensfBRAF Fhagekrest dgneraheret PIRRe e M @r&tﬁ'@}‘py Tigis WD

991 63300 PCTI M&QﬁéélﬁQldé’scrﬁBQ@rf‘ﬁuéh@“f’oﬂ’c‘impg tik g

spectral l yresol aed neasurenents of |1ght reel ecte emtted or scattered
froma speci neAPhasadi @@heee@cezDomauE REF keyml; ore t s RievoOptarcal | . ~. 47,

Rowr on in Ll.SyaPake 98 ssu 9 entitlhed

" Appar at us and iItl/let égﬁ ? %?chb)zn% specté\@l‘l‘q e%o%\?e%asur%érents

In one s&X0 of DenﬁodNnenamer; t bptappat it us2 ahyd, et hdds Of (IM&DN; et2 Al .

properties of cinen are, c cterize terns_of the~nten|ty or

light reflecteds ﬁ???‘éﬁe’a?ngcg g?%djf’or Fanf't ' L3800 ' Optical
Wavegu1de Devices Based on an Interferometric Technique,”

K. Takada, I. Yokohama, K. Chida, and J. Noda, Appl. Opt.
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10 fromtree specinen wherein the apparatus and nethod are conprised of
non-interferonmetric, non-confocal type with a dispersive el enent preceding
the detector. This set of enbodinents of Dix _on et ai, have a |large
background fr@myuief-focus images intrinsic to the standard paEusaope,
15 the set of ~nb~~di nents being of the non-confocal type. The apparatus
and nethod of Dixon et al. also includes a non-interferonetric confocal
enbodi nrent which permts neasurenents with reduced background. However the
limtation to making intensity nmeasurenents for the 20 confocal enbodi nent

as well as f@&6 tHe mm- dAtoddl0entldth Hent 63) a" @ohdedtéaice of using a
rion-i nter f er oAl G QAN AYG ROSES SELL qus A ILEALI NS o Uhsy ) <on

i nf or mati on &bou gﬁe speci nen that can be acquired fromrtefl ected or
scattered |ighid d.niB=en&iityt argsesuy,enigipe k. yort d 26{ b4 nat2ohe 258 4bout t he
square of the itu of anpl.i t ude, light reflected or scattered b
tﬂe speci men %ﬁﬁ%ﬂsheq§5h§§§8%ﬁg§jF% tgﬁﬁg%ﬁﬁgf¥%% HhoutOl et phaRt bFa hey
anpl i t udesof triefd ertred orraiatdemed: 4y ghdTDR) | tethn Thee appaties tisi aate aet hod
of Dixon et al, further includes an O er<'~bodingg£ W%%ch i ncorporates a

Fourier TranstormRPetdd ondidr SHEE AL oeat 2 HPF LR B UGHR™

Fourier Transfpranspecid anedrera esfmei nestie 6én&k Xoengthal. ThE® sodrcd/
YJ/UJJIIIT 1" CT/ U599/ 116UL has t he di sadvant age, of a | arge background from
out - of f ocus ﬂ%ﬁﬁ%§qqﬁ?§rﬁﬂc%????é%ﬁ%ﬁﬁﬁ%%a}ni%%b?%go%?sﬁﬁﬁsha%p%aratus for

meki ng si mul tahemise md fidd e wavel engt fe fEasHE@MENE Bt WESnathis mirror
non-interferonmetric, confocal imging 5 system has been di scl osed by G

Xiao in U0s. PRVINGI 3 gFf ouEnGe RN, 741¢ 1986CBRET ekt FeUtaShaghhe
Aperture Confood] -4 ImBg) Hgemtsd 8 - + Jbe @pparﬁéU§nelér%<é99nbé £9gRaised of a

e
confocal scanning inmaging systemwhich utilizes only one apertiure for both
tree inci dentthe githapentrhmiiveed i ghfleotedel hadtr 8romnthe ghvof pomst he

object and a gefl&s.®fnheam SPsl,{héi%é¥§99d9ﬁéiﬁékhéﬁ@@ﬁé’“?%@%&y{:ﬁés to

selectively direct return li1ght of differing wavel engt series of
detectors, redpeeiedelylommpt i¢mepparbkasonbscah advhemrage of maki ng

si mul tanggus 15 ”%?é”ﬁé‘@é"ﬁcﬁd%e d{hétf:é’é@i‘&n"‘@i‘egﬁ%gfagékéegﬁ{:??eﬁeéE&ﬁai’g a

confocal imaging systemw th Tespect to reduce ckgroun rom
out - of - f ocus iPrelges. OFReieehn @i ¢ | he t acFeRPL bshaki hy theensthgd of

measur enent s, wg, £O0S %gﬁpc j on-kptertero ry echn| poses
serious Iinitaﬁ?ons g on t é§¥$?%§ﬁ%?$gh a%gugﬁéﬁé gg%ch%ﬁ ?Ea?ﬁggﬁ be
acquired fromned|dee etvorasnateeran inghrferanensrt yratisatedenystheel d

ot ected or 2ottt eEyE WE P AdEARORALYCREt TR BT O, O

i nf or mat i26h aboleremel phaseompinedt heThirpl netbedofitiéfkest tHeofastathated
light is |ost, in i b . . rle,
and G S K b e Er et RSt S BBBRR R ek et ke chseope. -
Appl . Phys. Leniy,wih&fi8ihe 7dBE7¢Bexi¢€88h thet ophenalspaghwhehgthi ght in a

confocal 30 m cop the chro I C r o) of, the objective, |l ens
ensures thatn%%%g%%nff%ﬁ1g$?f£¥%%?i e%%ggs%ﬁ%htﬁges 8@Fﬁﬁﬁcgrgeggihp925ent
and all in fothe hetmat Théf@CBRtsystems. d¥sacibkedain deffonehcatedlthi s by

duci ' WO 991 63300 1 ' CI/ US99/ 11601 . il int ted
Gl rcui t 9 fofPoaiT) PARTS GBYSF SNOTREL HOLS. PHEOEARY Sand fL £ RECERIES
descri bed in a3papeowenintéefletdbrersDoiefisbenakbabrage Sensi sgshgm€hr omati c
Conf | rii . | .. Opt 33. Q 1838 5 1893 (1994 whi t
gt . non- i nPRFY Y ey | Ro-BBHP R B i BEEoRA®: ALARPER bR BRACIELE " ¢

aberration washdestbenatkel yfi nheodacenbined shegnalcr oRedpecake) ¢l i a¥%eof or

t he purpose of obtaini ng hei Et i,nf ormat.i on wi thout . physically scanning the
object. A cang?ﬁcﬁ??ﬁsb a%%dg H@QMW?éHgPIﬁP g ch tis ot
30 reference arm oscillates at a controlled frequency and
amplitude, causing a Doppler shift in the reference
signal, and the recombined signal is fed into a filtering

circuit to detect the beat frequency signal.
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10 sequentially conbines, with three selected chromatic filters, intensity
and tone of color of each object point. Al though confocal m croscopes are
used in both of the works described by Xiao et al. and Tizi ani ?ﬁ%@ygﬁ%@ and
t her ef ore haveOP&E38Ed background from out - of -focus 15 i mages,

limted to making intensity nmeasurenents. The limtation to making
intensity neasurenents, a direct consequence of using a non-interferonetric
t echni que, poses serious limtations on the information about the speca. nen
that can be acqui eg dfHeamv=afilactead O wcad ted@cthi2fud 1aht] B etaded Nin
reference to the patents by Dixon et al. and Xiao. An interference

ni cr oscope hds FgeMGeslErirbdd i ifdheiite RS r Bk Fd" dhid r &S & i
"Mrau Correl@atin MLGHasEPREd "t PR : £ Plence 260 (A1 ca B P8 T8 ¢ H1990)
and S. 25 S C Chimand G S. Kino, "Three-Dinensional I'mage Realization
in | nterfereride Nertoscopys' mapplexagrd | tizg (qaherasgn-baggl{199E)e which is
based on 3 Mddh M erlierometer Gonf | g aldoreq e SRPAAIR ol dlansand
Chi m enpl oys an I nterferonetric, non-confocal mcroscope 30 w tJh a
spatia).).y amtasipormtegr ividdheventmd F0n s s oeire ef et Usees! tien dndct ed
output the c | at, J I t fromt ject
and from a i%%fo%ﬂfgg%fg{&?\}neﬁmﬁe@i sh%?))lé)%i eé%it q{iergl%%pg% agt}gas & WO
991 63300 PCT/drys9diel XB(If eoferkiendl rarnek IChi hen ot ezstiweebotire anphd tafiettaand

phase of the f . I Ll o O Mot i.nt tric
appar at us of |?\%Hcgﬁdl%%%qhgéﬁs&gt%’ehﬁ?@g%g%%gef%eﬁh%e%eloétg kg%%f%%gﬁnd
probl em 10he tlres dbaofs & thaodap cumndl f¢ bewoute ofidoecls atadfosciheiag t ypi cal
of that found, in a rd. | - - ' S system
An interfer o% %%%ﬁ%&?@tﬂ%‘é H%@F%%je]ﬁé" |:'Lsrc?§£e§&g{/@%€é%%§# ﬁ"efqﬁlgﬁe U S. Pat.
No. 5, 565, 986saaststumdingrtsitldss . 1996 miaahicent an | escl Stat ironarlya<pt i cal

Spect roscopi c; ing in Turbid | e ecial Light Focusing. and
S nal “petect i B EP gt aidet SarTh ot SprEacy “favkmearh o pr i,
spect roscopi cframgehofbarkody etodr itk spl @y i by bedibs sphta gpieasoledtohci n a
| ateral disrection and a field of 15 view ih a depth, direction. The
appar at ugsdes%?all%se By Ifh?cﬁfjt%tfoﬂajsn ahr’]%njf-(l:%% ogg?djrrh%giffhgt%ﬁt%ﬁ%hd
typical ly incThelesuigpuli speysa Vef ophi Clad séeopdtMichal so@rimioér ferometer
interferoneter afd %chr (;Jiamat}i,_ci ogé ec%i%ians. Jhe _di %er sive heI ment nmakes it
possibl e to retordiHi of ms om 207 Mpott - The YRALY PR rYnt ampTTt ude at
di fferent optiraduswecy ed e hsarisengséroh bothntles f el ones BéctBkes it
possi ble to record.information about the magnitude and_phase of the
Bpl i tude of TETTERIGRE GIONELA T LPRETFghpS HAEPIRE TRbTbfCaUERt diat Fae
obj ect | @ts nakesohtopogsd beabith® meeood. i nTof sat & on dhodthas firedd of
view in a dept %e&l %ecti on. However,.the int er.fergmet ric aggar atus, o

[

: f
. RIS GHEKGT otimt P bt &t SEhé"| BYRFS oY 3 Y g btk gf btd? bei ng

Knuttel has a

typical of thatsboupthh @ stapdasd 18t ghf ?f‘éﬂﬁf?ﬁ%ﬂé’ﬁE%I%?axlf)%r@ﬂ?é&‘)py

system 30 One of the primary objectives of an enbodi nment e apparat us

of Kniittel wassed Bavedphiede® whblgeasinbetdinconstyitwdptegabniimé-an obj ect
separated In g e e 2 850G YRy Lo e e B 22
25 Superluminescent Diode,” K. Talkada, N. Takato, J. Noda,
and Y. Noguchi, Opt. Lett. 14(13), 706-708 (13389)].
Bnother variation of the OCDR i3 the dual-beam
partial coherence interferometer (PCI) which has been used
tce measure the thickness of fundus layers in the eye
30 [“"Measurement of the Thickness of Fundus Layers by Partial
Coherence Tomecgraphy,” by W. Drexler, C. K. Hitzenberger,
H. Sattmann, and A. F. Fevrcher, Opt. Eng. 34(3}, 701-710

(1535)]. 1In the PCI used by Drexler, et al., an external
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WD 99163300 PCTI US99/ 1101 chromatic object ler_s conprised in part of a
zone plate. As a consequence, the signals recor~ed by the detector of this
enbodi ment are conprised of superinposed i mages fromthe two separated
dept h positi oQg JdyRsdsge object. 5 Therefore, in addition to thedngsense of
a high background from out-of-focus imges as r~reviously noted, a conpl ex
i nversion cal cul ati on nust be perfornmed by the conputer to extract the

i mge for a given depth fromthe superinposed in focus imges. There is a
serious problem 10 encountered with the type of inversion cal cul ation

requi red for Msugherlissroseet ¢ egemedse mctiul rled an tihth&easaf erfeddad enbodi nent
of Kntittel: the results of t“hﬁéi nversio cgil’cul ations zlire r Iaténvesl
accur at e nears Ratd AurdAeRr H#Ct H obj Fof T ST S radd s dhe d%rbth in
15 the sanpl g iCreasgsar 78I scips Ok e dfcgenerml [y Reld eMeowHLn8kndht

i nversion cal cul ati ons where there is only one point of the object in-focus

at the detect®am THe abdve Ehe eth ki GUhee probl lem i ssurft i ed in

interferegce JHIARGORY 4Se! SONSELeH NGl ST SHENCR A MBI hodl Heddle
confocal m croscope described by D. K" Hamlton and C. J. R Sheppard in an
article entitThal two Gopamcabmper et er effeciM ke copath Gtfifar e, oR9(12),

1573- 1577 (1982) e Thee SYSEEPELSoRESEA Ofn t Nen $ONT P e Y FIDS COPR, T AW Ch

the object is scanned relative to a 25 focused |aser spot, the |aser spot
bei ng arrangdthe e yoiardiderei rafldet dckt pFoyert bd e wiam poi nt
detector. AnJj ce [ 054l ng LOPE 1S
based on a Nf%ﬁ% séﬁégﬁteV%g?g}%%%%P?Eéﬁﬁégﬁédﬁg %§g§1lsl%g%%§§§ ont% t he
obj ect. This Iyd¢em hBlserhéo80 eapbrbaam pempendyt ofl arddiceds bawkgrexnd
fromout-offo .' ' Lns) cnf ] tenms. However,
t he conf ocal %# %#nggﬁcéﬂéﬁéﬁgéﬁgpgso?gkg%?%?gkﬁ%gzﬁgﬁég%%gd, i bid.,
measures the reféetiedssi githk aefbdatye3subOuitp ANHE3 00 PGS Bpoded 60 t
one point at a tij i hr ee- di siQpa pect . T Cc in f e

obj ect one po?rﬁtagh(gg?lge egl%g(%‘ nanigegﬁghépg%?grg%sse%g?% \alxgé\%‘%'g%rgrr%%g

noti on unrel dbedndaribe wiéahiduthageyheeqeglsr bdidatthacmisr feommetteA
maj or conponent that |s inpertant in e clLive il i.on.o

hi gh- per or mahce g%ﬁ%gﬁegggggrﬁ%ﬁ%fyFBge%aégg %?gt?%géé%égﬁéﬁéks %ﬁ%ge
requi rement s willhesevehstrwaemrenhs, semapactall packobkéngtterandighttapacity,

hi ghspeed devi . ded to_handl e.the high data 10 vol
af forded by paPSPFENCRGASULPAGE 8REN dBPa STOFAGE"T cuftf rEhe SoTHY® he”

U
provi ded by aatfir eendtReAsifdaabndeNwhy¥rel Anaihwer térense opat t @EnOIy, t he
maxi mum t heoreti cal at orage density gpr. ogorti ogal tot 1~7~z%. iﬁ of the order
of 15 3 . Sx19BSBFVEfcne St 6AURL L0533 ARTTRRENLAE PREECThr@bS biHERsi onal
menory t ke nerrgupystiorage deersi iy nd oththesordeg offBeSXIOA2nbatisyenB.
These nmaxi num val ues Eggr esent upgfr ts to th??stora e capacity when

li m
using a singl E*Bi EPBPARFE POPHELC Oéagﬁleﬁ‘grrﬁPf?eg €S Thed PSipper 1inits
determined in vivo with a precision of 5 pm. However, the
PCI suffers from limitations due to motion of the object
during the time required for the 3-D scanning.

25 Another variation of the OCDR called optical coherent
tomography (OCT) has been reported for in vivo retinal
imaging by E. A. Swanson, J. A. Izatt, M. R. Hee, D.
Huang, C. P. Lin, J. S. Schuman, C. A. Puliafito, and J.
G. Fujimoto, “In Vivo Retinal Imaging by Optical Coherence

30 Tomography,” Opt. Lett. 18(21), 1864-1866 (1893), and E.
A. Swanson, D. Huang, J. G. Fujimoto, C. A Puliafito, C.
P. Lin, and J. S..Schuman, “Method and Rpparatus for
Optical Imaging with Méafxs for Controlling the
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20 can be increased by using a recording nediumwhere different |evels of
anplitude or anplitude and phase information are recorded. Hol ographic
recording in phaserecording nedia is an exanple of the latter he
di fferent nndgg)%wﬁyﬁcording, the nmode of 25 single bit binarfgggﬁﬁgb?OI
anplitude in base I~1 format or anplitude and phase in (base N) x(base M
format, at each nenory site, the size of a voxel at a nenory site that can
be used, and therefore storage density, is limted by the signal-to-noise

ratio that can,he@igiiekatde S onad -3anBk Noisss 1 atd0 general |y being
i nversely prggﬁ%¥ional to the volume of the voxel. In particular, for the

anpl i tude or } e abes WihsBt ecbtdi iy’ hodedie apevsumsdesmesy  4v0

99/ 63300 ncT/ YsO9ME Ofe d PEEPENdE N e PSS o @f ap 04 B 1100} thatr Han ke stored
in avoxel is also limted by the signal-to-noise ratio that can be

obt ai ned. WhaePticabeleaning 0B yat TR+ RatD Fot nkan e Brdiarsl seAnning

| mage dat g tO?P%'QIEI&?Pﬁ | TRoESe thafpis educss hel W thathd MRengatnd n
prior art confocal and confocal interference m croscopy, the reduced
sensitivit, ~ pélahive negjel et aP2ih olRNGTNT okws ATmeRds! dsdi mp il theadiisiseet to
both systematic end statistical c&rs OfsSiefedle IAMCRI J120W N BN A 1S ing
conput er deconvolutions associated with reduced sensitivity to out-of-focus
i mges; the patenptifal forahighesi ghbt -¢b- Hee sttt dsrdmtan myitd aad

confocal integlgrenc fﬁfé&’SEQpﬁ/h§Y§;§§£§a7t&@P?foé/néx%r{:ﬁééoi&ﬂr{lrf?f‘ria}{ | el

the data for an axial  or transverse 15 direction; an potential to
measur e flife conplex bwptdineesdbPns hes seE@Veded Aandihy adwpefdected i ght

beam SUL~1RY, T | =5 20 Aceprdi g jyget the
invention to P%?%%gﬁhﬁe%%%§¥g%gggpp%?gtus'f%ﬁwéégﬁﬁr%fﬁ n 5?2%?%5%8&%%éL
| ocations at dnfif arenobeepofislei ihisuah dpreéchionliand/dn by sreabijract of

| ocati ons at_dniferencbdopotsiai 'S sireTbit
from | ocati ongP St [RRLeThent ba. T Ty pooa Bpttal i D on' ob) ect

of the inventitephsterburpbshtiehhodrRadreppared uspdt0i1 reash necidi orgrat i on
si mul taneously fromlocations at nultiple depths within an optical disk.
15 20 pm with a high sensitive (100 dB dynamic range).

However the OTC suffers from limitations due to motion of
the object during the time required for the three-
dimensional scanning.
Optical interferometric profilers are widely used for

20 three-dimensional profiling of surfaces when non-contact
methods are required. These profilers typically use
phase~shifting interferometric (PSI) vtechniques and are
fast, accurate, and repeatable, but suffer from the
requirement that the surface be smooth relative to the

25 mean wavelength of the light source. Surface
discontinuities greater than a quarter-wavelength
(typically 150 nm) cannot be unambiglously resolved with a
single-waveiength measurement because of the cyclic nature
of the interference. Multiwavelength measurements can

30 extend this range, but the constraints imposed on

' wavelength accuracy and environmental stability can be

severe (U.S. Pat. No. 4,340,306 issued July 20, 1982 to N.
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30 It is an object of the invention to furnish nmethod and apparalLVs for
reading information fromlocations at multiple tracks on or within an
optical disk. 25 V1' O 991 63300 PCT/US99/ 11601 It is an object of the

i nvention to\fabgMdsséy met hod and apparatus for readi ng i nformabeowmsssiieol
simul taneously fromlocations at multiple tracks on or within an opti cal
disk. It is an object of the invention to furnish nethod 5 and appar at us
for reading information sinultaneously fromlocations at nultiple tracks
and nmultiple locations on the tracks on or within an optical disk. It is an
obj ect of thdajagehrapantan fenhi shedrel PR adl APpheat 6r f Snrifeadi ng

i nformation §iﬂy5£§ goustyshrom 0 4pcations at nultiple depths and
multiple tracks within an optical disk. It is an object of the invention to

furni sh method anBreppaensusased opi3¢aRRingorkhEeohlebt| ocations at _
mul tipl e dep595e¥%é?gﬂe§P%OP§W£?J GrSK-omt@ hinySoRNLRRI 8¢hi P tEBﬁs'Bﬁe”t'O”

to furnish nethod and apparatus for witing i nformtion sI miltaneousl’y to
| ocati ons$ at coubehpiendépPBE wrohiheas bHprithe deskurement afi objugbt oof the

invention to,t | sk o] d par at iti i pf.o i to
| ocati ons atdggéﬁgﬁgpgﬁéptgggﬂ?%g%h d? Wt ?% éﬁ %%??Sgggdﬁgggkﬁgeis an
obj ect. of thehinveathanghe fufdesaiietbdd BalsapparatusLf obewki khagP.

opticar ar sndel Ppatan Bnl ectrbl “ThES buetron eat u-REENT ot RSH 155 AN
appar at us f oehekkt pig finkesmatéeAdSt Yl paseeushyokoal eeatirass at nultiple

depths and nultiple tracks within an optical disk, It is an object of the
i nventi orP t oTREEAPBReNELAEHT End afparBERE FORLRRSEI RY PRRSr AL odoXo

| ocati ons atg%@hﬁgb&hﬁl%nd%HEh§i&&ahb@_aﬂeap&hgﬁé_9&§Elwktmr%n@h%@§hg
density. It is an object of the invention to furnish nmethod and apparatus
for writing PrREoRFEt Pénasi AgReAneabB| ynferferometer illuminated with a

broadband source. A common problem with this technique is
the enormous amount of computation required for

15 calculating the contrast for each point in real time.
Often the contrast calculation alone is insufficiently
precise because of the discrete sampling interval, forcing
either an increase in the sampling density or
incorporating an interpolation technique, both of which

20  further slow the acquisition process. The Coherence Probe
Microséope'(CPM) is an example of this class of profiler
[U.S. Pat. No. 4,818,110 issued ARpr. 4, 1989 to M.
Davidson entitled “Method and Apparatus cf Using a Two
Beam Interference Microscope for Inspection of Integrated

25 Circuits and the Like”; M. Davidson, K. Kaufman, I. Mazor,
and F. Cohen, “An Application of Interference Microscope
to Integrated Circuit Inspection and Metrology,” SPIE,
775, 233-247 (1987); U.S. Pat. No. 5,112,129 issued May
12, 1992 to M. Davidson, K. Kaufman, and I. Mazor entitled

30 “Method of Image Enhancement for the Coherence Probe
Microscope with Applications to Integrated Circuit
Metrology.”). Profilers in general and the CPM in

"particular are not able to work with three-dimensional
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26 WD 99163300 CC 1' NS99/ 11601 | ocations at rr~ultiple depths wthin an
optical dish; with a higher density. It is an object of tile invention to
furni sh net hod and apparatus for witing information to | ocations a} ?

miltiple trackd9%¥®ar within an optical disk with a higher den<P¥y 9% is
an object of the invention to furnish nethod and apparatus for witing

information sinmultaneously to locations at nultiple tracks on or within an
optical disk 10 with a higher density. It is an object of the invention to

furni sh met hg%a?p_lgsapﬁ Gétﬁls.efﬁéc)}‘}\%ikénhﬂg k QEHEt'b_@”ﬁSEBHbEﬁ%SHéFY to

| ocati ons at fiple epths and tiple tracks wthin an optical disk
with a hi gheintdensergncesnicroscanyobpeet sehsthevenvenvibnatodopsovpde

rapid, reliabl - dj sLon = di L,anal , and threedi mensi ona
t onogr aphi c ggﬁﬁﬁgg g%%??f%§e§$ﬁ%%$§§g E?B?Q g%'object of the invention to
provi de an i nprovedofoheysaphsedconpkexaagplietidde Riegi nyetrechai gaBycO t hat

avoi ds t he S%?TERS”}E%Et?Ei&H? SgOXSnggﬁ%Ebﬁ% .@é&ohgﬁ%ﬁieké E@ta”OFher
obj ect of"the”invention to provide a tonographic co ex - anpl rtude i nmagi ng
t echni que t hathfcdenvémbantegucedubesgbt ehdmladeeslt bpaskatesbilodioerror 25

effects of light,fromout-of- i e in Ll not her obj ect of
t he inventioﬁ%pohﬁygvﬁdgggﬁgi%%%gggaﬁﬁgcﬁ%?guéﬁFoP"t%ﬁ% nghgg cdnpl ex
anpl i tude i nagpigcwhépsi nfsysiemhttbnenrner ief fechd oh abk- phpkocus |i ght

images are grezaly reduced,or . elinm na : t .1 s_another ohject of the
| venti on to BEOUIEE: 8 EErBOrAnAIE Bonars S AsBr SaESRhdPo CPEERR! que ¢ ha

al | ows subst apldedaltlry asbobbtanabubyi tagHEgsdkraandbjpecRigtemy’ Bpplie i mage
points. 27 ag?.?ggg%%g?,P§{EE§%?%%1QQ%93). The method used by
Hausler and Ritter, ibid., is based on the following
principle: a color spectrum of a white-light source is
imaged onto the object by illumination from one certain
15 direction. The object is observed by a color TV camera
from a direction of observation which is different from
the direction of illumination. The color (hue) of each
pixel is a measure of its distance from a reference plane.
The distance can be evaluated by the three(red-green-blue)
20  output channels of a charge coupled device (CCD) camera
and this evalunation can be implemented within TV real
time. However, the resolution in height and in one
lateral spatial dimension is considerably reduced below
that achieved with PSI and SWLI, there is a large
25 background, and the triangulation profiler has the noise
characteristics of non-interferometric measurement
techniques. 1In addition, the triangulation profiler is
limited to surface profiling.
One of the problems encountered in white-light
30  interferometry (WLI) is the problem of phase ambiguities.
A profilometry method that has been received attention
with respect to the phase ambiguity problem is the

dispersive interferometric profilometer (DIP) proposed by
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It is another object of the invention to provide a convenient technique for
t onogr aphi ¢ conpl ex anplitude imaging in one, ~:wo, and three dinensions
with the neans to obtain a signal-~o0-noise ratio for the images that is 5
achi evabl e w ™Mo @re3satt erferonetric system It is another obj eciCIHPSPHE!
invention to provide a tonographic conply anplitude inmagi ng system and
techni que which avoids the conputation difficulties of salving nonlinear
differential equations. 14 It is another object of the invention to provide
a conTaeni ent_techni gue for .tonographic conplex anpljitude,imging.of a line
section or tWﬁld%gﬁﬁﬁgﬁﬁa?nge fighoﬁnlgnaog?%%f %ggﬁ#%%gnnéﬁﬁ§%¥giﬁ%reof.
The enbodi nentist énfle vaneanis pPherfenbmdeser rbedrl5cbecei nafiey, fabs-9ato
five groups of_ enmbodi nents.  Certain oneg %f t he_epbodi pents and vari ants

S

thereof of thel99%5t gfoipMdfaEnBBAFREAPs IGENBFL: B2Bnal 3P RRe ohaPCF HeGes

that are subsg@angi aséMnenthogonaknherhbanpongdianrnsbanal ik&prges ggnerated by
correspondi ng ones_of 20 enbodi nents and _vari ants thereof of the second

group of &mboFreRte, enhiELREL i BRSPAUERePoAELBF Rel{ePERBENeREGEStDei Ng

acqui red si nmu it BaRackar auRd Leduati R Qn. Certain
ot her ones ofé%ﬁgﬁgﬁﬁggf%gntg %f ?he fisst groug ggﬂgﬁgggPﬁggﬁgfggnerate

t wo- di mensi onBht@sfemages rivhitFare dopdt afpital By 6ABh6Jbnal98b) t he

t wodi mensi onal i nmages rate y r.re ndi.ng, o t ephodi nment s
and variants thereg$ 8gggﬁéﬁéeg8%dpéggﬁpggglggggﬁiﬁgﬁFg%migsgrﬁgtion in the
t wo- di mensi onabmphrges ybeivngdadquiitad tdienulsean§obsPy winhtbackgPound
reducti on 30 nsat | ntain_ones_of . the_er i and variants
t her eof g@ thgggﬁgggagfo%pbggaé%%&d?ﬁgﬁkg&bgngpggg gggggiggﬁéﬁgnal i mages
that are subspanpéntfigudrtrAygdmalinge st poon&h28realY@ed9¢668308 PCILRBI9/ |

| 601 di nmensi of I S _gener.at rrespondi n of _enmbodi nents and
~%riants the?gg?kggggﬁg% dur h%gpgﬁp%ofa%n%%&%h%%psF§?n?6FﬁﬁfF83ein t he
one- di nensi onabjeohges .beiThg adquianed ngiemfletranedes! y swfbhaati backheound

reduction 5 and_conpensat.i on. rtai gxher OE%% of thg enbgdinEnts and
variants ther eBPSbf SPR&ECHI P& JPSup S0 TEMSSAPHENEs 2§8n&P&t 8PP &6 di mensi onal
i mages tha&t asersabet antThanl ¢ her tHogandls trefllketewobdickeostonahei sages

generated by carresponding ones of the enbadinments and variants_thereof 10
of "the four s hSBr BuBar el SRR Ty o BaCPo AR EHE": REAPREASI ona

i mges bei ng aagiksibdesifimihiganecitderiniarhb girojeckgr atied spedietimoBnabda
conpensation. . The _enbodi nents and variants thereof of the fifth gro of
enbodi nent s géﬁEFSFeaﬁEQ¥!a§%ﬁ§#ﬂ§ﬂuﬂoq e§e§§cf§rae§8 u@ﬁ&&togfsﬁﬁﬁle
poi nt i mages, shf€askenglead sR@icdt Hy rAGes el ”F atquispedtebohbtbackgratigtdes
reductiog%and conpensation. Briefly descrihed, and in accordance with one

enbodi merft® t h8r 84FPEF S5 FPEE HF Wei9fo FEpFaPatts PEom 363Fhe first

group of enbodhiertrs ricele téirsCr iTHN A G d o e Xxaanpel tvdeuateanby
in-focus imge fromthe conplex anplitude of .an out-of-focus inage hy
focusi ng opti B8F PIdFRU G THATS Irdaddithd dF&Hing yethedRetén OS8Rt

source onto atheUps@ skl RREHEmI b eeRatiig iiftemdite 23 s$eube@ iBhnBel @ are
collimated and directed to a first phase shifter. The phase of a first

portion of th¥eEgPritAREed W &yLILHA Tt ed by the phase shifter to produce a
first quadity of phasenfl FiRd diee AMh e Phass 1o 2aseeeNdvBekkON O~
the collimated rays is shifted by the . _
with” the use of DIPF, DIP is not suitable in applications
requiring the examination of three-dimensional objects.
This is a consequence of the intrinsic relatively large
background produced in DIP from out-of-focus images. The
30 background problem is comparable to the background problem
faced when trying to produce three-dimensional images

using standard interference microscopy.
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30 phase shifter to produce a second quantity of phaseshifted rays. The
first and second quantities of phase shifted rays are focused to a firs
spot. 29 \VO 99/63300 ~crn~s99n ~ 60~ Rays of the first quantity of
phase-shi f t edwaags3gitanati ng fromthe first spot are col | i mat @€TAH39/11601
directed to a beamsplitter. Afirst portion of the collimted rays passes
through the beamspiitter to forma first 5 quantity of a probe beamand a
second portion oz the collinmated rays is reflected by the beamsplitter to

forma first quantity~of a reference a Rays_of the second quantity of
phase-shi fted rays“E8n#RBEFA u?raﬂgtﬂggngggogpg?gé?% WFF Frat 89 and
directed to thesbeasuspkhbhieemeAt$0ofi 1SHhpoEbEDBcOEd] hantotddnat ed rays

passes through the beam_splitter to forma second quantity of the probe
beam and a se%%ﬁatﬁG?giSHCBfatﬁ8686WFPnﬁF€d°F5§20F§3?%¥I%ct%d %&X?ﬁe Peam

splitter to forRkaxsaeandaguantity ebwiba naferenceabeam. 15, Toe, seys of
the first and, second quantities of the gtope beam are directed to a second
phase- shi £t er1S$H&G s - of  t R Fi AP GUARETEY ofPPREADIDLRNBARTRPE phhse

shifted to fogpraikhikd guantibytehitherpeehechenm andehayssof the sesond
gquantity of the probe beam are phase 20 shifted to forma fourth quantity

of the probe Be&np it kEPREETERESeOShitPEs 2pPagated pydthethodsel antkeRcshd
phase Sh'fteréliorHEgﬁg&?&%g %@dafggéEEmQHagkbtbﬁﬁ:&%%ész@éOPﬁ beam bei ng

the same. The thir ) ourth quantities of the pro eard are focused
by a first probethendntentéotm @23 ighherefdgetefde ametobfeet smaetenedto

t her eby i.ld um e e I i.al.. e_.ll LRoe. ;S I gne
proxinalﬁ&ﬁarg%g&&ﬁ%gosggggﬁgggﬁgggfﬁbrEggfFbggggkggeg?gnggg%%gtggeIength
of the line igagprilsedgothaopptintak faronetird cdenenntorfiobyl at gpebivhbki an of

probe | ens. whiSRreLs Be BdrUe Ed aet CRE Coptrcar taran ot LPbF TRe Lhurcer
30 CVO 99/ 633D0dRTENHS98/A1D66bn et ali. have a large background from
out-of-focus images intrinsic to the standard microscope,
15 the set of embodiments being of the non-confocal type.

The apparatus and method of Dixon et al. also
includes a non-interferometric confocal embodiment which
permits measurements with reduced background. However the
limitation to making intensity measurements for the

20 confocal embodiment as well as for the non-confocal
embodiments, a consequence of usin§ a non-interferometric
technique, poses serious limitations on the information
about the specimen that can be acquired from reflected or
scattered light. Intensity measurements yield information

25 about the square of the magnitude of an amplitude of light

reflected or scattered by the specimen with the

consequence that information about the phase of the

amplitude of reflected or scattered light is loust. The

apparatus and method of Dixon et al. further includes an
30  embodiment which incorporates a Fourier Transform

spectrometer in a non-confocal imaging system. The

Fourier Transform spectrometer embodiment of Dixon et al.



Rays of the first and second quantities of the reference beam are directed
to a third phase-shifter. Rays of the first quantity of the reference beam
are phase shifted to forma third quantity of the reference beamand 5 rays
of the second.quanbibiy of the reference beam are phase shiftedPEUOUBGYINHE
fourth quantity of the reference beam the net phase shifts produced by the
first and third phase shifters for the third and fourth quantities of the
ref erence beam being the sane. The third and fourth 10 quantities of the

reference beam are focused by a reference |lens onto a sppt on a _reference
rror Ref| S o b S ER S e dy L ARIS HRP CHT SR e PO PRE Gaart | 1 6

of the probe heam enmagss nthfr o idecd [lotv dod 85k OD] Bedgingt Besdenect i on of
the probe lens form 15 a scattered probe beam and are coll| mated and

p |
directed by the prigpearahss (P} HerRDMF PPN (21t yRse pHavelepohh

first portionm@fsthenentli wBteds rays-isrshidtefetoiPf 0d8seo8ali Efbging
scattered probe beam quantity of gggseshlfted rays, and the ghase of a

second porti ofYoEeRhaa20bedh | Fhat EeSedyY i & shtde el td- r oBake Hosecond

scattered probesheapyquantidy oh1 phesesshmdtedeiaysa Raysqetk hper-tirst and
second scattered probe beamquantities are directed to the beamsplitter. A

portion of theorfeaalahBaaipdriyohemdf - t hENQ ctPPRratast f eiippPob& beam

quantities 25 egked bynthe;beamspindt efabondo Ny fourth
guantities ofcgﬁgrggg?tered pr%be %eanl resﬁ%cti%%ly% %ﬂ§£§2|ﬁP%§§ed rays

of the third ahtlisapt ANGYaPHEt 2R BT ¢ hECE e tlr Blde pippédbaami 488t ocused

by a spatigl ELLROERLeRSoRN! fod SpAkA! retblhCliohaNOLEn BRcRBhEEEednkaYS
emanating fromthe spot on the reference mrror in the direction o the
reference | eng $orhea PEf PeeRedPt bt bpehcenBeat vl avevebpnonht 414ps

directed by t : e t 1Tl Se¢ Shi .31 WO 99/ 63300
BCTT Uso0/ 2601 Thet EREaEELy casr o L RECkin (65 BREOoe SUL LS L oys 1o

shifted to produeéengkhsstorefferied eeféebaceobsanrgapaciiyedly. The
phase- shi ftedx&éxsagggr‘agﬁspﬂ%eaﬁf ?gvéﬁﬁgag Q?%h?i‘n fsmﬁl%gb'ekaﬁét ed rays
a ecte e |

is shifted to produ Second re reference beam quan y of
phase-shi¥d edmeaysreRepssoatt Hefferent andvebenathseéhdctbd mefrétencd beam

guantities ir i e .1 he spl it orti he _fir d
second reflec?ggkégggrgﬁéglﬁgaﬁpggght?%F%sgéfgé??a%én???g%eEyBFﬁéggégﬁp
splitter to féromlOuthiofdfandsf bmaghsqualioweves bthet hémiehkeonedor ef erence

DEa o PEPeCt S, R TR LB 3 hehUS, 1 £, BUELRUL! heTuagbL s o
t he spatial fnbheinpemifekemetric technique, poses serious limitations
20 on the information about the specimen that can be acquired
from reflected cr scattered light. Intensity measurements
yield information about the square of the magnitude of an
amplitude of light reflected or scattered by the specimen
with the consequence that information about the phase of
25 the amplitude of reflected or scattered light is lost.
It was pointed out in a paper by G. Q. Xiao, T. R.
Corle, and G. S. Kino entitled “Real-time Confocal
Scanning Optical Microscope,” Appl. Phys. Lett., 53(8),
716-718 (1988) that when using white light in a confocal
30 microscope, the chromatic aberrations of the objective
lens ensures that images from different heights in the
specimen are all present and all in focus but at different

colors. Xiao et al. demonstrated this by producing images

20



15 A portion of _the third and a portion of the fourth quantities of the
scattered probe beam pass through the spatial filter pinhole to form
spatially-filtered third and fourth quantities of scattered pr,

respectivel y.WPH&SEB4t i ally-filtered third and fourth 20 quanf??ﬁ’gg&gg&
scattered probe beamare collimted and directed by a dispersive el enent
lens to a dispersive elenent, preferably a reflecting diffraction grating.
A portion of the third and a portion of the fourth quantities of the

reflected reference 1heam passqthEeugbi25ytke :spabial dhirlkeerpi nhol e to form
spatially-filtered third and ?ourth quantities of reflected reference beam

respect’i vel y vavied eggatisal | §-f V-t Ei8daphi r8dald MouPbRegdascrtibes dn a

reflected reference heamear eraebbifahed sapdadi naehed st spersive
el enent Iensfp%o thgnc?li gper Si \r'ge 3!5 el emsﬁt. 2\ p(:)[rtibonso%llség%h%/fs t he

spati al | y-fi [Cheoad ttilei Cgndndatolichogaant+l'i éppdf. Spdtt eB&d 1fr obé 8B&am
ti f { j I | e R t | to 32
emanat| ”gaorgggﬁﬁgégiﬁ%%%g%}ﬁt% %ggm p%%%%n?t{%%‘%%%n%t@?‘o‘?" ﬁ%%f ey to

WO 991 633 or mi wavehunber -filteéere spatialTy-FilTtered
third and fowrdtdraprape tineghefthscatrberéd cpedeerbéann wespeetliivelnat eTlye
wavenunber-filtered, spatially-filter ird. fourth quantii:ies of
scattered prc}tr)lé: Oé'g‘ln%eéir é&’FSCE}égdmﬁg%ggfqﬁggdgt‘@%{ggrﬁ?%er%)rt6 oM & P ne

i mge on a pleEhemaiiding hgight. indarnartiay ofi ttetdcphryspicalidlyes. A portion

of each of the spatially-fil.tered third and f.our antities of reflected
ref erence bedmenanat itr% P%B%Ctthe i §6énregiav(‘é"l%ﬁe}?gﬁt%%ﬁgggé%ﬁ‘[lﬁreo&d ™ he
det ect or 1D ensdaquel(: ifadnm wanennebEr wiicht ehede Spaticaledy chirldmarted t hi rd and

fourth quantit.i.es of reflected reference heam. respectively.. 'rhe .
wevenunber - (T STIh: CRERRTLY- POA GRBE £Hh F 8 SRoGral QiR Podngt
refl ected refrarieragtheamiace 1f aduseddopetsha rdeteeidorin ésh off aha a |ine

i mge of 15 waventupber-filtered, spatially-filtered third and fourth
quantities of*¥efd éjgetsectfl&)&j_egé(nél%?or §§ma&n s Hlléﬁ_é‘n&oﬁt“éji ME @RS i near
array of pinholesefdry ensiet resiueldPWaldketd eld TRl IoHeHAd focus
wavenunberf.iltered, spatially-filtered third and fourth quantities 20 of

scat t er ed”pr P FEM AR e wadPeltEtheP: Makided » tepsdityl Measuredeads-hird
and fourth quad itireis20fi onefbeabad nefienents tieamadsiarsEditsd byithet
de~ector pinholes are nmea: ~ured by a nulti~--pixel dt:tector conprised of a
linear array SHRFHRHC QLT USHIG aafCRy 1att PEF A5 (GRETIIE val ues.

The phases ofpddes waeriisarinfiithtaresd oxpatiealinfdrima tidieGHouthitng and
fourth quantities of reflected r2ferencE beam are shifted~by radi ans by a
Fourth phase SRfFinaYLthad 6PmPs AIGRE fsrhde-ghirefliggfed or scattered

wavenunbep- filigied s alerald ahl ¥ofdddsied ddidrt and Jaw iy, 30 .quantd ties of
reflected reference beam Intensities of portions of supérinposed
wavenumnber - f id3R@riekpospatial lyfiltered third and rourth qua:~tit ~_es of

e Foet e o B AR Wt R Whcrines s
papers by G. S. Kino and S. C. Chim, “Mirau Correlation
Microscope,” Appl. Opt., 26(26), 3775-3783 (1990) and S.

25 S. C. Chim and G. S. Kino, “Three-Dimensional Image
Realization in Interference Microscopy,” Appl. Opt.,
31(14), 2550-2553 (1992) which is based on a Mirau
interferometer configuration. The apparatus of Kino and
Chim employs an interferometric, non-confocal microscope

30 with a spatially and temporally incoherent light source
and uses as the detected output the correlation signal
between the beams reflected from the object and from a

mirror,- respectively. It is possible with the apparatus



PCT/US99/1 | 601 spatially-filtered third and fourth quantities of
reflected reference beamtransmtted by the detector pinholes are neasured
by the nulti-pixel detectcr as a second arrsy of neasured intensity val ues.
5 The phases Qf hfassop@avenunber-filtered, spatiallyfiltered thig&@pefaurth
guantities of reflected reference beamare shifted by an additional radians
by the fourth phase shifter to forma second phasedshifted,
wavenunber-filtered, spatially-filtered third and 10 fourth quantities of
reflected reference beam respectively. Intensities of portions of

super i nposed afaveimmirerd fClhiered, nepavral Pythiimek etduddi and apdaseuet h

quantities of_.scattere e ngd, 1 he.. nd pha i f :
wavenunber - f iqr{ee%)eeaa?“ s%%ﬂ%?ﬁf/&f ?%@rggvtﬁffggghd @?‘Z%E’t hE}S%anti ties of
refl ect ed refigrtenceeheeat ttansppatatubyof hdidet @cd o¢h joh nhas eshar e neasur ed

by the nulti-pixel detector_.as thir f asured intensjt al yes.
The phases of %?ﬁaYﬁgyéﬁﬂ%ﬁ%ﬁ-?ig?ﬁggﬁg géé?%%??@???f%?gﬁmthf?% %ﬁ%e o%fth
guantities ofpasidemired 20omebetentefbeam ameashibéedgbyyancatdsfi onat

radi ans by the fourth phase shifter to.faor third phase-shifted
wavenunber - fi TTHHGd ™ shat TATTHE i T EFOa TRl Fa’ ald T SO FRCThalt P17 SEOBY
reflected rgf@y@@@ehgeanESrﬁsffctiéely. {ntersigiff ofdpoLpions off .
superi nposed wavenumnber iltere spatia -filtere ird an ou
qugntiPPes of scat r%ﬁtﬁfgﬁﬁoﬂgéﬁfSnagPﬁﬁéﬁﬂgrHaﬁhggﬁgs%??? Bfeg by A
wavenunber - f akieresl spatiall pati | Nered, bbby dsandsfauat beguans tieseof
reflectedorgfprence bean1tgggsgit%eg bé %?8 Segegtorﬁginho[e§ are npasured
by the milti-PrkeftRetLetor 8-a8"a ¥ouPtharray bF TRBGB 6d AT ERS 1Y
values. In a Pexbigtep;etbe bir spbecsacondghthibdusand haurshgasrays of
measured intensity values are sent to a conputer for processing. Elenents
of the secondP@Ffayior feabuiPBd 9Ath ¥o5lew 6§E§6CPéﬂﬁﬁﬁSéﬁﬂgFgél FAtensity

val ues are sugbtached EpepttBeceprcespagdi Bg ahesBRtsrof aibgihiyisy BotRY Of
measur ed |ntenS|t¥ val ues b¥_the_conpgter t? %Leld a neasurenent of a first
array of conp®hehtavaf6eslefianconpPe?2tanplti Hudechiornandcat féed 8iprobe
beam that1g s {DefiOcHSaalichhf plizeetabnt.heTdHet aphakapiBhakserWbtl bhe
effects of |ight fron1out-of-focus_|n%ges substantially cancel ed out.

El enents of theUEBALt R28r RaPOBr CRPASGREd 1 PAPRREI BYSTaMuaRdaF¥PsGBE Xt ed

fromthe correspepdbBgaekieaBlirks vef o chhi edeakhay iaf afeasHr 8¢ A4
intensity values by tree conputer to yield a neasurenent of a second array
of conponent ¥YBFBESCBEPMEREICERE Ex CAAFITATdde OB eClie 16BAHt eFBE probe beam
that is in foguspatsibe Bhanenef mtafk%sdel_tte?b@rsigllah%e§e%t_»a tReoehbecbs of
l'i ght fron1out-o?-focus |nages substantially cancel ed out. 15 The first and
second ardQysabpukohpenepetigirgss ldghthemgrpitidedae tofifherenit peEégapr obe

beam are val uggyef cAEtRAYORAL CREPEFERLS ARE 83 roHeR e rIUgeW thi n a conpl ex
constant an accurate neasurenent of the conplex anplitude of the scattered
probe beam t hROSF3DLR- focHstiord HETHIARLE 120 GPOMte thet BeOnA tpdrhePds with
the effects ophhighh¢f k@M %{;ﬂqft-um%f '1@9%%t%‘cﬂb%tra@tc'a%ltle%eﬁa@gﬁh%g out .
Using the conputer and conputer algorithms nmown to those skilled™in the
art. an accur ahé She- disgendi enahnaamtdse PRAEICon lehsamakes d&crssibflet he
obj ect myeri gl | ai; j 0 SCanmH; fo et 1§C Kia
required. The éiFgg??gnlo?gfﬁgﬁﬁfﬂ%E%%ﬁtion ﬁ%gﬁgoﬁhggggfégt%oﬁggﬁ t he
opti cal axis @firerg&ipnobeHoeeyerthdhe g teadaromeatay cc apremadyghodne or
more surfacesgpf; et e Al Ay dd i dn rfaceaf 10RjceGH
mat eri al . Usingﬁfﬁggcgggu%ef%gﬁgﬁggh@%%ﬁtfﬁ? afggﬁﬁfﬁi~$92_l%%%wn%Fo%tﬁose
skilled in thbagkgroaodubatiea woqdiqensifordla tarfdurisr de- di istrgidansl
representation th ject _materd ar tal f t wo- di nensi onal
and ¢ hr o i mNSEERaT Chbthy SoT SHEdhal SRR st

30 One of the primary objectives of an embodiment of the

apparatus of Kniittel was to be able to image
simultaneously two regions of an object separated in a

depth dimension ky using two different orders of a

22



PCT/ US99/ 11601 respectively, of the first, second, th~.rd, and fourth
arrays of neasured intensity value: acquired through scanr:ing of the
object material in one and two di mensions, respectively. The desired |ine
section, plan ion, or 5 volune section of the object matgpi cut
t hrough or iﬁ%oéggéogne or nore surfaces of the object naterith%$ﬁ§q&”
scanning of the object material is achieved by systematically noving the
obj ect -material in one and two di mensions, respectively, with a transl ator
which is 10 controlled by the conmLUter. The conputer algorithns may include
conmput er de; . w@hattic osisiend iatageahpegsedi on paverst an 1@chnigues. whi ch
are known to those sJcilled In the art should correction for out-of-focus

i mages be dedtt el HRAYDRITHEE corpenShETd Sa]cﬂ?%lv“é‘fjgiﬁ?}’ {}hee CF‘?tresth%dj 5
second arr aystiof s COMpONEREn Y ak teScoOhptheeanpti susler Dfipd Hied sl gy etk o obe
beam by the apparatus of the grgsen% i nvention.. Iln accordance with a second
enbodi ment t Her@ofWO | SPRBTR e adFRHR P ShE 3PDat At e ORI %Flstri mi nati ng t he
20 conpl ex, anphitegerof an haafecss tovggel poasEREe COMPL &xi@pl i tude of an
out - of -focus inmage by 1 maging optical radiation froma broadband, spatially
ext ended, spa?2akeyoRReohEPBNPY T%E‘g%ﬁPEelBﬁg%saaﬁiH@%Yl%9$%¥'Qﬁt%ihw%e

pi nhol es conmpehghNgxt DEvappasat Ug) anda ek 66t 1AL Cha 5y PF PEARSH NG, naans of the
previ ously described enbodi nent wherei'n the source pinhole of the first

embodi nent haGoBeekeF epP a@BHr Byt t he| iHaae 5PFay i Veduderthi HHIt dd1et he

spatial fi~Legypbphabssoh $herbinst ikahedi menhehas; hegnsseph@s sk i én
| inear array of spatial filter pinholes, and 3G the |linear array of
det ect or 38 nheresRRETEAeVED t FRPi k¥Pedef eeRBRYBFORNEREFREREEMDOMI nent have

been repl aced, by, 2rEMOrdi MBNskEPIAbodERAYMAgEsdgEestghi PhAN €3 A a
mul ti pi xel detector conprised of a two-dinmensional array of 36 'O
99/ 63300 PCT/Usboreneed pirkefimepbspécknPergl: Thbedreset Fonaf ofhe he |inear

array of sour §ﬁve£e*ﬂeheéa§eélsh@o#1gns%;&&gg%;%@&&&héé : £ &4 r pﬂﬁ@rﬁlees

are perpendicular to the planA defined by t I Spersive elenent. TI

t wo- di nensi onahrieraysfothg deiectobupi nhBidsYaddgdedecedr tipe x@g¢rtinrin

ori ent at W t I.hag |'i nggEk capk sQu i I in the
in-focusq%iangﬁgtEgﬁgﬂ%uﬁ??gg%ggF'de?gcfop.8é}gﬁeﬁgség§eﬁggs r%%tarrays of
first and secendovbhpoadninvahvessébnapplicuddéiofiswabena~theee-islemked, 10

spatially-fi '&ﬁéeﬂoigﬁf %@;@ge%?SQCPEQW—§B?ugaEEe§h8f ggEéPE’ng‘a' conponent s

and as such, give™w 0 X constant an accura nmeasur enent of the
conpl ex anplitude &het hboyeart&rddbpréleobadmprhhi einsepfpufbensdaint he

pl ane of the two-di i.angl: Li a:ra ~dat eqt [.ph w th the
effects of |i%ﬁt@e?rkgr?neg‘ﬁtg-%%L-C%tégggf’?fn%gse%e?&bg?agf‘i ah §h§aﬁ%§?%‘§§%ut. Usi ng
conput er 2] govetrkienkndwiheocphdsoeadkmijcaesicorehdearribad hegchr ake

t wodi mensi ona e t j-on -of ~a - di.nensi.onal >tk Qn . obj ect
material is ogﬁéﬁﬁéﬁiw?%ﬁ gubgfaﬁfi%ﬁ%?gﬁg%Qghsggnﬁ?ﬁ%E?gqﬁﬁﬁéérgqhéA
t wo- di nensi on@bngectilonniterselrected Miy rolseopespecpitieaoAcent a2bohs) pf t he

inear array Qkzsodios Mungles aqd of Al opt el 2o oL L prope | ens.
obj ect materi alicebslco®el Anawhich the object is scanned relative to a
25 focused laser spot, the laser spot being arranged to
coincide with the back-projected image of a point
detector. An interference form of the reflection confocal
microscope is based on a Michelson interferometer in which
one beam is focused onto the object. This system has the
30 important property of a reduced background from out-of-
focus images intrinsic to confocal microscopy systems.
However, the confocal interference microscope of Hamilton

and Sheppard, ibid., measures the reflected signal at only
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25 surface of the object material. Using conputer algorithnms known to those
skilled in the art, accurate threedi nensional representations of the

oi ~j ect are obtained fromthree--dinensional arrays of the first, second,
third, and fourth intensity val ues acquired through scanning o

obj ect in subsY&t¥$3% y one di nension. The three di nensional r%ﬁ&ggéﬂ§%¥ion
of the object material may include .representations of one or nore surfaces
of the object material. The conputer algorithns may include 37 WO
991b330(1 PCT/L1S99/1 | GO 1 computer deconvolutions and |Integral equation

i nversion tecaﬂgqgﬁn%hehaat@mgnpwat@hiéw@sc@irméi&dai nobhecart sheul d
correction for out-of-focus |Inages be desired beyond the conpensation
achi eved in theannisg ahdtBecehdest apRayROBRL cdfpdnehte val sesmakephehe

anpl i tude of EggtéﬁaEEﬁE‘E@i?%O% Qsﬁmgymé?bf%@p@@f@w%egft&gehere&sﬂt

invention. In accordance with a variant of the secor_d enbodi nent thereof,
| provide a meuhddgahbeappararas faraldcdiussrimdmating an in--focus imge
froman oul - of - 0cySLTBIC BipbABAL NG QLT L Calmpadi 211 Oy £R BebEARGNAN
spati al | y-'ext ended, sp tral y-1ncoherent Tine source onto a source slit
conprising thetapparbtios addhébbcrevhPtmpnoeeseipgt eeanss ohemheypr evi ously

descri bed seopd hacentodiegl, uhace.t becklpear gnl gl soyscepLanol es of

the second e I'ment "has been-replace e source slit and e |inear
array of spatiiakstfuheertspi chopestof lohecsetondeewboighentrhas theehipgépl aced

by a spatial filter slit. The.directio t it.and t spati a
20 filter sli¢Pged B‘ee%“ﬁtéﬁ’dfigmlgrest %Ethgﬁﬁéﬁeggeﬁgﬁégg@h?hlé% gsbig‘r%s‘i‘i ve
el enent. B enwoilamnef affasudredbyr payaldklf compuahdgsecpudhcdapanstbragleues

f th litude of th filtered jally-filtered scattered
or obe beam ar & B ITAIGEE 1o ERoGbRAIEanBSnBnt e BRETEeREER =g  ve. wi Chi n

a conpl ex consle@idtryan accurate nmeasurenent of the conplex anplitude of the
wavenunber-filtered, spatiall]. -fiLte[ﬁd scattergg pr obe beanbthat .S
in-focus in the pl dfe2of-"n SdPREnsTERAF Yar FH§ BR*4BHEBCLBEOpEMH&IEs
with the 30 eff of, |Li f =of -foeys i es. subs t]

cancel ed out. ﬁgﬁﬁaéecgﬁ%ﬁ%gﬁlé&%@%ﬁ#%&gkﬁgo§g %éﬁ?ﬁoé% § ifﬁgdb?ﬁg¥h8fart,

an accuraig two-gdiimensi QNatn? BreSent 8520m0f WierlbWd- dnmengignal- section of
t he object 38
dimensional memory the maximum storage density is of the

order of 6.5x10' bits/cm®. These maximum values represent
upper limits to the storage capacity when using a single
bit binary format at each memory site. Tbese upper limits

20 can be increased by using a recording medium where
different levels of amplitude or amplitude and phase
information are recorded. Holographic recording in phase-
recording media 1s an example of the latter mode.

In the different modes of recording, the mode of

25 single bit binary fcrmat, amplitude in base N format or
amplitude and phase in (base N)x(base M) format, at each
memory site, thes size of a voxel at a memory site that can
be used, and therefore storage density, is limited by the
signal-to-noise ratio that can be obtained, the signal-to-

30 noise ratio generally being inversely proportional to the
volume of the voxel. In particular, for the amplitude or

amplitude and phase recording médes, the number of
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WO 99/ 633D0 PCTI US99/ 11601 material is obtained c~~ith no scanning

requi red. The twodi nensi onal section is selected by the respective
orientations of the source slit and of the optical axis of the probe |ens.
Jsing the conpoteems3mnd computer 5 al gorithns known to those sKREFUEH/IIA0L he
art, accurate threE-dinensional representations of the object material are
obt ai ned fromthree-di nensicnal arrays of the first, second, third, and
fourth intensity val ues acquired through scanning of the object nateri al

i n one-di nension. 10 The scanni ng. of the qbject terial is, achieved_by
syst emat i cal FPAFRAIAER @%?e&t%réqré?a%ﬂr?rbnt&a i ﬁgﬁsgbgn Sk 1h @
transl at or ce®tral lied dsd He reiomrutiey . thkhes icomptter-raliger irtalii® mhyti ncl ude

conput er deconvol utigns and integral equation inversion techniques that are
known 15 to CREsEZIKNG%E RS the ar t should correction for out-of focus

i mges be desired ypeyonds trlhe caimpensatd it achitemeddap ihielse aappar at us of the
present invention. Alternative enbodi nents to y{e first ar d second
pref er r ed® entSEd SRS ©f VhelMafreidch FhAUILTHOES Hrgweso et ifr ove

andl or opti mz&nihey $anNdk - t0athoifee Fat t oSt Additt icondo@i~tineal means
and substanti allaﬁl the sane el ectronic processi ngl means as_are enmplqyed in

the primary &spEregalk GIteneTRGER NHeF QECIW priet S5RFEhSSHSHEATE ToF t he

invention. The addi tijonad @ptd cad dwanstcasmud sesmphs mdig eddpaths for the
reference and probe beans whereby the anplitude of wavenunber-filtered,
spatial | y-fi IRSAR]FY cfP detiddl 723 e9mee” afn $iotlisdd G £Tr8d1SectBed det ect or

pi nhol e {gr eiddigted hﬁ]&&{lsém&m@oyf NEShp@f e e SRRNG tEMPRd BRI iGR e

adjusted relative to the anplitude of 30 the wavenunber-filtered,
spati al | y-fi Midredr edegedr sen pibbel brak? | Aaledl ofP GUfe S@%e Sded-igAt ect or
pi nhol e of e'éJ\%nEi’&.fféz?th%/(gf?oéii%i‘?é‘i—@&ﬁ@fsée%%se@%i%&tc to _
respectively. ' ' ' ' 39 1 991 63300 |' CT/US99/ 11601 I n accordance with
a third enbodiarefrcaheirbfl L eI pReFiHECEHORBYMO S BHPIEp AATS- Horto
di scrim nating dOesCompbex.Afipl {ALdg, 04 Ad: iy focus IgmaefyLtde conpl ex
anplitude of an out-of-focus inage with neans to adjust or 5 inprove and/or
opti m zelbhe dixgreticn: netdethat Poteorpri stoguedrug gareatapnrifen he
previously deggri Ligst i angdnangd, optd cal 1y 10 ad ust the
anpl i tude of ba miagggﬁﬁb%?-¥$€?§€%g?gé|%at ?%I ry¥?ﬁ% ered reflecte

eam.

SUMMARY OF THE INVENTION
20

Accordingly, it is an object of the invention to
furnish method and apparatus for reading information from
locations at different depths within an optical disk.

It is an object of the invention to furnish method

25 and apparatus for reading information frcem locations at
multiple depths within an optical disk.

It is an object of the invention to furnish method
and apparatus for reading information simultaneously from
locations at multiple depths within an optical disk.

30 It is an object of the invention to furnish method
and apparétus for reading information from locations at

multiple tracks on or within an optical disk.
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reference beam focused on a selected detector pinhole 10 relative to the
anplitude of a wavenunber-filtered, spatially-filtered scattered probe beam
i mged on the sel ected detector pinhole. Rays from a broadband spatially

i ncoherent poi e are focused onto a source pinhole. Rays-eRR9sH s
fromthe sourc\g})a?ﬁ%gfe 15 are collimted and directed to a first pgase

shifter. The phase of a first portion of the collimted rays is shifted to
produce-a first quantity of phase-shifted rays, and the phase of a second
quantity of the collimated rays is shifted to produce a second quantity of
phase-shifted 20 rays.isThen falristictand séeorid vguarniidn ites fofr rphés enstttidd ed
rays i npinge on first beamsplitter. Afirst portian of the first
quantity of p RS ;%Psrpﬁfsasdg@gt Wﬁ?&ﬂlattﬁémf isr‘g‘lﬁﬁ:eﬁ&?ﬁ%ﬁ“t%?‘)’?o
forma first quanitionofat mprabe 126 theamant arsegand pent ient Dfat hei fkr st

gquantity of phase shifted rays is reflected by the first beamsplitter to
forma first quantitly 3 Et%é’){ﬂﬁcéﬁ' é#céﬁ’(?edﬂv%tfli%ttopdﬁ“ﬁrb%ﬁ%fm?t'h}éogecond

quantity of phase-ipdtLehd aes passBinhd hroughdthied igistuResie seet ¢ ef ré®
forma second 30 qcu_antl ty of the probe heam and a second portion of the

second quant i t}yPHFC i 2 SHY Y EP rayld 3 S M Med Rt & HeaEsenhen the

splitter to fofma$esonsh duaiid Yarpfodthedeferance beam The first and
second quantities of the 40 WO 991 63300 PCT/ US99/1 1601 probe beam are

focused to a first PFobe HedRIpot .o i Imsterdnicrs deorith tiwba i 1¢ 6ROSf t he
reference beam s e, focuseds @ fddSind efrﬁ%i%ﬁ@imtar@é’ﬁ%g( $Pém

first quantity of the probe beam5 enanating fromthe first pro beam spot
are col | i Aét edlegrt wReckedtd P secartiveand prutticrle Apoeks owivhinhen
collimated raygptppéggsd%mpugh the second beamsplitter to forma third
gquantity of tree probe beam Rays of the second quantity of probe beam
emanating fromthe ¥trss a0 @ribet behniypotneare igol [tHorefwch hpd ®étleeded to

t he second beagggp%éééggtué ﬁ&r twg&%ﬂﬂ%&% ,d]trg;{ gtgj {Jaae@%?f%ggsaﬁ hr ough

t he second beam sp ter to form quant obe beam The
rays of the thiubtmbe fdeptins quahinias eftidml priobe. beam are directed to a

second 15.ghase shifte e of - t thi tity. beam
pass ~~hrollrj})gh t he s{e%:o% %’ansgejaés(ﬁ}f%]?erﬂg%dﬂg\?%l%h@geﬂéshflﬁ%%ggoﬁé@?ﬁ]da
fifth quantityand apeapabbe bearwrThing aisf @fmathieort caamihl tarmaaciusyyotot he

pr obe beam pas e ggﬁr i,{1er h .shifted to
20 forma si xtlﬁoéggﬁé&??yggfm‘?ﬁg%%%b&é) ea%ﬁﬁrgal]ﬁe%ﬁ%‘gég%ﬁi ??gkbroduced
by the first and setbnilspiaseb$dct tef sthorinventfidn ht@anthishksh gednoddt i es
of the probe beam bein he sane. ys of the first quantity.of th

Cef erence beant 38 SHRRATFHG TobriE hertd r b Sarer bt berirepornir a0

col I'i mat e@0 di mettedléotaaths reh phasei siniif tat , o@intc#medgekas a third
gquantity of the refgrence‘be m RE\ S.0

ys.of the second quantit .OL th
ef erence beam emandti ng PRORAHer 15T ST eHeY GHCE bedt ot L g ee thod
collimatecl, danécépfatettbefd0 whitihghtseoshifiet,sandl earegesas aofourth
guantity of thg re erence_beafﬁ.tre Eet ﬁhase shift€% roduced bg &hg.fkrst
and third phasg®SAFtPRPs2F ot hitPthi FIRARY $ourt H'y i P eQPHACRHeC LS K-
refer~ance beam bei nge~ithenséiech of the invention to furnish method
25 and apparatus for writing information simultaneously to
locations at multiple depths and multiple tracks within an
optical disk.
It is an object of the invention to furnish method
and apparatus for writing information to locations at
30 multiple depths within an optical disk with a higher
density.
It is an object of the invention to furnish method

and apparafus for writing information simultaneocusly to
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al 1V0 99/ 63300 PCT/ US99/ 11601 portion of the third quantity of the
reference beamis reflected by a third beamsplitter to forma fifth
gquantity of the reference beam P. portion of the fourth auantity of the
reference beawniss/ssmbl ected by the third 5 beamsplitter to f@EHUSI%IILEN
quantity of the reference beam The collimated fifth and sixth quantities
of the reference beamark focused by a reference lens Into a second

ref erence beam spot on a reference mrror. The collimated fifth and sixth
quantities of the 10 probe heam.are focused by a probe .lens to.forma |ine
image in an of €ttt M &t giuqtet&qlﬁerdgggy%isl Iw&rﬁ?l?v’rgt &M r?é)ecc}iﬁagctélt'ﬁa{t é“rlir% 2 The
Line i mage i s, alnanegkpsioxi mally along the optical axis of the probe |ens
and the length of the line inage al ong the opti.cal .axis is, qgterrp'pr}ied by a
15 conbi nation of Factdrd SFOF%Us Athd et SOF 1oL U TEht b it
aberration ofytde psober | ensand itthe o ginfeatmarargnitd h afativhsau ce.

Refl ected and/or scattered rays of the fifth and sixth quantities of the
probe beaf erfihdtiREe FFRFERHEREY MikRiTaced B! iR Fhe idit e tidPdt the
probe lens foidpasgattered probe beam The scattered probe beamis
collimated by the probe lens and directed to the second phase shifter. The

h
phase of a first pbft}orm®oRIRECAHT ithe dRVeRE G Khifidd ¢ HHidHte a
first scatterggy 25,95 phendean quantidy ioft dhaserahidied vaysousingd ddie phase

of a second portion of the collimted rays is shifted to produce a second
scattered probecheberguahtiiyt Tl oiasdt ey afidP iRy dIPther ¥ i4ist* and

second sqat t ef £6h pL oRegheam&anty ties are directed to tl~e second beam 30
splitter. A portion of "the first 'and second scattered glrobe beam quéantiti es

are reflected by the secohcBeash Pl ither VT o th rid e Jir
quantities Ofaﬁ@e?gg§££€ﬁ§dfcpf Qpﬁiﬂlﬁgc}niﬂﬁﬁﬁé?ﬁﬂd&ﬂé’imlﬁ’iérﬁé’@ﬁ@%r@é’s of 42
CVvO 99/ 63300 bP@Cﬂ 9111601 ngdlt hge%tagg focgrt hlt?'uzg{]tléggbgf It;»;'
scattered probecpeapnaret foelsed & aN@Imyitirke | 5Pt 'L Eh Ipat? al
filter pinhol e r rﬁﬁ i N AdLom the second reference 5 beam
spot on the rgyggg%%esénggr%?y?n% e}g%rec,ti o%%f the reference lens forma
refl ected ef er encétbéanranebheet cof | it BV ert onli tededvibye t herF@f er ence

l ens to the thj L - rti oo of 5ef] ecte ence beam
is transm ttegggsag}%g%ﬁ?r%{%%%%?‘ﬁ'tt%r anJH%Ibngp;Jj nges’ _oén %C)Eg;?%urt h phase
shifter. The ghasasopralftesegpaphlorcafrier arrhshide etndgdnyis shifted to
produce a first reflected.r c&r beam guant i §yn of pfgugég- ifted rays and
t he phase of a secg%d%o??i%ﬁ%&tﬁ% transmtt%d(y%ea?r] S sjﬁ(lﬁ?t% to produce
a second ref| éovpedvedf topagrapleion dGnpiLemt 2mY- dfugdateaghn@t bechaygue Rays
of the fiyst S ad.refle c&e bgam i gl ' jed to
t he seconjdpgbeg%ggp?gtgggﬁg%p%‘trl??%%&gﬁ(?ﬂe%i rst %‘g@%e%%%gr?ég?g%%g%
reference bearF§uantities axe transnitted by the second beam splatter to
respecti vel y. Col | Fiat o Paghehr FRalt nbF ahE  FELTEHon EhrPESLEaEM: 1
reflected ref &rengeabbam avepiesusepl byudeeispatingl téchnéqubenbabnto the
duant ¢ es. 25CSReEngeBEat BRUBR oBe B BastEethr BERR P RettharEr e ter
pi nhol e t25f oeffacspabifalyhti Eremeduthofdfandsf bmagdh goanteti es of
scattered probe~beam .respectively. The spatially-filtered third.and
fourtt? quantiti esfigf l§c§89g£‘85 B¥658 b8 melé\?elg}él?ﬂ:ﬁﬁ?e CaRd°ditF&ctBd by a
30 di spersi oniebeioerd lterdniqua dbspeosbyeapheoeabupperf enplliyuder ef | ecting
diffraction grati ng]ig A portion o eagh of the t?i;d and _fourth q¥antities
of the refl ect8G et tSEeiBe NP HERaELCt RF BAGheEA&CEFaPfafut ~of-foCusS

light images are greatly reduced or eliminated.

30 It is another object of the invention to provide a
tomographic complex amplitude imaging technique that
allows substantially simultaneous imaging of an object at

multiple image pcints.
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43 VWO 99/ 63300 PCT/ US99/ 11601 filter pinhole to forma
spatially-filtered third and fourth quantities of reflected reference beam
respec~t ~vely. The spatially-filtered third and fourth quantities of

refl ected ref ereespmasdoeam are collimted and 5 directed by the doepsmagian

el ement lens to the dispersive elenent. ~1 portion off each of the
spatially-filtered third and fourth quantities of scattered probe beam
emanatihg fromthe dispersive e).enent passes through a detector lens to 10
form wavenunber-filtered, atially-filtered third and fourth quantities of
scattered probe beéh1lﬁeéb@ghﬁVePVJe¢ﬁeOﬁa&éﬁuﬁﬁ@ﬁnﬁﬂpﬂeﬁ@dPIOVlde a

spatial |'y- f"E@ﬁ@gnithdFéBﬂnEQH%tQo%u%thb&%éhQE %%ﬁbaegegmgigésdgean1are

focused by the detéctor Iens to forma liné i mage on a plane 15 cont ai ni ng
a |inear arraym@@lmetenteneplhH@be@ndBihEGﬁtﬁémeﬁﬁl@a@hwéththée means

spatially-fil{grad.Linrd engnbourbinguant ibhas ob.! ehlechedoretgrense beam

emanating fromt I spersive el enent passes through t tector lens to
f or m waverdunbachféetvakl edwispathnalinygefrifleromed riki s¢sqet.20 fourth quantltles

of reflected referepce bean cespeqtioely (e payenymher i LLicte

spatially-filtered third a rth quantities cted erence beam
are focused byomhgrdphectopmpéﬁs ropflatmde ummglmmagqsmﬂmthedptanbnlque

contai ~zing the.| nggrl Lray.o ngﬁkgg&ltergﬁgkqg%h%ie %ens hties of

portions of supéglnpose wavendi spatlally red %t hird and
fourth quant|hoa$1néascaufépednmn@ﬂed@uahxwm@ .the wavenunber-filtered,
spatlally(Illtered hi.r.d ang four antles oﬁ73 refl ected r%ference
beam transm tted b thg gér 8 es are ﬁ@hf&ré nb§oapﬁﬁyﬁ p Pxel

det ect or conptbsednobna heneauqmmripnﬁtqmogﬁaphm& Zoplek ampaytaBienmeasur ed

intensity val ues. .The has§ vavenunber - filtered,'' a ~~. fVO
991 63300 PCT/bggng?66% 1ne sec ion or TWO- dlmen51onal section in an

object despite movement thereof.
The embodiments and variants thereof described
15 thereinafter fall into five groups of embodiments.

Certain ones of the embodiments and variants thereof
of the first group of embodiments generate one-dimensional
images that are substantially orthogonal to the one-
dimensional images generated by corresponding ones of

20 embodiments and variants thereof of the second group of
embodiments, information in the one-dimensional images
being acquired simultaneously with background reduction
and compensation. Certain other ones of the embodiments
of the first group of embodiments generate two-dimensional

25 1images that are substantially orthogonal to the two-
dimensional images generated by corresponding ones of the
embodiments and variants thereof of the second group of
embodiments, information in the two-dimensional images
being acquired simultaneously with background reduction

30 and compensation.

Certain ones of the embodiments and variants thereof
of the third group of embodiments generate one-dimensional

images that are substantially orthogonal to the one-
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spatially-filtered third and fourth quantities of reflected rei:erence beam
are shifted by radians by a fifl:h phase shifter to forma first
phase-shifted, wavenunber-filtered, s~ ~atially-filtered third and fourth 5
duantities oGyvpebhksos ed reference beau. Intensities of porti oneTwk99/11601
superi npos, ~d wavenunber-filtered, spatiallyfiltered third a~i~~ fourth
quantities of scattered probe beamand fiist: phase-shifted,
wavenurtber-filtered, spatially-fl_J tered third anc~ fourth quantities of
10 reference beamtran;~mtted t>y the detector pinholes are neasured by
tmlmurmh@mﬂé%&ﬂr@?%%&%%@#?f%ﬂ%é%ﬁ%@ﬂﬂ&ﬁﬁfQMa%.
The phases ofgfihigs Mavsrinhes -$4+{ared, riseasoal dyTind er@d-dhigehand £ ourth
quantities of reflected 15 reference beam are shifted by an additional

radi ans by t HIdinephasel s itaiien orkha Queohinghasdiahiimases
wavenunber - f il 1,61 ed, ci&ffé@' & Y1 448568 1 i v derang Fiomit b Auanti ddirs: 1fn
reflected reference b am respectively. Intensities of porL.ions of

super i npoSed am errmpErs20idn ) . tE€erHalRpather | 9nes | eeridie tamyi @ Four t h
gquantities of r n o] hasss s ,
wavenunber-fiaflfcg?\;e%r,e{%g%%)i al ﬁ/?flflrret)gr%%etﬁlﬁg@a?lﬁ&?%g??h qua(%ltmll%l?t%g of
rFfl ected refermacet benetdomens i eeel bimeaes deltaitt a¥e ps bt arst salel Yreasur ed
by the nulti-pj ci or i y: i ity

val ues. The p aﬁégég(gfé?h%gm%%%nﬁén%g?%@%{l?ééfééi? %@%??Eg?ﬁfﬁéﬁe tri~rd
and fourth quaotyeseeraingephestell Feterrhediberns arkd sty tant hythareof

hase. ShTtted 30 gavehtnper: P71 Dor S CSbatraTl yot o Rared 1 & nd

fourt h quantitwesdofieneidest etinaeéereatrgbeanpiredpetniledneousntensiti es of

portions of s ¢ ed, i e S j ~filtered third and
fourth quanti#?ggéggqgae&&géqgggggéﬂkL%ﬁ%u&881§g$%€ég%Eg ered probe beam
and third phase-shii¢eenbodimannbesfid| veredptspbbentdy-6f I tleeeflifthird and
fourth quantitj of -refl f e ansm tector
pi nhol es are %%@@%r%ﬁ ?bgﬁéﬁgﬂﬁg'g%ﬁgg?tge?g%%%rHgggéggg?%%riﬂggggéﬁgof.
measur ed liont emss¢guenteest shnalmerbistepmaphe, fthet siseteomnmoinbsrd, and
fourth arrays a i NSty u t r for
processi ng. Ei@%%%?sggggghégégggﬁ g¥?gyggFﬁﬁgggﬁgeag§% e%@??%ﬁgalues are
subtracted froompaesgbipesponding 10 el enments of the first array of
nmeasur ed intensityB¥§Iﬁ§s 8¥5E?§b%8”p%5%riﬁp XiSLQ a.neasur ement of a first
array of conponent~valFues of“a compl ex anp i fude of “fhe"scat Ter ed pr obe
beam that i s enbbdtmsenat thheeplfané pftotvleedet methndpenbobgsanktihist ficom
effects %f i gt fro out-of-fgcus lg.inagesfs%b tanglallg cancegl ed out.
El ement s <0t t haSf duFeh SFPRY 8f FERSGHEEH St &R&i By STarTasa bt R9shbtr act ed
from the corresppbdikngmell @mades odf ahheént-iocthsadnaygeof romashe edoinpl €nsi ty
val ues by the cogggtgr tg ield a e surenment of a §econd array, of
conponent val 8B 6F P Re dofpl EX 26 a%ﬁFPFudgagF PHe'SE&F%B?eBp%?Sﬁé beam
that is in foeadiativhe fpbhane b ouki®adet eplatiapiyhehesherbhtt peirtfects of
| i ght fron1out-of-focu§ inages subst%gtially cancel ed %ut. . Eleggnts of
first and secBRYFEPr QY5O0 COMEGReRE N Ges” SPYChEMGRBIFPEAETER the
wavenunmbers f i kbatred, pspabilal hy?25 ddlitiakedseaidt diedcpeabeobgamiase val ues
of orthogonal ﬁonpongnts and as such, give within a conplex _constant an
accurate neasBPERENERAELERe cIRS ERASFIOT Fdd 3Pt ROTEL]Pt 8F e8P Br obe beam
that is in-foeusllinathe pk3Rei@f shietdet ot ahepiphieleeshwithrt e ptbagts of
light fromout-qof 30 focus images substantially canceled out. Using the
comput er and EoApttér WRGSHtYhrE PAGHE 184 Igwis | 889 RhenBhape, 0dna
accurate one- dgBngl PRl ilePLES #¥HAULAN Hated g sSae! isan rekqt B¢ eRkect
material:_is obtained with no 96

30 phase shifter to produce a second quantity of phase-

shifted rays. The first and second guantities of phase-

shifted rays are focused to a first spot.



WO 991 63300 f CT/US991t 1601 scanning of the object material required. The
direction of the line sectionis in the direction of the optical axis of
the probe lens. Using tree conputer and conputer algorithnms known to those
s~:illed in tWi®s@kizpoaccurate 5 two-di nensi onal and three-di nwagingmad 1601
representations of the object material are obtained from two-dinensional
and t hree-di nensional arrays, respectively, of the first, second, third,
and fourth arrays of neasured intensity val ues acquired through scanni ng of
the object material in 10 one and two di nmensions, respectlvely f he
scanning of the obf@s ohtEheaflyst MAARY B Rhasamail e d v #09i ng t he

object materighahf oS ARGt ¥Re Ak IBAST ANSs LH1RSRESII MRl deq vartchﬂ &ﬁééﬂéaatm
which is controlled by the conputer. The conputer algorithnms may Include

conputer 15 dt@oﬂv@$@mlépél§h§rrnt%g?%ﬁsﬁxﬁﬁﬁﬁkﬂﬂ|Qﬁuﬁhﬁ(ﬁplk%mﬂiq@es whi ch
are knoun to LhosepskiLLetnt Bubheril loedipuld GOIdeald ofdipls opf 20 - Focus

i mages be desir eyond e conpensation achieved in the flrst and second
arrays of Sconpomehityablies probhebempl dndide wfcathd muHtia@r el prlobe 20 beam

by the appar a&&;‘fl% tbg P£§§6E‘E.£Q¥f’é‘ét&§‘tlﬂ %thlnblopgl %P E{s‘t‘f&ﬁa” be

adj usted or |nprove andlo optimzed in h™ respect
to measuring ahéldeslgedntmhpheﬁ anp¢fexﬁm§ﬁ H&&m(unﬁanzamfomhessecond

acconpl i shed } ust 0
mavenunber-fi%%%ﬁg%? s%g F?y ?R ?E?%dé%ﬁlﬁgnand #%ﬂqﬁﬁxéU%g %Egtof t he
scattered probpobeanefooluledabed andelieceetkdetectior manO&pblhndrof Rhe
anpl i tude of r-filter I te ed |rd n ourth
quantltlgsoof%%ﬁe%aégpggggdoff kéreﬁg%léﬁg%%§ﬁ4¥%%Lé ér%%u @Ig%%ed

det ect or p|nhbbembyp&htﬁemngothermeéleecﬁhdwqmammmmyssfOMharppebélbeamf t he
first, seconda 8nd t hi s be%n1s ﬂs.cgf .mg¥) 91 63300 PCT/%J8g9é11601
I n accor dance®{f't i QEFSH t K°& ﬁ%S ?he?e%%, r'od det A ﬁ%f 645

appar at us forbglShélBbﬁﬁtBpgltherCGGDFGXmaﬂ1S@Céﬁ@d@UiﬂtfﬂWl@ffﬁﬁus i mage
fromthe conp |itude of an out-of-focus imge with neans to adjust or
5 i nprove a~|5F§?r8 Sfi 2B -t he signal -to-noise ratio by imaging opti cal

radi ati omgrom a braadkard, oip&hbaEhYSeXBﬁ@d§Qco§@a@m§ﬁU1tﬂ@@h@[eﬂhe|Ine
source onto a Ilge h array of sourc Elnho es cg rising the apparﬁﬁus and
§i n§ g S &

el ectronic pr&&8 afean& GFTERECHr £Qi BuSFSPUS SR F PRSI ERTr d odi nent
wherein the seupgeopi thel giefktt tgaahhhtgl @ﬂb@]dé nenébdase Heeareephased by the
[inear artay ol aguioe PLlcl es, ihe spatyel L LB R Lol e oLyt et T
and the |inearagkr af ehedeleehadr qDbRAROEYSof the probe beam are phase
20 shifted to form a fourth quantity of the probe beam, the
net phase shifts produced by the first and second phase
shifters for the third and fourth guantities of the probe
beam being the same. The third and fourth quantities of
the probe beam are focused by a first probe lens to form a
25 line image in an object material to thereby illuminate the
object material. The line image is aligned proximally
along the optical axis of the first probe lens and the
length of the line image along the optical axis is
determined by a combination of factors such as the depth
30 of focus and chromatic aberration of the first probe lens
which can be adjusted and the optical bandwidth of the

source.
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15 and the nmulti-pixel detector of the third enbodi nent have been repl aced
by a two-di nensional array of detector pinholes and a nmulti-pixel detector
conprised of a twodi mensional array of pixels, respectively. The directions
of the |inearvanyepoonf source pinholes and of the |inear 20 apPcayswfiiocol
spatial filter pinholes are perpendicular to the plane defined by t:he

di spersive elenent. The twodi nensional |inear arrays of detector pinholes
and detector pixels are orientated with the image of the linear array of
source pinholes in the in-focys plane at 25 the nufti--pixel detector.

El ements of rreasurI@d’sarorfaH‘eofflfrPsrtsta”QnEEEQEl@néﬁuél&P%éﬁéﬁ Afals of

anpl i tude of mamaenuymensddn eedi repabld thl STthiihierdd seuatiittias of
scattered probe beam are val ues of crtho%onal conponents and as such, give
Y

within a 30 denpt wlddssifdas tafuasddiat € nddsu eT6r LR dhase
anpl i tude of g}ﬁef@é&té&r&sﬂmpraogﬁil%%awamti_tiys JheCys rlr Jhe plane Liq the

t wo- di nensi onal |1 near array of detector pinholes with the effects of |ight

from out - &f - fioxss ofl Hhe 4099 6BZOGIPETPUSIG FEEGT sneeg@esubstantial |y
cancel ed out., Ll g1t N LOMRHLR AR rEQIRUL hut gy 5%&@%4%3&986 i

illed in the art, an accurate two-dinensional représentation o _
t ~~~odi nPnsi dreANsddts gretofPhafe Ghjidde paoSUCHd by dheaified s agd Hhird

substanti al | y, /0 scanning 4 e red +The o Woli MRRsianaly 880t 1tk ik seléect ed
by orientations of the linear array of source pinholes and of the optical

axis of the probrrenes bami fpinse Wempaler afdecdipucerra dorittms known to
those skibl ed%&%;%gp@iggt fa\ﬁ@rr%tf%%gcteh'b%%hfj'a@%nsﬂo@h%'edm entations of

t he object ar tained fromthree-dinensional arrays of irst, second,
third, and foteferémeensiny ardlouds seeduiored thafcugmascainay of the obj ect

material in subst %%éﬁe@%%ﬁo@%%a&%fé‘é‘%q%%% & 21 Gard iRy may

i ncl ude 15 conputer convol uttons and 1 ntegral” equation 1nversion
t echni ques whieir bt eqlkaroinint tas tafogees lpridbed Hesnt remamat igip uff bre drhreect i on

for out-of-fo L{BgeSs b cheq:se'r- 0 fi chi ev. in the
first and sec%%%mgr r ay%d OC?D corrpc%(r?l]gr#t%eey/gﬁ%éets 0 ocht gg@p iptqttriD e ?f%fgfdfg“
scat t er ed Spr obes belahehyd tieolzp feeraat B dofa tehee Qrldgerited mrehtdiorectik by

si gnal -t o- noi rati,0. o i ned Jjnt four _[‘rh_ggiiﬁr@m c | ?iscted
or unproved a?nlg? o}?{%%? i %%e?%tjt}% r%gcﬁengf pE}{(;aéransasurl ng t hgﬂlaée)gf}?éej%e cc?)frrpl ex
anpl i tudes. 25 Thesadpost entoHrthemadvemerttecantiyor ioptshni Zadd oo i s
acconpl i shed b L usti the ratiq of t anpl.itude qf..the _
vvavenurrber-fillj%(oe(?ﬁej{:f aspg |%tt Isyc- ac|1+?t0reer0{e Gi>|er ?)eaa% c%uoa_lflr lht%uoa%t?}%allsees of the
scattered probkibeadn fagssethdntle glected et exdarndgipthd sorandf ofhé he

oL et Lhe et enuber: AL AUl ore SOE S,
det ect or pi nhprgbbybeahhequagt ithe oefphectd-oshBBted rays. Rays of the
first and second scattered probe beam quantities are
directed to the beam splitter. A portion of the first and
a portion of the second scattered probe beam quantities
25 are reflected by the beam splitter to form third and
fourth quantities of the scattered probe beamn,
respectively. The collimated rays of the third and fourth
quantities of the scattered probe beam are focused by a
spatial filter lens onto a spatial filter pinhole.
30 Reflected rays emanating from the spot on the
reference mirror in the direction of the reference lens

form a reflected reference beam and are collimated and

directed by the reference lens to the third phase shifter.
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CVO 99163300 PCTI US99/ 11601 transm ssion properties of the first, second,
and third beamsplitters. In accordance with a variant of the fourth
enbodi ment thereof, | provide a nethod and apparatus for 5 discrimnating

an | n-focus i@%g@m;%9ﬁ1an out - of -focus inage by inmaging opti cglcm@@dbaishon
froma broadband spatial | y-extended, spatially-incoherent |inE source onto

a source slit conprising the apparatus and el ectroni c processi ng neans of
the previously described fourth 10 enbodi nent where the |inear array of
source pinholes of the fourth enbodi nent has been repl aced by the source
slit and the Theeasase ray of fspatipbriionert ptinbotekl vliatded fousths

enbodi ment has_been, repl ace i | sl T i tions of
t he source sI?ﬁ?l t_ﬁ%dtthéfg ps]i)% |(§% %SJ???Hgeé}%%gécrie%épfe?%eerpn%? %‘%%ﬁ to the

pl ane defi nedqni ey db 5 peiss eeslel Enedt ra s earat shof pness us £da as eaysd of
first and second conpopent values o he_anplitude_of .the
mavenunberfiI?%ﬁ%&ﬁnsﬁéhggﬁIﬁgfff?%£%é §%¥§té?e%hb?5%%'%%é%¥%9%cﬁoavalues
of orthoggnal s sermeNest Be@nsld ase Seebncgi veami thant at ¢ orpl Eixa sonshantedn
accurate neasurenent_of the conplex anplitude of the wavenunber-filtered,
spatial | y-fil¥ayed s%%x%é?gdt%?oBérBEggP?ha?c?Ediﬁﬁf%% 5 Feher B GRe of
the two-di nenséganaduant ayief detegioecpeahebeshwi bbahhepPbteéfects of

| ~. ght from out-of-focus ina?es substanti al |y cance eg out. Using conputer
al gorithms knd@httontPbsEPehf 1EFtednri FeFRRIaFEL I GRE L cTF hEESDCe Pean

t wo- di mensi onghati EPf €8€N4 B¢ | BRafbmattwa- Bymensi baah §BTitoerotot Hermbj ect
material is obtained with no scannir:gﬁrequired. The two 30 di nensional .

section il¥ selBt¥edapy FeupkRtAvansiitéffabionieoref heCtedr E8LEFFPECENd of

tree optical Bxhg, OtetpecpiobeylensolWshBdctineaganpet ehe a0Hic@MRHEES
al gorithnms known to ' those skilled in the art, accurate
t hree- di nensi éartBoquani bbes3sbotberrefsggrpdigeierence beam are

focused by the spatial filter lens onto the spatial filter
pinhole.

15 A portion of the third and a portion of the fourth
quantities of the scattered probe beam pass through the
spatial filter pinhole to form spatially-filtered third
and fourth quantities of scattered probe beam,
respectively. The spatially-filtered third and fourth

20 quantities of scattered probe beam are collimated and
directed by a dispersive element lens to a dispersive
element, preferably a reflecting diffraction grating.

A portion of the third and a portion of the fourth
quantities of the refiected reference beam pass through

25 the spatial filter pinhole to form spatially-filtered
third and fourth quantities of reflected reference beam,
respectively. The spatially-filtered third and fourth
quantities of reflected reference beam are collimated and
directed by the dispersive element lens to the dispersive

30 element.
A portion of each of the spatially-filtered third and
fourth guantities of scattered probe beam emanating from

the dispersive element passes through a detector lens to

32



representations of the object mate=-ial are obtained from
three-dinensior~~i| arrays of the first, :second, third, and fourth
intensity values acquired through scanning of the object material in

one- di mensi onwob@imeanni ng of the 5 object material is achi ewed/us§o1i6ol
systematically noving the object material iii one dirnension with a
translator controlled by the conputer. The conputer algorithnms may include
conput er deconvol utions and integral equation inversion techniques that are
known to those skilled in 10 the art should corr~ct:ioi~_ for out-of-focus

i mages be desided WNRIHERHe Ebt BpER<dat PBAC AR hI BVEH! BSrethet ibiphraitdis of the

present invention.n | A¢COr dancerwethrthecabpygntivsin, seconcthdrg, and
fourth enbodi nents and their variants, the,agfargtus 15 of the present

i nvention enpiysvav grepeey ehsl Whf edl, nhahadeldn® ekieredthaiyeah focus as
a function ofeygval Qgtgéxhty\(ﬂiég HRi Btatbkpgdaaphbgh baigrale spatisdd by

resol ution for each frequency conponent. The range in focus may be extended
beyond thé reghorieietsird bynshko200RUNEr LEBP HPege PR DIPIARE probe | ens
for a single yayel englh by) SHBLOVANGaY bendeiboss: M9ralod &Nt Nl s, dosgned

to be dependent upon wavel ength. The wavel engt h dependence nmay be designed
into the | ensobyeach nef teetinspaesakhpwhltberpdsehsydisn@diowrtthe art. Such

25 techni quesyi il e d Nee dest 9bcelal eBsMUhEEPhELS CRIRILARD plod effact | ve

ma~: erials of errng dispersion. T ens design may also i nclude zone
pl ates. |f zohksptnsEve agbewsel, paheepr theochehsthai detecpreFeemdl o desi gned
so t hat St i e ne : Lyen I i 5:30 in
focus inqgne %?ﬁ@pwﬁfé$ﬁe %gngg%Fggggf %hgeggzégp?gfgggﬁgygggégé%%?ated by
hol ogr aphi ¢ tEchnitlyuesanTotiakecldvefilegsedf refierexcendeans ange i n focus,

the beamfro S ., Musk. he ' _Gf Qpert| t 1
VO 9916330()%%%??)5@5‘5%601 %ngg%tglggéh%ggt ?Elgéagg'éﬁ%ﬁ%g? fhided
wavel engt h bavkivdt andafchetdht guehéitargeoifnredTeTebange henénthebpammbe

| ens. The fir i t [ S apn varjan

t her eof conpr?%% ?ﬁ%ggggs%pg?gﬁpaggeéﬁ%%d?ﬁé%?gg gﬁg&s%cgg%ég}@% go P
enbodi nertss ceapenssbeéhefilfehedsi sphtisddgnthltanddethtdt amdbofiowmenit s and

variants ther ol Jhec (i bh, 31 Kb SeUONL,ANd g bt e gubodi ppnt s and

[
vari ants theréeof corréspond to cer n o Iréd confrgura ns of 10 the
first, secondconhaidingnthéoliitkaenbodiayeotfs pantdovasi ants t hereof,
respectively, mherf%ﬂ the, first .prob ns @f the first

e bePLobe Len ST ——
enbodi ments havi ng %§%g%68r FOH&FtU&InaP chrBratiRCab rV%f?%HmPE

repl aced withfalpeobe, | spathavilng falketredalthdktornti €oabenr abanbitToe probe
15 lens wth Igtgrgk_chrgnatig agerrati%n gener at es or_tpf enbqdi ments and
vari ant s Ther 86f >6f "t RE®EeR6RESgPSER 6 eSdifEREE 3SFT e FRGS i n the

obj ect materiapathalliysfaltgred phdxidmendy fperpenduentaties dhe optical
axis of the respectiv raobe lens. acid,image.points of the |[ine 20 i mage
ore acqui rod CRBLERRERAFF)SEPRER: REEBULI T oL Helng¥n tBF SRECFERG | mmge

per pendi cul arpinhbbesoptichkaaxredobyt ke miAspeptivee Ae6betbensomprised
determ ned by i nation of factaqrs such as the focal |ength of the

co )
respective pr8geal RECARdOFREYNRniFtdEe oS Re fR&SEr 8FF28 efr BRAFPEST

aberrati @b of ihBentespechilvesnr ohdd ehasdiotdt ehewhbeBneABeberadiusbad, and
the optical bandw. dth of ;the source. The thirdt%roup of enbodi nents

conprise the APACAZL¥ALR; Leredadiind #NE (hAMTEh WABSAFABRt 8Tand vari ants
30 thereof. Thermedtbd tefthentlewrRinh arandHivelds Byenbodideis
vari ants thereof correspond to certain other nodified COﬂfI%UFatIOHS of the

first, ;econd;oPﬁFPdPhéﬁH £oditte e isb fidhehtds Eid tv Rhe&RT §hihErdof
respectively, waZenumber-filtered, spatially-filtered third and fourth

30  quantities of reflected reference beam. Intensities of
portions of superimposed wavenumber-filtered, spatially-
filtered third and fourth quantities of scattered probe

beam and the first phase-shifted, wavenumber-filtered,
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WO 991 63300 PCTNS99I1 11601 wherein the nufti-el enent phase shifters have not
been irlcorporate~l. The om ssion of the nufti-el enent phase shifters
reduces the degree o~ reduction and conpensati on of background from

out - - of - f ocus ina%es for the third group 5 of enbodi nents. The o?e I%ﬂs
for the third ¥P8Up Y enbodi ments, the probe | ens having aX|ar B
aberration, generates a line inmage in an object material. The line imge is
aligned.proximally along the optical axis of the probe | ens having axi al
chromatic aberration 10 and inmage points of the |ine inmage are acquired
substantial l'y <85 ffti' tlﬁl?e@iilt)éreah%hflwr thagreupraf gfaRedL meat grconpri se the
enbodi nents 13, 6 and variants thereof. The enbodi nents 13,
19, 15, and |6eafrl@c\mﬁi| éﬁtfslteﬁl@ﬁe@reafstééflﬁ@éﬁéﬁe by Ebet drferbarti ed
Conflguratlonz)?j hotiRe ikt Rea%u&%@ h§5¥%@tHul@@dp§k9bt8e§€999&”%@t% and
vari ants thereo respectlve y, wheréin the nufti-el emen~ phase shifters
have not beensem@®ﬁp@maﬁedOfTW@a@mu§$iéﬁtéﬂsﬂﬁﬁ fatvpsel enent phase
shifters reduces the degree of :2Q.re d gpgat f ckground
from out - f focus |§ag§% %or tﬁéQ Ougg%%3§§BSQOFEQEE g?neﬁggtq h2§probe
lens for the ffdurttelregr dii rof aewbddiurgit suaphétpesbet| eaglh2viedg | at er al

chromatic aberration nerates a_l.ine jmge_i object material. The
line image is ™ aﬁtegfﬁé’(‘fe’z eﬁ%ﬁ%lﬁv%ﬁ%g&oﬁgl glltﬁ8£8 tical HAFHF the
probe | ens hayngHeatrialt e et ishahent abl garand b@@gﬁdp?'h'&ts%dgf Lhe l'ine
i mag~a are acguired substantially sinmul.taneousiy roup,

enbodi nent s co??plrﬁtse@fer‘r@(ﬁ’(ﬁ%%esr'sf@ erefy SPQtlé‘lllél 361484 o¢a |h&r¥tds and
thereof. The enhodineptantht.i k8ol terand 20 rafd reatbapksyt her eof

correspond to a second set of r_ertain other nodified confi gurations of the
first, secondresrediiipedy -and Manai@edi pefitd oasd OfasiRerdmpysednD

99/ 63300 PCT/ LS9/ 1H8AI_ diharaaly, rsep%ocefatlu\yelfmt\@*}%eeltmtrﬁe 9{00%11'&@13

havi ng axial chromatic aberrat:~ on’is replaced w probe 1ens
substantial ly Ciuaé’etld?rl%a@ atdreed rasder Heiasn anﬂhéhﬁnsﬁq?@lgbmaﬁeed in
an obj ect mat ‘%gﬁ%ﬁﬁﬂ%ﬁ {19:the fdth 9nQuR 1h s 2Y Nailpg adRei nt
i mage. The degs; ee o‘J\‘CH/re uction an 1'Seensat |p%n glt)laék reound rom out of

focus i magés fmummm@%ﬁqwﬁ/m@mqu@reé@rre@fcet B@@afm fode ngpmeiu- ast

enbodi nents r | q:ﬁﬁ% Ilergag) ey rd

t her eof of thgég?lcé sét) group point or the enb Iments fi ftﬁ&%r olugﬁg%n
enbodi ment s tidetedton s san*@uaxsdtaver@egqfe@e@fswr@d Baclegrsadrd Yalarasout - of
3i ng enbodi nents a a g

t hereof of the ar enlg%q I ra?sl'(]st sequent | g?gl\y In 1e5r I'n atcrgg%r%da%evﬂ\;\ndt%% he
enbodi nent s anfi Veeredtshitheranl dfurte quanstifies ofr owdfs esfteshbodi nent s,
the signalnt 0-NOLSE AL 10 IRY, D 8l oL afinis Afl Al 19 0Pt M28dohar by
mul tiple optlca requency conponents o he source. |s i sTachireved-by
pl aci ng a wavetkeagfdurftilh trdra9® sini fher pat howf & Heévimsf erhersre- snidftoed,

reflected ref ew%{;g éa'lgsflﬂeeéee ab%% tﬁﬁ(yfﬁﬁrf%lﬂcéﬁ% R:%tﬂsd Ogné gire Lﬁlﬂpe

and/ or scattere €ans an e transmni'ssi on
wavel ength fi Id;{eantntimweoﬁ qua’ébecttedmwmmm lrmendmmctmwmst and/ or

optim ze the rﬁtltgns%% i\ ]? I\f\l\%lte eéffédfg%efﬁd%orse&a spa f|| ered

refl ected reference ahd e Wavenunber iltered
scat t er ed 2pr ob£ibeared s ammtiabljy%fnxbtlghed elspiend | ared Mmrqum&mttms for
Idlsfl;lerent wavel gng §te;rgésp:];§1% ure can be argﬂlcrcl arI Vaslﬁjl ,éed,vvhen t here
wavenumber-filtered, spatially-filtered third and fourth
quantities of reflected reference beam transmitted by the
detector pinholes are measured by the multi-pixel detector
30 as a fourth array of measured intensity values.
In a next step, the first, second, third, and fourth
arrays of measured intensity values are sent ﬁq a computer

for processing. Elements of the second array of measured
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30 strong attenuation of the probe and scattered probe beans in passing

t hrough the object material. For each of the enbodi nents and variants

t hereof of the five groups of enbodinments, there is a correspondi ng 54

~' 4" O 99/ GB30Py RK&RAAH99111601 enbodi nent or variant for witiwgr/usdanemt i on
to an object material conprising a recording nmedium Each enbodi nent and
variant thereof for witing information conprises nethod and apparatus of a
correspondi ng embodi ment or 5 variant except for the follow ng changes in
configuration: the source and reference mrror subsystens are interchanged
and the det edtdenaid Yderderesr agienkobésagtedr EpPRcERChFORT REPPHALRer ei n t he

mrror direc i f0 LGEokNMALAg,PE40 I QL
substantlalI%ﬁﬁggétloqgithtng %Q§§9tg orag vod gngggf?g§ a&gggndent

degree of rethe¢&ﬁvmpwpmﬁ$*at@emp@ﬂélEymaﬁéu§saﬁnﬁlpﬁ éeﬁéﬁéén?rgﬁas@fShlft
i ntroduced by %@%m%%&r%% 1HI2Nged, IR6eRLUAR ﬁ?@gﬁ%tBfatﬂgaé%a%Q$E%Bng

procedure to p uce the eS|red images I nt Ject materi al
phase- sh|$t|mgxﬁﬁzﬁmﬁmedmﬁéipe*ﬂ@rﬁ@casfaﬁcﬁhﬁnpéﬁabogéuthEod@ﬁecﬁﬁGCedure

of introdUC| u P Etes 1 t-h Y, r ered,
spatial ly- flltereg%gkf ?}qﬁl é%%e Eeaﬁgpo %Bp@ Sﬂgrﬁgtf se%ond third,
and fourth neasumﬂxisuhsﬂ&nu%ahmm W@QCEéﬁdtﬁgtenbﬁaements afid thar ifantre 120

thereof of the Jve.dnouns.al aThadiieq! 521606 Get! 3UA:008s ool A6 Wild I ng

enbodi nents an arlan ereo escr hererrn, a'sin t bi ha
format is usmnrmssim"rcanmfairarmrlt@noa?t taegithemd] acaalyonfl neqlse relol ect

Tt eri aly o1 1 SREALLPUAL s, ol henZcRrbad yenta andouauanie ¢ by eof

descrlbed herel 1, nfornatl rage than
achi evabl e |ratduranﬂt&nnaynuﬁsaﬁmndmsnénW@dMRsnbﬁ &he vampanms thereof is

obt ai ned by rssording. Idr RN NIYIRLARe Bl R 95 Ghrsedixdese M

format for
the plane of the detector pinholes with the effects of

light from out-of-focus images substantially canceled out.

15 The first and second arrays of component values of
the amplitude of the scattered probe beam are values of
orthogonal components and as such, give within a complex
constant an accurate measurement of the complex amplitude
of the scattered probe beam that is in-focus in the plane

20 of the detector pinholes with the effects of light from
out-of-focus images substantially canceled out. Using the
computer and computer algorithmms known to those skilled in
the art, an accurate one-dimensional representation of a
line section of the object material is obtained with no

25 scanning of the object material required. The direction
of the line section is in the direction of the optical
axis of the probe lens. The line section may cut through
one or more surfaces of the object material or lie in =a
surface of the object material. Using the computer and

30 computer algorithms known to those skilled in the art,
accurate two-dimensional and three-dimensional
representations of the object material are obtained from

two-dimensional and three-dimencional arrays,
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30 phase information at each data storage site in an anplitude or anplitude
and phase recording nedium It should be appreciated by those stilled in
the art ' ' that the procedure of introducing a sequence of phase 55 'O
99/ 63300 PCTIUS99/ 11601 shifts in the wavenunber-filtered,

spatial ly-fil ¥ ¥4*%s | ected reference beamto obtain the firstCVUEEY!
third, and fourth neasured intensity values for the cited enbodi nents and
variants may al so be inplenented with 5 phase-sensitive detection and
het er odyne detection techniques w thout deporting fromthe scope and spirit

of the presentcipyet Jéop, &orrexapplber,tBecphasetshivhli RggpreceduT~e
coi ~pri ~ed of four discrete phase shift values o , and radi ans nmay be

; . f o,
repl aced by aakFaysopfareapuppastriappatiyonastiegnpritaddedatthrpsgliency . The

first and Se?Q@Qnﬁ?ﬁ@oﬂﬁnﬁh¥a$H$§c9fmEB@rEBﬁph%Xoﬁ@thBUQQoohimensions,
wavenunber-filtered, spatial iltered scattered probe beam are detected

|
by phasg-sensF@ED@CHéV@éY§onTé§.@ﬁéirﬁﬂsﬂlﬁﬁd5§§@éﬁ@:h@ﬂﬁ@ﬁi@§F§ﬂOPI or
respectively. JhgndSsaaplbhude tﬁeCBB%Btsaa%g@falt R%geﬁh% %El'o%'ahl or_

sensitivity for detection of both the first and second harnonics.
second exanpl éncihéef prguencyodt chnefpepeér @dcéhise@hiiests mafttead ali-t h Thespect

to the frequengy giohhgcPLRRCCATANY hatePAaPlie By R gousto-opti cal

nodul at or, an and” second conponent val ues of "t he conpl ex
anpl i tude of wastnupbérafiitvpedngspati abhpcti edgred adcant ened apdoliecbeam

are acuuired - yn Lpan,, 1t .shoul reci at.e t hose
ski'led in thg*g?ﬁg?hﬁgftﬁggﬁﬁggg?ﬁéxfsugﬁg éagfgﬁfgggﬁéréﬁﬁ“gb?¥Vwiting 25
iii> ormat@oncbotopiiledl bgi ske maprwtiete | Ther matcon eat afgmoHiyhgist @@y n
single bit binary. for . Wi, LI furt.her p iated . by those sh.illed
in the art théﬁcgﬁggeggﬁﬁpkéﬁtgeéPg ogﬁgﬁggﬁt%@¥£§%gbﬁ%F regyPrﬁPPng

i nformati on t aneprsioal tdickksgmay whriiche airef dmmain o ithoske sfidnmeaf imase 3U

3 for R Tor AP LLule 88, Baze ol onl .t & M LNRL! Al ide anc
format of i nfdesdatiednbegonbethet coaghenSGtion achieved in the first and

15 second arrays of component values of the amplitude of the
scattered probe beam by the apparatus of the present
invention.

In accordance with a second embodiment thereof, I

provide a method and apparatus for discriminating the

20 complex amplitude of an in-focus image from the complex
amplitude of an out-of-focus image by imaging optical
radiation from a broadband, spatially extended, spatially
incoherent line source onto a linear array of source
pinholes comprising the apparatus and electronic

25 processing means of the previously described embodiment
wherein the source pinhole of the first embodiment has
been replaced by the linear array of source pinholes, the
spatial filter pinhole of the first embodiment has been
replaced by a linear array of spatial filter pinholes, and

36  the linear array of detector pinholes and the multi-pixel
detector of the first embodiment have been replaced by a
two-dimensional array of detector pinholes and a multi-

pixel detector comprised of a two-dimensional array of
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WD 991 63300 PCT/ US99/ 11601 transforns such as Fourier transforns or.
1-iilbe~t transforns . It should be appreciated by those stilled in the
art that intrmation may be stored in a medium by the nagnetos optica

affect and thgfy dofasgpnformation stored is retrieved by neasurime 6eanges in
the pol arization state of a probs beam scatter_~ed or transmtted by the
object material. It s:iould be appreciated by those skilled in the art |U
that the desired scanning of the object material in enbodi nents and

vari ants thereof of the five groups ef enbodi nents acid the associ ated
writing embodpivents, aresiertEnesyt hefeef dimgciisnsbel athe evededy sraani ng

the image of %9956§§8§C5 N@a?&yrﬁﬁdpEﬂQOH?ne%?ea£%Q§f§Ea§%§yl%§ % 180Hr ce

pi nhol es or thé source s ect materra mat eri a
remai ni ng st apionakys axe$h©u¢dm@ecabpretoated phanet@efEEﬁabbynghe

technol ogy" oF, Lhe. L1went | o appl | #5cT Phoanyrehesbrommgnet e padi ation,

el ectron beans uged for ectron m Ccrosco even
acoustic waveéetemtmhlphnB@leabbedcdéteqabrnglkehsesre|ungengatedsesthphase

shifters, and_yecording i u can be rovided [ a |¢at|ons mhereln
t he anplltudet%? %%eg%e%ﬁfggede% tted® F%s g P“{g% Fgge%§ Eh

function of 25nﬁf@du3|pgaméeaquheemoltﬂhplaeﬁldeudetnnst be done in the
i al.so be gppreciated

el ectroni c process t he detecto

that the |ength oft?%ﬁe? ﬁem%naﬁgsFﬁe 8r58yéc9%n935?¥ af"dan®h8 4l t ered by

changi ng zor e@mp@hentheadeeﬁhoﬁfaﬁpﬁmSuaedbdrwbhenambat BOlchreantic

aberratl of t? ?; ﬁ éf r th | at raI % mati c aberéatlon of the

pr obe Ie mn?ﬁa hd t ?Ee o?F@ 858 ng CRENGEE™ ATEnE2OBEP ]I

bandw dt h of bBEhSQUhee c5ﬁpon¥ﬁk99h683@@ BGEhUS@Qhé W1661nThecbmpEesource

need not be seatlg g |ncoheren% in the directian the ine so n the
°Ffie®Bbc F

case of eithe B oF F 8LFt ReprEf &FFE 8ﬁb6§?n§ﬁ?§ &F PHBEF lide
respective vabifanhé beastbredepaocbedbeet systermt io-¢oetas akt hawgplanthe
systematic errar will generally be,lquer when a spatially fncoherent Iine
15 with the effects of light from out-of-focus images
substantially canceled out. Using computer algorithms
known to those skilled in the art, an accurate two-
dimensional representation of a two-dimensional section of
the object material is obtained with substantially no
20 scanning required. The two-dimensional section is
selected by the respective orientations of the linear
array of source pinholes and of the optical axis of the
probe lens. The two~dimensional section may cut through
one or mecre surfaces of the object material or lie in a
25 surface of the object material. Using computer algorithms
known to those skilled in the art, accurate three-
dimensional representations of the object are obtained
from three-dimensional arrays of the first, second, third,
and fourth intensity values acquired through scanning of
30 the object in substantially one dimension. The three-
dimensional representation of the object material may

include representations of one or more surfaces of the

object material. The computer algorithms may include
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P.n advantages of certain ones of the first and third groups of enbodi nents
Wth respect to reading a nmultiplelayer, multiple-track optical disk is the
substantially 10 sinultaneous imaging of a line section in the depth
direction of the optical disk with significantly reduced statistical errors
and with a ba\’!R’d’P’égWH from out-of -focus i mages significantly ré&dtey!e!
conpared to or the sane as that obtained in a sequence of nmeasurenents with
prior art 15 single-pinhole confocal interference m croscopy or hol ography.
The sinultaneous imaging of a line section in the depth direction of the
optical disk gﬁ{b\ﬁéy%@ﬂwy&m@mﬂsr@w% St iagha) it MBtY % 1Qfn t he
optical disk in"the depth direction generated by rotation of the 20 optical
di sk, non-fl dtessi@fes hehbpt i aae Hrekn Exhdrvrseisdridtlieshsiroftiicheadpt i cal

di sk. The si ousS._ | ' L inges [ ' . i yection of
the opti cal Eﬂsi@lgcgn&?ﬂ# ir&gef%rsg%lu*t:ogfdgflétl%%;hﬂa&etesi‘q%reg%ﬂsﬂér ace in the
optical di sk hgydnd rifloe neehpen agtiudr edcRBewd anilrt drivodsins if raom maadpd e

| ayers, the r cee | i regi skrat i r. e dvant age of
certain o%es %%)ﬁ% ?rg%{r@%%lgg%%l\?%héggu%g 0 ée%o&@@% ?I;M ear espect to
provi di ng a toryrepddcproppl egamnpyi thdeappmigpetd of wdfeerpussghtin t he 30
fabrication q{ 'gg ol ted cirguits is the substantially sinultaneous

imaging cf a Tiné section in the depth direction of the wafer with
significantly redutedestatdshceavithrarsaahahiniah Ehedaskgrolingnfodmment

out-of-focus 58 _~-VQO 99 . / b ' es signlfirantly
reduced conpaaé%l?%fb%tﬁéggggng gg%lﬁjg?go%%%i %epdérl%sa éoelguence of
measur engiot s ad sbrpmivatanty snnghefpcnbholimagenfxoa)an nherzef-efic@usi cr oscopy

or hol ograr~hy. The_sinpultaneous,inmaging. of. a |lipne section i.n 5 the depth
di rection or %/lﬂﬁg%fegy ﬁlﬁﬁgngugg}ilfagg?gg%?gl?l&dﬁ’%@saehosﬁ?zi‘%t???/dto not i on
of the wafer spatheltepethtdhded]i epagentiatedcdyefait exampl @obyce onto
transl ati ons, _scanni i i mul t aneous

ng, ,or Vvibrations %h t he mafgr. ﬁﬂg
i mgi ng of a FinaUsEEt PORTi HOPREGEREN TAF BRRFLAT ST FHE SiF Wt @t Can
further be usgdoteskdant nkbyna stfir tReepobvandsdy désdhmadfescamd h
i nformati_qn acqui r.ed s%nuktanegﬁslg.fron1nul;ip%g dept hs. Aq?ggvantgge of
certain dries SFPPALMPPFSHRERE CAFr d1JFBAPEIHFY elboti Tt P RR! F2sPect to
providing a lbhtosegoaghefbeanndax aapl beuderéphgee®fby Hhol ogiceé speci nen
in vivo, an inmage which can be used _for exagple.in a non-invasive biopsy of
the bi ol ogi cafPSpERPndAneps pREayupst SRATARE LT heF (RHERRAEF i FiCof a
line section gBcbhg dRBbRifen@ChagNbeknt Repbhobagbgad SPeei AENEM tbr

slit. The directions of the source slit and the spatial
20 filter slit are perpendicular to the plane defined by the
dispersive element.

Elements of measured arcays of first and second
component values of the amplitude of the wavenumber-
filtered, spatially-filtered scattered probe beam are

25 wvalues of orthogonal components and as such, give within a
complex constant an accurate measurement of the complex
amplitude of the wavenumber-filtered, spatially-filtered
scattered probe beam that is in-focus in the plane of the
two-dimensional array of detector pinholes with the

30 effects of light from out-of-focus images substantially
canceled out. Using computer algorithms known to those
skilled in the art, an accurate two-dimensiocnal

representation of a two-dimensional section of the object
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20 significantly reduced statistical errors and with a background from
out-of -focus images significantly reduced conpared to or tre sane as that
obtained in a sequence of nmeasL.renents with prior art sing7.e-pinhole
confocal i ntewlengmoe m croscopy or hol ography. The sinul t anepapU2B/linEHgI Ng
of aline section in the depth direction of the biological specinen can be
used to greatly reduce sensitivity to notion of the biological specinen in
the depth dir.ECion generated by for exanple by translations, scanning, or
vi brati ons of the biological specinen. The 30 sinultaneous imaging of a

| i ne secti onmatara lddpg whfiaided vd thf "PheCBIBIBEi E8AVSHRE neAP8akWPir t her
be used to identd s & Surdacs Kf jandkakdiaat be khel egsgaktspeci men 59

~1~0 99/6330(1 PCINS99111601 ~.~~ith information acquiled sinultaneously
from nul ti pl e ettt i ofotHErt hed Pams§e S8t tecdrdaPh 5hRePPEiE8LoR*ERe Ofi r st
and third orayps Somedlents \Wd hrespphike bRANLAARALSr

mul tiple-~.i.ayer, mil-~iple-track optical disk is the substantially

si nul t anebus & gy Mgvof knawio-té redvesicosdi 1deet ilon tok eRE, opErBaRtEi sk

si gni 1 cant | v GGt S AL S Galo RIde0lte ABA W A DBEKAEPURA LEEOT

out - of - f ocus i'nages si gni |cantI€ reduced conpared to of the sane as 1

t hat obt ai nechie @ tsiqeshcerof teasmddmenss owiatlh apriaygs aft thendhesgi-nhol e

and slit confocg%né;uéﬁgé§;ﬂ%§% 5ﬁ&Q§fq§¥§@%ﬁQ%l%gﬁﬂggyacgn?ﬁ%éis of the

t wo- di mensi onat - $ect i o e optical s parallel t e depth
direction of tlmweowpt i oznmish:ofarda lediecathogdealiadxiis ofetrHémews 105 -

di nensi onal cti . t he i cal.-dj ei.t.her I to radia
directi ogeof e %%?nlc}{cﬁrﬁéldﬁ)ggﬂoer a&;?g%ﬂgﬁ%%éﬁgﬂt alﬁggﬁpgtgggg f) ack in the
opti ca: gl st.sy@e%mmthwcwirImgihvgczﬁje@tt \1\7@{-‘?@rr-'r_euitsiiiunezkzleseidr:nieami@fnf t Pﬁ
optical disk can be use eatl.y r | 0 otion o. e
optical disk Yh-tne %Eﬁﬁ?ﬁéﬁé¥r§?|2ﬁ°¥} %g% ig%% é%ﬁ%&éﬁgd bgh%otation of
the optical diskpunenfdbgmesshmd ntghe ioptliwh airgiteandeconviclugtioarss of t he

optical disk._The,sinultaneous imaging of. a twodi mensional .section in the
optical disk T4 Hﬁ#?%‘e?fb%q‘g%tlu%neg”f‘gerls&é%t S g%@éc Surt g{éléj,vnll .e.
ref erencesl ayes, thnsle ask el bed@nce ttireaaco i rshouleh ddrereapitionalfodi skiteto firsed

for track ideptification wth infonyq%ion(gqgfired siqyltaneouihy at
mul tiple | ayef SCHACTPRTET pre 93T RREIG e fOMRERPa-197d AL & S e
track; servingyregesappitromuldlopurlpogesesdt adwanitage .of certain ones of

t he second and fou roups of enmbodi nents wi.,th respect to readjng a
il el ayer . mil B PFERETAER ST Eaeh By e i eedh SR 60+ vo
99/ 63300 PCTIpHe941168 émsSodimémnecss thmgimgrofian lind wiectihen diaingemnt to
a layer i& or_on,the ont~c§L disk Wwth si nifjcaq%% reduced statistical

i nd 1%%

errors add caFPhWPHALRgPBENAT f PRMBLEE of 1Y el &% CEh 1 e
reduced conpaaaditfonsltbptsask msabs thad obisiaed 41y ameaetice of
measurements wLh prior ALt shoghe-pLohol s, confogal, kenlengies, mieropeory
or
apparatus of the first and second preferred embodiments of
the invention. The additional optical means comprises
25 modified paths for the reference and probe beams whereby
the amplitude of wavenumber-filtered, spatially-filtered
reflected reference beam focused on & selected detector
pinhole for either the first embodiment or the second
embodiment can be adjusted relative to the amplitude of
30 the wavenumber-filtered, spatially-filtered scattered
probe beam imaged on the selected detector pinhole of
either the first embodiment or the second embodiment,

respectively.
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hol ography. The sinul taneous imaging of a |line section tangent to a | ayer
in or on the optical disk can be used to greatly reduce sensitivity to
notion of the optical 10 disk generated by rotation of the optical disk
and/ or vi bratygngahy t he optical disk. The sinultaneous inmagi pgrRfsedisco

t wo- di nensi onal section tangent to a layer in or on the optical disk can
further be used to identify a reference track in the optical disk with
information 15 acquired simultaneously frommnultiple tracks, the reference
track serving registration purposes. An advantage of certain ones of the
second and fourt h Igr age wfaneeboditierst $lviind amdmshatertto tPreavaali ngl a

t onogr aphi c : i i f f - i.n 20 f i cation
of integrat egbo%%l% %ﬁéstt}#h%g as'fﬁ%%%f%ﬁ%% %rnu %%nﬂelg%ls&?cn%j ntgrp%f a line
section tangemnmplexa auwrfidceicofoft ke viaf-efomrs amages urfacecha cdmep@mfer with

significantly luced statistigcal eryor -qg ﬂ't. C d
out-of.-f ocusanll[pﬁjlggl{glsdjesiog]ﬁiafnl cdélﬁtﬁloyier%od’u\isegl cé%ptghr g(ge %&gg gér%‘ atér:ép%ear%re as
t hat obt abnedinprave equbfioe agft inmslasuriBsnent isyve it prmiarsartatsiamgl e- pi nhol e
confocal interference m.gros r.. hol o Jhe simultanequs. i i,ng of
a line secti o%or?parnlgselnrfg ttghea a?tof? raagteu “ofofﬁge@eo\/\g%/ %E?Jlooﬁl%i acl‘%%? lf'jtbceed i %P%f‘é

waf er can be emestirenr eatd ywIr8Cbptedicle s@arss tividdoust note oampl i tinke waf er

generated by transl ati.ons,_.scanni ng,_and/ i brations of .fhe fer. The

si mul t aneous 7 nbyT AP B R ?@otedﬁﬁfgnsﬁ%%a*ﬁsle\ztfloﬁt?%% eﬂ?fi%cﬁe urface in
or on the wafesfemgndairbdemi hecusdd oil' &/Q O G33D W T 140 Yilnho BOL1 used to
identify reference |location in or/on the wafer vrith Lnformation acquired
si mul tanégusl Te+3 ke oE%&%‘nsa}mIfn]rfet‘f‘gef 7 n?:ew?‘()%ré‘fl]ﬂb%r'étjri/‘f%’@eé'egi stration
pur poses. P, ngphela pryani pgered $eititeredthesbonesamfihdgedissttideand third

groups of Prbodjments with respect to providing a tonographi c_conpl ex
anpl i tude i magelefted vageectedPiM e e f PPYTatTOM AfPToRERREed circuits

is the substagbheldy) §i Mukdianeous LoBo Ndo@fc@ 4 W0- b 8RDSH 088 o sgction of
the wafer ~~~ith szgnlflcantly reduced 10 statistical errors and with a
background fr8fnbee-Rivhetas |FRGeseRRPAFiReaht Yy te@utedrednpireelto or

the same a5 thak ©51 Bl MLLed Madd SEAHEREEd Of o NBABYF BB Ss¥M §Ri PFEP! afhe
singl e-pinhole and slit confocal interference mcroscopy or hol ography. One

axis of the tRBadenehs? ohhrskeReTbirRiOIstRfeCohl BRatadprryf| &F $b1fhRd

depth directigp gfoblie W& £l rstd hQush FIE {ADEOHR5E8BGh P08 Bays, and the
t wo- di ner ~si enal " section of the wafer can be used to grsatly reduce

sensitivity tBhaBei oh of sependugernthtyhef depencahbinabrdvErye #Frections
generated by LhageLat 0Ny 543001 005004 05uah b 841 gRspREsE0shheraler . The

si mul t aneous 1 magi ng o wo- di nmensi onal “section iIn er can further
be used t4f i dEAVEfyY a

The first and second quantities of phase-shifted rays
impinge on a first beam splitter. A first portion of the
first quantity of phase-shifted rays passes through the
first beam splitter to form a first quantity of a probe

25 Dbeam and a second portion of the first quantity of phase
shifted rays is reflected by the first beam splitter to
form a first quantity of the reference beam. A first
portion of the second quantity of phase-shifted rays
passes through the first beam splitter to form a second

30 quantity of the probe beam and a second portion of the
second quantity of phase-shifted rays is reflected by the
first beam splitter to form a second quantity of the

reference beam. The first and second quantities of the
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surface or internal surface of the wafer with informati on acquired

si mul taneously at other |ocations, the surface and/or internal surface
possi bly serving registration 25 purposes. Anot her advantage of certain
other ones of the £ifyst and third groups of enbodinents with re§RRGH: LW
provi di ng a tonographl c conpl E~t anplitude i mage of a biol ogical specinen
in v.ivo, an imge which can be used for exanple 30 :in a non-invasive

bi opsy~of the bi ol ogical specinmen, is the substantially sinultaneous

i magi ng of a twodi nensiona? section of the biological specinmen with
significantl ypredeclesast ate sfocateérrors &amnds wWipgtpke 62am \APA9/ 633090
PCT/U899/I160#.ba€k%£§und fﬂg”"&“%50f£§§9§ Hﬂ? qgfsi nificantu%hreduced
conpared Lo of*1t=-2"Sane"3s t AaT  hbraihed i h'a seque & FEHLLT ement s
with prior arfosusgdetpi aholesandesétdénconbemalspataerfeien. . e m croscopy
or hol ography. One_axis of tl~e two--dinensi | section of the

bi ol ogi cal speci mERPYS %grﬁm?e%l¥ﬁtt?EFQﬁ%ﬁ¥l?ﬁfﬁhﬁiRﬁPQﬁ RY wafer. The

si nul t anegus bfag: O OT £ Aok Wehdi FERSE ONddb s asdamwns it the walferigaede used
to greatly reduce sensitivity to notion of the, biological specinmen in the
depth and trafi¢ef5Eeqbedi FRcRi BRSOYL MR eBP bt t3ansIPath U, 1t dhini e

and/ or vibratgnsightéd: €abbobagsea! t sPEEHIEhe THecSiddANEqYS: 4 t@gi g or
a two--di nmensional section in the biological specinmen can further be used
to identify afStifackhsFdi ArePhaFysutf e BFORhPTH™ odidd pedi§ren with

15 informati ogeagAYi §88n 6L Byl bangeusé Yo ddm Obh&ka t DCat .008, tiider sped ace
and/or internal surface p055|blé serving registration purposes.

Al
advant agé Gf PEPP&i Re@ResPBf £hB SetbHE bfd ?%%rQ%F%ﬁ§ﬁﬂx$QﬁtQﬁﬂﬁéh9Eﬁts

With respect LeaRroyidipera 28 HEFPYEAPHE CtEONBS EX:i it d Ludes igmae. of a
bi ol ogi cal specinen in Yivo, an inmage which can be used for exanple in a
non-invasi ve Bh&paghotheneesPBfofpeal SRpekffEntoisoime simstgntquanyity

si mul taneous paghBgpPbpd LEAR.SEPLLORaLANGENELL Oridi Syrdagerdi©f on the
specinmen with 25 significantly reduced statistical errors and wth a

background fr@HeBaiLeest 8EushenRgeBesPaPf rEantl yeeerlickd xopa@Rd to or

the sanme @5 tRabsebtaared in @h%egb!?QC_SfOfghgeéﬁi'{*@nﬁﬁ‘;{xﬁtﬂ}'}hof”{ll?é art
si ngl e- pi nhol e confocal interference m croscopy or hol ography. The

si mul t aneous BEOPReBPAR BESE [PREugEcthenseanpénphase askkifteceand @¥eon the
speci men can Bﬁagéegh&@teaei%' _¥o&ﬁdHC§i§€H5hEé¥{é§%¥té’f Did G A LHE m.

speci men generated by translation, scanning, a vi brati'ons of t
apeci mer ~~. TRA&esiAlBt afiebhe 63urtn0IVENBE3BP0CPCTh&/390ald aotam pgEhg of a

two-di mensi On%g\r%ﬁ%i PRl ?3%% FgaQesgﬁﬁﬁES- ? QnBT%P%‘h%ﬂ‘&sépSﬁlPFé‘dtcﬁB

further be used to~identi a reference location i Specimen w
i nf or mat idh adguiv edsdktbl taassaslyy ofr shrenpkobpl kebncathensett hease

reference 'OC%fhii‘%’EsS?E%Sﬁggsegggkg%%t 9P PULRASEScoAROpREL . 20N APLAPE BEx

certain other ones o
the fifth and sixth quantities of the probe beam being the
same.
Rays of the first quantity of the reference beanm

25 emanating from the first reference beam spot are
collimated, directed to a third phase shifter, and emerge
as a third quantity of the reference‘'beam. Rays of the
second quantity of the reference beam emanating from the
first reference beam spot are collimated, directed to the

30 third phase shifter, and emerge as a fourth quantity of
the reference beam, the net phase shifts produced by the
first and third phase shifters for the third and fourth

quantities of the reference beam.being the same. A
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and fourth groups of enbodinments with respect to reading a nmultiple |ayer,
mul tiple-track optical disk is the substantially sinultaneous inmaging of a
t wo- di nensi onal 10 section of the optical disk with significantly reduced
statistical epnongimad with a background from out-of-focus i nagasus9/11601
significantly reduced conpared to or the sane as that obtained in a
sequence of neasurenents with prior art single-pinhole and slit confocal

i nterference mcroscopy 15 or holography One axis of the two-di nmensional
section of the oEtlcaI di sk nar g Ll el to the radial direction of the
optical disk BRELiPR ©ft Adgohat® ngaB 1 HeOtwbBPNEREFBRAFCSBERNOASOf t he

optical disk ppy:berparsl!glthord bangenpltierart e8ckobn Qr r@mrthhe opti cal
di sk. The 20 sinultaneous inaging of a two-dinensional section of the

optical di sk eaanbetyisedl toegreherynredieémsendi PPyLignt 8efnmbheohobf thhe

optical disk bﬁaﬁ@?tiagka{hg'E@@ét@ﬂcgeﬂééﬁt§9 bgfneEeEBOBVOEheh%hQEh'Cal
di sk and/ or vibrations of the optical di he simultaneols 1 magi ng

of a two-d? meRspBnaPlseeer okoi AOBR énsﬁﬁéhoﬁpﬁééﬂtdl§ﬁ the tefenencse uséd
to identify appgherenge E?acgmggédtf§gkh'Q%Btbﬁk%ﬁthﬁgngﬁglggr &e%ﬂ errors

for a given track with ormation acquired similtaneously at miltiple
tracks and nuF?pr@npésbﬁﬁ@nénénTPﬁésﬁﬁlPwpﬁer?iééﬁ§cethénﬁeﬁéﬁénée 30

track servingg E%BhétEQEEPQnEHng§ﬁS spbR %ﬁv%“EQQEr%BthﬁﬁEEE h group of

enbodi ments with respect to rea tiple-layer tiple-track
optical disk is th@hgeﬁe&éméheéf faﬁténémdiu FeAshoAsRNtE o e640f WHE99l 63300

T e G L ot BaRl o0 BLuGLEORYTBRRLAN Lol TREC rBlnd AT il & AT

mul tiple-trac & back fro cus i'mages
S|gn|f|cantly1medaced eonpanedttmathauadbﬁanmé@rebyaliéqmenaéeothe

measur enent w i si pgley h cqonf i.nt
m cr oscopy orO%3F§5r§%h§EE ?n aggan gég g %ge 9% %ﬁﬁ gr§u§ eﬁggginents
Wi th respect EdopQOVhdlngtacaénagnapbict@@npt@beaﬁphstadd ithege eofgtd welf er

used in the fabri ion of i ra |ts 10 e eneratjon of an
one- dlnen5|on§$ §§% S|onag %ggt% ngﬁsﬁoﬁ e%%ﬁ@'@@ %ﬁbf%r
wth a batkgrmmmblhamnpoubfoﬁatmoms angesusm@ﬁrueoahtby fedusednconpar ed

{0 ot o0t DSghs 3o SRR PG MRRLCTRILS WA BPE bpical
advant age of thedhitith gﬁomptohoamhedlnents Wi th respect to prOV|d|ng a
 mmge. whi ch can beSSQRCE6R. BRANBRe SR T N (Ve Ve SBEORGY T -
bi ol ogi cal spenmﬁmngum&tnheegeQErahbo@r@ﬁmﬁﬂmﬁmedmmmmsu@@amrom the
backar ound’t r oI PGTAFopd SFagEs LS %%e&%mr@%‘é%ﬁ%é%&%w (S That
obt ai ned i n asegitnescdl piedsubermnt S THd s qutit@re trabrgibean nhwl e
collimated by the probe lens and directed to the second
phase shifter. The phase of a first portion of the
collimated rays is shifted to produce a first scattered
25 probe beam quantity of phase-shifted rays, and the phase
of a second portion of the collimated rays is shifted to
prodiuce a second scattered probe beam quantity of phase-
shifted rays. Rays of the first and second scattered
probe beamn quantities are directed to the second beam
30 sp;itter. A portion of the first and second scattered
probe beam quantities are reflected by the second beam
splitter tc form third and fourth quantities of the

scattered probe beam, respectively. Collimated rays of



25 confocal interference m croscopy or hol ography. An advantage of the
first four groups of enbodi nents of the invention is the substantiallry
simul taneous inmaging of a line section with a bac}:ground from out-of -focus
i mages signi f\i\,ggglgﬁ{oreduced conpared to or the sane as 30 thq’%TR?BﬁilE@lOd

i _n a sequence of neasurenents with prior art single:-pinhole contocal
interference mcroscopy. The substantially simu' taneous inmaging feature is
made possible by the int~~duction of the technique called 6J WO 991 63300
PCT/ US99/ 11601 "optical wavenunber donmain reflectonetry” (OADR). The
reduction of tthke thackiraounddws tradpigposisi e by tHwe sdaptatedpmwibd he basi c
princi pal of pinhol e confocal .mcroscapy to-an interferometric asuring
system The esaﬁbsatra?ntf%aqulsf IR areous | n%*g%rtnegr &4 Suroen@%kaessﬁ%%l€§ssi bl e
t o generate dne-tdirmegnisitonial., two-di mensional, and three-di nensionah i mages

with greatly reduced sensiftivity to notion of t obj ect duri t he
rreasu?errentyprocegﬁefjﬂﬁ% d:tﬂye%/ned‘?al tieh A poke EEr sreféj%etr&ﬁ ons in
10 t echnobogitesnt Wyeantdry tereloyedrdncd hei case of e Wi deasurefmeiis of
bi ol ogi cal systens. |In PSI d SCLI ere tcge ertgchnol og%e di scl psed herein
i s not incorporEERCs ST Bus 1M d 5 orE & Juett FHoti on
caused b?/_ vi bicﬂ_tliimedﬂhﬁmpr@md@mm k(bjb?t‘dfw@kl_ﬁétémiridm r@n? alf_éft}ﬂél'_a nse
serious limtations in the reading and/o iting tg a multiple- er,

il L1 pl - t 1 Ak BptIR ok PR i et L ST & A ES St
subst anti al | yi sitpddaneousd ITROENg ©fiad tieartl sENSt onal arsxecimPingéd fora
bac?; ground from out -of -focus jpages 20 significantly_ reduced conpared to

that obt aPned® i PW Wedqihdie T heSkur ehERtRR37 S P Hrd or 158t R ¥ heal

i nterference yALrHOSGONY: the 1sehst aatéml fvesi vl poh@ous 4 iy feature is
made possi bl e b)%/ the introduction of the OADR techni que. The reduction of

t he backgr ounke o5 datRi HorRTeI kedy TR bHbytat iRt~ thel Bedi @Yyt i nci pal

of slit confogal YALIHSEAPYoE 0z MbHLEFEF OB Id £ PRASHEA NS SYSEEBedhe
substantial ly sinultaneous imaging feature makes it possible to generate
t wo- di nensi onk$ %wdf‘w#e‘@airkmgm%aqi saeged wrtlegredtTsieetReedean

sensitiviy tQu30: 10} ion Pladbesobiect #ayEN0 RAEs NBASULENEDES Pr 96ESS. As
al ready noted, the problem of notion can pose serious limtations in
t echnol ogi es TEFPRMtTSEEPpreyerefarenee Hade ararhiviesorheadireresd stof

bi ol ogi cal syghenBechili BsdaRngp 66t tedV0 A9563800n FCHI LS99 11601apEL! due to
nmoti on caused by vibrations, and in reading and/or witing to a
mul tipl e- | ayefeCondtFpfbeckedkroperenredPerd aventbtims ratrebrapsnbhtedn

advantage of G@rigins086Sq obedNesgodirepbssand bnyARi aRGScLpEROf for
witing to a nultiple-lTayer, nultt gl e-track optical disk, enbodi ments and
e

vari ant s 2her @odntotiespohding reféertafnrehesenrethean: rsespaatingd.
g;gngHOInepﬁgggg§§%§ed'§a§Qeo§u9ﬁEaeB&§hlxnal@yh£@neey§ntmegbggo9ftﬁelIne
reflected reference beam are focused by the spatial filter
lens onto the spatial filter pinhole.
A portion of each of the third and fourth quantities
25 of the scattered probe beam passes through the spatial
filter pinhole to form a spatially-filtered third and
fourth quantities of scattered probesbeam, respectively.
The spatially-fiitered third and fourth quantities of
scattered probe beam are collimated and directed by a
30 dispersion element lens to a dispersive element,
preferably a reflecting diffraction grating.
A portion of each of the third and fourth quantities

of the reflected reference beam passes through the spatial

43



-10 --direction in the optical dish: with significantly reduced statisti cal
errors and with a background from out-of-focus imges significantly reduced
conpared to or the sane as that generated in a sequence of inmges with
prior art singhg dissHael € confocal interference mcroscopy or 1517&]@]5995)%9W C
i magi ng. The sinultaneous imaging of a line section in the depth direction
in the optical disk can be used to greatly reduce sensitivity to notion of
the optical disk in the depth direction generated by rotation of the
optical disk, non-flatness of the optical disk, 20 and/or vibrations of the
optical disk. fiheesi muditambouso i fragi g ©fatald i ne- Sieldtdwad ithitthe adept h
direction in the ti i fur sed to nerate a reference
surface in thepooupﬁq‘ﬁjca(fﬂd?gb’sis(?%u ayneeé)ﬂeg%glgc\g/}vi Ilfl%ie? eenc\/\e/?rqi ?aﬁ“g of information
at nultiple | aymssctheslef erBnees2b: 1ayky- Serve gy riggist reatd ofoypttiiposes.

Anot her advant age .of, certajn_ofher, one f_the enbodi ments and varjiant
Cher eof for wS TTHG Fheh Gl T Pl STy ehe LHETTT DIt 018 Gt ot e iand
enbodi ment § anif wert extisy t ties edf scar s espoatément Ol @6t tia e herspnesi 9 of
the first and third groups o~f enbodinents, is the substantially

si mul t aneous |€?T]ae§i?‘?fb of a two-dinensional section in the optical disk with
significantly reducdstaidstdtadasi rof stlaadsyatinm packarowr §f1om and
out - of - f ocus 65 V}Q 991 63300 PCT%U89911160 i mges significantly reduced
conpared to orfVHeiE A REI EHSE QerEral bATFR BX QR RGRTE Frenaleges Miah

prior art singhe pindedes and sl éheCONHcads i Ml L5EQE ENCR 1 DS CaRYs Ao
hol ographxp. One axis of the two-di mensional section in 5 the optical disk
[

i s substanti al¥§FParay FePmeer Thel tehtPr drrebtd bhy of i Y ehtieard ink and
the orthogonal £&xish oduiRei t 10s db fressh epate8est bion k&éhrﬁ,hfr%é&@iv@iﬁk may

be either substantially parallel to a radial direction of the optical disk,

subst anti al | y The ardesnepbarthhiettedo sPablatherfiktenrd dggtindlantd sk, or

any the directfonstih Nghghveeles The séittLABEOYSHABM Y He Focused by
t wo- di nensi onal_ section in the optical disk can be used to great?y reduce

sensitivity to-hotieheetor heehptieaforh sk 1ine hinaeptar andl@ndhogonal
di ti t } td i -flat
irectiongsgenes @t £ohPygrotathon-oi-the op B@’@éc%ﬁ’r g%%tf?oyfl‘kﬁé; Siwﬁ&{

the optical disk, and/of vibrations of the optical t aneous
i magi ng of a tY¥bdeaeRspbnhleseRetbalin-fhéteped chbivd skadafruxth her be used

to generate a 4@igfLPEEsSYET EL1bLEa FEFEEERECE ﬁ@éﬁﬁ[%ma?ﬁkofnrgefl%ﬁn&?e

track in or on_the optical disk 20 sinultaneously w t1on bel ng
i maged at nul t&pFReTaieesehament| papFest ERERYIh t Bee rddeetine leyertand

reference tracfoﬁgr%ggnﬁﬁggislfﬂ{gpe@urQB%JS_M%A}QB%Q%/%@%@(Q&I?{r eft i n ones

of the enbodi nents and variants t hereof for wri I'ple-Tayer, 25
mul ti pl e- Elackfop¥ilafugntsktiesboli rehlechad vafe¢rerce theamof correspondi ng

to certain one§e§%?g@§vg@99ndTﬁ@dwsggﬁg£F9£ofgftgiegﬁtgﬁﬁéggﬁgy}g;#é@&ed.

substantial l'y sinultaneous imaging of a [ine section t ayer in
or on the optithirdi sRdwfehrthganintabiey pédueblleGtedtiisténad leeamrs and

wth a backoropnd £50ML0H1p0f £fi0cuS:LERGES1ShANELT £8IL Y [ Rduced, gonpar ed
to or the sanme as tha generated In a sequence of ThageS W ?‘I pIP?%r art
si ngl e- pi nhol etkenpbeat contafeieacehei tinsgopyroay of detector

25 pinholes.

Intensities of portions of superimposed wavenumber-
filtered, spatially-filtered third and fourth quantities
of scattered probe beam and the wavenumber-filtered,
spatially-filtered third and fourth quantities of

30 reflected reference beam transmitted by the detector
pinholes are measured by a multi-pixel detector comprised
of a linear array of pixels as a first array of measured

intensity values. The phases of the wavenumber—filtéréd,'
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68 ~1' O 991 63300 PCTI US99/ 11601 hol ography. The sinul taneous imagi ng of a
| ine section tangent to a layer in or on the optical disk can be used to
greatly reduce sensitivity to notion of the optical disk generated by
rotation of tW&B63308al di sk and/or 5 vibrations of the opti cBFTHSEKI1601
Anot her advant age of certain other ones of the enbodi nents and variants
thereof for witing to a multiple layer, nultiple-track optical disk,

enbodi ments and variants thereof corresponding to certain other ones of 10

the second and faurth qr. f [ [ - ntical |y
si mul t aneous ”lpr?écglianlglyc_)%rlg%t%\?\rg%dit(r?rleq%g?c?ﬁt%gg;t?oEﬂgp%gﬁzggpioifcal disk with
signi ficant| yeafdduded! stedidrsriceabeenr airse @hd fvethba backaytoumsl Hy om

out - of - f ocus Ji.nmages.signifi.cantly reduced r _or .the sane as 15
that generat eéderiiB“ﬁ] s uécﬁ]cleﬁ&l i)(:r?agfg’srmvmdt Cﬁqgg?of’qg%t% gﬁﬁtéfeee%i nhol e and
sl it confocalwdwdrentrerencd vareds earyt iarl lhoeltadtapky. tBhiedaxns dbutrlié

t wo- di nensi onal__segct.i on OEI tl’tgé)ﬂpcti al fdi sk m% b% suﬁs anti.%l.l Y %%r al | el
to a radial HYEEHOFDRt HE DR TSk ATE PRETor t 858??53 axis °6f 20 the
t wo- di mensi oA risieatd W ugddie mpidenlvaisioney -Ife 1sekstantipaltliylpgral | el
to a tangent to a track in or t he optical, di sk. -The simultaneous imaging
of & tvodi merh bhEHe G drtiigh Br LaRt A e S 8T BEtSad o PaPLR | v
reduce sensi thaudd Yartd fMtdomiofsd-hioptdGalvwadieskun®e ri-f itthe readi al
directions generated by rotati of the optical disk and/or vibrations of
the optical diRkt! ’"sﬁJniﬁetra‘?fggﬁ‘s‘ﬁ%def‘ﬁqéoéjfﬁél ARGIEi RS 6dal section in
or on thegopti&adrdisK wann furdheri teediged the generabe dihelbarenaed rack
for track identification sinult n.eou.sl(_}/ 3,{9 wth witing informtion aft

X bri'§ ©

nul tiple tradk&PaHe 1 O TR 5 ST 5% Pe SEFREKS ATERY
reference tragkaSerad Nchtr@td Sty atdaepur poses. 69 V' O 99/ G3300
PCT/ U599111601 An advantage of enbodi nents an_.d_Fv_%r iearntds t her gof .for witing
to a multiple-layet?® mpIFHT 2% ik WhiFeHIstidrttered, spatially
filtered third and fourth quantities of reflected
15 reference beam are shifted by an additicnal radians
by the fifth phase shifter to form a second phase-shifted,
wavenumber-filtered, spatially-filtered third and fourth
quantities of reflected reference beam, respectively.
Intensities of portions of superimposed wavenumber-
20 filtered, spatially-filtered third and fourth quantities
' of scattered probe beam and of the second phase-shifted,
wavenumber—-filtered, spatially-filtered third and fourth
quantities of reflected reference beam transmitted by the
detector pinholes are measured by the multi-pixel detector
25 a3 a third array of measured intensity values.

The phases of the wavenumber~filtered, spatially-
filtered third and fourth quantities ‘of reflected
reference beam are shifted by an additional radians by
the fifth phase shifter to form a third phase-shifted,

30 wavenumber-fiitered, spatially-filtered third and fourth
guantities of reflected reference beam, respectively.
Intensities of portions of superimposed wavenumber-

filtered, spatially-filtered third and fourth quantities
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enbodi nents and variants thereof corresponding to the fifth group of

enbodi nents, is the generation of an ones di nensional, two-dinensional, or
t hree-di nensional inage on a multiple-layer, nmultiple-track optical disk
with a backgroymlyfssmn qut - of -focus inmages significantly reduceg-ggenanad
to that generated in a sequence of images wth prior art single-pinhole
confocal interference mcroscopy 10 or hol ography. An advantage of the
invention is that the conplex scattering anplitude of the object is
obt ai ned instead of the magnitude of the scattering anplitude as in the
case of PCl andc@tlerddi probepaeticandr Fpirdppheaatshifheds wespectbes-t he
anount of conpuyt | ysi stk equi L tajk Lwe :
one-dinensiona#ﬁﬁgagggfn%%éFé%a?yo?g%%ggggd?hgﬁgighél@Pﬁéggs%géngﬁglggject
mat eri al . Anot bér rafivantadere§erhatet heanohpahemniptedebsi hyer egttiecé&drt o
obtain the coml.e catterinp Li,t pde. | ne-di mensi onal
tmn-dinensiongB}ng gthPég- ?ﬁ%ﬁgangg thgﬁgé%f§p6¥g§tgﬁgﬁgéﬁéeéscgnpared
to that redquirdédurnhpareryaot mentucabl sypseesstguwvaéntky enpl oyed. Anot her
advantage is that if_it is_necessary,to_.correct for out:of-focus inage

whi ch are al ready g&BaFI?eﬁg FEBBCeﬁthfﬁﬁgtapﬁﬁfﬁpﬁs %Plfﬁe ﬁPgséﬁP%t%
invention, theagceaputer peesassungntegsiitgdvhouashbevesangi venal evelpuafer
correction with the aEparatus o%lthe gressn% invention is significantly
reduced conpar &8%t BXPRESESRPut eFLHPERESs Phg tPEQEFFERY ATPRYOP faleastdFH ng
si ngl e- pi nhol e iardnseapnivaguds skt scbnf-acakdamdosCanbi BY reiRgbadninahol e
and scanniqg slit confoc%I 'nt%tference nic&oscop%. Anot her advantage i.s
that for the siEA§PERESuUP etbﬁn dFEL PRE2¢oRLr PEACIHEREPEEERG YUY L ues
radiation to thg ¥8e cOhPuldBr63309i=1BCH WeQS1LtLaRAtShat hStriigal ROLSS idF

t he neasured conpl ex scatt%ring anplitude over a,%iven transverse di stance
in the object PrePts geluegi 9én enERRR-EXe ATPLALEARaP Toft e FE adde nsd

reduced in thepreppesbive taaR0disNBAt $oand war ikalt 9bathe 5 thesMector
i nvention bel ow that obtainable for the sane interval of time in prior art
scanni ng si ngl @1pPRASEe Wdbhf 688 SfAeEtreéndd Ihitc f&oB0pY thy fa fogatsor whi ch

i's substaniial linaREePaibis@Rak ik 1kNe9@ald LRt Okikhentunber +8fe fourtn
i ndependent neasurenent positions over the axial 10 inage distance where

i ndependent i s 345N PéspPEasUEEd: HE LePsd e d oIS &Y escablapiotgdafpom dde A

simlar advant 3@ rie3pdhsQ nkf @3eMenWist B @3REGH 4R Shirh COH Aedlsured
interference mcroscopy where the corresponding reduction factor is
substanti al |y présaetiitondaluest Ry $gacempyderoftolyiedd aumeasugfement of

i ndependent nMeasW.LABRL RISV LIS AN AT WIBIRE (WO disMRNgianal section of
the object material. Another advantage is that the contribution of
backgr ound?P adidg@rldtugde CHe theasicatitegiechiredbg dredie theds drsed e digsivex at
scattering anplirdifg uelod ooy et ddbaeRd AR s e Jidfed Hlgen
measurenent interval of tinme
light from out-of-focus images substantially canceled out.
Elements of first and second arrays of component
values of the amplitude of wavenumber-filtered, spatially-
25 filtered scattered probe beam are values of orthogonal
components and as such, give within a complex constant an
accurate measurement of the complex amplitude of the
scattered probe beam that is in-focus in the plane of the
detector pinholes with the effects of light from out-of-
30 focus images substantially canceled out. Using the
computer and computer algorithms known to those skilled in
the art, an accurate one-dimensional representation of a

line section of the object material is obtained with no
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can be reduced to that which derives principally fromthe size of the
conplex scattering anplitude itself, a particularly inportant advantage for
the case where the anplitude of the background radiation is relatively

| ar ge 25 conpmoed/ssiwot he size of the conpl ex scattering anpli tREdEISOTRI68! | s
not achievable in prior art scanning singlepinhole or slit confocal

m croscopy., Another advantage is that for certain enbodi nents and variants
t hereof of the first four groups of enbodinments, 30 a scan substantially in

only one dinension is r ired to produce a two-dinensiaopal image and only

a scan subst att3HMe | ?R%be d?%?é?%tfd‘?‘?s eirslaraleqru‘?cwe]urﬁ 'p?{c}a%c%l%gcmon

t hr ee- di nensi®nathdé Nage: selcti1dd 'i@ IH GIFOM fr S WSO B 1 th&0dp Aned her

advant age i s that(%gr certai.n ather e Qdinqgts and variants thereof of the
b

first four grftips bt Rt % scan! FartTH Y §oF rPidhl GO e r

di mensi on i s #Bght1Ethd ckpvaduce ehddw ed:idi mehsiongle | age. adcdhwec@ppar at us
of the instant inyention can, | ummary., be operated to (1) reduce
Systomat 1 & or e S EBn S titich S A oA B) T SRR R S G ange
requi rements ¢ olefect aliatf DLeSHiN iRl eiaiadnfvsn @ne- 4 B6of $H aiga Iredhdim

(9) increase the densa.ty of data stored 10 in optical _djsks,.(5) reduce
t he comput er WB%%@%FHZQD%/JEQREJI‘ F 1Y Yerlet R &t THer 2bn -%i?fe;n%‘%'onal,

t wodi mensi onasec®idf htigerdj rensi enatch ragesys (&) niedsicted hen eonpit er
processing required to correct for systematic error effects of out-of-focus

i mages, and/ of2{¥§S cardhEra® Uil EAEIPY rRigi e tPrbegh Beter Ry 10

nmedi um  Generghl Yan@new®rdimées ind hesesieat i&sy cambe sopheigyted £198
operation in parallel. BRTEF DESCRTPTI ON OF THE W NGS. 20 In_the

drawi ngs, wheP®jactiRateriat eht 2R TRA Y ETerB2 I Gplhy BPBHRHL Ehe

throughout thgpseyermbtyt£ap: ikl & 4dd |twd akBRed SOSLEET rébpaisSt {RE Ly, I N
schematic form the presently preferred first enbodi nent of the 25 present
i nvention froftEReaf FFRRSHRBRP ‘W1 Ehbbdi FRMESO W R Y GRE aCSHBW 7% opt i cal

pat hs bet weentgaubsysbetdr BO o Sdms 8da @nthBud8lcamguBdr B2 and 8la, 83

and 8la, and 8la and_84; paths of the electronic signals fromconputer 11B
to transllat or (3EBNERYUEEOPRHazRed shi e eFake w2 BimR y&1 BAT 8BON DGR A of

el ectronic sigpatnfaed gebwet 06 dddsé NsBUDBYSt 8 Sret Qre0BRYLES 118, FIG
b illustrates subsystem 80 where the plane of FIG Ib is perpendicular to

the plane of Fperefhionofor\ouyobrEagep images be desired beyond the
compensation achieved in the first and second arrays of

component values of the amplitude of the scattered probe
20 beam by the apparatus of the present invention.

The signal-tc-noise ratio can be adjusted or improved
and/or optimized in the third embodiment with respect to
measuring the desired complex amplitudes. The
optimization is accomplished by adjusting the ratio of the

25 amplitude of the wavenumber-filtered, spatially-filtered
third and fourth quantities of the scattered probe beam
focused on a selected detector pinhoie and of the
amplitude of the wavenumber-filtered, spatially-filtered
third and fourth quantities of the reflected reference

30  beam focused on the selected detector pirnhole by altering
the reflection-transmission properties of the first,

second, and third beam splitters.
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PCT/ US99/ 11601 FIG Ic illustrates subsystem 81 where the plane of FIG le
is perpendicular to the plane of FIG la; FIG Id illustrates subsystem 82
for the case of probe beam entering subsystem 82 where the plane of FIG 5

ldis perpendbﬁy&?ﬁ3&p the plane of FIG 1a; FIG 1e illustratgs Sih5yetem
B3 for the case of reference beamentering subsystem 83 where the plane of

FIG 1le is perpendicular to the plane of FIG la; FIG If illustrates
subsystem 82 for the case of 10 probe beam exiting subsystem 82 where the
plane of FIG if is perpendicular to the plane of FIG la; FIG Ig

il lustrates subsysienr8gofrdenchewdiibeaofforstbr embedbmant ekhe¢iragf subsyst em

83 where the plape,of th@tpbg gﬁgpgggspgkﬁg' gt i%gg-b]ghggsjﬁénﬁ& la; 15

FIG |hillusttales subsystem € case o eam ering
subsyst em 8lacahpl ext bepplidndeob [FRG 1hh fosupeipendi Cubarthe tbeppéane of

10 1o TS L0t oh syeustam. A g e a0l 1 shence bear

entering subsyaY r'e “the"pl ane o

t he pl ane sof Hhfrota; ablkiGor ppitlilhdiser ahes ssubaystern84séorathe vase of
probe beam entering subsystem 84 where the plane of Fl N
perpendicularl?agtﬁg BPiﬁgaiflﬁPéftﬂaP Eret FngFﬁﬁgﬁpgie§£§tb§§§¥en184 f or
the case of 2bxtehaeancepheamiant enicogesebsystiawm 8éunber entbeaplaneaef FI G
| k is perpendicular to the 1l illustrates aubsystem

plank.of FIG la; FIG
82 for the ca&kra¥ af §GPI8F-FB@G?lﬁéaﬁPWﬁr§56§§sﬁéﬁ1BEPBFFﬁFﬁaFP g from
scattering andiertiehliectiroresfsinigghicans subsyst emned20301vhaeecthpepl ane of
EIC% Uéégllliql_gg %ggl %%%rdign%ntth%h%lr%q(% %fheFls%urlc%; pzﬁholgvg% %Tlxlebghllgg
embodiment has been replaced by the linear array of scurce
pinholes, the spatial filter pinhole of the third
embodiment has been replaced by a linear array of spatial
filter pinholes, and the linear array of detector pinholes
15 and the multi-pixel detector of the third embodiment have
been replaced by a two-dimensional array of detector
pinholes and a multi-pixel detector comprised of a two-
dimensional array of pixels, respectively. The directions
of the linear array of source pinholes and of the linear
20 array of spatial filter pinholes are perpendicular to the
plane defined by the diépersive element. The two-
dimensional linear arrays of detector pinholes and
detector pixels are orientated with the image of the
linear array of source pinholes in the in-focus plane at
25 the multi-pixel detector.

Elements of measured arrays of first and second
component values of amplitude of wavenumber-filtered,
spatially-filtered quantities of scattered probe beam are
values of crthogonal components and as such, give within a

30 complex constant an accurate measurement of the complex
amplitude of the scattered probe beam that is in-focus at
the plane of the two-dimensional linear array of detector

pinholes with the effects of light from out-of-focus
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FIG Imlllustrates subsystem 8la for the case of an out-of-focus beamin
subsystem 8la originating fromscattering and/or reflection of light in
subsystem 82 where the plane of FIG Imis perpendicular to the plane 5 of
FIG la; FlIG whhojskigystrates subsystem 84 for the case of a baekassuneo:

| i ght ~beam entering subsystem 84 where the plane of FIG In is
perpendicular to the plane of FIG la; FIGS. |aa-lai taken together
illustrate in 10 conjunction with certain ones of FIGS. la-in, in schematic
form the presently preferred fifth enbodi ment of the present invention

from the secombgeoupiostanbbrll herganept®d P& - | 48 Wibviley Gpudar Fachs
bet ween beam%@&a@{& 100, AndLRLDSYSEE™M 82830 s beam SRld tier nk0Q, and an

subsystem 15 subsystens 82aa and 85, and subsystens 83aa and 95, and
pat hs of the ateectzbni twetgimess 1322 hndeRBesebtatigis|ah or B and to phase

shifter 44 in, 8 cLespectivelys & G, . 14 lsust Subsystem
82aa for the %%ggﬁ%iéggl p%% el%ga%?e%%%r{)%%estbs@%?%n%lwl;% Jabralctc?el\?;nere t he
pl ane of Bl Gwith $sbpeapenditylae soanheng| apeubfed] GThadWwF G | ac

1lustrates SyBsySLeOLEd Lot 18e £ases PLopLabs, AR A EIdAD Stilgyst em 85

and where the™p ac is perpen e plane of FIG |aa;
25 FIG lad ilimstratesagubSysoenc83panhotechandase die rafteracaxisamt

entering subsystem 83aa wh h I I Igg '! rpendicular to
t he pl ane of élg‘% pf%é? I]:?%g'la@gf?%ug?gagggpggggys dem \?coe%et he case of
ref erence beaml gotithmg sobsysteniB&sandkihéed ihetlpd amet 3Gafufdt® lae is

Por "the dbse BF SEattaron probe: BRARLERTEFAG S Bty St ot B Gnd ther o the 7

am exitirng subsystem @nd Where the 74

WO 991 63300 fapthised/ ft6oltpkaneddheRrbGonkaf arsaperpentheufiarst,o t he pl ane

of FIG |aag; second, third, and fourth intensity values acquired

through scanning of the object material in substantially

one dimension. The computer algorithms may include

15 computer deconvolutions and integral equation inversion
techniques which are known to those skilled in the art
should correction for out-of-focus images be desired
beyond the compensation achieved in the first and second
arrays of component values of the amplitude of the

20 scattered probe beam by the apparatus of the present
invention.

The signal-to-noise ratio obtained in the fourth
embodiment can be adjusted or improved and/or optimized
with respect to measuring the desired complex amplitudes.

25 The adjustment or improvement and/or optimization is
accomplished by adjusting the ratio of the amplitude of
the wavenumber-filtered, spatially-filtered third and
fourth quantities of the scattered probe beam focused on a
selected detector pinhole and of the amplitude of the

30 wavenumber-filtered, spatially-filtered third and fourth
quantities of the reflected reference beam focused on the

selected detector pinhole by altering the reflection-
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FIG lag illustrates subsystem 82aa for the case of scattered probe beam
exiting subsystem 82aa and where the 5 plane of FIG lag is perpendicul ar
to the plane of FIG laa; FIG lah illustrates subsystem 95 for the case of
reflected reference beamexiting subsystem 95 and where the plane of FIG
lah is perpentdPPdt3to the plane of 10 FIG laa; FIG lai il IRiS{YRPALN
subsystem 83aa for the case of reflected reference beamexiting subsystem
B3aa and where the plane of FIG tai is perpendicular to the plane of FIG

| aa; 15 FIG 2a-2f taken together illustrate, in schematic form the

presently prefess e Second, embodi nento pftider presenteddwent ipa whitbgFl G 2a
showi ng optical paths between subsystens 80a and 81, 81 and 82, 81 and 83,
82 and 81b, 83FREBUILLLARY- 81b and B4a; paths of the 20 electronic signals

fromconputer 118 {0 fragshatok a%ﬂ@z@%éﬁM@S@f shivd t 85, A48h 1 BrnBHRSHEHEM

83; and path of electronic sign fromdetector 114a in subsystem 84a to

conputer 118;the@opb TIPLGYHAR €3 BubIYSt Wik sTPaRREES ther pl ane of 25 FIG
2b is perg,endaggéﬂmmawﬁgp$@n§n0fol&@%ﬁé?@nﬁrérhe%@&ngbﬁﬂg%}l%he line

source and the~linear array of pinholes e in the plane o 2a;

FIG 2c illustragesbyubnygiem ablifal radlzhisen of romobedbeadbentering
Sybeyelen Lbopibene |DePLatessl SFL o oy 2t b pETCLY BEp0c! L ane
2a; 75 \VV @l sopree)slit’ omwedeingt thetapparatus and electronic
processing means of the previously described fourth
10 embodiment where the linear array of source pinholes of
the fourth embodiment has been replaced by the source slit
and the linear array of spatial filter pinholes of the
fourth embodiment has been replaced by a spatial filter
slit. The directions of the source slit and the spatial
15 filter slit are perpendicular to the plane defined by the
dispersive element.

Elements of measured arrays of first and second
component values of the amplitude of the wavenumber-
filtered, spatially-filtered scattered probe beam are

20 wvalues of orthogonal components and as such, give within a
complex constant an accurate measurement of the complex
amplitude of the wavenumber-filtered, spatially-filtered
scattered probhe beam that is in-focus in the plane of the
two-dimensional array of detector pinholes with the

25 effects of light from out-of-focus images substantially
canceled out. Using computer algorithms known to those
skilled in the art, an accurate two-dimensional
representation of a two-dimensional section of the object
material is obtained with no scanning required. The two-

30 dimensional section is selected by respective orientations
of the source slit and of the optical axis of the probe
lens. Using the computer and computer algorithms known to

those skilled in the art, accurate three-dimensional
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FIG 2d illustrates subsystemBlb for the case of reference beamentering
subsystem 81b, where the plane of FIG 2d is perpendicular to the plane of
FIG 2a, and the linear array of pinholes 18b lie in the plane of FIG 2a;
5 FIG 2e illygidhrtns subsystem 84a for the case of probe beamcghnises i o

subsystem 84a where the plane of FIG 2e is perpendicular to the plane of
FIG 2a; FIG 2f illustrates subsystem 84a for the case of reference beam
entering subsystem 84a where the plane of 10 FIG 2f is perpendicular to

the plane of FIG 2a; FIG 2aa illustrates in conjunction with certain ones
of FIGS. 2a- 2fepriasesdhdmatisc offolime o esite 8@y 2r éfrer odd asiingch faeBodi nent

of the presentdNentihiram bheasecend wwicoun af emodimmntsiid h S 2aa
showi ng optical paths Z5 between beamsplitter 100 and suBsystem’'8Zaa, beam
splitter 100 fand Bubssnemt83yal ussbarsiidmedg aa caed: 8% ararid s wifsydteens
83aa and 95, - f; the el ectronis Si-ghal 3 ; ? {0 Lransl at or
116 and to pr?a gecgﬁitrﬁscee?lzfi i"rr11 gﬁ%sfg{ﬂfgm 83aa, ?g;epééﬁ%\?)é]%, 0218 tIPIeG 3a- 3l

t aken t ogbt herbiddtugtatatra,ali ri ssclvdrgtvied foor my sttiesariesdnity ynqoriefeerthed t hird
enbodi nent of ;the .pr . _ianvent i an i El showi tical paths

bet ween subsyos%j}n%tpé%scgenr}t&3811?5%8%mf'%n éﬂtfgl,&é)% éﬁgth, Wg%glsg%dg 3a, 82 and
8la, 83a and dira;rcnicdBlhy dmed 84mppdichs ofTh25 doimgudleat tarlgyuircl tdingnalasy f r om

conputer 118 to translator i fter i.-n _subsy.stem 83a;
and path of ellrécc]turqgenicc()%lﬁud:ne;rll %?%%%Jggt%g?) g‘%% i‘ﬁltse safsteeqﬁ%éf Ottno conput er
118; FI G 3b intarstirat e cubsystsernt8G \wher érntchen prlcarhoafe 3kiAIXe@d 3m i s

Ber P GH P10 e LA AL ELEL A s, SR Ul er by stem o1
1' VO 99/ 6330Qdesired beyond the compensation achieved by the apparatus
of the present invention.
In accordance with the above first, second, third,
and fourth embodiments and their variants, the apparatus
15 of the present invention employs a probe lens which may
have an extended range in focus as a function of
wavelength while maintaining a high lateral spatial
resolution for each frequency component. The range in
focus may be extended beyond the region defined by the
20 numerical aperture of the probe lens for a single
wavelength by employing a lens whose focal length‘is
designed to be dependent upon wavelength. The wavelength
dependence may be designed into the lens by using
techniques known to those skilled in the art. Such
25 techniques include the design of lens multiplets comprised
of refractive materials of differing dispersion. The lens
design may also include zone plates.> If zone plates are
used, the probe lens unit is preferable designed so that
most of an optical beam component at a given wavelength is
30 in focus in one order of the zone plates. The zone plates
may be generated by holographic techniques. To take
advantage of the extended range in focus, the beam from

the source must be comprised of properties to match the
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PCT/US9911 | 601 FIG 3d illustrates subsystem 82 for the case of probe
beam enteri ng subsystem 82 where the plane of FIG 3d is perpendicular to
the plane of FIG 3a; FIG 3e illustrates subsystem 81c where the plane of
5 FIG 3eis \Qarallel to the plane of FIG 3a; FIG 3f illustrates
subsyst em 83a¥PdP"613& case of reference beam entering subsyst &85 H5LY e
the plane of FIG 3f is parallel to the plane of FIG 3a and phase shifters
34 and 34a are shown rotated 90 degrees about the 10 axes 3a and 3c,
respectively, for illustrative purposes onl y; FIG 3g illustrates

subsystem 82 far h P[90S £Xi fing yst e the
pl ane of FI Gpr%é)ei&?elge%?ggfngﬁf c&gl ar teg t he pl anég of F Gf vgézgﬁl G 3h

il lustrates $uwhsipstddrn 884 dlord tihe Waserafge efrervarioel dyegirh end ttihey mdisy st em
83a where thleL | ane of FIG 3h is perpendicular to the plane of FIG 3a and
phase shifters 34 and 34a shown rotated 90 degrees about the axes 3a and
3c, respectively, Ther fiiltsist redcwed purlposes 201 oy tiFl €ab@lindd tustarat es

subsystem.81a_far__the .case o robe. be ent er | subsyst em.8la where the
pl ane of FI GvaﬁlalnstSpetr%pee%%‘f%u#)%nr‘p]flog? @%P%alnléé%?gﬁ@ %%a;er?‘—k?%%]?ﬁnets'
illustrates stsysteamdBlardwor ¢heentas@imdn2d cafer eye et e afi it ers ngth,

subsystem 8la wher.e the pl an f FI.G .3]._1is.perpendicul ar to the. plank of
PG 3a I G oS st B end R bt o T oo they Tkl bt tp}}%“ioeeo%ea?ﬁq‘e

usttates subsystem

entering subsfisttam 84 witter es¢henph anendfe FHliG h 3kmbed pespendodl| e r tanttdhe

plane of FIG _3a; 30 FIG 31 illustrates. subse(s em 84 fPr t he case og
i b aheC

reference beah et %Olg"%%%%%‘i’ eh? g2 hhat’s THe HEageRy ©
per pendi ¢ol arthie fihestp] anecofid Fl €hidd, ' aid foWtN %hb3d e 14i59) 1 | 160l
FIGS. 3aa anqv§¥¥23ﬁ54éﬁé£ggg,ipegggégggé.QP xﬁéﬁgin the first probe
lens of the first group of embodiments having an axial or
longitudinal chromatic aberration is replaced with a probe
lens having a lateral chromatic aberration. The probe
15 lens with lateral chromatic aberration generates for the
embodiments and variants thereof of the second group of
embodiments a line image in the object material that is
aligned proximally perpendicular to the optical axis of
the respective probe lens and image points of the line
20 image are acquired substantially simultaneously.
The length of the line image perpendicular to the
optical axis of the respective proke lens is determined by
a combinaticn of factors such as the focal length of the
respective probe lens and the magnitude of the lateral
25 chromatic aberration of the respective probe lens, both of
which can be adjusted, and the optical bandwidth of the
source.
The third group of embodiments comprise the ninth,
tenth, eleventh, and twelfth embodiments and variants
30 therecf. The ninth, tenth, eleventh, and twelfth
embodiments and variants thereof correspond to certain
other modified configurations of the first, second, third,

and fourth embodiments and variants thereof, respectively,
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certain ones of FIGS. 3a-31, in schematic form the presently preferred
sevent h enbodi nent of the present invention fromthe second group of

enbodi ments with FIG 5 3aa showi ng optical paths between beamsplitter 100
and subsyst erw82ee330beam splitter 100 and subsystem 83ab, subsgpU&IPsl1gRaa
and 85, and subsystens 83ab and 95 and paths of the electronic signals 132
and 133 to translator 116 and to phase shifter 49 in subsystem 83ab, 10
respectively; FIG 3ab illustrates subsystem 83ab for the case of reflected

reference beam exi.ti subsyste 3ah where the Iane of FIG, 3ab_is
parallel to Vg% 395? 3@} §g%“§ﬁ§:6ﬂ5§%‘§%Fﬁf§F§ §Evﬁn80§4§eﬁpe shown
rotated 90 d@gxrrmolzatasbput THe caies idin arfd t$sre, miaspeetiexehy, phake

illustrative purposes only FIG, 4a-4f take ogether illustrate, in
Schemmt ¢ 1 oPL TS o glBIaasy TR Er ol 0ot A CorPERsape8ent

invention W bl Ea@k&@\ﬁfmwm Qpid-Gad- fleadis 12Q et ween taubsystramgr8@g and
B1, 80a and Blc, Bl and 82, 81c¢c and 83a, 82 and 81b, B3a and 81b, and 81b

and 84a: pat R MBHKEMAE r onin® HIGRA ¢ FrorhCorkh® ¢ 1FEBIEEUPr Qhs| at or

116 and to phaspSdies, ahd rpr%tbﬁyl%rﬁgﬂr&a@ngaradumt f&h%m%lt%%trom c signal
fromdetector 114a in subsysten184a to 25 conputer 4b il lustrates

subsyst em 80&bfHerad ¥He pq%%f"&ﬁae AF g5y ﬁéh(fi%l?lbérecttom@ﬁé”ﬁﬁéne of

FIG 4a; Fl GryRe iiilddistffesi & W ﬁ&ﬁxmltyh%m@et% $eAtitaned probe
beam ent eri ng subsystem 81b mhere t he | ane of FIG™ 4c is perpendicul ar

to the plane?flFI1qE e papbe W@ngaéelm FUEH PByoretéol apesr akd on
illustraigs suRsystem Fbidfy dharase ¥ image are acquired

substantially simultaneously.

The fourth group of embodiments comprise the
embodiments 13, 14, 15, and 16 and variants thereof. The
embodiments 13, 14, 15, and 16 and variants thereof

15 correspond to certain modified configurations of the
fifth, sixth, seventh, and eighth embodiments and variants
thereof, respectively, wherein the multi-element phase
shifters have not been incorporated. The omission of the
multi-element phase shifters reduces the degree of

20 reduction and compensation of background from out-of-focus
images for the fourth group of embodiments. The probe
lens for the fourth group of embodiments, the probe lens
having lateral chromatic aberration, generates a line
image in an cbject material. The line image is aligned

25 proximally orthogonal to the optical axis of the probe
lens having lateral chromatic aberration and image points
of the line image are acquired substantially
simultaneously.

The fifth group of embodiments comprise embodiments

30 17, 18, 19, ard 20 and variants thereof. The embodiments
17, 18, 19, and 20 and variants thereof correspond to a
second set of certain other modified configurations of the

first, second,' thixd, and fourth embodiments and variants
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reflected reference beam entering subsystem 81b where the plane of FIG 4d
is perpendicular to the plane of FIG 4a; FIG 4e illustrates subsystem 84a
for the case of 5 scattered probe beam entering subsystem 84a where the

pl ane of FI G #fyoisS3gger pendi cul ar to the plane of FIG 4a; Fl Gediseenisor
illustrates subsystem 84a for the case of reflected reference beamentering
subsystem 84a where the plane of FIG 4f is perpendicular to the plane of
FIG 4a; 10 FIG 4aa illustrates in conjunction with certain ones of FIGS.
4a-4f, in schematic form the presently preferred ei ghth enbodi nent of the
present inventhenebfonrthpestcoadygrwbprein ehboddnene slews hhEvGngdaaial

showi ng optica at hs be en,. pl.] 00. and_sub tem 82aa, beam 15
splitter 100 5%58§ﬁ zﬁs %%?ﬁ@ggsggg%s%é%%ﬁéeézgéagn% %?ggngegﬁbsystens
83ab and 95 amdbpathsiefllyhérekeofrenielscignahsti2zlaadrdB83oho t rfarsl at or

116 and to phase shifter 44 .in _subsystem8 respectively. FIG 5 _depicts
the geometry oF°4°r FPEERTRY &8n?8c§P3%g%ﬁ%%?%%%%%gb%A?%b?%ﬁWeP gPhg
sections; ¥l Gth6 tsfahgnaphpdepi abinngaihg anpbittidemafe an Dutoliehmews cifmage

inth tial-fil [ I I I, d it he f f d
embodi mont s aRBCVSF L ARL 8501 CCRESBPaF 4P P oo BrbaakRENER of  CReOHEaBERt 25

i nvention; Fl @ocési $maggkapbrdephotiingnasr efilectietaneteteneecheam ampl i t ude

in the spatial_.fi|ter pinhale plane iii accprdance with the four preferred
enbodi ment s afdy rﬁ5ﬁ§? 82 FW@OSF@FBFﬁeaSeﬁQSdFﬂEﬁt%Sth?hgeﬁF8§eﬁF 30

invention; Fl&gdudai8e kekatempenkkthogr aphybandqgtbsnapptbsabi@notro
manuf acturing integrated circuits wherein FIG Ba.is a 79 \V V
“JY/ b, ~. i 181 ifofUP~dlgges Loy COTEEREARAIBIJPRRPAGTBRtE PRENTGFABRY S
exposure syst emedsorng it hfeContreeakrougr 8ECORNCYRERRE . Fl €5 8haard Be are
flow charts describing steps in nmanufacturing integrated circuitskeand
points for the embodiments and Variants thereof of t
fifth group of embodiments are acquired sequentially in
time.

15 In accordance with the embodiments and variants
thereof of the first four groups of embodiments, the
signal~to~noise ratio may be also adjusted and/or
optimized for multiple optical frequency components of the
source. This is achieved by placing a wavelength filter

20 in the paths of the reference and/or reflected reference
beams, preferably, and/or in the paths of the probe and/or
scattered probe beams and constructing the transmission of
the wavelength filter to have a specific wavelength
dependence to adjust and/or optimize the ratio of the

25 wavenumber~filtered, spatially-filtered reflected
reference beam and the wavenumber-filtered, spatially-
filtered scattered probe beam transmitted through
respective detector pinholes for different wavelengths.
This feature can be particularly valuable when there is a

30 strong attenuation of the probe and scattered probe beams
in passing through the object material.

For each of the embodiments and variants thereof of

the five groups of embodiments, there is a corresponding
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5 FIG 9 is a schematic of a mask inspection systemusing the confocal

m croscopy system DETAILED DESCRIPTIOQ OF THE I INVENT I ON 10 The
present invention permts the separation of the conplex anplitude of

refl ected andAxs og@zaget ered |ight by a volune el ement of three-ginessiona
object material space fromthe conplex anplitude of background |i ght
produced by 15 superinposed out-of-focus images of structures before,
behind, and to the side of the volune el enent under exam nation. The
descri bed tonographic technique can separate a desired conpl ex anplitude
signal in an ¢WaQ@lPRBREOT rva * Hak kb ool THHH i et bier" te odpl eRJect
anpl i tude 20 ﬁageﬁhélggggggigﬁ;@ya VALLOMS: MR CGHAN S o baskglpergd and

f oreground conpl ex anpr e signals may be (1) outbf;focus I mages of
sections of aamndbyertapht eheérneodbt hey whahing |1nogettionh opMpHbs € nensi onal

section being ] d 2 i f I : i ignal, (3) 25
scattering o?mégg%§|§“§r%8§%g%%§% ??0%1%éﬁﬁ%é%ﬁéﬁ#éﬁwé¢éﬁgg%§h?iﬁ% section
or two-di fensvenaknseekicentbépngtheniell owing orhqges hior nednf dgianat ban:
Scattering si n her il jafti e o) ed in the space
before, to théﬁ§i§83r§%d?§? Béﬁ?%%ﬁggPTﬁ%Hégc%?%gy%ﬁgﬁémgg% di nensi onal
section of aniobpechangder apdahh@at¢bectTheanadchdl euionfpihkopeesane

invention is | t it h_ej : [ t -
discrininatio%gggggggtSgu?{%PFE%%Bgﬁ?ﬁ%b%29h$H£{ ég i?%fgfégeER?L%5%Pt8o
WD 991 63300 PEFHISEBLL1E6QLcE) impheginpubsethesponser fswestansiallynkagchg
subsyste of _t he r at. f nt_Ln | r ni a i
ei t her of mooér?ﬁ%gggaﬁagﬁa%eggﬁéogéﬁfgd%%#ng %%%%?%iﬁg?ﬁgﬁﬁgﬁgt?ggﬁégof
phase changesefregpéetitietiyy atdbaptpinpbsraily haend espectiaVeyi dagendent

subsystens. In,th nd.level, (Leve| he_j1pul se response functions
of i magi ng suggéggi%ﬁg%gflpﬁéggﬁéggaﬁﬁsg%? %hgr%¥e%%%?n?%§eﬁPion are
mani pul at ed i nohduhcaficthwaiaht Boghaak-phafiesndyprotedduei hg pwoddcsehnbeona

patterns of phase _changes 10.at pupils of the respectjive i ing, . ...
subsyst ens. AQE§&§F * a@@?iﬁ?nﬁﬁ?oﬂtﬂgg sm?geﬁlﬁgre ??e@g?gg Shifting
di scri m reg i oprokedutreofpeirdounsi aagasct iom anafogossi tageke Wrbheragpect to

both systemati tati.stical , th L 1 disgrimnation.
Covel "1 and. LEVel s "B P AaPPONE Ay TSohR P gl Chbt o FBF any of |t he

preferred enbedvermni®cidt 1aeeecdesepbhedllyheienabtiinge feebneldogy of the
pr esent inventign which.is

common,to each of the preferred enbadi_nen of
Phe i notant | ROOREFGodergaPetbkPin SieRor SPOPRE: LEDEFO20D0foLarE: 2
di scri m nat i oneasnirdesdnteadiigr @anuesl ¥otoththempoeinened anbodiareahssw th
a Level ;% iscrimnation. The . Level 1 dis¢crinngtion is based on a
parti oul 20 or FBRESBT0R foithen TFEndaaHRP BEARBPPHLBRRER  the | npul se
For certain ones of the writing embodiments and
variants thereof described herein, a single bit binary
format is used to store information at a given location in
the object material. 1In certain other ones of the
25 embodiments and variants thereof described herein, a
higher density of information storage than that achievable

in the certain ones of the embodimenks and variants
thereof is obtained by recording in a base N format for
amplitude or (base N)x(base M) format for amplitude and
30 phase information at each data storage site in an
amplitude or amplitude and phase recording medium.

It should be appreciated by those skilled in the art

that the procedure of introducing a sequence of phase
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response functions of imagi ng subsystens are mani pul ated. 25 The choi ce of
the orientation of the orthogonal plane in which the inpul se response
functions of imagi ng subsystens are mani pul ated i npacts on the degree of
reduction of tQe ffhpets of background beans on statistical errgrsyashigyed
in apparatus of the present invention. 30 Referring to the drawings in
detail, FIGS. la-In depict in schematic formpresently preferred first
preferred enbodi ment of the instant invention. As shown in~FIGS. ~la-In, the
preferred enbodi nent of the present 81  wu 9~ubssuu | ~CT/US99It 160t
invention is ashi frter fer bhet erave@mqmtiaecfidfteaceblealspsmhiaﬂﬂer—fi(l(i,ereblj ect
material 112, r re n rQr di_spersjve_detector

el enents 130a 5ﬁ§T gﬁg andeéle e:toef()?t gr?" ]Q.Lf4rgbﬂ?|l§1 coﬁf |fdl5rS§t’i S8 %nown 5
In the art as ahMdhebhsdnfbntéhf ererseted mn@msatqhwﬂues &osi rtrmleec1ted
illustration. nt er.f eronmet er as a

pol ari zed i ~i cﬁ’@g 8ﬁmieﬂggr13890rrgrlramﬁd Y § ssé’r f ﬁe&mp eé’ﬁ‘r gfretdi (‘5°Il enti tled
"Differential bhheef—eeneﬁtEWeAﬂrea;mgﬁrm arfdhebiesbante aedel® idngl e

Measur enent s: | es ant ag | i cations,” by C Zanqni VDI
Bor chte nie - 7h8chnEu85 At h0s0 Sy R Msrpati: daons: Fthetagpdr

of FIG la-In %tehputesehgnnfwe&rttllom dept igxgniplen tthe pialslt satn&tae@pe Of
the preferred first enbodi nent of the present 15 invention, The orientation
of the plane i R*GAFERTENECTRPAISES roefsp’g]ﬁ’st LHHCELEn POR S&n Shiddi 1@ 18655 P<t em
i's mani pul atedgin the firsingref erded emodl t i e

pl ane of FIG l'a and par allel to the opti cal %‘Irsép%a%ﬁ]cg% I Lrgalg{ungé)q&al’l
subsyst em 1l Gphibedepirdbs ibon sdhengiliicdde m one erdedément of thme first
subsystem BO shown in FIG l|a. The plane of FIG 1b is perpendicular to the
plane of FIG PRA PEFORRe CPMPOR el aF dhibddienmssmplisxgrimpddiise of i s
preferably a 23a;p@hRneQUrGe tRir &1, SRaid@ld iy y NCARRNRR QWS Lf ;ﬂ' feat i on
across surface of the source, preferably a l'aser or |1ke source 0O oherent
or partially cbReFeRrer SeTraCtes hibdthasestsanyitive sigdeduicadianttheaser

and preferably l.ar iyzed FSOMK ts al ed 30
with optical a;(f?gsg g?l%sgglsc;?gﬁam 80. &ﬁé‘%hﬁnm i nk%@é&c?%?@}rgght lIggam 2
enters focuSi ngimlpéniu@eand 15 d:bcasedsattpahhbherB is aiarm.g@h psaneifivitght
beam 12 conpri 991 63300 PCTI US99/ 116 lurality of

| i ght beans 12%‘” %"t?Ct&oaﬁ e d?%t?fr thie i A é%% 15 4%ns e
havi ng an opti ealseaxngl akiagpad WittHe Ome@ﬁénca)(lrﬁf Irf sdfesyestieemtaim Light
beam 12 energes_ f.r mIen 16 as collimated [ight beam 12A 5 conpri sed of

| i ght beans I2!§hflc €4y Wilth repngaf nﬁ‘r 6N TR DI RaAt er
14 is conprisedoaf eﬁz@@i@a@gmjwrdrprmsaa;-sttbid;erfcalﬂmﬂom&ato%, Gdiale aigst

| ocated so.that their respective optical axe e aral | el to optical_axis
3 of subsyg{)ema@(ﬁi SREPES ﬁéimptoﬁterhtgr’?baelru‘ﬁ a@b‘e y

sui tabl e nurrbeIWa,veb@IniB@rarflllﬁ‘tngﬂi aﬁwtﬁpmlﬁlsﬂmls};ﬁt%récb prodeor the
case of ~ , ¢ case of four hase shlfter bei n sufficient to clearly
show t he rel atl (?ﬁé‘hlaﬁeoé‘ﬁ%’éﬁp ¥ngyfd s of the present
invention. Par al | el I|t| @Movhenre %ﬁeczaté@ By -thdas Ssthrugh Phase art
shifters 19-1,-2,-3, - respectively, and energe from phase shifter 14 as

| i ght beans 12éhf‘L 2”1‘33 empodiggiElet | {7 y amreths daifpresl faghtr Yeld 128B.

Each of thgsphasgothiaftiens ot cﬁ:@i’@eﬂ%ﬂsk@trﬁ%ﬂ%@e PGS e {dn Ot radi ans
nore than the phase 20 shift introduced of the phase shlfters 14-1

and 14-3, the PRI SHi%Ss imtFoted by lbh%rév s’?ﬁ’fnﬁaeﬁfs T4 Wighd bie- 3
bei ng the sanme.further appreciated by those skilled in the art that the

embodiments and wvariants thereof for writing information

to oprical disks may virite information in the form of base
30 N format for amplitude or (base N)x(base M) format for

amplitude and phase at a memory site or as transforms in

{base N)x(base M) format of information to be stored,
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In) '"IG la, light beam 12B exits subsystem 80 and enters subsystem 81. In
FIG 1c, |ight beam 12B enters 25 |l ens 26 having an optical axis aligned
with optical axis 3 of subsystem 81 and enmerges as |ight, beam 12C conpri sed

of light beang 393/&'830'21'3"4- The plane of FIG Ic is perpendipukariikq the
pl ane of FI G Pa ens 26 focuses |light beam 12C to i nage point 18 in inmge

pl ane 17. Light 30 beam 12C energes fromimage point 18 as |ight beam 22
conprised of light beans 22-1,-2,-3,-4. Light beam 22 ' enters | ens 36
having an optic2l ar>is aligned with optical 83 1V0 99/633t)0

1' CT/ US991116lkraxicen® swirsdy stsefo8ieli ghenisdamma?2 cgnerigdsfir om ~, ens 36
and exits subs sggg;%% as collimated |ight beam 22A conprised of |ight
beams 22A-1, - 2234 As shown In FIG Ia, | i ght beam 22A is partially 5
transmtted by beam spldulttebel @@pascliiglht bgarmhP22B stanpradseich dthd iaglit
beans P22B-1,-2,-3,-9 and .enters subsystem 82 which,.is sho~~in _in_Fl | d.
In FIG 1d, I‘}}barﬁ B Hﬁ%ﬂé’q IIPSiyn &s “ot gda%ﬁ]hé’séneéjﬁi% jfr—v ZtAPGCW estgd_ of
phase shi kbt ergpt2dedl, - fet - Andl@al0 tpleana folrmaltGon dtcrqueripendi cul ar to

the pl f FIG, la. Ph hi f.t 9 | ised of the s f
el onbnt s a5, piRiSe: Si FOF ER Hid o CCRO A FIEE SR A5 g Do

P22B-1, -2, - 3,08 Passosddirsmigh phase rshi fotrerncs a2l tt2d dy Gha espectd vel vy,
and energe as || gh.t 15 beam P22C conprised of |ight beans P22C 1, -2, -3, -4,
respectively.™ ]peh]ase shifts introduced by phase shifters 24-1 and 24-3

are of equal val uest Whalldane: ragirars avece Hyhamddwe phiasie:Shid ttHantaraduced
by either phase shifter 24-2 or 24-4, the phase shifts introduced by 20
phase shitft er's'®l- B¢, S RGINFIHP Sdu e\/éﬁﬂeesc.t T SurAbf* he phase
shifts producgghdyimasts paid afriphase t$hidder Hlate anidy@4ydoupd-ox and
24-2, 19-3 and 243, and 14-4 and 24-4 i S‘cte:g:di ans. Thus there is no, net

rel ative phas®RPfFTelhet vitth ﬁ'}“r’y &SN G Wilght"% Singspcend o 3 -4,
Li ght beam P22& passesthdwaupnd ens 26 s ddrghivdieasy Re2Dueonprirsed of

i ght beanms P22D-1,-2,-3,4 which is focused to forma |inge inmge centered
at i mage poi nt™2%ei ¢ | MRy PIRGIEVE SP U R P ibin EIY of the
line i mage i Sosubshans isd Ao Pey ald alhd adhe-SEG10pt | Gal trexish-Pedf | Magi ng
subsystem 82. The length of the |jne ir’rqge Is determ ned bg/ a, conbi nation
of factors sUBRCEEIRhe"HEpt P OPRIRGs B T bt BT r 3t 3 oPRA %r obe

It should be appreciated that the “enabling
technology” of the invention applies for any
electromagnetic radiation, electron beams as used for

2C example in electron microscopes, or even acoustic waves
for which suitable ccllimating lenses, imaging lenses,
phase shifters, and recording mediums can be provided.
For applications wherein the amplitude of the beam is
detected instead of the intensity, the function of

25 producing the square of the amplitude must be done in the
electronic processing following the detector.

It should also be appreciated that the length of the
line image in the object material can be altered by
changing for example the depth of focus and/or the axial

30 chromatic aberration of the probe lens or the lateral
chromatic aberration of the probe lens with the requisite
correspending changes in the optical bandwidth of the

source.
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89 ~'"VO 99/G3300 PCTIUS99/11GUi |lens 46 and the optical bandw dtl-~ of
the source 10. The line section nmay cut through one or nore surfaces of the
object material or lie in a surface of the object material. Optical axis of

lens 46 is ali hd h optical 5 axis 3 of subsystem 82. In FLGbddibdiaht
beam 22A i s pa‘t}?(??g?j’% reflected by beamsplitter 100 as |ight beam 822B

conprised of |ight beans 822B-1,-2,-3,-4. Light beam 822B enters subsystem
83 which is shown in FIG 1e. The plane of FIG le is 10 perpendicular to
the plane of FIG la. As showmn in FIG Ile, |ight beam 822B i npi nges on
phase shifter 34 cOmprilse¢ cophaseaedd fricdr $e34pRLi211Y, iBcoReasatshinf t er

34 contains the same nunber | enent s, a shifter 4. i hown
in FIG lew ttﬁ‘e. Ifir&gf'té lboé]aﬁoglg%ﬁ npeasssdeus t ﬁgluatﬁlephgssg gﬁi f* tlgrggé4%g%d
t hen t hrough plasedshif tfenrdh tporefrangel sasnddditericam822€ iconpsipeed iok

| i ght beans 822C-1,-2,-3,-4. .The phase,shift _introdquced by ph shifter 44
i s control | ed By &N FaltCL 85V o o %ﬁﬁ‘}? aseél)éﬁi Fﬁ?‘eﬁo oduced
by phase 29 shinfet s t¥Mrelr iantk 1348 var el afereqil 1 waleuawahi Gihear @ radi ans
nore than the phase shift introduced by either phase shifter 34-2 or 34-4,
t he phase shi fspéltilr?tlrldfdmweﬁh%slel%%isﬁ%cse 3£ 35654 34- 4 being of equal

val ues. Thus therears JWdifladel @t | v&r s orsdd fdf hetavean sanunidve hafr25 t he
| i ght beans 822C-1,-2,-3,-4. Light bea{%8220 asses through | ens 56 as

li ght beam 8256’ I GHES pey _Sez%ré_ At -5 Igadng ifg e lfeaheg22D
is focused by ila8as-,56uiix igage: POkt oSS ¢ | dBge i anee Fhuytargfienance
mrror 120. Optical aXis of lens 56 is aligned wth optical axis 30 3a of

subsyst ent 83. SFEIGNFUS ATRFIRGCHI2 | 1 R SREMPRID (¢re d8REbh 1d) s

reflected and/prresoatdered dve tdisr 0bh eChi SRR 1Rl s & i £ MBI \630Mdu t he
line image centered at inmage point 28 as a i' CI/US99/11601 plurality of

| i ght beans PFLatisticpl £X%gm®HF i andgrseat? Haekprove besm m-cﬂrg%%e
of FIG if ~s perpend cilaf; Lo {16 PLaRCQf chhGRrd® t oW teled MOl 5 beam
P32 diverges fromimage point 2B 1n image plane 27 and enters |lens 46. As
shown in FIG thfat seefiaiped Hh obesSbEasM P20 Eipe s §RIN Y eHid M Her art

gg'Z!AI rlmt (23?25 :S%C %ﬁﬁ{%h@l@gﬁlng e%%g\g:%é\l (2:9%&%@%%12% Hilr ouog asoer shifters
holography. The simultaneous imaging of a line section in
the depth direction of the optical disk can be used to
greatly reduce sensitivity to motion of the optical disk
in the depth direction generated by rotation of the
20 optical disk, non-flatness of the optical disk, and/or
vibrations of the optical disk. The simultaneous imaging
of a line section in the depth direction of the optical
disk can further be used to identify a reference surface
in the optical disk with information acquired
25 simultaneously from multiple layers, the reference layer
serving registration purposes.
An advantage of certain ones of the first and third
groups of embodiments with respect to providing a
tomographic complex amplitude image of a wafer used in the
30 fabrication of integrated circuits is the substantially
simultaneous imaging ¢f a line section in the depth
direction of the wafer with significantly reduced

statistical errors and with a background from out-of-focus
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10 24-4,-3,-2,-1, respectively, and energe as |ight beans P32B-1,-2,-3, -4,
respectively. Light beans P32B-1,-2,-3,4 conprise scattered probe beam P32B
whi ch exits subsystem 82. The phase shifts introduced by phase shifters
24-1 and 24- 3vas &y/@3hoequal val ues which are radi ans nore 15 t hgsr/gdve/iphoase
shift introduced by either phase shifter 29-2 or 24-9, the phase shifts

i ntroduced by phase shifters 24-2 and 24-4 being of equal values. In FIG
g, Iight beam R22D (cf. FIG le) is reflected by reference mrror 120 as
reflected reference 20 beam R32 conprjsed of |ight beanms R32-1,-2,-3,-4.
The pl ane of Ema&gerg siigngdigendiloul&duced kelpRare ¢ PEGEhrasaref Réct ed
reference beaghgggo%'t%%rn%ﬁﬁ ifr{ Mo iR RO st shit RGeS R'i%ﬂe&?o?ngrt

enters lens 56. shown in FIG |g, reflected reference beam R32 energes
fromlens 56 &$ng3ecoplinhrdicedardfacadt dd reii@r@nce PeaMO8Z2RYCcopri sed of

| i ght beans -1, ~24-3, - i A1 -2 -3 -4 SS LIk t hrough
phase shi fte?gﬁéoéﬁg%'mﬁén ?Tﬁhr%u%h%&ﬁ%gfgﬁ%ﬁgggs"%&%, -a3,1-9§,“- I],celcrt%n o
respectivety, the deprde ds aadtiadetodd thef eraditde dseameg3ZBdcdoprirsedisf | i ght
beams 30 R32B:1 26 s &SRS Vel i e Phase ift.in d by phase
shifter_44 i src%grlilt(z’reol%leéﬁflbt;/ﬁé&énao 132 lfor om c?rr%ut%?eflélin %’hg g%gglé shifts

i ntroduced bydphaséi®s geD®0%BIB0E RCHAISPIEL 60t remisflegiond4- 1 and 34- 3

are of equal |, i : adj th h i
i ntroduced by\égidt ﬁ'séLrn ﬁh%eqél%ff(attrelracq%si-r}gf ﬁ{egﬁa%'he%ﬁagzﬁgﬁ”#%ous

i ntroduced by iphasedssioff teerlsiiBA-R 89 e mprdfh ejuaictiahues. thieght 5

beams R32B;1, - 2.3, -9 CUR1s& Y - ?igﬁlwg%p exi subsys 3. It
is shovvrlzlletgl = fe%a St scea etererﬂe%mp"’r%ggmbgam ihljs S[‘)Jé’}ft%icael Io>% Féﬁ?}e}gt ed
by beam splittier 1@ amfSratwidredimpiobe theamaRIRC el climus teorpuisded of

| i ght beans P %gmll’"ﬁl]l 2 l-e3,d-eﬁ§et%catter ed probe beam P32C enters subsystem

8la shown in FI e pla "FIG |h is perpendicular to the plane of
FIG la. In FIG | An schtdrereege priobeeeaim R3RE ent artse [fanst2Gadhahimg an

optical axis aligned wth.optical, axis.,3a 0of subsystem 6la _and energes as
scattered 15 Fgglé)sbeo\é%m lc%%]ptrslas"se%t%ﬁﬁsl%ﬁ% B%Oar%roﬁé%nﬂ #2,-3,-4. Lens

26a focusks sdattognechprobsoryelaan R3GE) onide pindyd e fl&a Hiw liogagea lpl ane 17a.
A portion of scatpt.ered probe beam P32D e rg@g fro;geegi nh(a % 1Ba as
spatial | y-fil CEFEd SEhebried Pr cHe YT P i Sk Wwed iTht SBEERE Spa2- 1,

in a non-invasive biopsy of the biological specimen, is
the substantially simultaneous imaging of a line section
in the depth direction of the biological specimen with

20 significantly reduced statistical errors and with a
background from out-of-focus images significantly reduced
compared to or the same as that obtained in a sequence of
measuvrements with prior art single-pinhole confocal
interference microscopy or holography. The simultaneous

25 imaging of a line section in the depth direction of the
biological specimen can be used to greatly reduce
sensitivity to motion ¢of the biological specimen in the
depth direction generated by for example by translations,
scanning, or vibrations of the biological specimen. The

30 simultaneous imaging of a line section in the depth
direction of the biological specimen can further be used

to identify a surface of and/or in the biological specimen



20 2,-3,-4. Scattered probe beam P42 enters | ens 36a having an optical axis
aligned with optical axis 3a of subsystem 8la. Spatially-filtered scattered
probe beam P42 .energes fromlens 36a and exits subsystem Bla as col |li mated

spatially-filte ttered probe beam P42A conprised of 25 ||
P42A-1, -2, - 3, > {.)g%?%g(ﬁown in FIG 1la reflected reference beam kgg{'ys?ggﬁlm

partially transmtted by beamsplitter 100 as refl ected reference beam 832C
conprised of light beans 832C-1,-2, 3,-4. Reflected reference beam 832C
enters subsystem Bla 30 shown in FIG li. The plane of FIG 1i is

per pendi cul ar (W@ nt herp-ane ioh BkGuikad binklGankbnstef Feekechuiefigrience’
beam R32C enters |l ens 26a and energes as reflected 87 WO 99163300
PC F/ US99/ 116G P dSer ence beam R32D conprised of |ight beams 832D 1, -2,

3,-9. Lens 26a focusesnesf lenied el ereseetbheam8dab onke RiMhale fifasti n
i mge plane 17a. A portion of reflected reference beam R32D energes from
pi nhol e 18a a$i$hatiidld P RS Srle GUPELLBEREF Pef8r eREBRCEEarORFE AN i%ed

of 1ight bgamg,R42yhe-2avdr,4maRapialiyabkl bpradanehliest ad reference beam
R~2 enters lens 36a. Spatially-filtered reflected reference beam R42
emer ges from |8Ws 36 iadd Yo i i ldapepsise AMBIOa Néls CdoR| ithgredmensional

spatially-filt o0 Jefdected srefiergnee sheame842A+6 QML f 1ight
beans R42A-1, 5?&% - 4.J | t hleeg Ogﬁolvﬁli n Fl G I%§ t hat spgm}aeﬂ%%cfl tered
scattered probi-aiddrhipsZA 6upineg @S dom idibs e PSiokg relare it or8Ga it Tht gans
preferably a rafdgal g, Idanhion SRRk gonta 8PPt ke Bl same as
spatially-filtered scattered probe beam P92A i's diffracted in the plane of
FIG |a byOthelat sibtdiigired sive daEnse Olfefeatsurspgends sddit areidprable

beam P428. Soaliered Priahe boam RAZR (Ri00eS AR RIS IRI S Uy

detect or el enent IS preferab
or holography. One axis of the two-dimensional section of

the optical disk is parallel to the depth direction of the
optical disk and the orthogonal axis of the two-

15 dimensional section of the optical disk may be either
parallel to radial direction of the optical disk or
parallel to a tangent to a track in the optical disk. The
simultaneous imaging of a two-dimensional section of the
optical disk can be used to greatly reduce sensitivity to

20 motion of the optical disk in the depth and radial
directions generated by rotation of the optical disk, non-
flatness of the optical disk, and/or vibrations of the
optical disk. The simultaneous imaging of a two-
dimensional section in the optical disk can further be

25 used to identify a reference surface, i.e. reference
layer, and a reference track in or on the optical disk or
used for track identification with information acquired
simultaneously at multiple layers and multiple tracks, the
reference layer and reference track serving registration

30 purposes.

An advantage of certain ones of the second and fourth
groups of embodiments with respect to reading a multiple-

layer, multiple-track optical disk is the substantially
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20 transm ssion diffraction grating. A portion of scattered probe beam P42B
is diffracted in the plane of FTG la by the second di spersive detector

el enent 130b as wavenunberfiltered, spatially-filtered scattered probe beam
P92C. Al t houghowkes3Beans P42B and P42C are conprised of a 25 EREMSPUHPYS
optical frequency conponents and therefore dispersed in angle in the plane
of FIG.la, the paths of only one frequency conponent of beans P92B and
P42C are shown in FIG | a. The paths shown are typical. The illustration of
only one optlc y Sfar,30 P P42 er s the
di splay of t enlmr%po §plrngagg?%n(;%sqt of cisltﬂ%s S%t%gc%%éﬁ %[g%@&espe(%pjtﬂ%
wavenunber f i litrerced orspznct abdty-daill tderséd waddt tSergeri frcetne lyearad2€1 88\ VO
991 63300 PCT/ US99/ 11601 ertrhout de g hn% fro r%% sqogrlt or sco €, of t he
present inverit i on & OCWItﬁOUO[ 3 it oduci ng aidi corrp |ty G TG and
subsequent fiiguress s\/&&yrermn’d:mn-lfy | rte@uech,d s:;nmpaaieldy ad lctrertec: lmrm RE2C 5
enters supsystem 84 shora The plane of FIG 1j, .is .

per pendi cdl ar-1%° % te“prf%(ﬁe“bfa F\ie@uﬁjfge Rg JFSRP GRS Wyth prior art
wavenunber - f i d i 6sh pfied 1 @l doprffd ddleried drefamed2Crfiasses:ddy augh | ens 66
havi ng an optical axis aI| ned w th optical, axi.s 3d f ubs stem 84 and
ener ges as g0 £11% eﬁjé'HJlI}saﬁ%toluaﬁ IF %R Ped Cdhpri sed
gf i ght2 beﬁp@alﬁﬂé&& éto 2a hﬁaye% ﬂfhe)rwa)lﬁﬁiltfﬂ)]?:rpﬂlidatlerﬁd;}' shat |taé Ilyséfd I tergd
eam P42D i ustrate with only one opt.ical_ frequency co onent. I s. focuse
by | ens 66 to-% nEge? pby nte WS i STrdde o Rhd 470 SRR 19 PRFLEHe i mage
15 poi 2%1@8 lcﬂbl_élhegéﬂi@ﬁ@t@dnaj%}edxﬁtmd)dhﬂffﬁﬂlﬁzr%;i‘di%dlod(‘eﬁts}@rhhrﬂi/dﬂqe lrf:age
poi nt on a |inear arra et ect o] | ocat in the j ane
47 Wi Il depent BT tHRADHYE caf® [RIGRCy TS viavRiu MR G an ey, Tmadind
spatiallyfil tefes tbe@:rmﬂéé&iwnaa rsteuﬁslca‘n di SRR U daetl%ﬁ}é)f 290 & esrent s

130a and 130b.. The portjons of a |j ﬁthat pass, t hrough the |inear
array of detet®®roprhfdtedtsh Gt U5 Xelendet®eetdr 114,

preferably a ﬂ@f@ﬁéx@dﬁeC@f@dﬁk sad wfe mﬁmrmlr c&:fsﬂﬁWleh P S Stidn as a -
| i near array 25 It is shown in FIG la that spatially-filtered

refl ect ed ref%?‘éﬁ’ﬂ:’ée%e%hﬁ“%h%i‘?‘ﬁ“b‘f%e%r% R Ve afdtectBre el ement  130a.

A portion of spatiahty-fihtered-vald ededkielferangahapnass2A is diffracted
in the plane of FIG |a by dispersive detector elenment 130a_as 30 reflected

reference beam 8428} PIBRPERIRP T F¥rEhide Y Fu 2B mRGREd ardt Feukeeond
di spe~rsive dgk@ﬁﬁ@%?' B0 300 Wy ertd i of ¢&fd. ol g L of rence

beam R42B is 89 WO 991 63300 PCT~' US99/ 11601 diffracted int pl ane of
FIG 1la by thecBegbrBdFsperRlee YBREELHIC cmarhtodFoyaker usedin the
wavenunbery fi kLBt edat $AL bel iye C@H@é&%fﬁédﬁ@é eds referance: heam 892C.

Al t hough the beans R92B and 842C are conprised of a 5 spectrum of optical
frequency conpobREAEANEAYST HB?BFRY O Hi 3 pbtRR SRt Byl Eangethet 9l @ane of FIG
la, the pathssateaRLYo@NenePki£dt & esiencyncpipongntfor,beaps, RgB and
842C are shown in FIG la. The paths shown are typical. The i1llustration of
only one opti §é9nf-?éﬁé@ﬁéy E%%%%n%tQDl@%%C%a%%erBa%WMCapermts t he
di splay of thg;Lppe t pPgLtLEE- £ect 9

wavenunber - fll?eggdéﬁggaflpg Igu$ te?&e%ér efTﬁ%%%dS%r§£$£§azrg€gga %ﬁggd

wi t hout depar ﬁpmgaregrrtphersbhn%am @%o‘pléa*éfolvh@um@s:emtauaeenenga ahd

W thout intro d i d ent
figures. V\aveﬂgg ng‘f]néﬂdgrggtﬁg%g%?él %é‘t 1{ ?y g%tcﬁyfggg?ence beam
842C enters s&béygtféﬁﬁadipsmmwmﬂeprlmolqﬁeaplhﬁne Biie F$ Gnull kahsous

per pendi cul ar ane F e f er ed,
spatially-fil tlglrggéiggoglf I ég{%dé% %?%n%gngégtm téz?:m@%{tgggggt rolCh | ens 66
and energes as!awa\Venu;mber af shitéaed, 1Bpaheawa§/ef|taerled msédietbedreetéyence

beam R42 L a 84 Wavenunbe t ered,
spati al | )[/%(?I In?efié ect eg pgf{(’énrsen % BaR 821%) W?F%Et?%\?%ﬁa&nefih gnly one
trans latlons, scanning, and/or vibrations of the wafer.

The simultaneous imaging of a two-dimensional section

tangent to a surface in or on the wafer can further be.
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25 optical frequency conponent in FIG 1k is focused by lens 66 to i mage
point 98 in inmage plane 47. The location of the inage point 4B in inage

pl ane 47 and therefore the location of the inage point 98 on the |inear
array of detec oles located in the imge plane 97 w || n
t he opti cal &§98:%§pof wavenunber-filtered, spatially- fllteregnﬁggﬁgg?gd
ref erence bean1R42D The portions of a |light beamthat pass through the
linear 90 \VO 99/6330U fCT/US99/t t 60 t array of detector pinholes are
detected by nmulti-pixel detector 114. In FIG 11, a pcrtion of |ight beam
P22 (cf. FIG Jdbd i1 riefdacted aanﬂéﬁéléﬁaétﬁbeﬁtbynthe obyect tRatwafat at
an 5 "out-of-focus" imge point 58 in 8 -focus ipmage plane 57, as

background bedfh B52 TISHA Sed GO he b@éﬂglg59e3u§ly3fr m ¥Rgahi AR’ of
FIG 11 is perfighdictlaindo tde: ol ahesetvbhe rbalsBﬁgkgéﬂUﬁﬁr?6§€bB52

di verges from out of -focus i nage £0|nt 58 and enters | ens 46, shown in 10
FIG 11, backgroundUBEHWPBgfhéﬁﬁ 398 @Foﬁ?FEﬁén4@t%§rs%%%?aﬁflBFnylISt
col | i mat ed sbackgy ound- &b W%Eo%béﬁﬂeﬁiswghh bea ﬁchS%A roamﬁmgg

Li ght beans B52A-1, -2, 3 pass_t hroug Ehase shifters 24-4
and 24-1, resp@cﬁ@W@apYa’rﬁj ‘é‘?@?b@xaémﬁlg HdBeAREIR50B- 2, wafey ugedikn

respectivel y. i ght.heams R52B: 4. 1gtééraﬂe@0@5b§§tga§ggﬁﬁgnd beam B52B.
The phase shlfts |ntroduced by phase Shifters 24-1 and 24-3 are of equal

val ues whi ch atebsiantadibhs sorel fARACYRe IPpRESBISALS & rw@réam@éalbyaéuther
phase shifter 24s2 o &é ’rflhe \bgf@Pa%tﬁh'smg%ltfmkaﬁgygegeexcéaephase

shifters 24-2 and 24-4 being of equal val ues. As shown In
backgr ound tbeapt #5028 1 ca hag ¥ al § yangf ashed §§CBéaﬁu§§|ﬁrp@rom©6055focus

backgr ound bea m?@@gsyﬁ{fgggng%g%gmc%ﬁa%pgéggd t520r3the- sERckground

beam B52C enters n FHG passes £ roug | ens
26a to ener ge tkabackiop buand b@aﬂ1BSQDenlacbérm&ﬁQUDeaﬁnBSZRith pﬁmpriséd of

| i ght beans BS$E£&hac§in§Ol% %g e Eggngogf FLG EQEE§FPSEB hg t he

pl ane of FIG roun eam DS PoCusé ens 6a on
po~.nt 68 in oat- bélé@nmghynag@nplanesS©f6thwhmwb dsmdnspbaeédsbcmNDnhef

g plane, 178 Baekgr onnd beam BI2Dd 510 ghe 9GUS kA e o FRde. RARe

17a and thus on ron of “out- cus
PCT/U899/11601Tbackgm0hndn@eaa1Baaalmg @ﬁhmsﬁm@b@dmbysppnhdleet&aohoofeach

frequency conp nt_of backgyrou e . . :
out - of - f ocus bggggrog%ﬁ %%%?BSQ% ?s%glgzggygﬁh%eﬁg%pln%% é%&sto
spatial |l y- flltmoedoﬁ bﬁckgeouaﬂebeaMIBﬁz cemih sed ofahisgletr skeaisections

B62-1,-2,-3,4. A n,_of s al l.y-filtered back und b am, B62 i npi nges
on lens 36a an8e3 t%g B¢ Sr g?&ﬁtlally &5 Tﬁﬁat§89§5a Pﬁlpnltng
backgroun® beabhhk6RAfep~ Ihwhesedmuﬂtbmghnébeam@1H@2Afla 1t%0-dimen%ional

Spatially 10 filt red bacg roun bean1Bq; tﬁ{ SUbS%n% %Ia a

spatially-fi1t8FEE RACKYr bURG™BLSH BEZA T THHE Bif P itap

spatially-filteuedabacksgr @undrbaamsa&%dmmgﬂ& cnraf@lrsmrm L@ fdemaction

el emrent 130a. A Bortian of ;Eatiall fllter%lr %ﬂi rqund 15 beam 862A is
UpF&

diffracted in ff eSOFREFEREPY e 45 eSSy e ECEGPCEl enent

130a as backgrauadobeantBeAB1 Baglearcanb feiain BGAFvimgy 1¢eS st atiensecond
di spersive ?etector el ement 130b. A portion of background beam B62B is
diffracted“? n PHEPBFSRe of FIG la by the

Another advantage of certain other ones of the first
and third groups of embodiments with respect to providing
a tomographic complex amplitude image of a biological
specimen in vivo, an image which can be used for example
30 in a non-invasive biopsy of the biological specimen, is
the substantially simultaneous imaging of a two-
dimensionzl section of the biological specimén with

significantly reduced statistical errors and with a



20 second di spersive detector element 130b as wavenunberfiltered,
spatially-filtered background beam H62C. Al t hough the beans B62B and B62C
are conprised of a spectrum of optical frequency conponents and therefore
di spersed in wpghezbd the plane of FIG l|a, the paths of 25 orkyusseiico:
optical frequency conmponent for beans B62B and B62C are shown in FIG 1la.
Wavenunber-filtered, spatially-filtered background beam B62C enters
subsystem 84 shown in FIG 1n. In FIG |n, wavenunber-filtered,
spatially-filtered background beam B62C passes through 30 | ens 66 and
emerges as warvsHuhend i Tr@Rr et sPATFAF Ry 12 @ 2oS Wkl Gl b eed \BE2D,
Wavenurmer - | ogre:(aeLdec jspatdal byefibhered packdnound, heam BO2D ihdyst rot ed
with 92 9163300 7 US99/ 11601 only one optical frequency conponent
in FIG 1n |snawwrbtyslxehshaert@ru%’gesbr@@h@ DBl ¢ naige @Jr?athe 47. The
| ocation of t n.t I 47 ep ee
opti cal frengﬁcy mavenunée?hf? @g?gggggpp @Peh l élg)rt]}gred ac %%ound
beam B62D5 TmaIﬁh&|¢WQ:@ﬁmenﬁighﬁlbe@ﬁﬁtﬁetogaﬁ%etb#@i@ﬁﬂ@he $p©©awﬂarray
of detector t e I to 4.

oper ation of %%anﬁi%?% dggo %hgegyggg%%éigi§ﬁv%ﬁe§%§ ﬁ%%%%tedﬁpﬁ Fl GS.
la-Inis basamﬂmmmdmeemmuimagnng of a Eeqa@nmenﬁiomabrsent2@elQ@ the
measur enent s each ixel det e he_sequ the fo i near
arrays of |nté%§T¥y v I%%suﬁéd ?5 8£§§ti% % g%rgg% a}%edy tocﬁgéq %r 114
wi th phase srmftmhe4Mnmn¢nga¢|age¢5mansequbheedemtmhas@ Bham$ee($®e t ot al
phase shlft thetreference b nlmhlgp hn Iudg§ tgga hgse shlf}s pr oduced
in paSSI %ﬁ%ﬁ ﬁ% %eg%ﬂlff 4ﬁy leettlon§? 5 %%% , 7Co +
~/2 , and xo-wﬁmdékremba@ﬁ trespeoﬂogetyl phecimgw. | sTisoneifukeaneahsie of

phase shift. (X course, the 2 o] e shlfter and_ 44 could
be conbi ned |$ﬁagln%|%gle pﬁasglgﬁ % co%f?g edl%yt?%e c%%%%%e?f118 )

The four |inespeaimayscah tntehemtyevabeéstb ;dbﬂtafISa andfddeave sent to
conputer 118 as, si I er. digital or analog forpat, for
cubbequent 255r SEEALI RETTRGR Rt FORaP CORULFRL RO EeTOAT PO IRl e

anal og- tafﬁlgima¢rm@ﬂﬂ@ntetqulredleﬁmudednenuenyhet dEheztmocaﬁﬂoﬂs,
conputer 118 convertin ear grrays of tenS|t val ues h

the four i
12T 1S tandtRa SOPLEG oRHay SFor BRET Hie ShRaSGELRr £ bYY pRESELR frer 44
is 30 control tedibyrstgonl phrpdskBat is generated and ' . , subsequently
transmtted by COURHtadvaﬁgabg %%ngg%gﬁg ones of the second and fourth
groups of embodiments with respect to providing a
20 tomographic complex amplitude image of a biological
specimen in vivo, an image which can Be used for example
in a non-invasive biopsy of the biological specimen, 1is
the substantially simultaneous imaging of a line section
tangent to a surface in or on the specimen with
25 significantly reduced statistical errors and with a
background from out-of-focus images significantly reduced
compared to or the same as that obtained in a sequence of
measurements with prior art single-pinhole confocal
interference microscopy or holography. The simultaneous
30 imaging of a line section tangent toc a surface in or on
the specimen can be used to greatly reduce sensitivity to
motion of the specimen generated by translation, scanning,

and/or vibrations of the spécimen. The simultaneous
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\\" 0O 99/63300 f'CT/ 11599/t 1601 with the sequence subsequently set fourth
to generate Egs. (12a) and (12b) or the sanme sequence subsequently set
fourth in Eq. (36). Phase shifter 99 can be of the electro-optical type or
the type subs described 5 herein for use in broadband H€ﬁ6

w th respect S@y%%%%%ﬁl wavel ength. The intensity differences | _Igbgggn
13-14 are then conputed by conputer 11B and these differences contain
substantially with relatively high efficiency for respective correspondi ng
optical frequency 10 conponents only the interference cross term between
the conpl ex aRpbigtidgdecaf at heowaveanstenali ktetedn spagéeat| ybi bt suedace
scattered probe bqan1P4§D and of the cogBlgr anglitudg gf tge .
wavenunber - f i FPePEdCPsbafi SPFGIRENt 6PBd T HEFIBEL 2E YRFdr BRCLIBREM K43D. 15
The rel ativel yf.glnebf ieiarcynf an ithel apeoimeh whehi Mhesferenea cross term
bet ween t he conpl ex aanitgde of the venun? r-ﬁil;ered,

spati al | y-fi | B&ASd refatiBldd2pEORE e dPB4BE ?&?.eF ecat 9 andPRe conpl ex
anpl i tude of theMayerUTBeEthoht eeedingpatigaktyatibhepedpbebkect ed 20
reference beam R~12D &cf. FIG Lk) is a conseguence of two system
properties. The fi PROtHpSt 8AVEREFSL v1i SeChGETWPERRR arednplekhgcgreond

factor, the spald &lou@icst GirkMpsrrs ehudienearel extanpkibudes of rEE@in&x a
wavenunber-filtered, spatially-filtered scattered probe beam P42D and t he

25 wavenunber MiYti@ded 1 ayeati FLRiRlerdrédkr ePtéceeddt 8ket &néBebeam R42D i n

i mge plane 47,88 s4Qshant il the RaM8 @R ndNo@r Bi ER8LYiRBASE onliaf t
i ntroduced by the phase shifter 44. The second system progerty is that the
i nterferehte GasdsaeOh Bdenedt itasd oK & tanprivRddécentiy rreuced

wavenunber - Fi | hefgd 1$pat il ok iddenad s catheied nnabe BrapyuR2R-and e
conpl ex anplitude o,f the wavenunber-filtered, spatially-filtered reflected
94 WO 99! 6330 CHIgSHg7irea 0l i efesheiece A98RMIS4200i AT hge SPIEnE 47

chances sign tha phase sshid tsddUdRdcad 2y sRhasensli (18h 4210t are
increnmented or decrenented by n,3~,... radians . Since the interference
cross term betsigen! ¢t rdunie @nchridlit winfsficasd Rd ewdessumge RLGHOSSICRY,

spatial lyqkilt SC d nel it f
t he vvavena%beroﬁ iqﬁleorgg}d%ﬁs}g'at %ﬁ%,{{ﬁa? eﬂrme%Br Zcf‘“ﬁ)etg? glggrggp gl(rg)ein%e Eelé%p 334€D
in image pl anechy apiEmgels dign niierba heayhidse 4o fthei medddulc éd Heet orphase
shifter 44 is i.ncrenen r_.d ~ v g oF AQH IS
interference cgr%stsrp eo‘r%rﬁlaéoaglg (%loﬁ}‘ gag{ncg%ﬁogr%gtoﬁ%qi 5 élr?si%?y%gﬁ ftéJrBences

[,-12 and | 3- |dimddovewex]l seddtimnmiof drferariceadr ddsk says be paraldel to
intensities of the wavenunber-fil

tered, spatjally-f.ilter scat.tered probe
15 beam P42D, aoft?rh%e%v%%uanb%rr%?]?IJtner%%l,oquﬂa}% a tyl-cfaill tdgr%écd bgt:q(egr ound
beam B62D20cf . s Hlu@d t dmg gusanihad i vt dneo fveey etibimfari tiemad, segdtiical [o)f fila er ed
reflected reference peam 842D wi || _canc t_dn,t i nt ensi t.y. dif.ferences
| ~-12 and | 3- 1919911%%Pr 12 e%%ré\é%%y%?%érln %Ar oogxlejerafqlg's rlélefaém eas%ﬁlrsel)s(“ttha{ffg@are
in comon w t hmdbieoronf ociad opit erderéngle im crlos copl adndlibeadfcorth wil |l be
referred to as_the "confocal interfer tric .system.property”. For the
wavenunber - f i I?%?%ﬁa,‘tes aey a‘T‘?Vé‘H‘P’? e?ggﬁb%c%gtr o%"nldra&ésé‘m%éiflﬁ’r( cf. FIG In)
in inmge planeviifrathen25f ntleasopyidai fétsncesTHe--difdndreis! imdding
contain onlly the interference, cross term between the.conpl.ex anplitude of
t he vvaven%r‘?be‘r‘??i?t%‘?’%‘,“&?ﬁ?’r%ﬁ]? -FEFr PR A :t&leo? Co%lnaAJbse}én?%%ZD
and the conpl eguabpértivdenoédthe Nayebufes -fétfderrath tpaik atdy-fiddler ed
reflected 30 refer e{lée beam R42D as a consequence, of the confocal

i nterferometritd8)EtEhTptopRreayd Foheterd TR AP0 (He §thlerd e eftEl
cross term bet Weedrhhei 6QNPEEX1 P8R! siMEEt Ohe®Dsly at multiple tracks and

multiple positions on the multiple tracks, the reference
30 track serving registration purposes.
2n advantage of the fifth group of embodiments with
respect to reading a multiple-layer, multiple-track

optical disk is the generation of an cne-dimensional, two-
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1J0 99163304 PCTI US99111641 the wavenunber-filtered, spatially-filtered
background beam B62D and t he conpl ex anplitude of the svavenunber filtered,
spatially-filtered reflected reference beam R42D in inmage plane 97 will be
greatly reduc®® 993308 ation to 5 the corresponding interferend&TBE$I0br m
in prior art confocal interference m croscope on a pixel by pixel
conparison. For the common case where both the wavenunber filtered,
spafi.~ally-filtered scattered probe beam P92D and 10 the

wavenumber - 1 L1 gLed, o spatiab! yslilLered bagkor aund eam.BaZl are, present

si mul t aneousl YV, there Wil “be two interterence cross termns present in the
intensity di fieyencesultipl@-banacl Ipts cahelisit erifier endm ckossuteér ir et ween
the conpl ex anplit

ide of the wavenunber-filtered, 15 spatially-filtere
Scatterbd proBeLEeAn PASD ANACEher LONEl B A st et da’ Lo EEE
wavenunber - fi bbeaededspat kakéyhelderefl medd ecdmech trefertanger beanaR42D and
the interference gross geiq1petﬁeen thetco | ex agPJitude of the
wavenumber™ f | FLBPLY, DIBAPLEI FOR 0T 1 br B Bacigrbind 20 e B62D and t he
conpl ex anpl i hutdegetphle wavenunberfiltered, spatially-filtered reflected
ref erence beam RA2D. te that the interference cross term between, the
conpl ex anplitude BF gﬁga%%ﬁuﬂge’fb?iﬁ%ﬁ?&o@r%‘b‘ét?%?rﬁ?ﬁ%‘?ﬁﬁs b%EkGr ound
beam B62D andrtBgeeenpbeyratplihgde Odmedrddiei dveyspeerampliered, image

spatially-filtered scattere ropbe beam P42D cancel.  out in the intensity
di fferences 12f12 HHEPFSPFﬁgagnaU&%n %E]Ue‘fﬂ:'él%? ¢he Hordorhed circhits

interferanetrig syst gehprapebhyof The bié-ed [ivs@NCen £1,0S6wd-eMbeEWSRAL he
conpl ex 30 anplitude of the wavenunber-filtered, spatially-filtered
backgr ound be8# BBSPCaARAATEREEBAPI BREGFPPT AR LFT 1t Mhed SRRAHBFORREt er ed,

spati al ly-fil reppdoneftbgctedus images significantly reduced compared to
that obtained in a sequence of measurements with prior art
single-pinhole confocal interference microscopy or
15 holography.

An advantage of the fifth group of embodiments with
respect to providing a tomographic complex amplitude image
of a biological specimen in vivo, an image which can be
vsed for example in a non-invasive biopsy of the

20 Dbiociogical specimen, is the generaticn of an one-
dimensional, two-dimensional, or three-dimensional image
of the specimen with a background from out-of-focus images
significantly reduced compared to that obtained in a
sequence of measurements with prior art single-pinhole

25 confocal interference microscopy or holography.

An advantage of the first four groups of embodiments
of the invention is the substantially simultaneous imaging
of a line section with a background from out-of-focus
images significantly reduced compared to or the same as

30 that obtained in a sequence of measurements with prior art
single-rinhecle confocal interference microscopy. The
substantially simultaneous imaging feature is made

possibkle by the intreoduction of the technique called



96 WO 991 63300 PCTI U5991 11601 reference beam 842D in i mage plane 47 is
representative of the background from out-of-focus i mges. For the
apparatus of the present invention in conparison to prior art interference
confocal mcrosco systens, the size of 5 the interference cr

bet ween t he cdﬁBP&%ﬁﬁ litude of the wavenunber-filtered, ?E?nks&ﬁ%m
spatially-filtered background beam B62D and the conpl ex anplitude of the
wavenunberfiltered, spatially-filtered reflected reference beam 842D is in
general reduced in magnitude in inmage plane 47 10 whereas there is

substanti al |y wg,¢eductianedihddie Jmei & uder ofctbget nper feisace ofipss term
bet ween the conpl ex anplitude of the wavenunber-filtered, spatiallyfiltered

scattered probeedii @2 dite tRCkonpred dfpridadecdtibhe by the _
wavenumber - 1 | ﬂgﬁ%ﬁ%ﬁta@'ﬂ% fﬁﬁf& edr inci gkl egked; f10f £4 eé&gf@@ﬂ“ 842D in

i mage plane 4 ction of e interference cross termbetween the
conpl ex anpli tuideragcame Wavdnunteerfererebdlcspassariyd i systen. babkgr ound

beam B62D mj§$g%§é%§4€%%€g?§%ﬁ 95u5h§mM@Y§§5g%§£ﬁ£él$§f§9’it

spatial ly-filtered reference beam In image plane 47
follows in parpossiome heo faenerde ohe dhpensudeadf bwhedimeesieazbs ardt he

distance o NG, ag; PG, 2 1 (il gasel: tANESREDCLLYLE Sy U8 AR 5100 the
reduced background in prior-art confocal i1 ntérference m Croscopy. wever ,
in the 25 appatatmust ddnthe preseniethvdntiog, thhenpeducenent i prohess.

g ude of Ui BLSEL S et 052, LabebeLvegD, L soel g, agp! ude of

t he wavenunber- ered, spatia ckground  beam t he
conpl ex anmml i t udehwdlshee yaventebher yvf ehpeoedd spathal byséi bfefrdviebl ect ed

30, feference beam 420 Lne | 1pas, Bl afe t] Lpephanced i Brelat g fo bhel
the technology disclosed herein is not incorporated,
sericus limitations are encountered due to motion caused
by vibrations. The procblem of untracked motion can also

15 pose serious limitations in the reading and/or writing to
a multiple~layer, multiple-track optical disk.

Another advantage of the invention is the
substantially simultaneous imaging of a two-dimensional
section with a background from out-of-focus images

20 significantly reduced compared to that obtained in a
sequence of measurements with prior art slit confocal
interference microscopy. The substantially simultaneous
imaging feature is made possible by the introduction of
the OWDR technique. The reduction of the background is

25 made possible by the adaptation of the basic principal of
slit confocal microscopy to an interferometric measuring
system. The substantially simultaneous imaging feature
makes it possible to generate two-dimensional and three-
dimensional images with greatly reduced sensitivity to

30 motion of the object during the measurement process. As
already noted, the problem of motion can pose serious
limitations in technologies currently employed in the. gase

of in vivo measurements of biological systems, in PSI and
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PCT/ US99/ 11601 The enhanced reduction referred to in the preceding
paragraph is realized by the presence of phase shifters 14, 24, and 39. The
phase shifters 14, 29, and 39 nodify the spatial properties of the conpl ex
anpl i tudes of | venunber-filtered, spatially-filtered s r obe
beam P42D, tH%63§$§%%ﬁber-filtered, spatially-filtered reflec?ggﬁggfg?@nce
beam 892D, and the wavenunberfiltered, spatially-filtered background beam
B62D in i mage plane 47. Although the spatial properties of the conplex 10
anplitudes of the wavenunber-filtered, spatially-filtered scattered probe
beam P42D andcthe duaverumoerion Idzersed] rspatitaldtyi-ond,t ered irefdeectied

reference beam R92D ar.e .both nodified by the phase shifters 14, 24, and 34,
the nodified 2SH4LFal di iaoﬁ%ﬂ&l&%ﬁe'%%y ecﬁ‘\%lc%‘r‘?ﬁlté'){a 5051?#;}9 udes
in image pl angsdké ane subsimrddaddy ddteigane. This feature was noted

earlier in relatigon to the discussion of the sensitiwtx of the intensity

differences h - | 2MafdiVERtegf o IFF ihterdiele o sihastimasdsnedt t he

conpl ex agpl ktzwden@fs the reavernyrbern-fildderead,a spatdigdiler 120,44, tered

scattered probe beam P42D and the conplex anplitude of the

wavenunber - f FIéAed e SFaT¥alaRRGat éhett r TGP éeh @ Wedrkss42D.

However, the (1RsReGt ide redidiathsral iadr st rdrul ignsf Aihescqmel ex

anplitude of the wavenunber25 filtered, spatially-filtered background beam

B62D and t he W0 & CRRR iAfudERFA M bty erftintist -Fustémdd,ally

spatial | yfil taned d8fd Rt ahd iRy ence beata 8420 idh iimpag Pl 7 are

di stinctl % different. The conpl ex anplitude of the wavenunber-filtered,

spati al t yOf i1digesd iaa¥ liaetidie 30 btk ehed® peslih RazD i sl Gam tahit izpdneed i ¢

function abOlé.ttatth%tq%ylerexqfoﬁéﬂeary@wwmrbid117(51%&% SR | AU Y5 ddRrsed

reflected reference beam R42D in image plane 47. In 98 'O 99/633W0

PCT/ US99/ | 1m%t&wl,f%q@wmﬁ?wdf¢@m@w tapary difle -Fane ésed

background beay ' siybsequentdrycd I it the X

anpl i tude of t_hetB\%a?é\%e%rr%gr -fi Isateer ed,% s%%[tiggl ]}fns/c{%% '\tMelrdgld re (flgcrgtyetg

ref erence bedwrgdEDRinhHe Tavitak MR T RN s ol ey i9ici pal |y with

one of t i : r : i l.m, whi ch
he mtogbf%rﬁs Al @%%n:ggfmg’-. SphO's BReDk dhe AAfs Sls'h%'qt ;eﬂd;pd;fcg Jifle ¥

general |y display ly s relative changes acros
i mage of the sSeftdiunbey -the tdgrtih dpeedhl 0y -in | the abtriafd ectiszk rasetence

beam R42D in [J@mg Thus : Laly di J hut | t he
interference I%r os?%g%%ﬂ%\gendl%% Sé%@rgr;}gg@%%)??tnu%d%l%r dt]ﬁ(r}}pg
wavenunber - f idnterasd, Gigat il | thd | dertle dd baeky ounpkrosmat 8620y amt athien
conpl ex anpl i of e wavenunb il patially-filtered reflected
reference beaér#&??eD Ofgl‘ﬁcn%?rra:lge ’pﬁg%llcl’a gggﬁlge%%rﬁ%#i@%%l oﬁﬁlrr%are{@lso]?e’ an
ant i symmeOr i cardi /&t ibiadri abput £ t hlee cept ecabf didle. wallenusioeukfarndmred,

spatially-fili efd ect e am 84 i.n image plane 47. The
contribution lorg%elﬁ)eg iJn et f]gl(rjneénc;'eee%?g%g {&gr %gog%)e#ﬁeéelnr%%%f%%ﬁﬂ ZeLCxhe
anpl i tude of ariel amlehisberali fuetleer spaused| yo fgénarate backgfanmt-deam

862D and the itu 0 he. wav r-filtered

spatially-fi I%%l}ceér(em}{’éeoo rte %?iencgjég\%egrg#‘gggﬁl?%u?ﬁ% ‘?’%‘f}énfs}??y val ue
recorded by asitigie @f xetfofmalel ext ot Bmdtislé hkayeutegrighe 26e Dérdriee
interfer ence f%fésrs Stel[vrgrgcrlossithe éggce 8}; the image forned by the
wavenunbér -fiTtered; spa(%i a‘??yﬂﬁ‘ red PrePPacted reference beam R42D in
i mage plane 47. Thenottegradvantafeanfaotrsyimesther fomes i ©h over a space

interval centered,about the function's _axis of _30 antjsymetry is
i dentical |y Z8Fo SRS haen(ﬁeYaEbﬂ?EFbﬁﬁleBﬁogff?ﬁ‘ew?wf Fet@ne cross term

bet ween t he conptaxia@rpdyévdeneltipeevayeaunbpriéiltered, spodlahéyt99
and variants thereof corresponding to certain other ones
30 of the first and third groups of embodiments, is the
substantially simultaneous imaging of a two~dimensional
section in the optical disk with significantly reduced

statistical errors and with a background from out-of-focus
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WD 99163300 !"CT~"US99/1 I 601 filtered background beam B62D and t he
conpl ex anplitude of the wavenunber-filtered, spatially-filtered reflected
ref erence beam R42D to the intensity value recorded by a single pixel of
detector 114 is significantly reduced 5 beyond that achieved in prior-art
confocal intepfesraspme m croscopy. It is inporthnt to note thatrcausgeiusdl on
of the interference cross term between the conplex anplitude of the
wavenunber-filtered, spatially-filtered background 10 beam B62D and t he
conpl ex anplitude of the wavenunberfiltered, spatially-filtered reflected
reference beam R42D i n i mage glane 47 Iggds to a reduction of both
systematic er¥tRgeasS wWehtfasakthy i c37eced erPHAECTHS 3 RE g tdIDN in
statistical effQfsSqehBesraqr edustioquohcs her 1&&{@@&51@&@@&&5 QSsc term

bet ween the conpl ex anplitude of the wavenunber-filtered, ‘

spatial | y-fi | $EredebatRe bandndedhi HooP! BRcR t et e eSO Gt FURREPY t he
wavenumber filgergd; ?9%%9'.' yoht! 4£180dof eff ectgd § Sf&renae. Peare 842D (A

i mage plane 47 resulfs 1n a reduced nunber of 20 photoel ectrons generated
in each pbxeltlot drtéeadrdisy ésnpabedarblahby pakrliel tsiHee déth

stati stical ugeectaiphyoof thoeohpl egialegk Chal oand: Hanee,d he. out pyk

signal is related to the square root of the integrate |
phot oel ect r onshgehepatiédenniengh pegeionfinheh@opeiert otisk heastlei stica

error in the gutput Si,geRknksasibspanhiael ves SAuced;I0q LA APRRATAE Uenk "
FIGS. la-In. us, the statistical error per each inmage point” of an I maged
line section opttihelobjiekt mabetbatiatdyi pevaieh thea appagatustofat| ~e

present higventLonyi 3,39,8uBEanL: al ¥i) 638 Lhan fhak obLAl fed 1y the sane
time intérval "for prior art confocal "I'hterferénce nicroscopy for two
reasons. The Pbetweeneasfhei simhdtahaopsi dmagingi of ez f ewerndencosi acal

m croscopy, the inaged |line sectiQ 0., 99! 63300, PCT' / 9/1 1,601 nust
be scanned inSFﬁglP%téPvggeongﬁﬁggré ﬁéiﬁg t%% ?Fﬁ% E%e%feég?%aE%dSEEQe
poi nt by the nenbértiofitiymagempainhsoifnthheophbget disk bHecthendéothacagudre

an array of intensit i ff.erences corresponding to. the array of intensity 5
't for ances ABbUTPEGRE Nt £ 5AeGHEFy SPRET R Shopar b kS Lot FE” pfe se F081

i nventiondn theksameni-itletvelssobft iche. ophisal edtiskf oand/onpvbveatbbnen t he
statistical acguracy of .i mages conprised.of .inmage points.of ap i ed line
section by a P cﬁgF 8?868g?i%ﬁ&ﬁ'to&bﬁeséﬂﬁétﬁnQBBg b?agh%gn%ﬁb%nge of

i ndependent i Aagengdiontad isieicttibe imagad bpbnecaecdier &en thethepapat us of

the present invention in conparison to that obtained in prior art
interference ¥/ ER GRPCEGSEoBy I EFRECHESI SUF6PCBhelsBcohBIPEERERA i s t hat

the size of theyieH enher @ncereresset eralchetveen bhetsenphbexcdd ampki tude of
t he wavenunber-filtered, spatially-filtered background beam B62D and the

conpl ex afpl i SER SRR SRy értipdPIoEMasrer, Pepasi aPpgeti pEePBYLEBEPect ed

reference beamajd3ld iahd mRAe iphane rdeiw, | knbersdbstanki abl¥rrgdyced in
relation to that obtained for the 20 corresponding interference cross term

in a prior.arﬂ“%ﬁﬁﬂﬁﬂﬁﬁ qrﬁ%@?ﬁ%ﬁ%ﬂ%&&|ﬁ68ﬂ§§€55é°§spH6P@§an par agr aphs of
the preceding deschPliRAntHRSS 1 ‘@éﬂt%ﬁ%o'&%efs()&g‘ Eh@ BABbihehtENEnd

conclusion that the statistical errors introduced by the_ anplitude of the
out - of - f ocus Vigggedits thereof for writing to a multiple-layer,

25 multiple~-track optical disk, embodiments and variants
thereof corresponding to certain ones of the second and
fourth groups of embodiments is the substantially
simultaneous imaging of a line section tangent to a layer
in or on the optical disk with significantly reduced

30 statistical errors and with a background from out-of-focus
images significantly reduced compared to or the same as
that generated in a sequence of images with prior art

single-pinhole confocal interference microscopy or
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25 will be greatly reduced for the apparatus of the present invention in
relation to the corresponding statistical errors introduced by the
anplitude of the out-of-focus inmages in prior-art confocal interference

m croscopy when considering the statistical accuracy of an inmge of || ne
30 section of Mn¥63HPect material acquired in identical inter&gFgmﬁw?WPhe.
Correction for the effects, i.e. systematic errors, of out-of-focus inages
beyond t he conpensati on achi eved by 101 VW~ 99/ 63300 PCT/ US99111601 t he
apparatus of the first enbodi nent may be made by using the conputer and
comput er decoﬂé%gkbgﬂﬁ.a”?hé”&ﬁﬂﬁ@\:aﬁH@E' %aégi‘ﬁ{ﬁréf op faehnLgues uhi ch
are known to those skifled in the art to invert integral equations in 5
accordance wi thngebsefoent lgyset ifioart ANEGBS ¢BREYa ndi§820yn . bghesed

s gnal - {p-noi 58 LakLe Ty Becadbusted: 5.9 Lunbl oo, ol 115, Wael eagth of
the source optic requency conponents so as to generate for® exanple a

si gnal -t 0- noi sésk0Ogeatiretetabyi sotetfibnstfotderophiependesk ahdiavel engt h.
General ly,. t he., i.tude af _the v ngt h.filtered, spatially-filtered
scatteredE%rogé%g§§ﬁ9552EﬁngbﬁaPﬁgégg?ogg g'corresponding optical frequency
cgnponent of_tPe1a§pthFdeﬁdhahhagpLomecbeaaiﬁzagh@ri@me$OO?nthghinto 15
object materia Wi change_wi t el engt ue_to. wavel engt .
dependence ofepﬁg%ﬁpﬁﬁgﬁigggo%aE%aPﬁgmﬁﬁgggogeaﬁ¥ﬁ@?tF%%% %%a??%?%ElB%Sbe
beam P32 i n theyelj esctilmdaperi-alratk2ocandcdledi skchangedfietbe anderi cal
aperture of the _probe lLens 96 as th .h of inm oint, 28 into 20 the
obj ect naterigﬁrgff Fstﬁﬁgﬁg sga?rﬁﬁggﬁgkggrg?iSegfag%eoéﬂ%Fi?ﬂﬁa 8f t he
wavel engtie f i kher edcospatinal fphirthegedupsabterrdopinbet beans P4RO to t he
anplitude of the wavelength-filtered spatially-filtered background. beam
360D wi 11 genEiaT P Tde o s BeEPPEOu SRR M b et o aE SREBIPRED 1 ho
obj ect nmateri alecklidn ®fi nekeapedcad diangeith thensFypsahtl@- neHseelat i o
wi Il generally acconpany a change in the anplitude of fhe

wavel engt h-f i Ftéted, l§6§1 CAIE Oy Sf BPCoddBs Babes ‘EHOB?Bbér%‘Ba?r\J"P§9§” focus
nornal i zed t o i€ eCOriePRFldiang 1gPtdecialcctr egupaeydcespenethe Okahbeag0

anpl i tude gf t he probe beam P22D prior to egttﬁ into opject material 112.
The effect? off P EIRHEE R PhESEUGRAE- PS- ABREESr Yt D RhyChe2Ebnpensat ed
in part by plagimgeaxpiavellenghia fsillitterconforefieianeetstenoe nubspstemyl02
~3~0 9916330U PCT/ UYs99/ 11601 83 and/.or in %he ﬁrc e beam subsyst n182,f
preferably in%% ERRYr oPPSUERY St &h §8€ LHA-EOmERFHRRRAgSERELOR ©

transm ssion afhd il engihnfy ter subshaveialspephthtlvavebeagtadial
dependence to adjust, and/ or optim . ze the ratio 5 0

mavelength-fiIq%ﬁ%9£1Q§péF1éﬁ“&ﬁFﬂﬁféﬂedh§%hF¥%%§BeLP%gg°B@8ﬁﬂPE§ésaﬁE t he
wavel engt hef i IdRy aQvo-sRatdmalilarall tseicad dreloneehed oF%ﬁ@éj@n@Qsheﬁﬁ‘ﬁ%D
transmtted thr ouan rSIY Paralier 'y Liingent tof adLELERoT, BVgonaths
the optical disk. The simultaneous imaging of a two-
dimensional section of the optical disk can be used to
greatly reduce sensitivity to motion of the optical disk
25 in the radial directions generated by rotation of the
optical disk and/or vibrations of the optical disk. The
simultaneous imaging of a two-dimensional section in or on
the optical disk can further be used to generate a
reference track for track identification simultaneously
30 with writing information at multiple tracks and multiple
positions on the multiple tracks, the reference track

serving registration purposes.
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according to subsequently set fourth Eq. (39). 10 It was noted in the
detail ed description of the first enbodi nent that there was no net relative
phase-shift between any two of the |ight beans P22C-1,-2,-3,-4. This
feature nakes it possible to achieve the foll ow ng objective enunciated in
the detail ed deee¥$301 on of the 15 first enbodi nent: the gener &CT8YI16Phe
conjugate images of pinhole 8 in inmage plane 27 in object material 112 and
in image plane 37 on reference mrror 120 that are substantially unchanged
by the presence of phase shifters 14 and 24 and phase shifters 14 and 34,
respectively, but 20 producing subst L changes in_the i es L p Lnage
pl anes 17a and 47 i c%do\gﬂrngcacagenjoutga ng&%%ﬁb%%p?n’%%é Y)%fh?nbéngﬁeﬁ%fgc%or
material 112 amglitind heo iaragel tpigh d- BByaen, rref bt epte-nrachropPDcal ndi ght
into the interrel ati onshi p bet ween phase 25 shifters 14, .24 nd, 34 may

al so be gai ned® %W%?H%FFHS‘Wﬁ%@é&ﬁnﬁ??ﬁ@? ecgﬁﬁgﬁaﬁgﬂﬁﬁgsﬁSu}nghase
shifter 14 be renbyveghrdupmt hadddigtieenbdodi srethe tBnthisieaser &heone-
wavenunber-filtered, s [ II%6§iltered rfflected refgrence,beaﬂ1R42D woul d
change from andHRg}S r i YEEFRRT T to B shihBEr AemPOARLORBh +H2FFage
pl ane 47 with g subsianplial ) Lha@ngemhntibheespabinl optopelt Besxohithea
wavenunbez-filtered, spatially-filtered background beam 103 WO 991 63300
PCT/US99/1160|b@%&%¥?¥P¢réﬁﬁ@pﬁ%ﬁ@927?0%%ﬁslgﬁ%e§paﬁﬂaﬂfaFépFﬂbu¥F6H08ﬁ t he

interference cressatefmbetneengdhersoapl ex anpbihbfeeobrt BRages with
wavenunber-filtered, spatially-filtered background beam B62D and the

conpl ex anpl i t BHECHf a¥ heSiREEAUNDRPCES f FPREPER! 3PREFARPFHDFR| RAFEESCOPY
reflected yref epengs) Hgagpid2D woul d be conprised primarily of an symretric
di stribution about the center bf the wavenunber-filtered, spatiallyfiltered
reflected referencePbeady®abaye nof nbpe pnupetagn mgt thRé itheegpapien of a

symmetric functibgpr O¥e 2. mpREendd 59tgﬁgagb?§EEeE%doﬁggghehhgngﬂgﬁhiP?;sno

axi s of synnetré I's not zero in general and ere_wou e substantia
reduction in theeimeenstuge val ueheetoprbbarbypgaagbiatugexes éh dbeector 114
at_imge point o48pbevand bBal aghieved bpopiEAL:2nY caBbosak. Riepf erence
m croscopy. 15 Although the foregoing refers to a artrcular inmge point 28
at a partikul aregppciohcothebpreerniaeér FalPRiyr ebApussés reudardappl y

control signal .1o.t 1 as: i.tihon hear: Lt
obj ect nateriaP%%%ﬁha? P%ggéa%g?%té§8§HFoa§ﬁ%8%??h%léygﬁén?fggﬁgggﬁgiaggo
desired |ine sébreendipkaacosett inagesr ofokhreobderitomaderdleilect materi al

L2 The desired |iggosactiony RLane SeCtian, g VBN SRl 8l hhe

object material nmay cut rough or “rnc e one or nore surfaces o
obj ect nateri alkegbrEhetbevktaindiber cpinpdeikoscian telrd nfi esplpteler fed

embodi ment , of 5%%—B&ﬁ%SQEoLQY?”E%8ﬂdgﬁeﬁ%@i%%%d %%d”%%&%%L%H%%%sHB% hmpul se
response functions Of I'magi ng subsystens of apparatus of the presen?
i nvention in aiplkgnegorithggeaalyt oetlheepl apapdefeidned pnadi spendireed 30

det et o o STl o1 08730 BLELRL LubuaR S TTigpy on ry i s0 be
apparatus and el ect Rapitbepr adeaskagenganshaft tilfe ivtariisamie carszsak@9to
correct for out-of-focus images which are already greatly
25 reduced in the apparatus of the present invention, the
computer processing required to achieve a given level of
correction with the apparatus of the present invention is
significantly reduced compared to the computer processing
required in prior art scanning single-pinhole and scanning
30  slit confocal and scanning single-pinhole and scanning
slit confocal interference microscopy.
Another advantage is that for the single source

pinhole, the contribution of background radiation to the
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CVO 99/ 6330U PCTI US99/ 11601 substantially the same as for the first
preferred enbodinent with the phase shifters 19, 24, and 39 rotated by ~/2
radi ans about their respective optical axes. The reduction of the

systematic eff t f out-of-focus images 5 in the variant to, séd/f18d1
preferred enBo %ﬁ@%@ is the sane as that in the first preferre%w%n% C]I ment

The statistical effects due to the out-of-focus inmages in the variant of
the first preferred enbodinent is also reduced bel ow that achieved in prior
art confocal interference 10 m croscopy but generally not as effective as

achi eved wit Brapparatus ebikbeihi ksl preefented empadixmerizttkRefiery i ng now to
FIGS. 2a-2f, FIG, 2a depicts in schematic forma second enbodi nent of the
present |nveﬁﬂpéhtP@8nPWﬁé i pdvegr SERTST Bfo ATERES Cand V&S €S

thereof in whighrtihe %@lﬂ Ge g3 WhsY slea® BRaenugialem B, tan@ (e dat ector
subsystem 84a are preferably configured for approximte slit confocal

ni croscopy. ECKBCEEf dfebe AGHPESIE VA eMhasd ety aud yariprfpe] jhihe

el ements preyiQushy %%Htti%% Welilw efierenas 4ig fh@S.rolatha st 20
modi ficationS in subsystem 80a shown in FIG 2b exist in the area of the

source 10a wHindRrvalned ﬁrléﬁerlﬁbwﬂﬁmqtseﬁfaﬁ“l@%r%@ﬁ@lrgbd{q ally

i ncoherent |i [C Heletabley rd damedd N QfctdAsehidirodes array,
and in the afggdgg%#hgmg%ﬁ%o géEm%f t he flrgiqgﬁbodlﬁght ZSJMhlch IS now

preferably cowwsiteadisflly Hreer tdangl df° S8 cysintheloes &4 difiggned with
the~i mage of /i nQ SQY %dé%% fdynrfe%ébysdleéﬁerﬁc pde i ikatd Ahd Mhxial

subsystem 81b shown in 2c and 2d consists of replacing pinhole 18a in
subsyst ekP81amsige W stiansie, véwerediimsdrpraadanta 19 mddh 3psmecly tof Ypati al

filter pinholges 8R4 nSUS LB &Y i TP edPdi fidat | oS sin} 1S1bsyst em 84a

shown in FIGS. 2e and 2f "exist in the area of the detector 114a in which
the 105  1~'a0'99/tERRB00 SPER/IYSFHEERBUL i Heare ey tof Pildholasfagrl he

| mage pl ane -:ggggﬁi JEfSi onal
array of det éét%];r e|r}%hn]}{erezrhan dgg%f%ﬂ%lgéﬁﬁfﬁ%% (‘If%ncﬂl di ment
having a |i nefeﬁrC‘L‘aDrrraAE afulys beal tsl a sl ynawr @P & deereat ofo 1tiga ey atpgt of
Conprlseq5of fhé‘%ﬁﬂﬂé?”5¥(¥Bﬁependent measurement positions over an

imaged two-dimensional section of the object material.
Another advantage 1s that the contribution of
background radiation to the statistical noise in the
measured complex scattering amplitude over a given imaged
20 axial distance for a given measurement interval of time
éan be reduced to that which derives principally from the
size of the complex scattering amplitude itself, a
particularly important advantage for the case where the
amplitude of the background radiation is relatively large
25 compared to the size of the complex scattering amplitude.
This is not achievable in prior art scanning single-
pinhole or slit confocal microscopy.s
Another advantage is that for certain embodiments and
variants thereof of the first four groups of embodiments,
30 a scan substantially in only one dimension is required to
produce a two-dimensional image and only a scan
substantially in two dimensions is required to produce a

three-dimensional image.
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array of pixels. In FIG 2b, the linear array of source pinholes Ba and
source 10a are aligned perpendicular to the plane of FIG 2b, the plane of
FIG 2b being perpendicular to the 10 plane of FIG 2a. In FIGS. 2c and 2d,
the linear array of spatial filter pinholes 18b is aligned perpendicular to
the plane of RWGS9s2woand 2d, the planes of FIGS. 2c and 2d beragus9s/iieol
perpendi cular to the plane of FIG 2a. In FIGS. 2e and 2f, the

t wo- di nensi onal array of detector pinholes 15 and the two-di mensional array
of detector pixels are aligned perpendicular to the plane of FIGS. 2e and
2f. The remai nder of the second enbodj ment depicted in FIGS. 2a-2f is
preferably the same™RUMRS AT HENIYT %ﬁwéhﬂﬁ) | i Gt AT the first

preferred embodiv@indit 20atdevsesait Ptiwanradt I GCIhd apdrst Tl epuelupk
discrimnation in the second preferred enbodi mrent of the present I nvention

i s achi eved by hresipRAEREHES t he FRPUI TET e Pohkl ¥ Ukt t9bhs WFe daginfg on
subsystems of BPPAL@LUSeQf tdNSrHdesent Vet d et hD RlANe or thogonal
to the plane defined by dispersive detector elenents 130a and 130b. A Level
1 type disérim nati®renggrarabupechchievirsiant Imventicnicat, om the second
preferred embodigRoL, WheL el & hee aPPAr 8f Hsraid- ! Sy Qi€ Pracessi NG jmeans
of the first variant” of the 30 second preferred enbodi nent are
substanti al | y 1¢@usangtatisbiceheestebnd (Pl ef edres dyvboti eranag th t he
phase shifter 04 r = | ans heir BYO
991 63300 PCT/ Ers%‘gvlﬁé%ﬁﬁ?gsgé& ‘?%ééﬁﬁ??ﬁaﬁ’fiiéi‘?’i e PO o S e
systematic ef feecerdingunediunoclé) i Magesasa the densitvarf atntafstidred
second preferr i < 1.S theys t.l erred
cmbodi mont.0 THe SCaFT St oal “5rf edrh Aoa 8"t bienao i By FEE PR Th the
first variant oéquheedetondepeetberedtbabodi aratdisens sonakduoes bel ow t hat
achieved in prj X focal .4 r LCr b ener al | ot as
ffective as sohrsisiolnth Sopsh ks EheRE T ReERL, Th LR . To
A second vari antmphtthepsecendipgefenneédedénbodcoentci sfdessysteac wher ei n

t he apparatus apd el ropic _pr Ssin ns_of the_second yariant _are
substantially ? gogaﬁékgg@ OPEtﬁg%ségogaggge errea’ e gg?ﬁeﬁy)é%%%ﬁfefor
the |inearltbarrapseraetiseuwbenpinhgling 8arandhspatuabidihéeiud5 pi nhol es 18a
of the second greferifd enmbodi_nent mhi%h ﬁrg rgglﬁﬁed bé a source slit and
a spatial filt8PREFPLIYThE Fedhct'PER SF FRESSySTRRRIFE &PFelts of

out - of - f ocus i imapgésmkarethéoseoprdavabnahh phrabeesecond preferred

enbodi ment is the sanme as that achieved in the second preferred 20

enbodi mrent of the present invention. The statistical effects due to the
out-of -focus images in the BRTONMESCREPT IO oOherme qrad ey erred
enbodinent(Js al so reduced bel ow that achieved in prior art confaqcal
interfererce m croscopy but generally not as effective as achieved with 25
appar atus of the segendhper eéfrewiadsemabeireent 1ike reference characters

denote similar elements throughout the several views:
FIGS. la-1n taken together illustrate, in schematic
form, the presently preferred first embodiment of the
25 present invention from the first group of embodiments with
FIG. l1la showing optical paths between subsystems 80 and
81, 81 and B2, 81 and 83, B2 and 8la, 83 and Bla, and 8la
and 84; paths of the electronic signals from computer 118
to translator 116 and to phase shifter 44 in subsystem 83;
30 and path of electronic signal from detector 114 in
subsystem 84 to computer 118;
FIG. 1b illustrates subsystem 80 where the plane of
FIG. 1b is perpendicular to the plane of FIG. la;
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The use of a linear array of source pinholes and a linear array of spati al
pi nhol es as ~n the second preferred enbodi nent and the first variant of the
second preferred enbodi nent instead of respective slits generates 30 a

requi rement for tricted scan of the object material to g
t wo- di nensi on Pgﬁltg%fogsent ation of a section of the object mat g)??{al%%&lrlh%l

direction of the restricted scan is in the direction of the inage of the
| i near .array 107 VWO 991 63300 PCT/ US99111601 of source pinholes in the
object material. The restricted scan ari ses because of the spacing between

pinhol es in the digretiqn Of) dherd vBges9fs $dieer iR Ed BhOTH S G8r
pi nholes in the object material. In addition, a high 5 sensitivity to the

wavenunber - f iTiG@r ddl; spardzpdndiqular e stdm tefak b Gedmi s mai nt ai ned
when the spacing t, ' jrectd on of the i e of the
heteen, U piial es 20, dhe direstign gl the J img

| i near array of source pinholes in erial conplies With a
condi ti on subseshrenidam seitdmoind hsins et erd BZ Sd)ere The: mirdey of mi®ps of
the restricted scan is determned by the ratio of the spacing between the

i mages of °t wort ot iRfIGURD & giahresPtane it dbjectidraterial and the

angul ar resol utionggf. the f?ﬁ%éﬁ@sim)f@téﬁ gybgystem ddupraetice, the
nunber of steps in the restricted scan will be significantly |less than the

nunber of pi nfecengee thean | erier g ayebafs sourd Wistnl e anhrspat | al
filter pinhol Thus; usli r rred, enmbodi nent
and the fi rstbel\sl%'r iia]télntl%fﬂ%&%%s%%%ﬁd{)%rEel?irlsg%?é;g%igﬁn%ntlavﬁ th |inear
arrays of source pithol 28 ahthsipadtas $ubsestan Dl s, tehd wa <l mehsi onal

representation of section of object terjal. can he acquired wth

subst ant i*& | ypﬁcgo%géerﬁﬂ‘ L RET SIS kﬁ@yﬁg%“t%é F‘T’@r%agﬁ,pﬁﬁéer € Fhowf an
25 al ternati ves tihe ¥leedibegi &8Nt ofnd el presentridyverti on fromthe first
group of enbodi nents in which the paths for the reference and probe beans

of the first prefefted Eobbbl wehtahaseSBoays keodi $3 cp ¥ ofhe e purgpbse of
( . d e e . ‘ . . o and
| mproving and,.9optiam zi nlgeérpe?%%g?ﬁ% %ﬁ??gégﬁ%géﬁ 'rr@}ﬁr-@etl@&gfs%&éjsog’ an

el ectroni c processing neans are s antially the
sanme as for tREGfilgtipreéeperdiecnbad benthei phameldrf i DY@l Xopii cal neans

whi ch confd gure t interferoneter, of the first odi ment so that_the 108
V170 9963300 PCh]% o5 1168 S’f’é?F%so?“}Pﬁ%sé?Rm ﬁ%dﬂ%r oi1% 1 bet od
reference andpselod tieead OfobeihgasgBoeastbr Bthushete O igRinel ements. of

the third preferred enbodipent performlike operations as |ike denoted
elenents in the $FrReTReREEFE AL ehBobhfeRt2Beanfl FHe- el@ttroni ¢ processing

means of the thi rdFPé.eff{Ffﬂlﬁ%???i@?”&u%?é@éﬁ biker etzﬁéi@—gr e a5s | 1 ke

denoted el ectronic operations Irst preterred enbodi nent. e ratio of
the anplitudesebeéreneewasanuaheeringt epbdystpat Bht|whéir¢tghedo tahe eefed

referencqnﬁndF§@§ti§r§g Bépggndicular to the plane of FIG. 1la;

FIG. 1j illustrates subsystem 84 for the case of
probe beam entering subsystem 84 where the plane of FIG.
1j is perpendicular to the plane of FIG. 1la;

FIG. 1k illustrates subsystem 84 for the case of

25 reference beam entering subsystem 84 where the plane of
FIG. 1k is perpendicular to the plan® of FIG. la;

FIG. 11 illustrates subsystem 82 for the case of an
out-of-focus beam in subsystem B2 originating from
scattering and/or reflection of light in subsystem 82

30 where the plane of FIG. 11 is perpendicular to the plane
of FIG. 1la;
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10__ bea~s_are adjusted by altering the transm ssion/reflection _
coefficients of beam splatters 100, 100a, and 100b depicted in FIGS. 3a-31l.
As shown in FIGS. 3a-31, the third preferred enbodi nent of the present
invention is an interferoneter 15 conprised of beamsplatters 100, 100a,
and 100b, obj eMV ¥¥#l% al 112, translator 116, a reference mir i/ WAy o0
di spersive detector elenents 130a and 130b, and a detector 114. This
configuration is known in the art as a formof a Mchelson interferoneter

and is shown as a sinple 20 illustration. O her fornms of interferoneter
known in the art sughsas;g@ pohatizg cheksepet ng ey f r
described in an art?clé ent?tle% "D??%Lrent?aPeTnteéfgéggg%grc ?gaﬁge%%nts

for Distance andtAngtéobbasbeemeanssuPsiyatepl 8sa Advamagasg anch
Applications," 25 C. Zangni ibig. may be |[ncorporated into t
appar at us of F?%%??éﬁ}ﬁﬂ QPBZ8Etr§F ﬁFF?@énP?y ﬂ%%érf?n@g??%ﬁ¥?%eg pirit
and scope of thgepeetserpdahbi b enbodifent phrbBEIPFESLALth NVRALH DR The
orientation of the plane in which the inmpulse 30 response functions of

i magi ng sulbsys®éntlarelmuni pulated in the third preferred enbodinent is

per pendi cul ar to therpl.age 9f1FLG:,38e sune}0cn W99/ 63300, BETLPSION 1

1601 FIG 3b depicts in schematic formthe énbodi nent of the subsystem 80
shown in FI G Back@leupdaneglt+Be&n 8btiesiper pendystbmar84 owhbeeptiame of

FIG 3a. For the _thir ferred enbodi ment, .1ight urce 10 i referably
a 5 point sourBEaBF g%s%; iral Py ' nE6REFE Cgéﬁfcgoogg?aﬂfﬁ??oﬂ§agF§ss£a'
surface of the sourg@ecsprebarablytakkasebgernki-kel1sgutegr€f 180herent or
partially coherent radiation, nost preferably a superirradiant |aser, and

pr ef er abl yt Sol GPP28BCLEPGhISBUFEET 20T RPES PAPELCBeat 21l | §ReBChOMALLA

optical axis 3£ghmSUbsys Q- W ; 3 ' e nters
focusing | ens gegnd ?gﬁfgggggdté S?Ehgﬁg%g ?%g?ﬁaggb%?gﬁ%ng.gﬁ}gﬁg beam 12

conprised of aPpeseal tpventipght resaibel zetond ggoun df vemgedimenhst he
pi nhol e 8 and gnter s-tlen 6 I inC [ ign Wi ica
axis 3 of subs?gkgnﬁgge Eﬁéhfggg%%glgggﬁg%éeggFgén?Féﬁ%gé6g3§%C8Pﬁ?Eag%d
| i ght beam 12Al06nmamids etbafy sitieghtB2beanbeb@Aspli2Led, 180anddepuBsgspbase

shifter 14.. Phase shifter 19 is _conprised of rectapgul ar phase shifters
141,02, 35 0 BRPEN SPBSVGERTS) C20% RAV B6 « RBFr SPBSELERaebanP: cf SRes
are parallel teneptjatdls @€ $he eflestboysienidDaibotgat Ba 1B pynber of
phase shifters may be any suitable nunber 2m_ rn being an integer. The

exanpl e shown tFamsdateny i1d & gnd ke Phssoshiter dhelbasvbsvstetr 88Rase
shifters being, suifdgiiqah ;.0 clearly 25 show the rel ationship between the
conponents of the apparatus of the present invention. Parallel |ight beans
12A-1, -2, -3, -4 pass Hlr.odgh phdse tehitiasersnbbystem? B23a- forr €bpeceseebyf, and

energe fr ph hi.fter | j e B-1,-2,-3,-9, respectively,
whi ch congg?seiﬁﬁgh b5 (ggﬁéﬁkyj%ﬁ%ﬁggﬁﬁﬁhéaﬁﬁagg%s EFF8r§BT9B§aBﬁdOf9-4
introduce a phase .shidt ief petrpeadiiand arart tthe phase shi fFici.ntteaduced by

each of the phase shifters 14-1 and 14-3, 110 VWO 991 63300 PCT/ US99111601
the phase shifts int'rGtuc@f by G5 Y stem B3ndoxa8hBercaget RE same.

In FIG 3a, |ighoheaBal?Br@dting ABB@sangd %hB]?lét kakl %ggh@n%@tted

by beam splitter 100a as |light beam5 P12B conprised of |ight beans

P12B- 1, - 2, - 3, - #1C. gifc Bgamerpendicular to the plane of FIG. laa;

25 FIG. lad illustrates subsystem 83aa for the case of
reference beam entering subsystem 83aa and where the plane
of FIG. lad is perpendicular to the plane of FIG. laa;

FIG. lae illustrates subsystem 95 for the case of
reference beam entering subsystem 95 and where the plane

30 of FIG. lae is perpendicular to the plane of FIG. laa;

FIG. laf illust-r-ates subsystem 85 for the case of

scattered probe beam exiting subsystem 85 and where the
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P12B enters subsystem81. In FIG 3c, light beam Pl 2B enters | ens 26 and
energes as |ight beam P12C conprised of |ight beans P12C-1,-2,-3,-4. The

pl ane of FIG 3c is perpendicular to the plane of FIG 3a. Lens 26 focuses
10 I'i ght beam P12 i mage point 18 in image plane 17. Light Q5%!

ener ges fron1ﬂﬁ%§§&%§ﬁnt 18 as |light beam P22 conprised of Iidh W%Eéégl
P22-1,-2,-3,-4. Light beam P22 enters |l ens 36 having an optical axis
aligned with optical axis 3 of subsystem 81. Light beam P22 energes 15 from
| ens 36  and exits subsystem 81 as collimated |ight beam P22A conpri sed of
l'ight beanms P2AAnkt o2, £3G.41a4S ish@edemdibEl adaiol kALt pREAR B22ATES
partially transmtted by beamsplitter 100 as |ight beam P22B conpri sed of

| i ght beanms P228-1,-2,-3,-4 and enters 20 subsystem 82 shown in FIG 3d.
The pl ane of FIG i S.perp icular t | .an f El . Ln_Fl 3d,
i ght beam P22B in%ﬂnge%a nﬁgqgmﬁﬁﬁgémg%P%EEPQE% g%%ﬁrfgghtgg gﬁgﬁeﬁg;
24-1, - 2, - 3, - 4. sdA@aze eshiphiodre s esdnfimicsedbelystthe sage adabeheot 2ime

el ements 25 as phase shifter 14 and is shown_ in FIG 3d with m =2, Light
beans P22B°1, PAang Of fdSs tRddgh BTasEddgitdeér $024he pang of FIG.
respectively, jgn0d energe as |ight beam P22C conprised of |ight beans
P22C-1,-2,-3,-4, respectively. The phase shifts introduced by phase
shifters 24-1 and F9G30 I&harid lofs tefdls valbgestani @R dpe hheadiramsofore t han
t he phase shift_ 4ot y..either .shi f.ter - 244, phase
shifts introdd%gggﬁ§%%ﬁ§§§%%%éﬁﬁ;§? 4- gﬁgghf%%syééﬁéggé3§é§ whiige

1' CT/ LI S99/ 116iHe 29-ahbeimFiaf. agualisvadargendilud atrhébethe paanet offel ati ve
phase shifb bﬁ%ﬁﬁeﬁ'any two of the light beams P22C-1,-2,3,-9. Light beam
p22C passé t ghrPtobe | ens 46 as |ight beam P22D conprised of |ight
beans P22D-1, -2, - 3,p¥: .5 Ml Ghliss frecuseds s istie @skhneornege carkeed at

i mage point 28 in inmage plane 27 in object material Z12. The axis of the
li ne~i mag' e i sretdRAtAd iAisr RfaIreE™ 5 tHE D sibeys tan 833aorndnigier§
subsystem 82. & e f e 4din 'qﬁg%' .determ.ned;, hy ienat i on
of factors suclﬂﬁ6las tggpd%$§%1%#l$%%us aéﬁﬁgﬁﬁgﬁﬁfkg gggrﬁgfﬁ%gggf pr obe
| ens 46 both ofIGhildn;can be adjusted and the optical bandw dth of the
source 10. . The lin ctjo cut thr h ane or, re surfaces of the
obj ect matérial or e}ﬂscg i%'}@?}%‘?&é B9 HE ﬂé&“ﬁ%&&’i af s Caxi s of
l ens 15 46 is sbignethavpghe it Ol posd or B dfs sathsy sh®vd8dentn I Ghe3a,
light beam 12B is partially reflected by bheamsplitter 100a as |ight beam
R12B conpri sedPo? SR ght B ORIPEN FX6. 23 ghqyig opddmer1 DB tEst er s

;nggsg ?mFFéC %é;?dé\@eﬁ Sd s t38ns 862 A& Of 61l Gnd®2,S sRadld &3, @220 the
and B81lb, 83 and 81b, and 81lb and B4a; paths of the
20 electronic signals from computer 118 to translator 116 and
to phase shifter 44 in subsystem B83; and path of
electronic signal from detector 114a in subsystem 84a to
computer 118;
FIG. 2b illustrates subsystem 80a where the plane of
25 FIG. 2b is perpendicular to the plane of FIG. 2a and the
direction of the line source and the' linear array of
pinholes Ba lie in the plane of FIG. 2a;
FIG. 2c illustrates subsystem 81b for the case of
probe beam entering subsystem 8lb, where the plane of FIG.
30 2c¢ is perpendicular to the plane of FIG. 2a, and the

linear array of pinholes 18b lie in the plane of FIG. 2a;
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In FIG 3e, light beam R12B enters | ens 26¢c and energes as |ight beam R12C
conprised of |ight beans R12Cl,-2,-3,-4. Light beans 812B-1,-2,-3,-4 are
spatially separated in a plane perpendicular to the plane of FIG 3e 25 and
appear superinposed and coextensive in the view presented in FGys3641deEnS
26¢c has an opflcal axis aligned wth optical axis 3b of subsysten18lc Lens
26c in conjunction with plane mrror 120c focuses |ight beam R12C to inage
point IBc in image plane 17c. Light beam 30 R12C energes frominmage point
18c as |ight beam R22 conprised of |ight beans R22-1,-2,-3,-4. Light beans
R221,-2,-3,-4 are spatiak!l ylseparatesd élﬁb@}f@&@rﬁlesﬂ.}iZforQs/Ebg@é@é3ﬁﬁ
PCTIU899/11601 erpendicular to the plane of FIG 3e and Eear

superi nposed %%geé%%ﬁ?e9§?Wee?ﬁe¥+m% TrRHY P &8 eBtld W%eﬁ?Gg 8ePlenegAf beam
R22 enters le 3 [ [ I t thcal [ c of
subsysten18lcp§f|g%? gaﬁ? Rng%%§$%e§5 f%%]$g%§93%% g%gpeggfsa§§b§9§ten1
81c as col |l i mhiedati ghtapeam B2 tenptPlsedioefihi ghe beans 822RI1G- 2223, - 4.
Li ght beans 822A-1,:-2,-3,-4 e.s tlaII arated in_a_pl ane
perpendicgfar to tﬁﬁgplgﬁel% ?TE? 38 5%% %%p%%rggﬁpt?FnﬁggeaaﬁﬁdOf
coextensi ve iprébe Meew 4Rt presgnsedsyptéhBadewndseshpunpl ankl 6f Bac.l i ght
beam 822A after exiting subsystem 81c_enters subsystem 83a. Subsystem 83a
shown in FI G 28f 1§ sPebREPTILEHIBF F%nEh§681a?%f%Fe§E@ nfRfor 120, beam

splitter 100b, andFP@aSQfsbliE§E§a§és §6§sy§8gm4§4a1501h9h@|@QgeOEfFlG- 3f
is paral 7.el to the plane of FIG 3a. Phase shifter 34 conprised of phase

shifter eIenEnE§83ﬂmcezbeam gnaadiptasebshistenr 834awhonpr tbedrofinphase

shifter a-1,-2.-3 a | ustrat d in El 3f ,as rotated ~/2
radi ans a out ?Ee g%tﬁgaPeagggdégugnﬁ %8 §é ?BchFv§?§ £8f the pur pose
of ~maki ng t he dESCFEQtIQﬁaoﬁlaﬁéttéaéklmg ebngahb@abnbaaﬁﬁ 8220aiB8238Bes
822C, and 822D t hrough subsystem 83a sinpler wthout departing fromthe
spirit or scopé BECPhe2Bnrfd ehbSEPRBAL1IGF IPRB, pEBseRTeFANERYI BREferred

Accordingly, kiight Q%%%H@%gﬁtcgﬁp%h§e?r@5e3§ hhggthQQWErg%z%hé sécodd 4
and |ight beam 822B conprised of |ight beans -3,-4 are

illustrated i ATPRR o3f egbofdmansed HythlﬁIEad?aﬁssﬁﬁwﬂﬂgtﬁ@téﬁﬁﬂcﬁatéﬁls 3e

and o Loty peap.gegl gg@@eggglgggy §80 28 8 uBEE L Bprnd, - BT 11 O DeAm

822D conpri se PR PRPAStPSESd in FIG af
as rotated byspl2ttadi a09 abdusubhgsmpmlBabaaxspbsgatgmﬂ @Qbayahdnﬂ&Saz
Light beam 113, Y0,99) 03300 BCT/ L1S99L 11001 8224 1 TRl 7es g1 Rhase Shi f ter

signals 132 and 133 to translator 116 and to phase shifter
44 in subsystem B3aa, respectively;

20 FIG. 3a-31 taken together illustrate, in schematic
form, the presently preferred third embodiment of the
present invention with FIG. 3a showing optical paths
between subsystems 80 and 81, 80 and 8lc, 81 and 82, 8lc
and 83a, 82 and B8la, 83a and Bla, and B8la and 84; paths of

25 the electronic signals from computer 118 to translator 116
and to phase shifter 44 in subsystem 83a; and path of
electronic signal from detector 114 in subsystem 84 to
computer 118;

FIG. 3b illustrates subsystem BO where the plane of

30 FIG. 3b is perpendicular to the plane of FIG. 3a;

FIG. 3c illustrates subsystem 81 where the plane of
" FIG. 3c is perpendicular to the plane of FIG. 3a;
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nunber of elenents, 2m as phase shifter 19. Light beam 822A passes through
phase shifter 34a as |ight beam 822B. Light beam R22B is partially
reflected as |ight beam R22C. 5 The phase shifts introduced by phase

shifters 34a- a-3 are of equal values which are ~ radi han
PEife el

t he phase shi oduced by either phase shifter 34a-2 or e
phase shifts introduced by phase shifters 39a-2 and 34a-4 bei ng of equal

val ues. Thus there is no 10 net relative phase shift between any two of the
| i ght beans 822C-1,-2,-3,-4. Light beam 822C passes through | ens 56a as

| i ght beam 822D. Lrght beam 822Prhscbosunegshyn 8ns faéathe -ABEEoROI nt 38
in imge plane 37 on reference mrror 120. tical axis of lens 56a is
aligned 15 wi PEOBpBt Pear 8RfSr389IoFURENSTSMeRP8Rac rN theGPlage &IpBEFi-on of

| i ght beam P23[ (cf 3d)1Ls refhkget ed and/or tt,gr.ed by the object
material 112 at ?nagg %g?%t 28 as a plurglﬁty 8? Fﬁgﬁtggéans P321,-2,-3,-4

conprising scatter @lGpr8beibénnatP3LesThebglyatem2@laf wEkeGe Bhei plane of

per pendi cul ar the pl.ane_of . F 3 Scattere be _beam P32 di verges
fron1inageépofﬁg'deiEsiHﬁ@%R%Fgﬁ%02$hgn§%3nfePg Eﬁﬁ% A8/ As shown in FIG
39, scattered proberbeaprP321asergessf somsheremd@3as reel kheatadeseat t ered

pr obe beam P32A conprised of |ight 25 beans P32A-1,-2,-3,-4. Light beans
P32A-1, - 2, - 3, *8f6388CENPBABNCPREE&NENFFPEYS tom B3a3where) theeppanei 04| v,

and energe as pri;ghtebeanpg,P32Ba1, 18, tBe $1aheSBECHIVE! ¥a Ligh s
P32B-1,-2,-3,-4 conprisgﬁgcattgred progeébgan1~P328 whighgegikggggbsystem
82. The phasesshiftess3084i anfodésedrby sphave roftietieer $024egrand 2boBtatdeof

equal valugs which.are ~ radi an n t-he phase, shift introduced by
ci'ther phbde SReRt 2R 523,987 SASRTRERLbINA 508 111062 4 raaBuanoses
PCT/ US991 1160bndlyi;fts i ntroduced by phase shifters 29-2 and 24-4 being of

equal values. In F 3h, lLight beam 822 cf. Fl 3f) is reflected by

reference mrror 1%§EasBPethEFESaggﬁeFEEE&S§eﬁbé%:ﬁ@? EBRPFRSEdOSF | ght

beams R32-1, - 2rode heafUBsY st af 838s5R0W B2 FhGre3hhes paamRr bzedref, la?zs
a,

56a, reference mrror 120, beamsplitter 100b, and phase shifters 34,
and 44. Phase i$hPrE@engicedapr Leedhsf PeRaSe ofhifilGer 3@enents 34-1,-2,-3,-4

and phase,shifter 43 19xCoMpubiedeal RIZSG S 8 Pemeals 4a L2, -3, 4

are illustrated in FIG "3h™as rotate i'ans abou € optical axes 3a
and 3c, respectifegiepcef beatthexpliipgs eubis yisdieim @ 3shehdesc thet pdanef ofnd
tracking of “optical, beams 832, 8324, and 8328 Lhrough sybsystem 83a, ol pl er
shifters 34 and 34a shown rotated 90 degrees about the
axes 3a and 3¢, respectively, for illustrative purposes
20 only;
FIG. 3i illustrates subsystem B8la for the case of
probe beam entering subsystem B8la where the plane of FIG.
3i is perpendicular to the plane of FIG. 3a;
FIG. 33j illustrates subsystem 8la for the case of
25 reference beam entering subsystem 8la where the plane of
FIG. 33 is perpendicular to the plane of FIG. 3a;
FIG. 3k illustrates subsystem 84 for the case of
probe beam entering subsystem 84 where the plane of FIG.
3k is perpendicular to the plane of FIG. 3a;
30 FIG. 31 illustrates subsystem 84 for the case of
reference beam entering subsystem 84 where the plane of

FIG. 31 is perpendicular to the plane of FIG. 3a:
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15 departing fromthe spirit or scope of the third enbodi nent of the
present invention. Accordingly, |ight beam R32A, |ight beam 832B conpri sed
of light beans 832B-1,-2,-3,-4, and |ight beam 832C conprised of |ight
beans 832C-1,-2,3,-4 are illustrated in FIG 3h as rotated by ~/2 radi ans,
20 about the opbbeaboexis 3a. The plane of FIG 3h is parall el PEpushdigiiane
of FIG 3a. Reflected reference R32 diverges frominmage point 38 in inmage
pl ane 37 and enters lens 56a. As shown in FIG 3h, reflected reference beam
R32 enmerges fromlens 56a as collimted |ight beam 832A. 25 Light beans
832A-1,-2,-3,-4 pass first through phase shifter 44 and then through phase
shifters 34-4,-3,-7168. Pagpéed géPyF'JtSlHSZﬁé‘rtﬁe 13s cePghPChégns With

R32B-1, - 2, - 3, 4, thSPesldsveley FTERe PRase shinf kdnakizedeced Ry rhase shifter
44 is controlled by signal 132 from conputer 118. The 30 phase shifts

i ntroduced bypplasatdi tr@fsr3ad sgygndd smpoaigendqedl thel passeiitch are n

radi ans nore t. i ft.dntr I r; e hf ter- 34-2
or 34115 VOGRS EI0L B e o e AR ES At odadsd by
phase shi {3 er 8a34-shcanich B4k iveilngadh sedpediveeal dresin Bpflliddeed LOSF emence
beam R32B exits,subsyst 83a. In FIG. 3a, ortion of scattered probe
beam P32B i s 5UPSH ’bé)aer?l“%;i?lpl(iltt}rerlé(?[%)asanéjo;f?l‘%ﬁé’lsi(‘ttef)1 %faagjl'ght beans
P32C- 1, - 2, - 3, Ay dny pascaiiens] prbedeamtRinCesseatner ed pnebe beam
P32C enters subsystemBla shown in FIG 3i. In FIG 3i, scattered probe
beam P32C ent @ahsems 26 SHEEHRTYEs HIeddt tletde st 356 BearhP3sD ater

conprised of Light,heans BR2D Lided - shewlanadf 8@, 31 is
per pendi cul ar to tahe pl ane of FIG 3a. Lens 36a has an optical axis aligned
with optit@l mdspedtiofelubsystem 8la. Lens 26a focuses scattered probe

beam P32D ont o spaty fd I+ Pl mg_[ i '%q,}g la . tion
of scattered probe %@a’m%%lelﬂiergest%%g%%%’a%l a E‘Bf%bt g‘r%%izc?iﬁoi%ea gﬁgs
spatial ly-fil trerfelk stoad tes ok rab e drean P32 mpmrb sedeaf d3aghtwheaanshe
P42-1,-2,-3,-4.. Spatially-filtered scattere rqQbe heam P4 nters |ens, 36a
havi g an opt EHTG G 16 gritth v P B S S S P G20 sy st B
Spatial l'y-fil tenesk seat fesed 3 obey bepn 842 amigesoddm lany and exits
subsystem 8la as col |l i mated spati al |£/-fl |tered scattered probe beam P42A

conpri sed18f |kt bickersares 220 1and 3B, vespeckhHehy i oM G135 Tt st ed

reference bea @,%;&g gapartially transmtted by beam sputter 100 as
refl ected ref(réBre ce (Lbeam 8@’20 conprised of |ight beans 832C- 1, -2, 3, -4.

Ref | ect ed ref erenceFbeamR3P0D rker steubdtlyst ehd Bist s im fii@nagjic The
plane of FIG 3j_is perpendicular to th e of, Fl a. l.n F 3j,
reflected ref egelﬁ e %@)e bRaTY 83 e‘?ﬁeefr%%%élgp% at}%me eoﬁﬁel%ee%t ac"sf-rr(%e}}ef ected
ref erence beampR32EhcoipréesedonfwlilghfIbeats S32Ddg -chidicall peetiss 26a
focuses reflected reference beam R32D ontg_ |1 WD, 991 63300 PCTI 1US99/ 11601
spati al f?lot e?b?ﬁ‘ﬁ%%]i‘es‘i%%y??n@f‘?ra ap‘?%.?leé)ﬁ?ago%\ Dot tf o ot e%%’eaéllc

reference beam@32z3gresgesnéir oMb spatiabndi sig) Phahele Hd2 &Fa; paths
spatially-filtered reflected reference beam R92 conprised of |ight beans

RA2-1,-2,-3, 5°8. tipaeiafFyorift et @eetef fERP c@OPREEFRNEE? ek TS BHE QY s
| ens 36a. Spatj gkl ypbi Jcae]giﬁgsée&k fﬁgp 5 &f ef engs %@@ RgZ, £ r%ﬁa{ﬁ%&l ens

36a and exits subsystem 8la as collimated spatia Iltere ected
ref erence beaneRd4@¥roonpr &seuadf froghdebeahsr 8DR4a 1in 25uldsysi.em 84a to

25 computer 118;
FIG. 4b illustrates subsystem 80a where the plane of
FIG. 4b is perpendicular to the plane of FIG. 4a;
FIG. 4c¢ illustrates subsystem Blb for the case of
scattered probe beam entering subsystem B8lb where the

30 plane of FIG. 4c is perpendicular to the plane of FIG. 4a;
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10 It is showmnm in FIG 3a that spatially-filtered scattered probe beam P42A
i npi nges on di spersive elenment 130a which is preferably a reflecting
diffraction grating. A portion of spatially-filtered scattered probe beam
P42A is diffr L the plane of FIG 3a by dispersive 15 dgigqt

el enent 130a ggégg%?@%red probe beam P42B. Scattered probe beam P4 %HGM

i npi nges on a second di spersive detector beamelenent 130b that is
preferably a transmi ssion diffraction grating. A portion of scattered probe
beam P92B is diffracted in the plane of FIG 3a by 20 the second dispersive
det ect or beam el enent. 138bi asuwavenesbeubtivkt en eglib shat itald yeddd tef ed

scattered probe_beam P42C_ Al t hough the beans P42B and P42C are conpri sed
of a spectrun¥8flSEFF€aFe??EEH%%C%EEBHEBEEHEQQﬁﬁ??Yﬁﬁ%ﬁ(ﬁ%?cﬁQﬁkﬁ§€HEin

angle in the Bphaﬂe 8k Fi&. @@ﬁ%ébgﬁa&gmgi %'%%%Jﬁ@%@ﬂ@?qﬂl‘)”em

of beans P42B and P42C are shown in a. The baths shown are typical.
The illustration ofFI6nl yeohéloptiatbsf sehagntyn cHmofenttforcade deans P42B

and P42C perm.ts, the displ f the inmportant, properties qf subsystem 89
ot Tesoiet MsbRrbafad' REVBK Roahl BrrERRRE BhRBl TERT A4S Milant R Tor od
probe beam P4gCawet Beut1depaet iBgperpantheuspirid the seope: KT F1d0 4a;

99/ 63300 PCT/1JS99/ 1101 of .the present |nvention and w thout introducing
undue conpl exity | BE6-FAE 134uahd2566sEHRENE LEP gt st o maeh et -45 | tered,

spatial | y-fil tered-heamP42CeaBEEDS amUBRY SLEAY BOSHON LA oA GnSke dine
plane of FIG 5 3k is perpendicular to the Elane of" FIG 3a. As shown in

FIG 3k, waverdnber ofi Fi€redf $paPraprpdicPiaretio bsn PUIC pab SBES + raugh
lens 66 hagying an %E'.Cﬁla??ﬁﬁuglélrg@gg Wt F!)o/ﬂ?ﬁu??ior? b S d.Of . SuUbsysLem B9

and energes as wavenunber ere spat i al ered beam conprised
of light - 10olfear&SP42B-4f 2in3schendlié cndoenunbes -préd@itely preferred

spatially-filter beam P42D il lystrated wth only ope optical frequency
conponent is F&@Eg@de OPéW§n§60#oE%ﬁ38§858Pﬁtlagg? 1??&%&9%”%%% FCOTHe
| ocation of theoupnge pabBHiIRSNLR WAEhH Mage Phanenddimgdphesef osLeride

| ocation 15 of the inage point 48 on a linear_ array of detector pinholes

| ocat ed in t h@StiHe§d BEamesBIifiter doferddosVbREShbER| B2daf rieepiency of
wavenunbeys fi lt8re6. SRabI y i P RaL,P4 j i sive
det ect or eIené%?g 1§0a andg%§0%55$§§%%ortions %gbgyfyéﬁ%q§%%%1t gfﬁéb pass
t hrough the | Ebdasubsysjens BBabokasl 96 dedepetlsbyf debhectbectiddnic
preferably a tect.ar ri.s of. a.linear. arr of pixels such as

| i near array %ﬁﬁ?aﬂf 9?35 Bﬁnﬁgﬁ FPGEE gstﬁgprsggéi%?ﬁyé?iS?%?%ds?%¥€%5ted
ref erence beami842Asubpiyages 83al,Spespectizelgetector el enent 130a. A
portion of spatially-filtered reflected reference beam 842A is diffracted
in the plane of FI &LG3adb@edisser Shge IFOMELEYr 0é| BnERflacbinascreiPerted

referenceg@eaﬁﬁﬁﬁ%gcoﬁ%fMQQEeqoggfqh%_ emp%@%kgggg;inpinges on the second
di spersive detector elenment 30 130b. portion of reflected reference beam

R42B is diffractedfilf -t fe 1§l angrePhrIdsPiZd 9y the sepbhtiudespérapveut-
detector el engi. d30R Q%a@%VqQPQ§ﬁ¥'Jﬂéﬁfﬁfﬂ%il%%§ pinhole plane in

accordance with the four preferred embodiments and
variants of the preferred embodiments of the present
25 invention;

FIG. 7 is a graph depicting a reflected reference
beam amplitude in the spatial filter pinhole plane in
accordance with the four preferred embodiments and
variants of the preferred embodiments of the present

30 invention;
FIGS. Ba-8c relate to lithography and its application

to manufacturing integratéd cixcuits wherein FIG. Ba is a
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\\" O 991 63300 PCTN599/ 11601 spatially-filtered reflected reference beam
842C. Although the beans R42B and R42C are conprised of a spectrum of
optical frequency conponents and therefore dispersed in angle in the plane

of FIG 3a, the pg%g§uof 5 only one optical frequency conponent,dialiyd/NQo
beans 842B and R42C"are shown in FIG 3a. The pat hs shown are typical. The

illustration of only one optical frequency conponent for the beans 842B and
R42C permts the display of the inportant properties of section B4 with
respect to 10 the wavenunber-filtered, spatially-filtered reflected

ref erence beamdRAZGtwid hutidepartt iang ifthomrtaipd ys pixpddsware soopeenofu sy
present invention and w thout introducin% undue conplerity into FIG 3a and

subsequent fi gt ONRFETUMIEF PPy 845 B4t i al I y-filtered reflected Z5

ref erence beam RA2G1erH ergh Ses B emeB84 1showhairt Fldes3hibithe plane iof FIG
31 is perpendicular to the plane of FIG, 3a. In FIG 31,
wavenunber - i EEREERC MG -oGrRtste § &M dSie Y% f er ence beam 842C

passes thrgugh | ensy®f and Lner@eems iwavWENEThReIsK hildgl@dion system
spatially-filtered 20 reflected reference beam 842D conpri sed of |ight

beans 842D 1, -\isirgy -the \grdmamde MGIOSSORY, S3Fdtel | y-filtered refl ected
reference beam 842D il lustrated with only one optical frequency conponent
in FIG 31 is focused by lens 66 to image point 48 in i nage plane 47. The
| ocation of 25 the i mage poi nPEZBILRAD| RRGERPFPEAAONAPFaAHE: heref ore t he

| ocation of the inmage point 4B on the &h@gﬁ&lgﬁray of detector pinholes

| ocated in the imge plane 47 will depend on the optical frequency of
wavenunbedOfiltered, spatially-filtered reflected reference beam 842D. The

30 portions of a li it : rgﬂgﬁlip [ n o) ctor
pi nhol es are det ectllggé b@ﬁ%éﬁgﬁg}%ﬁ&q 9 S@ﬁ%ﬁ?%@%m 1{!‘5851'5 1601
The renmai nder ofmphex tdup i endodi frerd £ ldepiat echd foF| SRt t3ar&8d 1 5glpt eberabl y
the sane as described ior corngﬁﬁ?din. aspect s f the first pre erred

T e P 4

embodi ment in {he Hestt TPt on of O TP ek ™A Gt 821 i AT on
in the third pfefertied complex amplitude of background light produced by
15 superimposed out-of-focus images of structures before,
behind, and to the side of the volume element under
examination. The described tomographic technique can
separate a desired complex amplitude signal in an image
plane from “background” and “foreground” complex amplitude
20 signals generated by various mechanisms. Such background
and foreground complex amplitude signals may be (1) out-
of-focus images of sections of an object material other
than a line section or two-dimensional section being
imaged, (2) scattering of a desired amplitude signal, (3)
25 scattering of signals originating from sources other than
the line section or two-dimensional section being imaged,
and/or (4) thermal radiation. Scattering sites and
thermal radiation sources may be located in the space
before, to the side, and/or behind a line section or two-
30 dimensional section of an object under examination.
Tﬁe technique of the present invention is implemented
with either of two different levels of discrimination

against out-of-focus images. In the first level (Level
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enbodi nent of the present invention is achieved by mani pul ati ng the~i npul se
response functions of imagi ng subsystens of apparatus of the present
invention in a plane orthogonal to the plane defined by dispersive 10
detector ele a and 130b. A Level 1 type discrimnationR) be
achieved in gw\yagr?{%%? of the third preferred enbodi ment wher eiq’n th(g@ll“%91
apparatus and el ectronic processing neans of the variant are substantially
the same as for the third preferred 15 enbodi nent with the phase shifters
14, 24, and 34 rotated by ~/2 radians about their respective optical axes.
The remmi nderl)of e ivarulanrt refsponsed Hurd tandrediafenimacd npr efgraldtentshe sane
as described ipn the descriptio f the variant of the first preferred

B oy

embodi ment  of®} He ' rERE S &7 SRt AN €5 SFredippaded F cs.
4a-4f depict im siahemmidfc ther Mrahodrl eikedigment ioft ddae danes @Me- nventi on
fromthe first. group of enhqodi nents in which the source subsystem 80a,
subsystem 815%”&“?&?%%%& GRS 8 Ts iharG eﬁ%a@@fsar etepgrpéFé}Jéé]W'ccﬂﬁi gured
f ox approxi maepsid to £ a0 aalsplcariaa amag idg- sy Hfaiarce nymeia s are used
in FIGS. 4a-4f for _ljke elenentsﬁBreV|ous described with reference to

g .

|
FI GS. 3a-31. JheLbdigiddat il f lsuddifstiSRBEE SHERPTSE FUactyexish in

the area of theagthd$ iR dQanshickh dre b frahey i wHeomdsed of a
br oadband, spatially incoherent l|ine source, preferably. a lanp filament or
| aser diode at¥ESPTIANY 35F M &rES G die bl oS0 HnY PeT BEEIR. G01

pi nhol e a of pheidthiddh@rpdiviiindtGibrsl row fnefLrabinh LUk of a
| inear array of source pinholes 8a aligned with the inmage of |ine source

10a formed by2t PP ¥HS e THFIiFSRATOVS N UHRE tBH EF FHown A 9198s.2 4c

and 4d 5 consistsr MfisLRlACI MG WL 3 idr suhsiyad D 8ha windded b # d
enbodi ment with a |inear array of spatjal _ filter pinholes 18b in subsystem
Bl b. The nodi ?REaRT oHRCYH NRAZ8E tigrAmBAR SRS i iauess. Widhnesgedkitt in

the area of thgrespetaradildan i wWhichsithe | ideal: ar ray Pl pishol es 10 in
the i mage plane 97 of the third enbodinent is now preferably a

t wo- di mensi on@iS@F Feinatiqiet edidife bi histesianrl thetddatigra tiionsma he
third emhedi MBOL; AaNbHheed I8 QY Ko A XOtSry & AR ARLAG Ofndd 42
preferably conprised of a two-dinmensional array of pixels.

are described.

The enabling technology of the present invention
which is common to each of the preferred embodiments of
the instant invention configured with either of the Level

20 1 or Level 2 discriminations is described herein only for
the preferred embodiments with a Level 1 discrimination.
The Level 1 discrimination is based on a particular
orientation of an orthogonal plane in which the impulse
response functions of imaging subsystems are manipulated.

25 The choice of the orientation of the orthogonal plane in
which the impulse response functions of imaging subsystems
are manipulated impacts on the degreg of reduction of the
effects of background beams on statistical errors achieved
in apparatus of the present invention.

30 Referring to the drawings in detail, FIGS. la-1n
depict in schematic form presently preferred first

preferred embodiment of the instant invention. As shown

in FIGS.-1la-1n, the preferred embodiment of the present
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15 In FIG 4b, the linear array of source pinholes Ba and source 10a are

al i gned perpendicular to the plane of FIG 4b, the plane of FIG 4b being
perpendicular to the plane of FIG 4a. In FIGS. 4c and 4d, the linear array
of spati al fi{tq&mﬁhmholes 18b is aligned perpendicular to 20 gheypbane of
FI GS. 4c and 4&{ the planes of FIGS. 4c and 4d bei ng perpendicular to the
plane of FIG 4a. In FIGS. 4e and 4f, the two-dinensional array of detector
pi nhol es and the two-di nensional array of detector pixels are aligned
perpendi cul ar to the plane of FIGS. 4e and 4f. 25 The remmi nder of the
fourth enbodiiendntephctedahniftEBfedamdferscpnptesabl yrt Aebsame a~

descri bed for corresponding aspects of th iprd_preferred odi nent in
the descriptiYn bftE G%QOBaggigcﬁhEaEQEé?fliEFSCFFﬁPﬁg?fﬁﬁ fﬂgth% fourth
preferred 30 eppodiNept mofrbhei1pvesantpbhyedti @BtE&18¢hEE¥RENDY 130a
mani pul ating the inpul se response functions of inmaging subsystens of

apparatus of ameé bpebenenfneefAet6AtPA 41f21 Thwe goné3gnoatigr/ LsSk9Pne0l
AN sop, Ba00NR ;A Lbe BLanewdehiasdnbyndlonersiLecde! ek ol s CLARRA! 81302

and 130b. "A Leve iscrimnation may a € athreved in a first
variant of the $ompilh piéhetretiembodPhbatr Whemei nft hetapparanaseand 5

el ectronic processin an f i.rst i ar,e ntially the sane
as for the fog??ﬁnp%gngFe rg %gﬁnéﬁt§MP¥§E%%2E8hg§8%§E?%$ers 14, 24, and
34 rotated byintlrfadbaeseabantl wlsedescespect iveaophircaklaxestifhed

remai nder of the_first varian f r ioent .i.s 10 prefer y
the sane as deQ%FFSgﬁnFéﬁ1coP&ggggngﬁﬁéggs%gggg%%%egﬁg Pfsﬁlég P5§t3§¢ t he
second pnef er radlendedisnerinenft st:h@rpnesedke si, nRerintrageA, sendnd vari ant of

the fourth preferred _enbodi,ent j s descr.i erein. the apparatus apd_

el ectronic 15£BPE&8§§FHQSHEQ%§ 6* gﬁgogécgﬁglv FﬁéﬁgtgrgRSUEg?anPPal 3 t he
sane as for thesfoupsls)prefeteed ehpdirarrd exeept:heorppheakiusear arcays of
source pinholes 8a and spatial filter ﬁinholes 18a of the fourth preferred

enbodi ment  whit8h 1&r ¥ &d By o Eor'de ISP tARY & T6Pathsl SPAFEEr 38 ¢
The 20 remai ndeppaf oifhe HeeeRd Madant roft e dawet #rhed peakent

15 invention.

The orientation of the plane in which the impulse
response function of an imaging subsystem is manipulated
in the first preferred embodiment is perpendicular to the
plane of FIG. la and paraliel to the optical axis of the

20 imaging subsystem.

FIG. 1b depicts in schematic form one embodiment of
the subsystem 80 shown in FIG. la. The plane of FIG. 1b
is perpendicular to the plane of FIG. la. For the first
preferred embodiment, light source 10 is preferably a

25 point source or a spatially incoherent source of radiation
across surface of the source, preferably a laser or like
source of coherent or partially coherent radiation, most
preferably a superirradiant laser, and preferably
polarized. Light source 10 emits input beam 2 aligned

30 with optical axis 3 of subsystem B80. As shown in FIG. 1b,
light beam 2 enters focusing lens 6 and is focused at

Pinhole B in image plane 7. Light beam 12 comprised of a
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is preferably the sane as described for correspondi ng aspects of the fourth
preferred enbodi nent of the present invention. The reduction of the
systematic effects of out-of25 focus inmages for the second variant of the

fourth prefeynaggﬁggﬁplnpnt is substantially the same as that gohj@¥aeohn
prior art slit al interference mcroscopy. However, the statistica

effects due to the out-of-focus images in the second variant of the fourth
30 preferred enbodi nent is reduced bel ow that achieved in prior art slit
confocal interference mcroscopy but generally not as effective as achi eved

with apparatusigfai2Ry oWO198h63888mBCILUSOOL] -B, 60 Hitvbegéouttbmptréerred
enbodi nent and first variant of the fourth preferred enbodi nent. The use of
a linear arragivhodeuBcengi ARbRES aRBSalfi Re¥indr pRyOBEISHAt #ALS pi nhol es as

in the fourth_ 5. ferr [ .and the fLEstiyarggnt pf thefoyrth
preferred enb%gﬁﬁégg ?ﬁg egnggbggggégtive sFits§gg§erates aigéqﬁ?renent
for a restrictedeseaneaf frhe dbpecfiénasecpadllimatgenéight lacémoidhnensi onal

representation of a section.of the obj _gatgrigl. , The . direction of the
restricte 10C§88ﬁ1?§%iﬁftﬁéghfr SFPSn?%%' hegfnggedo?n?h%ng?ﬁﬁa?h%??ay of
source pinhol ggiifRet-he40bj eakseakaiifakr The isesbipet eddseanractsegubgecause

of the spacing between pinholes in the direction of the imge of the |inear
array of sourPBagengbidsers LhslobRect mdt ¥Pit&P. aFf aagpfeenscathfgh 15

sensitivity tghtefig vavepurber- bkt enedaxeRakiral byrbihter ed SERtLel egdxpsobe
beam i s maintal ned when the spacing between the pinholes in the direction
of the inmage 8f offheubisyedemaBfay dptsodihed FhehsrabernofhehabpeshiAREEF al

conplies with condi_tio uent by set fourtly - ) . e
nunber oflvﬁstebngyo%%t ﬁﬂe]yr %élﬁtﬂ?@t%%d%scan r?s det er rlr?snleﬂc"]b 1'5::\31 tl%%e(é%t%i'o (')r;mt he
spaci ng bet weexatipd & vhgesn dah FAG.cAnt iigudes $her cespi nfiol es i,nthike obj ect

T g 2y B Lo e, PSR B RO RO 28,74yt o
si gni ficantly shess thiwandike ionEhep ofetpicdmltés icompbachtseaf appayatus
Four th pref er Pad TGHITERT S SN o+ s AP LOEPEnBog0eT GapEh 2 -
preferred gnbadineia W tohdduReaprlda)h iaft s@uUnee 1pi-pBhokes 4and spati al
filter pinholes, a two dinmensional representation of a section of object
material can BEsRefliired Yai RS FRFTHR iTHIWY Phesc shdithgr 14 as light
beams 12B-1,-2,-3,-4, respectively, which comprise light
beam 12B. Each of the phase shifters 14-2 and 14-4
introduce a phase shift of radians more than the phase
20 shift introduced by each of the phase shifters 14-1 and
14-3, the phase shifts introduced by phase shifters 14-1
and 14-3 being the samne.
In FIG. la, light beam 12B exits subsystem 80 and
enters subsystem 81. In FIG. lc, light beam 12B enters
25 lens 26 having an optical axis aligned with optical axis 3
of subsystem 81 and emerges as lighty beam 12C comprised of
light beams 12C-1,-2,-3,-4. The plane of FIG. 1lc is
perpendicular to the plane of FIG. la. Lens 26 focuses
light beam 12C to image point 18 in image plane 17. Light
30 beam 12C emerges from image point 18 as light beam 22
comprised of light beams 22~1,-2,-3,-4. Light beam 22

enters lens 36 having an optical axis aligned with optical
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123 1V0 99! 63300 PCTIUS99/116~1 It was noted in the descriptions of the
enbodi nents and variants of the five groups of enbodi nents that the
anplitude and phase of the conplex anplitude of a scattered probe beam
scattered and/or refl|lected by an 5 object material, is obtainep,ggﬁgﬁﬁg‘of
the enbodi nent¥ BKPWari ants thereof. The significantly reducedSPatistical
errors and reduced systematic errors in the determ nation of the conpl ex
anplitude of a scattered probe beam for each of the enbodi ments and
variants 10 thereof is a property relevant to the maxi numdensity of data
that can be stored and,fetrdeved far; o gineem recding redidgm pfn ansept i cal
di sk, the recordi ng nedium bei ng the object material.” The format for data
stored at nemny sites $ebdbstypitaldsy dsildamadd b igie dieamvkiA abl e for
use. Wth the incriesas d_si na}IJ;toéann(l)Si %'Ajatjé)_ fofded by the cited
properties of CFHUCE sTat 1371 cal - et 6is ard T'educed systematic errors for
t he ermbodi nents armk vétidwamt sn tihes eafa 0f1 tdrer fhamm grarupss afaerbedi yrent s
descri bed herein, the 20 nmaxi rum density of. data that can be stored in a

gi ven recdr di phEH b df PunP ot i TRt i sk 1 e Jiiedan HBFeBdata stored

at a menory sibg, Cadl Be; XPI £586sk Al dpdhnse N x(Dasg Mdf&li@%.ts base N for
the N nunber of "anplitude w hdows to which the anplitude of the conpl ex

anpl i tude i s 28> swHipem eBi2 avdi Pases Miarn the MGunber of phase wi ndows to

whi ch the phase of_th onpl.ex, ampl i j o] red. For._the enbodi ments
and variants there% §¥8thedfi%%g%$&%%§§d¢£%%ﬁgpﬁﬂg% %,O?%% %n%???%de of
t he conpl ex agplftee2a scphpeessedobyploasersiestiodr N 2d dove coppad at orh30

el ectroni c processors to determne in whjch of N w ndows the anglitude is
7. ocat ed.105i fPaRe yO T t RECphidel diPERRERGHPI AT ahpl Fheidel 328 ppbcEiCediBy a

series of Mwhpdow cQipaLrat ok ?éeéélﬂ%f‘i§ecg”@f:e§l§@r§arﬁ9 I@&k@%m ge in which

of 124 WO 991 63300 PCT/ US99111601 w ndows the phase I1s [ocated. The

val ues of N amdem¢nthadtscrhabe sisefiter |14 bendeiersimed by FaGt oktd with as a
signal -to-noise ratiog.achieved _a equi red prqcessing. time. The increase
in the naxinun1dens~2f§ﬁ%¥%ﬁﬁgﬁ %g8%e3’5§fnBangoBFFEa?hﬁgﬁﬁpyp]ﬁsﬁée of one
of the five genptipsedt embodi-apRBs-is peepectivsdl, t eandhemprgdugs NihtThe
presentlxﬁﬂreferred fifth enmbodi ment of the present invention fromthe

second grioup BEEBnERAFnERTErAE8AnahAy L LPReREe™E NBE2pet f ot nTPunfti ons

anal ogous to kikgedfipunberednel gaaLsspirthe; i rstuesRodinBALskr om the
first group of enbodi nents. In the confocal m croscopy system shown in FIG

la, subsystenFB2fisrpegfiadeanBy24uBsysteni 8oanaldrapersi veichentnts 130c
and 130d, andréa%ﬁ@,tﬁ%%Sthaﬂdtﬁaggxﬁge%ﬁmSligp{;ggeggg%%fe%y}ékem B3aa,

mrror 15 120a, and subsystem 95, shown 1n F _ ‘provide the
fifth enbodi nehesef shhétpreddnt pnvéAtdenthghphépet Ahéhbedintnpdigedubles a

M chel son, i nt ropeter. _compri sed_aqf ,a_heam splitter 100 hiect materi al
112, trazé at§%E%f6gE%gF§%3ggé_%igP§r2%28,8§}§§e?éi$ u%$0g898%5ﬁ16|6ﬂ9nts
20 130c and 130d, dhepemnsi vw& datephaseekbifhsspidacaddbi38bchapdidebdct or

it o Shoun b Bl G kaa Light beam 226 2,parLial L b aggii Led by bear
and enters 3, and 14-4 and 24-4 is radians. Thus there is no net
relative phase shift between any two of the light beams
25 P22C-1,-2,-3,~4. Light beam P22C passes through lens 46
as light beam P22D comprised of light beams P22D-1,-2,-3,-
4 which is focused to form a line image centered at image
point 28 in image plane 27 in object material 112. The
axis of the line image is substantially parallel to the
30  optical axis 3 of imaging subsystem 82. The length of the
line image is determined by a combination of factors such

as the depth of focus and chromatic aberration of probe
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25 subsystem 82aa which is shown in FIG 1d. In FIG laa, |ight beam P22B
i npi nges onto a phase shifter 24 conprised of phase shifters 24-1,-2,-3,-4.
The plane of FIG lab is perpendicular to the plane of FIG |aa. Phase
shifter 24 is conprised of the sanme nunber of 30 2m el enents %/‘?Q)@a%u
shifter 14 af¥P?¥38own in FIG lab with m=2. Light beans P2 08 4
pass through phase shifters 24-1,-2,-3,-4, respectively, and energe as 125
\'"V~ 99163300 PCTI L3S99111641 |ight beam P22C conprised of |ight beans
P22C-1,-2,-3,-4, respectively. The phase shifts introduced by phase
shifters 24 d i I fHS t han
t he phase sh#?tglﬁtgrodug% 8{/ %%%ery%l%ﬁiﬂgbsﬁfﬁé? %ﬁu%@%rﬁg4 Zﬁfhe
phase shiftslime¢rsekicenh bya phase Shidudr L10-x gk 24ur bt ey of degpial

val ues. The sum o pr o Y, £3a6h i phase
shifters 14- ﬁb%l {fgl tler%gﬁzo %%4155 4 14- an% y 43, an C%Hf@g and 24-4 is
~Cc radi ans. mhtusridkre G);stmnhe&x:ls&) wﬁlb&mwedq:)h&sea]s:t'qﬁed bet Weerptanyal wo of

the |ight beans P22C-1, - 4jﬁ%lght beam P22C passes through lens 26 as
li ght beam P?’ébsc%n‘fﬁ|§‘é%eb5rt?li‘ beans P22D-1,-2,-3,4 which is focused to

first intermedi ate,prpbe beam spot Béarh NEER wlﬁﬁrgﬁlﬁylf\efpéélﬁedi NBge
pl ane 17. Light beam 15 P22D energes frominmage point 18 as |ight beam P32

conpri sed of berghepbethsr AB2Q 135 2T ight Lo gh2heaprspsent ef slieht 36
having an opbLGAL RXSS_8l1ANed W th ophiCabeaisnsh SUbsyst ean 208 ol ot

beam P32 energes from |l ehs 36 and exit system 82aa as co | i ght
beam P22A ZOBBownﬁcBeﬂsoéhéwghinbEH&BIRSZAr heZplane4oflﬁIGlcnelaa pr obe

bean1P32 i nges .on third_dispersive_e ersive beam

el ement 1 Oc ﬁgFBHlFE ’Fe#f%rﬁlﬁ? al??acﬁgnfifémn%édlf AT P8R Pf‘ﬁl
portion of pliabem?am B’S&A rs2di {hpacsed on phes®l amervéx 254 Ft&mpfageby the
third dispersive elenent 130c as grobe beam P32B conprised of. Iight beans

P32B- 1, - 2, - 30£4Phpagpebi fiery. 3r bbe? bedan P32B R @Dt ngesbATa3fourt h

di spersi ve e'c%HSEEnsdtﬁQeééhc‘—!en&ﬁBQE anm@rh@m't 130d,,ahisclsd s preferably
a transm ssion diffraction grating EOI’tI on of probe ‘beam P32B is

diffracted i ghif&epl Afheand F$G§h©ﬂa by Fﬁ f barvhtli sper si véighéndeam 30d

55163300 PoThEAS T1e0TS: bubGudh, phabt PRAEEePOSD dnalendn  usabln | bioC are
conprised of phaspeehlitﬂnreof40ptbcainetgequend:yghbrm)emmnlizzandompeieédr ef
di spersed in _angle in the glane of EIG, |aa, the paths gf on

|
frequency conp&hénPeamspReBE~beafrs 8/ P42B 4R PRoEe PRl Eo%ﬁt¥ﬁgggeg | aa.

The paths shewn akeet ¥Rk ¢aky Ihelb|EH§EE8§&88 Q§ QEbMa@”@BQDEk%ﬁ' frequency
conponent for “probe beans P32B and P320 perm ts™t di splay of the

i nport ant pr Ge&Rtites dflBsubiPst BhRES §héﬁﬁ5|hnF¥Qﬁu§a@ kvt Rheespect to the
probe beamn PRgG Wk R04h10.aPahling Ll 8 EBESPLLL L 0! (AZERCA0L the

present 1nvention and w fhout I ntroduci ng undue corrp exity into FTG 1la
and subsequemadiiagusr esrel rtlhEthhleaphapleobé15@amnﬁ’8@dheadeby slilibest em 85

and passes throu h Ie o.far r qbe  .heam P32 rise

beams P32D- 1P qscre Sgc% Sém?’a Ee)l bggf‘nsﬁsﬁ f&?&%’%“ﬁﬁd 0 46
to farma I|i mas@a@allmelr@f el 8] lamgaz;plaabelaa bl ehjhact vamtessi.al Thtd and
to thereby illum nate the object material 112. The line imge in |nfocus

i mage pl ane FPShfcAFdES PﬁﬁgéeﬁéFﬁWe2§ha?ﬁeS§%f§ Between any two of

25 the light beams R22C-1,-2,-3,-4. Light beam R22C passes
through lens 56 as light beam R22D comprised of light
beams R22D-1,-2,-3,-4. Light beam R22D is focused by lens
56 to image point 38 in image plane 37 on reference mirror
120. Optical axis of lens 56 is aligned with optical axis

30 3a of subsystem 83.

In FIG. 1f, a portion of light beam P22D (cf. FIG.
1d) is reflected and/or scattered by the object material
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20 the line image is substantially perpendicular to the optical axis 3a of
i magi ng subsystem 85. The length of the line inage is determ ned by a
conbi nati on of factors such as the focal length of Iens 46 and the

di spersive power of the dispersiv~ probe beamelements 130c and 130d, 25
both of whicheape/&a0kdj usted, and the optical bandwidth of t hECEYSIH6H0.
The line section nay cut through one or nore surfaces of the object
material or lie in a surface of the object material. Optical axis of lens
46 i s aI'igned with optical axis 3a of subsystem85. 30 In FIG laa, light

beam 22A i s par t gél refhggégdcgétggggngl %grbéggn SEE %@t beam 822B

conprlsed of flg Lig &Rt &r s subsyst em
127 1~ O 99633001 PCTbYSILhtl be@is8Baa- 1mh2ch3bs4showpruﬁlﬁbG. | ad. The
plane of FIG lad is perpendicular to the plane of FIG laa. As shown in

FIG lad, |igfhtabEa&hPE2PBOPRPPRGEs FoK - phg§§ EIJriaPFePfSEI§onﬁlf| d6d of phase

shifters 34-1pz2p23414u18Ra38 $hief (8hne 34 L ahds t@%a%%@%e@ug%beof
el enents, 2rn, as phase shifter 14°and is shown in FIG lad wt

Li ght bearh BZBBapa§§és dnmeaﬂg@ls phrage 1slla|gf8t ®r139 ZRd ltdhemdtg@r mlgalmepﬁase

shifter 44 to_ener as I| ean1822 | i

R220-1,-2, - 3, ?ng?ﬁﬁeﬁﬁ’a&& Shitfe 1 T GASEDd i‘o%gg ﬁg % e&Fd Rrege
controlled bybabgnabzléaefrrg@@ chrmuu@mslm d'Eh&ophaﬁ\%t%hil fstc%ﬂtrétrfé@dUCed by
phase shifters 34-1 and 34-3 are of equal_val ues which_are ~t radians nore

than the phasBr&REf PEepHt Fiddc EPMRY iGeh&t pr&dd ?ﬁlaf“tselp3f§*‘314 21681384,
the phase shiftgninbladiscedy iphase shif tars I9rdRd p3ded bﬁh’f@;e‘i‘f equal

val ues. Thus thére is no net rel'ative phase shift betmeen any two of the
| i ght beah® 824€41-32-23, *44 r@sgmcme@ihyazza@qomget rarsodgmhterkseam as

503D i o ro 82(%? %}C/”IP” 2" 6 td f| ré?ezcoc z%i't%grefbeams 45'0 ht2 2

822D is focus ens erence spdt at

i mage poi nt 383 |c|aampnr—1fsmcuﬁ:aumfemlpa1me3beaﬁbmm vaich @‘xﬂ@%lﬁ&ystem
aligned with %%EI cal axis 3b of subsystem 83. Ref erence beam 822D emner ges

from the intePfedi dt¢ PRASF Heiide PEHRAPER LY FhFS At B a4 df er ence

beam R32 compringed4afs 1490t &) dalubs 4ni@SREW | velyqi Rekergpee beam
R32 enters |lens 66 having an optical axis allgmfd wi th optical axis 3b of

subsyst emt 83adhaRe fiéyee il SR dth FBR BHeTfRsced o | elis et R @xgltist sy st em
B3aa 24-2 or 24-4, the phase shifts introduced by phase

shifters 24-2 and 24-4 being of equal values.
In FIG. 1g, light beam R22D (cf. FIG. le) is

reflected by reference mirror 120 as reflected reference

20 beam R32 comprised of light beams R32-1,-2,-3,-4. The
plane of FIG. 1g is perpendicular to the plane of FIG. 1la.
Reflected reference beam R32 diverges from image point 38
in image plane 37 and enters lens 56. As shown in FIG.
1g, reflected reference beam R32 emerges from lens 56 as

25 collimated reflected reference beam R32A comprised of
light beams R32a-1,-2,-3,-4. Light beams R32A-1,-2,-3,-4
pass first through phase shifter 44 and then through phase
shifters 34-4,-3,~2,~1, respectively, to emerge as
reflected reference beam R32B comprised of light beams

30 R32B-1,-2,-3,-4, respectively. The phase shift introduced
by phase shifter 44 is controlled by signal 132 from
computer 118. The phase shifts introduced by phase
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30 collimted as reference beam 832A conprised of |ight beans
832A-1,-2,-3,-4, respectively. 128 1V0 991 63300 PCT/US99/11601 In FIG
laa, it is shown that reference beam 832A is reflected by mrror 120a and

directed to subsgstem 95 as reference beam 832B conpri sed of E'Eg}gjggspﬁ@ﬂs

832B-1, - 2, 3, -2 %p¥Pectively. In FIG lae, reference beam R3 passes

through lens 76 as reference beam 832C conpri sed of |ight beans
832C-1,-2,-3,-4, respectively. Reference beam 832C is focused by lens 76 to
i mage point 48 in in-focus inmage plane 47 on reference mrror 120. Opti cal

axis of lenssﬁ§f$§r§| hgned Wit Baapl i:6al oaxict3e 9h1sWBsugtem 9%e %0 In FIG
| af, a portion of probe beam P32D (cf. FIG Tac) is reflected and/or

scattered byraBiensnavee cbpacttheatdeisg sibd fithéntegidoaedf byheithAe i mage in
in-focus im | ane . S catt rohe b P4 ri L0

beans P42-1, ggag§ -Sg‘.l%gcegt ?gr %d O%? %eﬂlﬁe%%% %ggievépgggglgﬁﬁrgg%hfﬁg F#’ne

i mage in in-pnaegs shageeplsand-27 aand MHrtdeteingnef46quAd shawasin LEGht! af,

scattered probe beam P42 energes fromlens 46 and exits_subsystem 85
col | i mat et aBe8®st Fé?@dlpr‘Sbe"%bé‘émcr@Ei’Klé&Téﬁ@édb&?“‘l RghP BBaRb exits

PA2A1, - 2, - 3, zdnskesraclgizvel y. 20 As shown in FIG laa, scattered probe beam
P42A inpinges on"the fourth dispersive probe beam el ement 130d. A portion
of scattered probé&tbéamsbePa iig dikF.r d& ddatn stoed teirgde PEPLE| Beama 385

di spersive pr.qb I £ r.Qb e rised
of ‘1 ant beans BETBAANLY TBiisept By M U e o R paze
i mpi nges on phreblehibrdndiPS2er siniechprich e drgam sl rentl i583@c beAmsoPBR20OR1 of
scattered probe_beam P42B is diffracted in t | ane of FI|G | aa

scat t er et pr 6be3p&dm P?fét&‘?rﬁﬁ’:{ ?ercP%b? %qa}j‘ht&%ggﬁé‘tﬁﬁfﬁ’f, Systgm. %ia
respectivel y sndQrAlithough sgat t ened qurahe dzem.Pé%Bi%nge%%Qda&m@@rmr i sed

of a spectrum of optical fre}uency conponents and therefore dispersed in
angl e in thets &he oflameGof aaC ¢+ Het 1297 BAG 9dh6 3306 tPETEOSPIPPE6DE2Pat hs

of onl'y one f-oguenGE COTANEN O ARAld e rohg DOAs JP42R NG, PA2C are

shown in FIG Tlaa e optical frequency for e conponent paths o
scattered pr optibedns @42 Bamt RPORE ¥ st diheB lsamndmnerale sf meqweady easdf or

Scat t or obb pr B Bo IR0 AT P TRy <t b BIMe R RERDTaap” shoad n
FIG lag. 7niks Jdey rshaldLrash pf@hed heeshPA%Gme HIS ones p3hané emer ges
as scattered probe
1Ba in image plane 17a. A portion of scattered probe beam
P32D emerges from pinhole 1Ba as spatially-filtered
scattered probe beam P42 comprised of light beams P42-1, -
20 2,~-3,-4. Scattered probe beam P42 enters lens 36a having
an optical axis aligned with optical axis 3a of subsystem
8la. Spatially-filtered scattered probe beam P42 emerges
from lens 36a and exits subsystem B8la as collimated
spatially-filtered scattered probe beam P42A comprised of
25 light beams P42a-1,-2,-3,-4.

As shown in FIG. la reflected reference beam R32B is
partially transmitted by beam splitter 100 as reflected
reference beam R32C comprised of light beams R32C-1,-2, -~
3,-4. Reflected reference beam R32C enters subsystem Bla

30 shown in FIG. 1i. The plane of FIG. 1i is perpendicular
to the plane of FIG. la. In FIG. 1i, reflected reference’

beam R32C enters lens 26a and emerges as reflected
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10 beam P92D conprised of |ight beans P42D-1,-2,-3,-4, respectively. Lens
36 focuses scattered probe beam P42D to internedi ate scattered probe beam
spot at image point 18 in in-focus inage plane 17. Although only the paths
of one optical frequency conponent of scattered probe beam 15 P92D ar e
shown in FIG WaJ%613@ i mage points for all optical frequency €& ﬁ%ﬁ%%‘ of
scattered probe beam P42D are the sane as the one shown schematically in
FIG lag: the optical system conprised of |ens 36, the dispersive probe
beam el ements 130c and 130d, lens A6, and the object 20 material 112 is a
confocal imagin st em w h 3 _hein gat.e_mag: por nt
of itself for & erryeﬁ]ﬁe sbr?ea rum o?cog\%tr:ltcsaeq;‘ ?e(]j& nggggllrr%o%g%tdsqgf

P32. Continui g Wit hids deg,fsoatdsered lpotee bedendZD @iy es o @mtrcrrage

point 18 as scattered probe beam P52 25 ¢ rrprr ed of .light_ be
PE2- 1, - 2, -3, - BUINGsedEa diy. \Ss FOASE fridbe BoRRrBasiamtere I &Eest and

is col i mated I reRe ReamiZae g@lra;grl 3! fs | Poler
P52A-1, -2, - 3, Itf)férrcegsr{r?eez??é\/aten?yﬁblﬁjght beans P52 l © %gl%pasés&‘h;ttrrLrougejt’n:B

phase shi f ber st dteked reZJilelqtercesqﬁefcIIlaml%/ bezm '&4@ eawrpgesasi lafghtl digans

P52B-1, - 2, - 3, 4 re %t;sv Lrlpht 1a11312'§'1éicereoﬁ’_re% onpr | se

scattered prob% exrts su SYS ase shifts 130

1~' O 991 63300 Mézuﬁs&d 04 Rm reaciened mn splesee smpfatteraslz_ﬁﬂuamtez:n 3 are
of equal values which are ~t radi ans nore than the phase shift_ introduced

by either phasetkHidhtst iergicorepm Hie Hpsddsshifod RREFH) phase
shifters 24-2 ang 2% Hed i 610 LUl Maldtess dpathla@lJ-ah 1 dafal ence beam

832D (cf. FIG lae) is reflected by reference mrror 120 as refl ected

r ef er ence 19eans RAleclovghry sBoir @ice ilgpam T RIPIisel F -4 glrtedjrans vel y.
Ref | ect ed refr;{( ‘,gel be§m§42 di verges from 10 i mage point 48 in in-focus
i mge pl ane 4 ent'ers 'Iens 76. As shown in FIG lah, reflected

ref erence beam R42 :ettreige§hcf>rm®rrizh ersG 76Lacdiﬂamp&£t1&511r5efﬂ1@ctt£ﬁbd ef erence
beam 842A conpri sed of ]ght beans 842A-1,-2,-3, - spectively. 15 In

re
FIG |aa, refI%‘é"t“’eEle’f%@eﬁ’ e DR R4A %%Plrrm%a%cfi SHiTrer aEEnd

directed to sup§u§tm@§aﬁs asréell&siedh rﬂﬂ@&%@%ﬂﬁ%f&ﬂ%f%@f
| i ght beams R42B-1,-2,-3,-4, respectively. In FIG lai, reflected reference

beam 842B 1p§ass1ésp@htb@r@hof ePBaBba bbyT B Bered THn tiaradmuohr dne gn 422
conprised of Iigh&leJgé;@FgézE%thgg ﬁlhane ESPEst |1vaelky ﬁgct edlt reference

beam R42C i s focused ens er medi at e ref ref erence /
beam i mage spotiiapetrsige potattds ehemmﬁobi&ramw:aﬂta&mecﬂ?prcﬁeé éresmg e

b R42C f th t di 25 | ected ref b t at
mage poi nt | SBPASr of PEEF CAFFaT BT HE o bBANT KE CORI IS0 S TGt Boams

R521,-2,-3, -4, d&gﬁaggiwehyte&&ereneﬁexbeamrﬁi’éZtm ers ﬁﬁ@@eéﬁbaydaerrerges
fromlens 56 as reference beam 852A conprised of |ight bea

852A- 1, - 2,283, zlarleebeerpverﬂyffgec%oeh@mtmgFr@rpcarthréf%c@e@rtrere@ence

beam R52 ener ggs HEORLLENB458 §§ QQEH:H@EEQ Iﬁf{ﬁétﬁﬁaﬂ@f&‘feﬁj?@ bgan, §52A
conprised of |1 ght beans 852A-1, - 3,-4, respectively.

the second dlSperSlve detector element 130b as wavenumber-
filtered, spatially-filtered scattered probe beam P42C.
Although the beams P42B and P42C are comprised of a

25 spectrum of optical frequency components and therefore
dispersed in angle in the plane of FIG. la, the paths of
only one frequency component of beams P42B and P42C are
shown in FIG. 1a. The paths shown are typical. The
illustration of only one optical'frequency‘component for

30 beams P42B and P42C permits the display of the important
properties of subsystem 84 with respect to the wavenumber-

filtered, spatially-filtered scattered probe beam P42C
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1V0 99/63300 PCT/LJS99/i 160i Light beanms 852A--1,-2,-3,-4 pass first

t hrough phase shifter 44 and then through phase shifters 34-4,-3,-2,-1,
respectively, to energe as reflected reference beam 832B conpri sed of I|ight
beans 832H 1,-2,-3,-4, respectively. 5 The phase shift Introduced bg phase
shifter 44 iswoontssdhl ed by signal 132 from conputer 118. The PERASEY/HRPk ¢t s
i ntroducea by phase shifters 39-1 and 34-3 are of equal values which are ~
radi ans nore than the phase shift introduced by either phase shifter 39-2
or 34-9, the 10 phase shifts introduced by phase shifters 34-2 and 34-9

bei ng of equal, val yes, Light beans 2B-1,.-2,-3,-4 which_c rise |ight
boam R32B. ox S YEia Farh B T Tl A Gl IR O OfFet R SFEFEn
enbodi nent i g nivke1SATE ARl carrespondi g poriionsdfe desplieptitgn 1gicven 15
for the first _enbodi nent. The inter;grence cross term between the conpl ex

anpl i tude of fYffe V& itthdRF T4 led 1 EpeRTal y-filtered scattered probe
beam P42D and of ths,samHex- aimtdtddde aiadhe mavenuel biebieradc

spatially-filtered reflected 20 reference beam R42D of the first enbodi nent
and t he i ht erddrearc s wWrssstarer®d bdrawenit hel Conpl ex TepPileage odf Fillve

wavenunber-fil.t ered t | -fi 0 be R and of
t h\é cgrrpl ex :'%r-rblllst Lpfeftg%élﬁée&%%%;%%ﬁggériﬁ?ﬁ%%%%%'a?%él I ;i}‘rg:‘ isﬁt%grnegq‘
refl ected 25 pEf.eriencevdbeammtD- bf 1 tdeed f4ie terdiddi-nEntt ecent &emm P42C

i nformation about t substantial ]y .orthogonal |ine sections.in obje
material 112 Pa$e§ \r,\fgb‘éo‘b%? %n%fs%(l‘?éawe’% et i W1 GHe & ia§ﬂ§r‘l§’éji r‘f’g‘%l
acquired si miganeousdyis Fax dheshbs gt t e apitend e d iaRe WSREHRIb >

object 30 material 112 is substantially parallel with the optical axis 3 of
subsyst eAP82 fnkt 0vd 1 hePdtF2-hl enbbit aked , Peare H4RD comprdgiesBado PORtUS9Y/ |

1601 line seqid QR ipyAbi£cio meherjal 412 sy SMbmt &t Alddteq,
spatially-filtered beam P42D illustrated with only one
optical frequency component is focused by lens 66 to image
point 48 in image plane 47. The location of the image

15 point 48 in the image plane 47 and therefore the location
of the image point 48 on a linear array of detector
pinholes located in the image plane 47 will depend on the
optical frequency of wavenumber-filtered, spatially-
filtered beam P42D by virtue of dispersive detector

20 elements 130a and 130b. The portions of a light beam that
pass through the linear array of detector pinholes is
detected by a multi-pixel detector 114, preferably a
detector comprised of a linear array of pixels such as a
linear array CCD.

25 It is shown in FIG. la that spatially-filtered
reflected reference beam R42A impingds on dispersive
detector element 130a. A portion of spatially-filtered
reflected reference beam RA2A is diffracted in the plane
of FIG. la by dispersive detector element 130a as

30 reflected reference beam R42B. Reflected reference beam
R42B impinges on the second dispersive detector element

130b. A portion of reflected reference beam R4A2B is
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orthogonal to the optical axis 3a of subsystem 85. The Level 1
discrimnation in the fifth preferred enbodi nent of the present invention
is achieved by 5 manipul ating the inpul se response functions of imaging
subsystens of apparatus of the present invention in a plane orthogonal to
t he pl ane def iwob/dayoodi sper si ve probe beam el enents 130c and 1B0TU&IP¢H 1601
di spersive detector elenents 130a and 130b. A Level 1 type discrimnation
may 10 al so be achieved in a variant of the fifth preferred enbodi nent
wherei n'the apparatus and el ectroni c processing nmeans of the variant are

substantially the same as for the frfthlgﬁfferred enbodi rent wth the phase
shifters 14, Quffzapiad iotBhediRpe /ot ans ahouths RgFoR@spective 15

optical axes.qihe, redycton. ofo1 he systereddie »gpcre% pifépga's

i mages in the Variant of the fifth preferred enbodinent iIs t e sanme as that
in the fifth grefealbd-Eiboeieentef et ad até Sty aate éfpéaamt&dme to the
out - of focus es in he vari ifth referred nbodi nent is
al so reduced Jqu Ihat 303?%@%3‘%#&9%%@3% o f%%l%ﬁrjr%ef r‘? r8nce

m croscopy buipgenenal by aptla§1effeﬁmén@yEﬁbmpﬁméwwﬂ amd htiapparates of the

fifth preferred enbodi nent. The resent si xth preferred enbodi nent _of the
25 present i IVEFREHPERr b eRel&e rﬁP?NQihP?ﬁog i et sthRsPAERY efenent s

t hat PerfOr”‘éHPfté&@soﬁB§EQ90F§e%&bﬂé&“%éﬁﬁgﬁﬁﬂ¥if%f”%%ﬁﬁsoﬁ4§§ea§§cond
enbodi ment from first group of enbodi nents, the sixth enbodi ment being
configured foR4d2appaosxi ahrensintFtenfbral Merpstpyshown 30r¢e heypdntbdea

m croscopy sysiem 2 S i c stem
82aa, dlSprS?%% éfgﬁgﬁ Sgiﬁﬁgggnﬁnﬁz %ﬁg ¢ P%% %yg{eﬁﬁgg §an8%gu§§§gten183
is repl aaed byosubeymseRnaBaanan42©rpé2@BtsanMes@bsységn®95thas shown 133
WD 99/ 63300 PCT/ US99/1 1601 |g flG _2aa, . to péngde the sixth greferred
embodi ment of TPREY bPBEeREOPRVERET o THECLPLaR efibbli FefkeFheFtakge

M chel son intgp{enonBEer rgoBrEapdsPht DRI (- 5Pl Bbted 20P1eobkgct materi al
112, translator 116, reference mrror 120, 5 dispersive grobe beam el enent s

130¢ and 130dr38F§B€F§|P@a&eﬁéEFOVlbh%h%n@%PiBbhn%nﬁrQ%o he afBigételtor

114a. The remgi-BhHB~ o@e%ﬁ%'BEbQ@n@f1ﬁ0§n§55ﬁha§8bﬁﬂtﬂgﬁﬁ iﬁt%B@ué%H? as
correspondi ng portions of descriptions given for the second and fifth

embodi nents. UDAdTRecPRPdekdtendéBter B5S- t &R ndhdt fkpcanentofpbExesnpl i t ude
of the wavenunber - hhkﬁeﬁ fibe rsﬁﬁ‘ﬁtﬁkw fbbé@i@ﬁl?ﬁiﬁﬁ%?gdpEQ??eQ‘E@H‘ PA2D

and of the conpl ex anp e wavenunb tered, spati al filtered
refl ected refeeéﬁcenbeameRM1B@26fenherse@bhdyehbmdBﬁeahOﬂndlnhEI55 1k.
interference % 0SS ternr? ; en% he cgnp | ex

I

wavenunber-fi | SrB&aHEp | t8r&d E%agigﬁiltuESbggﬁegﬁFﬁgzﬁfag&

the conpl ex anpl.it ade Fofc.t he, w&ﬁeauﬁhbértfhneéedd sepht@hhyytﬁhneee@d
refl ected reference beanrRGQD of the sixth enbodlnent contain
i nf or mati<th ab&dt-eches &ﬁsfteéﬁpicﬁl Pgawr Bﬂagoﬁaﬁseaoahﬁeﬂghohspsséét P8fs in

obj ect materi @heldds bQGWaW%%%mB@kDEiltErEHe gegeesiuyefam@egbeenSIOnal
sections being acquired sinultaneously. For the second enbodi nent, a nornal

to the two-di #eddieehald FederencenbepeRi2Raferpal sy of2lighsubeeastial |y
erbod ot 8 Harmar 6 rHe rwo B SERaPehar 1 CCtEah PROSIGY ErceTar 112
is substantrakbﬁlpam@deﬁeﬁaramme bpeimc 81 28xiid 18atohtsdbwyshenndy. one
25 optical frequency component in FIG. 1k is focused by lens
66 to image point 48 in image plane 47. The location of
the image point 48 in image plane 47 and therefore the
location of the image point 48 on the linear array of
detector pinholes lecated in the image plane 47 will
30 depend on the optical frequency of wavenumber-filtered,
spatially-filtered reflected reference beam R42D. The

portions of a light beam that pass through the linear
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30 'rhe presently seventh preferred enbodi nent of the present ilwention
fromthe second group of enbodi nents has nmany el enents that

perform functions analogous toline 134 WD 99! G3300 PCT/ US99/ 11601
nunbered el e t the third enbodiment fromthe first grou
enbodinents.mﬁﬁsﬁﬁgsconfocal m croscopy system shown in FIG @CQhﬁﬂﬁgﬁg tem
82 is replaced by subsystem 82aa, dispersive elenents 130c and 130d, and
subsyst.em 85; 5 and subsystem 83a is replaced by subsystem 83ab, mrror
120a, and subsystem 95 to provide the seventh enbodi ment of the present

i nvention, asrshowef RdtlkGrodapinibeesexrent Heerbodinept munelivgasea
M chel son |nterferoneter conprised of beamsplitter 100, object materi al
112, 10 tran§icdE5tof16, 4ref erence mirror 120, di spersive probe beam

el enent's 130c a”dI%SQ@G*dhipeésbM§t§6596E0&1%h%”B@E§ p30a (and 13@h, 1and
detector 114a. The remai ning description of the seventh enbodi ment is the

same as corregpdmﬁhﬁquwﬁm@ﬁ§roﬁ0§§§§rﬁétb&n§h250§ﬂﬂéﬁ foert eri@ 1t \itr @rand
th nb di T / |
sixth e ' mﬂ%}ts o FLIS L ertn%@nﬁgégrtogg G&r g;llgegwe%chge GG ‘gg DCobe

anplltude of e wavenumnb I"te spatially-fiTtered scatter
beam P42D an&%ﬁaathaakmqmﬁmi@&ﬁmlBﬁﬂecohpﬁheeﬂawénmmbem'hdmmyéﬁz 1,-

spatially-filtered refl 20 reference. beam R42D af the t ir enbodi nent
and t he |ntef#eF%né£ crgf éPﬁ18§t§é§n ?%eléoﬁﬁfgfn ﬁﬁPEFﬁdg he
wavenunber - f ijitefed s spat.i akl.y shickbebedds eatiesed ﬂﬁ@@@g@%aﬁhEﬁzBu%nd of

the conpl ex anplitude of the wavenunber-filtered, spatially-filtered
reflected 25 dfeff@icd5eemPREZD 6F BRE §BF&ATH L1ghB0dBmentisc GHtOHM 10

i nformat maﬁqﬁt 10 SRS L AR YO BEROGARL I @?coﬁle(i%h%nslé %bsobl i

mat eri al e i'mage points of the respective Iine sections being
acqui red si mduasousiall oo ltlhaatkdr $ackigsdivumenibe ath85RPn e graotiised iaf

obj ect light beams B52A-1,-2,-3,-4. Light beams B52A-1,-2,-3, -4
pass through phase shifters 24-4, 24-3, 24-2, and 24-1,
respectively, and emerge as light beams B52B-1,-2,-3,-4,

15 respectively. Light beams B52B-1,-2,-3,-4 comprise
background beam B52B. The phase shifts introduced by
phase shifters 24-1 and 24-3 are of equal values which are
n radians more than the phase shift introduced by either
phase shifter 24-2 or 24-4, the phase shifts introduced by

20 phase shifters 24-2 and é4—4 being of equal values.

As shown in FIG. la, background beam B52B is
partially reflected by beam splitter 100 as background
beam B52C comprised of light beams B52C-1,-2,-3,-4.
Background beam B52C enters subsystem 8la shown in FIG. 1m

25 and passes through lens 26a to emerge as background beam
B52D. Background beam B52D is compritsed of light beams
B52D-1,-2,-3,~-4. The plane of FIG. 1lm is perpendicular to
the plane of FIG. la. Background beam B52D is focused by
lens 26a onto image point 68 in out-of-focus image plane

30 67 which is displaced from the image plane 17a.

Background begm B52D is out-of-focus in the image plane

17a and thus only a small portion of out-of-focus
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30 material 112 is substantially parallel wth the optical axis 3 of
subsystem 82 and for the seventh enbodi nent, the 135 WJ 99/ 63300
r~cxius99/~ i 60~ line section in object material 112 is substantially
orthogonal to the optical axis 3a of subsystem 85. The presently eighth
preferred embdd? $GIB00Of the present invention fromthe second JEHUPIIGHI60!
enbodi nents has 5 many el enents that perform functions anal ogous to |ike
nunbered el enments of the fourth enbodi ment fromthe first group of

enbodi ments. In the confocal mcroscopy systemshown in FIG 4a, subsystem
82 is repl aced subsystem 82 di spersive el enents, 130c and 130d, and
subsysten185§*¥§*§ﬁﬁ“§ d%%%@é%?@%alFngaﬁﬁa&Eae yPEuBLHRe ﬁ1§g%b,°ﬁ1rror
120a, and subsyst em QPudcprovhgenthe 8irghkhxgrbedinBainoksbhe prgsent

i nvention, as shown in FI 4aa. The eighth enbodi nent includes a M chel son

i nt erf er onet efnabhpresletonfobeant spfrfrernsibackeppend haserBaRD 119,

transl at or 115&%ﬁ€?{§%§5egg:?ﬂ%ﬁggée%gg,agi§§§nggﬁ pigggepggnlelenents

130c and 130d; persive ect or enent's and detector
114a. The 5r erwackaugowes cve gt i B62 oEomheieeghtli émbbdi heatsi B62he, sape3as

correspondin ortions, of descriptio i_,ven 20 for the fourth and seventh
enbodigent;.q#ﬁe'@Lﬁ%ﬁ?b?%nﬁ E?gﬁiagiﬁgkgiFﬁésﬂ Pﬁ@kgﬁﬂﬂpgxbﬁﬁﬁl?§%d; of

the WaVenU”beImﬁirﬁ?@éeélm spati 8khyahbl %ﬁhé@@e_@céét§r§9bBEQB€iQ§§?‘_ P42D and
of the conplex anplitude of the wavenunber-filtered, spatially-filtered
reflected 25 ¢elbientedbennt Ra2byof itherrduPpRrerbotineAamaRf2hhe

e A BT, BT, LSS TR TR S8, O I s o

wavenunber - f i Spa y-frltered scafferéd probe
t he conplléx afplit¢uvee bickbeouandebuaheBERRl eaied, ssapaysakhysiial aered

reflected . 30 reference. beam R62D of the eighth_enbodi ment contain
i nf or mati on aﬁBﬁFl?3£y§gbgﬁﬁﬁ?Paﬁ?§%8FPH880h§Pmt@éaﬁnensional sections in
object material 112¢ {BeshprgeiA361c.CYQ $9L633ARPETNGI941160L4p0i nts of

the respective two-di nensional sections being acquired sinultaneously. For
the fourth enbadk@ependabaamnBf2fo LRd NORS- ANnEAsSPenal veedettentph obj ect

CubyStem 82 268 Tar TRE 6l ght ROGRROM sint Cox RaAa 15 LR a6 aF RERd

subsystem 82 an e eig i ment; I rensi onal
section i¥b obbeemn Bé2arial diIZrestedbstanthiealplyngapdl Fal.t aat bg apei cal

o133, O SUPRSL eIl B0, The resetlor preteliod Ll pLeith eleyenth
B62B. Background beam B62B impinges on the second
dispersive detector element 130b. A portion of background
beam B62B is diffracted in the plane of FIG. la by the

20 second dispersive detector element 130b as wavenumber-
filtered, spatially-filtered background beam B62C.
Although the beams B62B and B62C are comprised of a
spectrum of optical frequency components and therefore
dispersed in angle in the plane of FIG. la, the paths of

25 only one optical frequency component for beams B62B and
B62C are shown in FIG. la. Wavenumber-filtered,
spatially-filtered background beam B62C enters subsystem
84 shown in FIG. 1n. In FIG. 1n, wavenumber-filtered,
spatially-filtered background beam B62C passes through

30 lens 66 and emerges as wavenumber-filtered, spatially-
filtered background beam B62D. Wavenumber-filtered,
spatially-filtered background beam B62D illustrated with
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present invention fromthe third group of enbodi nents conprise the sane

el emrents and subsystens of the first, second, third, and fourth enbodi nents
and variants thereof, respectively, except for the om ssion of the 15 phase
shifters 14, 24, 34 and 34a. The renai ning description of th j.ent s
and variants PREPE i n the third group of embodinents is the$§§ﬁggggg?he
correspondi ng portions of the descriptions given for the enbodi nents and
vari ants thereof fromthe first group of 20 enbodi nents except with respect
to the level of statistical accuracy obtained for inages in a given tine
interval . ThgngveheobpttiatilstireajuarsuraspoRingi ned rrer. 1MRJeS fkuged vVen
interval of tine with enbodinents and variants 25 thereof fromthe first
group of enbddi femiss 6ibs teetitmae mEnitthd § evellmsges PdEingt iddal  d&¢€ur acy

obtai ned for ,i [ S interval of W ' s .aRd
variants therléjo%f%q;?r (:r)lm%tfthg%t“hiai;{%dg%1c¥5%l% eml?d%ntlégﬁ%\%ggfqt hge'iL
statistical erapers! iomt ridcuced ipa lt hereqnawude ofa vicheurdngtr -30 1aferfedcus

imges w LI be greatly r.educed, for the rat us, of the,embodi ments and
variants %her‘séjc?fgCl ]tyyhetrjt%%err(fdgrboaucp}‘%%ogprgg(;%aelarrr“egatsgq’n (rare PR R o g
correspondi ng Stiafhtsthecal tetatomdNtitociiced the tiheeanmplartnide off out - of 137
WO 99! b3300 P, CTI U S991116Q1 focus | nmages | riar-.art, canfocal

i nt er f er onet 4R GOR )+ Sthé s Z%Etoechtteﬁieq?yﬁr“éﬁftér_éﬂé{ee € m bet ween
t he conpl ex ampl.itude of the wavenunber-filtered, spatially 5 filtered

background beam and the conpl ex anplitude of the wavenunber-filtered,
spatial | y-filteredYefaRebadd Gefeh ente BRARGTE £ iddtecRFeSSdge pl ane for

enbodi menbs and, i ANtdedNer o1 0f ridie. thisrth arow fa enbadidrents will be
substantially the sanme as that obtained for the 10 correspondi ng
i nter f er ence a¢®yss AR i0f pr i TraEeRCeoNt kAT | FileaTsriometd s LAmEndScopy on

a pixel by pixel, bt HOVEYEE o 110 2, 9IMED gé(nyernvcaé & Al dTBso fhe

M
statistical error pe eaecszlﬁ I mage polnt of an | mage I ne section of the
obj ect materikdlnecquredysnidh iecmppay atabudSd ff, the dpboghdrent srend
variants thereof of the third gr ou&of enbodi nents is substantially the

same as that OB 5 dHeeclre t1he i bt phate g iRy Y SiHgIY G

poi nt forsthe, pdQterdd SONFIOLAE SN L E el ONBL £ €1 1M HDKC Y £4A S MHAT
statenent applies with respect to imaging two 20 dinensjonal sections of
the obj ect mefefeEgnCaHYeaW|WhE¢entRCIBdeRethashhaFoxehhet ¢ dtieadiissh ithat

the statisti E%Lsgﬂﬂ r?%%%ﬁyg%%?%ﬂgggﬁgnp“{Hd&)@r( déﬂaegylt?q{éfo us

. , )
i mges w || reat | odi nents” and variants 't 'eof of

the third groyp,gf eppodifmnts LAgyel alhomnto {08, L0rfeSPONdiNg
stati sti cal e??ors i%g"trg}o?ﬁced byi‘f hen};rrpl i tude of é;ﬁ;e out-o%?f ocus | rr’g"ges
in prior-art condacal fixn¢ervaioaedfi phaser sBLHpy wheh comsseertiing t he

statisticagl accuracy of _an inmage of, a_li section or - di mrensi onal

section O t HESBEEIR 55 TREEF TSP LAEGEFr O PRI MRnETET TR STUMRSD! ¢ ne.

The present|yiprefersedgeabedisentiii8erldontbol Bod B aind yafipatds ther eof

o~ the present invention fromthe fourth group of enbodi nents conprise the

sanme el enentslddd) The four linear arrays of intensity values I[,, 1,,
@,‘and I, are sent to computer 118 as signal 131, in

either digital or analog format, for subsequent
25 processing. Conventional conversion circuitry, i.e.,
analog-to-digital converters, is inciuded in either
detector 114 or computer 118 for converting the four
linear arrays of intensity values I, [I,, I,, and I, to a
digital format. The phase shift by phase shifter 44 is
30 controlled by signal 132 that is generated and

subsequently transmitted by computer 118 in accordance
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138 I'VO 99/ 63300 PCTJUS99J11601 subsystens of the fifth, sixth, seventh,
and ei ghth enbodi nents and variants thereof, respectively, except for the
om ssion of the phase shifters 14, 24, 34, and 34a. The renai ning
description of the enmbodi nents and variants 5 thereof in the fourth group
of enbodi nent svo /&3 sane as the correspondi ng portions of tH&ETUS99/11601
descriptions given for the enbodi nents and variants thereof fromthe second
group of enbodi ments except with respect to the |Ievel of reduction and
conpensation of background from out-of-focus 10 i mages. The | evel of
reducti on and conpensati on of background from out-of-focus i nages obtai ned
with enbodiné%%%haﬁﬂevéﬁﬂéﬁPgetﬁﬁpg%ﬁu??B t%ﬂ:§%&&ﬁﬁgﬁQnﬂ?%ﬁg%h%o fhent s
is better thapiphe hgMel10f)rsduehi0paadds cQmaans ahide@ferd) pagkgr ound
fromout-of-focus i mages obtai ned with enbodi ments and variants thereof
fromthe fourfaugEbuptoEdentiddi menfaasfofeiErer t4h Gmathastekath@errors

i ntroduced by Lt o] e~PUEROf £ § '§@@g§j i1 |y
reduced for tﬁ%gggggngﬁgegg.%%%Qeﬁgog?ﬁe%q§9§§§52o yaf¢%%t%gf%g%§%? of the
fourth grdup berewbodiprenss in bepadbandt ePgrt ko resporck sigect to

statistical ~errors_introduced, by t anpl | e of. put - of -focuys | es in
prior-art con?BgéFa?nVSFFEFBﬁEBric?ﬁfcgggééégky %ﬁ%ﬁ%%p% St e Lg?%} erence
cross term betyween o) éHT?ltdﬁﬁi £t n r-filtered,
spatiallyfilté?eg 6§%f§§§ﬂﬁd§§§§§§an B{he cgggfegqgﬁ%ﬁ?tgggggf t he
wavenunber - f i Bi€redengpat cahltp-ihi shibsednt il bgtweith ef ©f #nicee beanmigh a
detector inmage_pl.ane for enbodinen%s and varianté.thereof OL %he fourth
group of enbo8itmefitEPSY Werl T5EPEGHVEntPAF FIP YRR L AnRP BECEhat TEBEERREd f or
t he correspondongonehersi eh@yceher dssetréeehoe pEross atércOné Owakn the
interferonmetric m croscopy .on a ri son. Howeve in a

[ ixel b i xel co
gi ven. i nt er vaFoBPEFnEm H§UP§9C%13§B géf%%%?ﬁﬂrT FEE%@Q/?RBEFFEly—
statistical errQkep@d @G tHoFRGe pRebet bebmans2peged btnensesbhphenf the
object material acquired with the apparatus_of the enbodi nents and variants

t hereof of thémPdditiiiegrdufier esadmpent $11Eesadst anerhptyyrhélésmedas

that 5 obtai neqddiRdhe s Adim ipaer wakpf or only one inage point for the
prior art confocal interferonmetric mcroscopy. ~ simlar statenent applies

with respk®t to i midiengalwd-idicdendiiohareifdcippry 6¢rt heobbfeen adt &bieal .
Thi s dif Ferengg ds dhe i i t . al. st ingal
errors introdgggﬁﬁby tIgﬁié%f%%iégﬂﬁ¥QﬁﬁgggﬁtQg?-?§%823?n3§823§?F% gga
greatly reducdde orevemmrayod indimredandredirdaysfiheecef atatheredurth

group of enbodi ts. inr i t e rcesp i i St rraor
i ntroduced by%t%%%a?ﬁﬁ#f uﬁeﬁ%f P%’e%of({]'- c])'g?f Sgéseg}g ?rgfrﬁlé%g;{l% E??L%P?igrg)é
confocal i nt ertfher oveatariwnbd erfosidopedihepadonsdilgefidgerhd sedfliestiecal

accuracy 9f %4498 & il W APCHLLN i 1 49 HTP0°L80aL R on O re

system properties. The first system property is that
within a complex scale factor, the spatial distributions
of the complex amplitudes of the wavenumber-filtered,
spatially-filtered scattered probe beam P42D and the

25 wavenumber-filtered, spatially-filtered reflected
reference beam R42D in image plane 47 are substantially
the same for an arbitrary phase shift introduced by the
phase shifter 44. The second system property is that the
interference cross term between the complex amplitude of

30 the wavenumber-filtered, spatially-filtered scattered
probe beam P42D and the complex amplitude of the

wavenumber-filtered, spatially-filtered reflected
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material acquired in identical intervals of tinme. The presently preferred
enbodi nents 17, 18, 19, and 20 20 and variants thereof of the present
invention fromthe fifth group of enmbodi nents conprise the sane el enents
and subsystens of the first, second, third, and fourth enbodi nents aq%
variants ther®8P¥638&pectively, except for the repl acenent of P¢HHSIH60I
non-achronati c probe | ens of the 25 enbodi nents and variants thereof of the
first group of enmbodi nents by an achromatic probe | ens. The remai ning
description of the enbodi nents and variants thereof of the fifth group of
enbodi nents | khAepcogr A NG, POKH i t esgLiptions
gi ven for thgaggggﬂ%gg?ﬁgﬁts and9vagﬁggtsbt %reé? ??%%?%%egfggst %roup of
enbodi ment s ekeephawkt Bhidspeatroduthd bgvehasé shafistifél iaccuracy
obtained in a given i nterval. of tine. Iéo ~'4'0 9%[633D0 PCT/US%%/llCDl
The I evel of 1P HﬁE@PEﬁdaﬁﬁ_HSHﬁEWEEF?Sn Bfnbgﬁkgrﬁﬁ ﬂa??on1§bP98f- Gcus

i mages obt ai ned Wirkh cgEROGI FRAL §cANdL¥aLEEAL 8nt hesR9T o r oMb 1 Deubibi bR group.
of enbodinents is the sane as the | evel of reduction and conpensation of 5
background fitbm vavestmberuds lilkaged, obParnedlwr f hl erbedi peatseand variants
thereof fromtheelklal $hguna0h EAROMLABIES. kBYEVEL. bheggtati stical
errors introduced y the anplitude of the out-of-focus Inmages wll be
better for thevappabatrusidfterkd, eabotiimthysfahtievadi anftechedeof 10 of the
first group Qf i [ el at i o] CRhT Lng.statistica
errors intro 5g%g%%ye?%%%§h€FFPugg %ﬁggﬁtngﬁ?onggﬁﬁgggé ?ﬁabhghg%paratus
of the enbodithentdaared shdrfitarihs rbderedf bgf phheef shi htgroap o enbodi nents,
the fifth group of enbodi nents acquiring 15 |nage iints sequentially in
time. TheV] e\}_é’lcr(?F“eF‘é&L‘?c_toiror‘?e&ﬁ&mgBﬁﬁ@ng’éft i"onvof ngkgpﬁunagf’“?om

out - of - f ocus ;iRGES bRl ned oW tRraMbedismRBLS candeyarhant s thereof fromthe
fifth group of enbodinents is significantly better than the |evel of
reducti on andri2@nsdrpensidtficarenaksbdckdy camdtl f,r-dm. oudewévépncualilmges
obtained with prior art confocal interferometric mcroscopy. The size of

DSCOPY
the interfer RS IIHFEE G GRATE WEEMSY he - EombPEx 1RABPFELHBS 0P It hBE

wavenumber - f ijdw®irRehbesPati 1l d ned, | Isharadibgckaneundabeam apdekherepepl ex 25
anplitude of the wavenunber-filtered, spatially-filtered reflected

ref er encéSbedtRat P4 et &t g9 agenpIRes ~fdr terpddi AEALS2dhd—Fadtanesd
thereof of ~t tfi-_ﬁae‘u%ﬁbcihrﬂf %ﬁnpfaétéh%b%ﬂﬁ@ﬁ% .W'&!nl)  P&nd 3 el GAUEatldy-

relation to that tained for e correspondi ng interference cross termin
30 prior art fiorfeoal, igparfErlgndtidite mad refdepyednrafpireekcebpepimx 842D

conparison. 7.'hus, the level, of statistical accuracy and systema{ic error
obt ai ned for WiTgeETGE Giver {Theer NSt fa EReERNERBod: Fint Shdind

variants 14&~I4. The referenced system properties are features that

20 are in common with the confocal interference microscope
and henceforth will be referred to as the “confocal
interferometric system property”.

For the wavenumber-filtered, spatially-filtered

background beam B62D (cf. FIG. 1ln) in image plane 47, the

25 intensity differences [,-1, and I,-/, will contain only the
interference cross term between the égmplex amplitude of
the wavenumber-filtered, spatially-filtered scattered
background beam B62D and the complex amplitude of the
wavenumber-filtered, spatially-filtered reflected

30 reference beam R42D as a consequence of the confocal
interferometric system property. However, the size of the

interference cross term between the complex amplitude of
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VWU 99J6330() PCTIU5991t 1Q01 thereof fromthe fifth group of enbodi nents
is significantly better than the | evel of statistica3 accuracy and
systematic error obtained for images in the sanme interval of time with
prior art confocal 5 interferonetric mcroscopy. It will appreciated by

t hose skill ed wmoddissoart that phase shifters 1Q 24, 34, and 3&aTiago/11601
apodi zed in order to alter the properties of the apparatus of the present
invention vis-a-vis the magnitude of reduction of 10 signals from

out -of -focus i nages and the spatial resolving power wthout departing from

the spirit and scope of the present inventio It wll also be appreciated
by thgse ski | FR& ¥ V?‘H‘é‘“%‘?f‘?hﬁ*ée’fﬁ@'fﬁﬁé Faﬂléfrf%Wéeﬁﬁgsé%ﬁﬁFPgE‘é 14, 24,

34, and 34a npya.hesashi evedihy ebhglegorhpnatihansciStat phasausiiekters or
be configured with el enments conprised of sections of a set of concentric

annul i or ot héilgevretrFRapadleynslheR6at Ta@épartirdg refemenie Seieri R4ZRd
scope of the Efe§§9éggg¥§ﬂé'99-wfﬂﬁsﬁgfek%é%gﬁslgdu%%d %%’I%g%ti%ﬂdt%f may

be of the 20 electr Ical type or t persive optical élene
type. Ref érentbs toraedpspéisgvénbptifeaknekenentsst ypemana ginier iamwtt he

foll owi ng paragraph_in.regards ta br peration. Alternatively, the
phase shifts SgEgEFB%dlﬁ ggﬁanFﬁtnggggggB% %hagepéﬁﬁﬂtéw 245 y
alternativel ycbep2bippoduced by naking di splacenents of mirrors such as,

for exanple referepnce mrraor 120, in a directi normal__to the reflecting
Sur face bf the m 1 F6Fs RPREPBUGH ol e "SE Tt NG CABBRARIERT t he
present inventineken, bspatdbandysdinces ed Isicae eateidaipiet avbeant e 230 aplaase
shifts produc% rs 14, 24, 34, 343, .and 44 are not dependent

on maveléHbth.gPP&nggigggE}ggﬁae S 5PGLdBANY PHALETSH PESKITONHG ement s

by appropri at gk¥ndgsboniarg phasenthisfit@ng abdouddy,34ne342wiand 4 % types
142 CVO 99163300 1' CTIUS99/1 1601 such as disclosed by H A HiIl, J. 6V

Fi goski, and PRteriBaepgedciase, Serpg PIRGent, 213 thepd ritensddyiul ., 1980
ond entS1ed, Raskaaund omperaat | 18 L0t SRR A Bt Aol 1L O
1981 which i s baltsee@ntihtl ednpBas?gmpind WCenmpensdid G varetfar-anBtien'ed,
15 spatially-filtered scattered probe beam P42D and the
complex amplitude of the wavenumber-filtered, spatially-
filtered reflected reference beam R42D and the
interference cross term between the complex amplitude of
the wavenumber-filtered, spatially-filtered background
20 'beam B62D and the complex amplitude of the wavenumber-
filtered, spatially-filtered reflected reference beam
R4A2D. Note that the interference cross term between the
complex amplitude of the wavenumber-filtered, spatially-
filtered background beam B62D and the complex amplitude of
25 the wavenumber-filtered, spatially-filtered scattered
probe beam P42D cancel out in the intensity differences
I,-1, and I,~I, as a consequence of the confocal
interferometric system property.
The interference cross term between the complex
30 amplitude of the wavenumber-filtered, spatially-filtered
background beam B62D and the complex amplitude of the
wavenumber-filtered, spatially-filtered reflected
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For each of the enbodi ments and variants thereof of the five groups of
enbodi nents, there is a correspondi ng enbodi nent or variant for witing
information to an object 10 material conprising a recording nedium Each
enbodi nent or_vari for witing information conprises netho

appar at us of ‘ﬁogéf?%g&spondi ng enbodi nent or variant of the fi vgcg}rﬂg&%”gp
enbodi nents except for the follow ng changes in configuration: the source
and reference mrror 15 subsystens are interchanged and the detectors and
detectors pinholes are replaced by a witing mrror which directs the |ight
fromthe souregchBRIRILBANORADRE W iinidtge MBI sSuhst arbiralden thack eon £
itself. The reflectivity of the witing mrror and phase shift introduced
by the 20 writhien§agikorernar & reineitorst ofodbt attesieson £19& Wit ing mirror
arranged n ¢ARLWAGHISOR WthR & RRASA- SHYTIhPOC SO G JRf Aduee ibhe
desired image in the object material. The phase-shifting procedure perforns
a function analtogodsrifereneeprosddade ¢ TERICicnNGtemes ddgueiee 6f phase
Shifts insthe aueRuEhelohice! ehells SRt aldthiddd Leledohhlaetagliehfieence
beamto obtain first, second, third, and fourth measured intensity val ues
for the enbodifmémtes warve nuaieantts ttraresbf wfatirl fi-vVid lgeagss befc kemovdidnent s.
30 For the witin i S Gf i r.e| the,recardin rocess
conprises a r?&r?%“e%%ﬁ%?l Pgﬂgnthﬁg)c%éa)aggnréﬁané{% e ftehgo%%lv%é] medium of the
opti cal di sk fadnprieses spatinpiiarny -dfi ldidfet ard £ Indterd alefeanchadi ffeaue®42D43
WO 99163300 PCT/,US99/116Q1 c%{mj rglat.i ons_ of, rr‘géer.i al.s. Exag%l es Qlf recordi ng
processes i néifudé S%EEAY- FHERT &t dA L Bt SraighetBS5t PodR%ef¥ect s such
as Faraday rqiraideens amddterirs effipatarisi el ¥ @5 fniagkemicaltHwol e burni ng.
5 tll hen an nmagneto-optical effect is used for the recordi ng process such

that the stofE@NIUSEES FRS VT VY DyC et B dia iy Dataifgds the the state

of pol ari zat i QuAfe:d SEALtRIRI A tHANSAR &t @b o¥F-obie theam, tdhaamadi-ment s
of the five groups of enmbodi ments are 10 configured to detect the

pol ari zat i on Bl tHEd ERATEE D DT nF 4t AbrFheo AP 1Bl ex
anpl i tude of 1he ;5Gald YA HY Q& Haamedhe; {1 ¥E @r s of qpbodiymnis are

configured to neasure the polarization of the scattered probe beam by
passi ng the sedfttetteat praflse ansenbermuheRnin sinags yans ch asThe

pol ari zi ng beam,sal il &fr and %&ﬁﬁfé‘ﬁeﬁ@& EPIPL e Ald L jdes §fe the

di fferent polarization states e scattered probe beam separaet ed by the
anal yzer. Wheromml exhpnnliderdecof ding wadénambeont i ieared0 spatially-

anpl i t ude-recordi di and/qr_ a recor.di n dium are ,used wth
the witing e%blgdaelq%e&r:fbsacaﬁgsrcoﬁrbée}%aé? g}? %?St %%&r%%l%c‘god“rg;‘tedi i R ]claqucger ro\(l)lw'r s
and t he reducgtk sysiaimmiber -ef Tt sradsospat edl Wt hi 1 treages #Hdf tdecgdcor di ng
medi um property of the witing enbodinents descrjbed 25 herein, the
Gonsity of' t HEHRRSIGE G RUZP PoPYoUrs BLRRE o b LI L N iiEt e N
and M have t hghe aflc el g @SamiSEdtiidet be des6sn Médrenied hes rigagi ng

enbodi nents, the five groups of enbodi nents. The information content stored
at a given rreﬁib?‘i/a%‘?? S HREE PLRBE By LRETEPEETal HisT (PIRRIDNY of the

reflectivity sndeiderspad i st rébutbanpetxibsuRbass Shidtsapr oduced by
the witing mrror of the witing enbodi nents and variants thereof. The

wi ndowed 149 COART Y/ FBEU0L P EHI0L TIBOTOPES | eBPWETREr okl Weidowed phase

shifts preducgghdyathie ¥ I {RdGPEEERE 2h0eARALAO! tRE BYa@-HBLA | ¥ Ofne
el ectrooptical anplitude nodulators and phase shifters Tocated in front of

the mirror, thedRibide of the Breetrfer8pFrcarossahpr thrie eedutae ors and

phase shi ft ersoliel 09 &A1 o€ by hBey80uRURSE: -Ther st adowkpg: ol 1 e
reflectivity and the phase shifts is achi eved by el ectronic processes

simlar to thbsktesed hackdeownaddoarngBe2Dt Radakbei comel emndaphbseudt ohe
nmeasured co I j e | t k u odi nent s.
The interf e?g%%éé ‘?%‘?%ﬁ@%%ﬁ{%é%gat :S'E#g? Tl ??t— g%g?’%\gvgﬁﬁ%ce?g&i | tered

scat t er ed®Pr obef brantandesiheR4épRt il ipatiel péred, 4havenembencédl ter ed
refl ected referfn{:e begm agureldl.byi t.he enbodi man%s ang va_tii ants of
rYel'atlIon to that achieved in prior-art confoca

interference microscopy.
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15 the first and third groups of enbodinents in the axial direction of a
probe lens is proportional to the Fourier transform of the conpl ex
scattering anplitude at the inmage sites in an object material. Simlarly,
the information stored at a nFnory site by witing enbodi nents and 20

vari ants ther @ 99/63060 espondi ng to enbodi nents and vari ants of pdesdortat
and third groups of enbodinents, is proportional to the interference term
bet ween correspondi ng spatially-filtered, wavenunber-filtered beam
reflected by the witing mrror and the spatially 25 filtered,
wavenunber-filtered refl ected reference beamis proportional to the Fourier
transform of the cOWplEaeFeeciedneyien I?G’efsep%&)v@ sin édheomaaredinid i ng

mrror. It wild.he apparentel o, 1hesey skid gk ddhddg ar hés@t%ﬂffe’l{}@ the
the

conplex reflectivity of the witing mrror is 30 chosén so that .
i nterference 1%r Mbetawend4 he Spatipladsy-Fhiftaws, 1dvaviedhurdret -34 Inastieltly beam

refl ected by 1{jng e i.aldy:filtered
wavenunber f i I%lgefe%g?g‘i‘gcg%%ﬁgg Jg?%n(%:g tblgegfnédl lpérlxopagqu]i 1otﬁuaqes[ ooﬁ hteh9145 WU
99/ 633( | 05PCHWaISXOhE601f i hversa, copat exl ly-ahisftonmdfsddte drddrpmibeon to be

stored at a nenory_site, the neasured interference termbetween th
spatial | y-fi {Eee?r%d?fé\gv&%%‘éj?y??%?Iédplsjgta%r[ee ’eds%q’tolt?gﬂl%_ iheuretcﬁe
spatial | y-filtefescrvaveanabernctibeaneri®d r efd@cied wafanense beam neasured
by the enbodi nents and variants of the first and third groups of

enbodi ment s it heraki afPal+ et ¥ohl b CaePritek Ierind PeFHRAIR ofal MR he
original inforyation;stofednolBSchbl shSt NP NEGESSE 1ds 'g&a%}}?t%dg\zﬁme to

performa Fourier transformof the 10 conplex scatterin measur ed
by the edBodiamptstaddsvafi bheswarenneber il tawed hisrk graouls bfltered

enbodi ment S 1 01 eo Axh Ay GhE CELEANERED A Ofife | Aok Bl ECOVES L 418y Or | 01 nal

information t was s n advantage of certain Onés o irst and

third 15 groupsaviaehbedi beatrsdi sefhattadt oabgrapdd oEcONTRAEXD adpe | haicke

i mge of a vvafer.gse in the fsbricagi,gn of L@te rated circuits is

acconpl i shed BYLhbELahYi AP FyPRARAI FAAEDEES | Magi Ay ARG F4mnetRection in the
depth directigpdotithespaten1 Wit Breipatibgant f yrneduecask 20i vd atbmpi el
errors and with a background from out-of-focus inmages significantly reduced
conpar ed tto oP™PhétudRE 4B {RageoBLarfef’i aTa TehTriel »Fl yeereddfts with

The Si mul t aneaie® | Fagtne ol o TR osar i ont | b 2o L he depth dhrection of the
waf er can be @s8guesigpeqf| yhe sensitivity of the intensity differences
I,-1, and I,-I, to the interference cross term between the
complex amplitude of the wavenumber-filtered, spatially-
20 filtered scattered probe beam P42D and the complex
amplitude of the wavenumber-filtered, spatially-filtered
reflected reference beam R42D.
However, the respective modified spatial
distributions of the complex amplitude of the wavenumber-
25 filtered, spatially-filtered background beam B62D and the
complex amplitude of the wavenumber-filtered, spatially-
filtered reflected reference beam R42D in image plane 47
are distinctly different. The complex amplitude of the
wavenumber-filtered, spatially~filtered reflected
30 reference beam R42D is an antisymmetric function about the
center of the wavenumber-filtered, spatially-filtered

reflécted reference beam R42D in image plane 47. 1In
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reduce sensitivity to notion of the wafer in the depth direction generated
by for exanple by translations, scanning, or vibrations of the wafer. The
simul taneous inmaging of a line section in the depth direction of the 30

waf er can further be used to identify a surface of and/or in the wafer with
i nformation a¥qEP6IBE0 si nul t aneously fromnultiple depths. 146PCT/Y$RP/11601

99/ 63300 PCT/US9911 | 601 Another advantage of certain other ones of the
first and third groups of enbodinents is that a tonographic conplex
anplitude image of a wafer used in ttie fabrication of integrated circuits

Luo. i nonsi ofl SBELY O B! “FREUBPEE Bt hCEr i FPLGRIT oY TebbEBA®St at st cal

errors and whkhkarbaskgpeundsEepnwalith ofubseyseh thgemisignéfésani by reduced
conpared to or the sane as that obtainped in a sequence of asurenents with

prior art sihgPeCPMRAEHe2BRALEBIEI PE EBRF BREFRT AP RY T & EHEE® M croscopy or

hol ogr aphy. Qﬁ%t%uiﬁzoff_itﬂa@r_teaoremreaseanaéfgg@ﬁt@np@im tieomaf er the
parallel to the depth direction of the wafer. The_sinultaneous |nag|ng of a
t wo- di nerfsi of&MPIEEt pBR Lot ufdReaREPEL2EEA BELUSERRE bY gr bl I9n¢e edficEne
sensitivity 49 meliQlndSpabplie-yatay b Bsepdgpt dsaldods aNgvPige im,
directions gengrate g& transl ation, scanning, and?or vi brations of the

waf er. The swimilchageogsaildagingretva ewdydrehsi paditseectdloangast he waf er

can further besed b igenbiL¥ Rnsuiface g¢ LALerbal, SELace: ofotha waf er

wi th information acquired simultaneodsly at other Tocations, e surface
andl or i nt er splatswlflycd ipdssiebl yederviag refesenati beapurpdBesn Amage
advant a

of certai,n on of .the first.and third, grou f enbodi nents is
that at %Dg?%ﬁﬁf%4@6npﬁ§%82§%§nSPFF&8% Eﬁ% 51%?tgoﬁi§fo ?%al specinen in
vivo, an i mgetsiifehrctan beocysedefrar bexaapheths aomphex nwasiveubieopsy of
t he bi ol ogi cal specinmen, is _acconplished, b ubstantial ly sjnmultaneous
i mgi ng of Q%#Fhé“§@@ﬁﬂa?3“ﬁlﬁﬁér&gptﬁpaFﬁé&iyﬁﬁlg efﬁ% %?%*%5?38 speci nen
with signifieantd Be3D reduead shaphek eablettaesoandghwi thvanhaskgr-ound from

out of-focus images significantly reduced conpared to or the same as that
obt ai ned i n &iddqréashe sPRtigdduirdidiesedi trflectpdi spfarensengranpRAR) e

confocal; nt anf erenge JiGl0960RY comprised primarily of an
antisymmetric distribution about the center of the
wavenumber-filtered, spatially~-filtered reflected
reference beam R42D in image plane 47.
The contribution of the interference cross term
20 between the complex amplitude of the wavenumber-filtered,
spatially-filtered background beam B62D and the complex
amplitude of the wavenumber-filtered, spatially-filtered
reflected reference beam R42D to the intensity wvalue
recorded by a single pixel of detector 114 is the integral
25 of the interference cross term across the space of the
image formed by the wavenumber~filter§d, spatially~
filtered reflected reference beam R42D in image plane 47.
The integration of an antisymmetric function over a space
interval centered about the function’s axis of
30 antisymmetry is identically zero. Thus the net
contribution of the interference cross term between the

complex amplitude of the wavenumber-filtered, épétially—-
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147 WO 99/6330(1 fCT/L1S99/ 11ti 01 or hol ography. The simultaneous i nmagi ng
of aline section in the depth direction of the biol ogical specinen can be
used to greatly reduce sensitivity to notion of the biological specinmen in
the depth direction generated by 5 for exanple by translations, scanning,
or Vi brati ons waj osidsvobi ol ogi cal speci men. The sinul taneous i magcnysoiiien!
line section in the depth direction of the biological specinen can further
be used to identify a surface of and/or in the biological specinmen with
information 10 acquired simultaneously fromnultiple depths. Another
advantage of certain other ones of the first and third groups of

enbodi nent s i Eiktrited hamphrapi CLIRPP el ampti FldecPiage* ofmal bFsfsgPéa
speci men in Viyo, }gﬁ&grmpi can be ysed) for rexapple | Phgi nvasi ve
15 bi opsy of %%%‘é?@?gglca sﬁg%?nen, ?% accon%lisﬁgd %y sggg%gn??ally

si mul t aneous rebaiencofbaan iAZD nemsilomalnsersi by vhluberbcokdgiichy 2
specimen with significantly_ reduced statjstical errors d with a

backgr ound fr%ﬁﬁ%ﬁkcﬁ%¥%én§?ié%ﬁﬁﬁ?%?gﬂ##i%%n?f?n?gaﬁéangoﬁﬁngadto or the
20 sane a3 thgéyohd atmed & ch BeB@fuUENCEr Db rARASULEAEBESI Wi hePEEOENBET

singl e-pinhole and slit confocal interference mcroscopy or hol ography. One
axi s of the tMWEHHet8Yonal section of the biological specimen is paralle

to the depth directtopsofmpbierwet efo dbBeSttt aneeusctiBgi B9 ehe25 a
t wo- di nensi onal section of the water can be used to greatly reduce

sensitivity to"heEToReRFe t HEODT of DHT CAPLYRRR| hBR FR™PhEXdapPhihnde of

transverse di fgeti,Qhsn@eperat etk Oycl| agshat hony-§ganairag, HaRALebuKMibr ati ons
of the biological specinen. The sinultaneous imaging of a two 30

di nensi ol skeanoROZR ene Biel eefear*speRilktHdean ff tRehERVEBUEBEH t 0
ider _tify a s roj S f i-Qlioqi C{ i
i ormat fon auif Faa l 480 LB Yol s E00° RCT DS L1201 e kT PEnpaes) Mz
ot her | ocati ohs, ihhgespiéneced andtadsi hoernakdsotfiane ofjobsichbl gyseemphige
regi stration RUL poses, A

[ n., adyvant . of . tain_gnes t he.second and
fourth groups bf BRboai HEN sa?ssﬁﬁgfsglﬁgéngFgﬁﬁﬁc cgﬁﬁfgxlg Snpl i t ude
i mge of a wateduuosiédni int heatabticali enrotsi atiiegratedeductibhsoifsthe
acconpl i d by, substantially sipultaneous i ing of .a_line. section
fangent T a SHFFALEFBRCEnEr At e ton BhHRshr PdeatoRneR ABPLLERFENOT
significantlytheduaednambeirstitabred; ospaandlWytifid tb@edabkgkapdntr om
out -of -focus | mages._significantly reduced co red to.or the sa as that
obt ai ned in ab§§au§ﬁ28 BPdnggguFéﬂﬁﬁF§ qre lngSrogrthgiH6W§p fore
conf ocal Inte&&@t@ﬂ@@,nb§59§smm¥—@&1h@&@graeﬁyecE@@.&b@@&b@@@ouaamn@gang of
a line section tangent to a surface_of the 15 wafer or on a surface in the

waf er can be &SedmpgegPéaprPy4veBAEELIEENIt PvIFEPUCEIBUNERTOP T he waf er
general ey §y LE3RSLILLANSNsSGAARLAN R B cK! Bialhony alilheyaigy The
si mul t aneous fnaging of a two-di nensional section tangent to a surface in
or on the waf eompaneflutbhehebpr20rused .t oSiident ithe stréfietdoed | ocation in

or/on the Waf%ﬁc@&EQih@ °E¥?Eh8”iﬂ%ﬂ§&%%%d$Eﬁ%&é%ﬂ%&&?k%nkrO%hko%%kggﬁs’
the reference T'ocat’on ‘serving regi stration purposes.” An aé@antage
certain ones ofighhé secordadrd touthke gooars afoodnudditimentis tegriltad a

oo apit o CHBLSY, 23, BIRHEUIRCLIRG® othes Rl o8l laeRsEi TR B vo. an
bi ol ogi ca?25speeiteenpri s taecetpkishedaly esulost dmt itddd ywudipuil tsdmmads iismagi ng
O 2 fine sectigncbangent ! 28u8Un' 35¢ WL SRECHTRE Wikllan,
Thus, the statistical error per each image point of
an imaged line section of the object material acquired
with the apparatus of the present invention is
30 substantially less than that obtained in the same time
interval for prior art confocal interference microscopy
for two reasons. The first reason is that in prior art

interference confocal microscopy, the imaged line section
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30 statistical errors and with a background from out-of-focus i nages
significantly reduced conpared to or the sane as that obtained in a
sequence of neasurenents with prior art single-pinhole confocal
interference mcraoscopy or 199 1V0 991633(1(1 I'CT/US99/11

hol ogr aphy. TH?%%*M t aneous i maging of a line section tangeﬁﬁ%?ggg”éﬁ#face
in or on the specinen can be used to greatly reduce sensitivity to notion
of the_specinen generated by transl ation, scanning, and/or vibrations of 5
t he speci nen. The sinultaneous inmaging of a two di nensional section tangent

to a surfaceuidk Qe WLdMRSRGCIHRN Gk fs 1 her bandisedid@idglantd fyide
reference location in the specinmen with information acquired sinultaneously

from nul ti pleeneal girch tife e Raidhe 1 0t M CARTRAY sl vitP e &t Statidn

purposes. Anpdvaptage 0fnd heddfdh @ oupgef renbodi nenf s siddhdls Ay

t onogr aphi ¢ conpl ex” anplitude image of a wafer used in the fabrication of
integrated ciitigrendes tml’%?cmﬁgm%%i@h%l ar¥a0-of nensshElY  or

thr ee- di EenshoRAL LIBAL danf: & weheh L snasnel aled M4 g backar aupd from
out -of focus inmages signifitantly reduced conpared to that obtained in a
sequence of weaspresent sinyar gt o e ssage elpt oot b chnfioeal This

e fer ence, GLeLosgony Ao halography, 20 Adcadventage glothefidth oroup

of enbodinen%s 'S C Co ex anplit I mage O .
bi ol ogi cal speeteencémPIiSad,caniiasgyePahith elnabelnzeed f binexsepteonn a

non-i nvasi Yebgi Qpﬂ(c?(%r é&e%rgéxoé;@&{&f" + SPEGL ”Egua%é %&?& &p ofe-gifpasi onal ,
t wo- di nensi onal , or ree di nensi onal 1 nmagée of the specinen is generated
with a Backgobuhddépendent - shadocesinbages shgnihégantline eskcetorofipar ed
to that obtajiped._] u f e Lt h. pri

single-pinho#ggc% %%%ﬁggﬁﬁgﬁﬁggéﬁgggﬁgérggg%%§¥%§ h@l%éﬁ%éﬁéﬁogot%he
confocal intéehéerenteimedroscopyosystensntesferbrdeaboveocah be especially

M o A o T T R BTt T

size of the interference cross term between the complex

15 amplitude of the wavenumber-filtered, spatially-filtered
background beam B62D and the complex amplitude of the
wavenumber-filtered, spatially-filtered reflected
refefence beam R42D in image plane 47 will be
substantially reduced in relation to that obtained for the

20 corresponding interference cross term in a prior art
confocal interference microscope as noted in paragraphs of
the preceding description. These two reasons form the
basis for the conclusion that the statistical errors
introduced by the amplitude of the out~of-focus images

25 will be greatly reduced for the apparatus of the present
invention in relation to the corresponding statistical
errors introduced by the amplitude of' the out-of-focus
images in prior-art confocal interference microscopy when
considering the statistical accuracy of an image of a line

30 section of the object material acquired in identical
intervals of time.

Correction for the effects, i.e. systematic errors,

of out-of-focus images beyond the compensation achieved by
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WO 991 63300 PCT/ US99/ 11601 circuits such as conputer chips and the |ike
and in a stand-al one netrol ogy system for neasuring overlay performance of
t he stepper or scanner. The confocal interference m croscopy systens
descri bed above can also 5 be especially useful in inspection of masks used
in the steppewo@s/ssdéanner and in the inspection of wafers at HEFAENEHE01
stages of the fabrication of large scale integrated circuits. Lithography
is the key technol ogy driver for the sem conductor manufacturing industry.
10 Overlay inprovenent is one of the five nost difficult chall enges down to
and bel ow 10Q.run |ine w dth design rul es see for exanple the
Seni conduct ot A ARREY Ria péhepBJ?lgx(sthQGf)?bg%“}?@E &Y %ﬁo%@t & ey
E)roduce $50- )]:@Ql\/!c,%c&rqmmr mx}uﬁlmrs]cbmglmtt? Mugrﬁmmtlaldﬁg farl'igfnllﬁeigﬂ‘lrérlovi nﬁ
mai nt ai ni ng erformance of . the |ithogra tool is substantial. Each to
i ncrease (1 oSGYEN QR MUV OFS 1P W?%b‘%éf’p%yy}ijc?gl &S K O peRE mat el y
$1M year econgfiiadenefitnd|oss)td oidherd nireg@tad &uauidnsmarpuf acturer and
a substantial co etitive,égvg tg e or 20 disadvantage to the |ithography

u %éi%

tool vendor. aSRHIRPTS ‘e RN i it S TR ¢ ot <Gre 3&el of a

waf er and a segand pattern on a consecutive |evel of the ~iafer and then
nmeasuring, on a stand-al one rretrolgg%/ lg%s.tem the difference in the
position, 25 orient?® i ohINahdtarRebrtiThtt? The RS Pari&has e

st and- - al one #B{d 01 &YYo BYSHENMEPEPEASES G Mied ORRORG ItiemIf araquaMdig the
patterns, such as the confocal interference m croscopy systens descri bed

above, connecIFWPIRFT oS PO gRBIGEC cEREE bR T odt At EHRIE fedsiiinialy o e e
rel ativeygositions ©fathespabt exnse erde” VWRA&Se AN iYW kst RRgrhe

function of a litho raphé tool is to direct spatially patterned radiation
onto a phot oresiarakbat efhe5amplipude 16830e pEIValSggy titraUll twafest,. The

process invol nenj i ! t i r. { e the
radi ati on (aI%%%%%%ﬁ ggiggﬁié@i %gaﬁﬁ?%%gﬁéﬁ%n oﬁ{\?%%%h% %I?aelsl?zged atteo t hat
| ocation. 5 Toheroperéyppodingonptheahafrequehey wadmgorand udesttad i gnnent

mar ks on the wafer. that cap, be ured b di cat ed sensors such as the
confocal int e??%‘?%ﬁé%en?grgggoggggés?g?% %%glgr?lbleodra OVE U he THehs ur ed
posi ti ongsof dlbpeatigaveniamanks deflnehéheel wid iveivalenld: i huevafer within

the tool. This i n{orr%tnign, al ong vvi%h g.s ecificatjon of the desired
patterning of"EhetWaf GPFREENCHUP Ge e HET aRFTRRIAD A1t (1R R rel ati ve
to the spati ahéympeiter agd sadiakiren. pBaseULeAN SEEh iNfHdredh Pt a

transl at abl e stage supporti ng t he ghotoresi st-coated 15 waf er noves the
waf er such tHa2teréatadildt PBA @RI texpbardehel cbhe drimenicrl APt urRe
waf er. During,eXpRsuLe,pd hafdkahig0n<SPHECbLhUgED gticle,
whi ch scatte?% t he r%d?atgi o% to proauce thgbspa(ﬂf aﬁ&;&%%c{}’%ﬁ%?ﬁ%ﬁf ation.
The retiéle ithal sbje0trmhterédlt 313sia hmskeaand. t Wekwo tigrersralieo used

i nt erchangeab bel ow..In th se. of ion. lithograph reduction

| ens col | ect s{%(%ear%%w%do%agl%gt Iwg}]feg%gg%r ﬁ%léelf% ’ucse‘ga%/jrﬁgley of the
reticle pattefbltéttarpahitvekyd phobbebeasePofDptoXilé tam@bi pidetoNgthée he
scattered radi ati on prop tes smal | .distanc typically on e order of
m crons) bef o‘?’@vfégﬁilgﬁpf%g%fﬁée%af éPaF&ainﬁag&itér%‘glb?%%‘_éo%?ét & Peticle
pattern. The pegbakion yBhkialey RBetreachelkCahePiOSESSES i@a%@epcﬁﬁﬁt st
that convert the radiation pattern into a 30 latent inmage within the

resist. Whien 88mdBFP FhenaBeecitt malisripd parf éetinpngased ectd ¢hpnde in
pattern wll dgatgoyniherbunehisenabicty Qf15hg-Aeph ePPANCiOfpghycyit that is
printed wth that mask. |52

change in the amplitude of the wavelength-filtered,

spatially-filtered scattered probe beam P42D normalized to

the corresponding optical frequency component of the

30 amplitude of the probe beam P22D prior to entry into
object material 112. The effects of such factors on the
signal~to-noise ratio may be compensated in part by

placing a wavelength filter in reference mirror subsystem
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WD 99/ 63300 T' CTI US991 1160i Before a mash is delivered to the sem conduct or
manufacturing line, it is passed through an autonated nask inspection
systemthat searches for any defects in the pattern. There are two possible
strategies in mask 5 inspection, known as di e-to-database and die-to-die

i nspection. Th® $%6330 met hod i nvol ves an aut onated scanni ng nfEFESEBPE hat
conpares the mask pattern directly with the conputer data used to generate
the mask. This requires a very large data handling capability, 10 simlar
to that needed by the mask witer itself. Any discrepancy between the

i nspected mask_pattern and _the_data set _used to create it is fl ed as an
error. The coﬁ?08§p9PﬁtéPf5&8ngéoﬁ?c$8§805§b§¥§F@%s e&ﬁ%éﬁ%ﬁ%ﬁggglare
especi al | y wekkreuehed hoFraut euBsedtamsk3| napectoar hbcmidd tis advant ages

i n background reduction and _in the substantiallg si mul t aneous acquj sition
of one-di nensit&ageMisaécBeeti Shei nayged caagPt Wbl behereimet 3eth$oht 1 fages.

lii general, thechichBear app¥narstemMoabsgusel 8haLdr t & sm A EXROSHE€io
system typically includes an illum nation 20_sisten]and a_waf er
posi tioni Ny spst éRe YRICLENGEnALLERT 6 st ERPEHT bieEl B¢ %R a8k ce for

provi ding radi @toib%”b%'éﬁlhpﬁbuéhﬁa}%r@' RhveVbfbPheri XéAYd, B9LE{AMyOr ion

radi ation, and a reticle or mask inparting the patternto the

radi ati on, thdrnélprgeneedtengethasespaengel peas B42P et neusmbidied | onroygh
addition, for th of ian_Lithag hy . i um ' ystem
can include a’i%§ §%§§§§HEF§%?S§Eiﬁég#ﬁégghgggpég6£Ff§ﬁéa#%%$ﬁ%%8€%%iation
onto the wafe@cdﬁhdim@agedsm&@bapbohlaxp@$e§oneshschoai%U.onto the wafer.
The i1 unjgation system3RoRes0 kNGhiudes 3 TBAK (SLAOR L 0L, SHPPORS ! PO Lpe
mask and @a positioning systemfor adjusting the posiiion of the mask Stage
relative to tReboadimemnitohditr édeed wWasoomghneherpaskive Thieaswafenipositi oni ng
systemincl udes .a wafer stage for,153. .f' CTi US9 1601,11.0 991 6
supporting th%%ﬁﬂ%ﬁl5%%’%w%bgﬁthﬁiﬁ&gggsggﬁpgogkggjgét%f.%’t%a pggggion
of the wafer Steage reehaikese itto polse ibirged matiatveonhe Fablleainhgn of

integrated cirguits .can include nul.tiple osi.ng steps. For_a geperal
reference 5 off jieﬁ?? d’reaﬁﬁv,ncslgg,edf o %anﬁég?l}ggRaegﬁ’ééPgl%ﬂdog. Je6\7\' Snith,
in M croli$hogriafdty enrbzicdnee tand hkegfareiregy ohMarEc eheDegkgtgat 8cimadleb~t
York, 1998), the contents of which is incqorpgorated herein b e ence. An
exarp) e of ' a T GO Scantedoaat A i 116085HEGBaFF heb fLPeRBS

m croscopy sysitemyd hewn )37 bfi:efdancEhaiceBkoeab taLer hecence

m croscopy systemis used to precisely |locate the position of allgnnent

mar ks on the st anioialdhownchangsc ih thepdsesensespénPhppereshifhgEs822
I's used to posjfign and dsd NG WAIErs 19 Lel@blhve £aLaR $¥RPSY But
station. Scanner 800 inc udgg{ésfrane Bofi whfbh cafrfespother sgppopt

st ruct ur e8fan®ereiiwiuvsy coEdraaritis lcarhrdrege ot ibse igBgest Gneg¢madAn exposure

base 804 has fpUNLed Of) LAl Of7 vy Bl SNS NOUSINAR08 AL Oh R GRabS

mounted a reticle or mask stage to support a reticle
or mask. A posifiimioig)sytstremdmiralpdsiz ian Ny tthe masker pbahitvast ont he
exposure station_is indicated schematically by elenment 817. Positioning
system B17 carF FHeleRfie® BIFOT nizoel ectric transducer el enents and

correspondi ng cont rohs RIRCTIAN Gshe 2 ¥ HAOUGR orldhilpS bReLekRCHUERd in this
descri bed_enbodi nent, one or nore interferonetry systens are used to
preci sel y2Reastrel §2s pbbi t3%n ad t3e magieliadge sained bys ceppddesdydabl e

el ements whose&,posi f r%%tt}pg Gors ot de B hY, %ﬁ)ais% l%'h‘ig%?_e%af e
fabricating |ithographic structure see supra‘Sheat’s an mth
M cr o~i t hogr aphgmoBed efreen arite Tethsiol @gy)dindge. WD 39463366 ePCThE599111601

wavenumber-filtered, spatially-filtered reflected
reference beam R42D would change from an antisymmetric

30  function to a symmetric function in image plane 47 with no
substantial change in the spatial properties of the
wavenumber-filtered, spatially-filtered background beam
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Suspended bel ow exposure base 804 is a support base 813 that carries wafer
stage B22. Stage 822 includes a plane mrror 828 for reflecting a

measur enent beam 854 directed to the ~tag2 by interferonetry system 826. A
5 positioning systemfor positioning stage 822 relative to interferonetry
system 826 is i nd| cated schematically by elenment 819. Positio

B19 can incl u¥®2838% piezoel ectric transducer el enents and cmgr:}gjesg%%gm
control electronics. The neasurenent beamreflects back 10 to the
interferonetry system which i s~mounted on exposure base 804. During
operation, a radiation beam B10, e.g., an ultraviolet (UV) beamfroma W
laser (not sheudh iPASHRY et P1aUeh 48 beamushapiengpaptiiads casseniyut 18h2 oand
travel s 15 downward after reflectlng frommrror 814. Thereafter, the

radi ati on bearbhsassdentiercunge STRasSk LeABt DSKERAN ERer COMME edle $tage 816.
The mask (not _ont f t st 822
via a |l ens asgzﬁ]n%wéj 68 é@a@%%g %P%ngegﬁsgﬁgﬁggﬁﬁ’gg\gpf%ﬁ éﬁg)%zgi t he
vari ous conpoie#ns E&i’rﬁlpcurtdecthtey ciompdes agplatedef odmtévey iWweoramamtcar -

Uhe art 171 nogrohr s PR S e of RRRGTRECLrt g TR o bk ng

25 sem COﬂdUCth’ichHQjéi eampri®eexaiplae,i Y. 85 Bat et t983; i touthities

steps for such masnufacturin These. ste re d scribed bel ow wi th
reference to AR ;}LB] gr gft }Q‘?owa VRS~ F&lﬁ&%eroq‘ 't P ce of

manuf act uri ng @ﬁ@éﬂ&pr}%&t@ft&ﬁwa&m oot HA2penicandupd gs1at mAe. g.
ICor LSI), aliquid crystal panel or a CCD. Step 851 is a design process

for designi ng BHe &9 cutte o2 td @e A, E’c@rY&Eﬁﬁt&rlcdef\Hrt?é:l%t VY2 BERCe WO

991 63300 PET/ USHOL 2601 d st ér U Qanif: fr0fe MAMEBEIIE Nk & NBSks @indihey basi s
of the circuit pattern design. Step B53 is a process for manuf acturl ng a

waf er by usi ng’Qt % i H R als A9 ideTe SRP BHF i hstareraPhods

whi ch is cal | ede@,Pf 3 P1OCASS Mhahfl by [ﬁélﬁ%fﬂbédﬁhéﬁ)ﬂgf%ﬁﬁ% MBS and
wafer, circuits are forned on the wafer through |ithogra o form
circuits on~t hef v@gerctmmtltbratesiorar Maipts 8 kg an fﬁa@t archiesditin
those patter nsppgo{,hgrgaégnfé@gprf@g@g@gé&@%gf Lng, of the |ithography
tool 10 relati've the wafer 1s necessary. The confocal ‘interference

m cr oscopy et hods %h‘éih@h]@@ elise dexre IV Hea s ne ceh decaspben bt yinged ul to
i nspect the Suf, e A, I t waf er
by waf er proceséﬂgg %é] g aa\rﬂfgéﬁ{olm torf% %ecﬁ%@e‘g@ﬁgﬁgrgﬁ% PPZ'

| i t hography usedmpatéhelWdfean pappkygscorBiepl 8Shgnal ah3assenblrangl step,

which is calle ost - process, wherein the e ro essed step.854 is
formed into seﬂ%gogauﬁ?of' cﬁ?i%tl%l%ﬁ%?%ppﬁjr?fdg ?En’ﬁaFﬂF{:‘? g and
bondi ng) and pmkagtnﬂmégélﬁo§ﬁ@|2®9)to $Epov20t13§65y§tézﬁ tospgehhonastep

wherein operability chec durability check and so on of the sem conductor

devi ces pridiucEgshiedt Lpnesseat e0BarPl@e oBRCEPR N PRe¥RLPFEcEgSREOD OF

seni conduct or esybeesmétsriaml §b@d apde LHEYi BEE B PPEL-L SLAP g@Z%e 25 FIG
Bc is a flow chart showi ng details of the water process. Step is an

oxi dati on proc&8§tieR: oRFdVeinget peckiphaet Blhe aohmeek. msteplaézmas auevD

process for TOERk8UANoLNSHLERLDoNE! 8E Ot B WRESL oS UBEAERe BHFRCE6S IS an
el ectrode form n% process for formng el ectrodes on 0 the wa gy vapor
8

deposition. St®3tggdals an ion inplanting process for inplanting ions to

t he waf er tep 865 i st ppLY | CvO
99/ 63300 ch% US99/ 1%%%1%?8 gt gs%ﬁé?f?@?%ﬁ%‘é@u a+ mg PLESE, Eekégfgg 866 is

an exposure prG@@§§lm©htp©ﬁnthﬂgprb9eékpbéuﬁettonelS erhheyedphy), the
circuit patterﬁaaogh@st%aktﬁe EhguYebereLPERYAN LG $XRASHUEE s3RBAKGL US
descri bed above
subsystems of apparatus of the present invention in a
plane orthogonal to the plane defined by dispersive
30 detector elements 130a and 130b. A Level 1 type
discrimination may also be achieved in a variant of _the
first preferred embodiment wherein the apparatus and

electronic processing means of the variant are
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5 again, as described above, the use of the conioca'l interference

m croscopy systens and net hods descri bed herein inprove the accuracy,
resol uti on, and mai ntenance of such |ithography steps. Step B67 is a
devel opi ng process for devel oping the 10 exposed wafer. Step 8

et chi ng proce¥8 #P6t3% enovi ng portions other than the developeﬁgggg ﬁ@n
image. Step B69 is a resist separation process for separating the resist
mat erial remaining on the wafer after being subjected to the etching
process. By repeating these 15 processes, circuit patterns are forned and

superinposed anidhe Matan, Ahd Reld 3Rt RRpldreatd;a of - the cepf ocal
interference mcroscopy systens and net hods descri bed herein is the

i nspecti on of emsks mamd Mettlhclté§ @é)@@eu i H st ﬂégréﬂhyazd Aét Heds ted

descri bed previously an e tlc of a, mask inspecti.Qn

syst em 900 is\é% |ﬁ‘ RER) OR s% & %f% &t SEtAHaEOB?‘SE belar% 912
and a confocalrddiearifel ¢rcena @m@w@swﬁdc&ts%% diuteetrs rble sr adiadfdson
beamto a substrate 916 supported by a novabl e stage 918. 25 Tq determ ne

the relative pésiticoyagtiate & dge fd-r?%%tpéﬁfé'%rdﬁélt ePbegdmEmta2s dfects a

reference beara 8¢2 40 thd¥ rkPre 24 imuntnd i keamrheayakng . asgerbl y 914
and a neasurenent beam 926 to a mrror 928 nounted on stage 918. Changes in

the position rdwred ! o 9Tt difetre SO tspdrémcesr FBSP6SEd 10 Eifanges

in the relativg pogition 19fe Wildta Boamdda Onrydsideale 1916, sbht-eheiRet ry
system 920. sends a neasurenent signal 932 to controller 930 that is

i ndi cative of B&kow ditmt ACTPdsIad ot ST i Hs pech icom fiseam 19terferenosy/ 633( 10
1" CT/ US994 § 1@%@&&@6%@ JHE DG, [RNTOld e 33QeS8RAS AN RMP Wi th

signal 939 to a base t hat™ support’s and p05|trons stage 918. Controller

930 can cause ¥dFioRES (Gt dilferieicd PrRigTRdEbessardty 914 to scan the
i nspection beam ovef, A fE£f gormgj, gcﬂ Sty AlSs Q1% LéSldr%%lgt%nql 944. As
a result, controller 930 |rects the ot her conponéent’s of thé systemto

i nspect the subshemaiic Thoermes ks ¢ aaypd ctrilord igeergarces tthiee preslengat t er n

directly withc £ S TH pund
Di scrimnation ﬁ%eé%g?a%ﬁggdé O%ér‘?b(gled&ﬁé]acﬁﬁee&%‘r%e rel?‘ét E@ﬁra@%‘rﬁ{ all
include sdfe foneresdf ein hérieh pihod@uore situkbsymm&rocﬁﬂa i Msfyfst@meslb,

m croscopy system_ .The back‘q%oun d scrl ation ca of a confoc

m croscopy systath P8¢ P oHet o Y %ts?m %r?%ﬁ’ntpr Ye A 6T ts

fromthe strongoppipsedxHecid 0Nl Ny sOpeEdy roicmﬁd;gal Mikeo S Brende s | S
of a conpletely different nature fromthe restrl cted depth of field in

convent i onal ni“&lf‘%%%%%yar% RSP ForeHe®: e T tHRlt fikea SdSMARRS onal

M croscope outpplv2ous PFUsed BF DE 8L D | Se FBF &L Ye bdwle;!; whilist. i neHde
confocal systemit is actually detected nuch |ess strongly: light scattered

at some pladte BREAfigatbpas atedsEpaysEaR $%a$hwran7éll'%1(i}ef?6uﬁ?@cﬁ%tll’é he
det ect or Iane d cecf S S n k placed 30
P 5&8 anﬁ &e fahd 568%9@ fo%owﬁféﬁ? Hynrc?] é’glf:{%]?e iols P (

there [cf. eppard and nal | magi ng
I n Confocal M conprbpyd, of:omfbnabdMndossp@’g/J,abdytﬁmbdd}eflénﬂNJlew,
fj':ggdleg] (1:5? essbulfggfjop}éferalgfy %4§a269f££'axg(e)r)nl asFelrze . entael[gae{/,ormt er

and in the area of the pinhole B8 of the first embodiment
25 which is now preferably comprised of a linear array of
source pinholes 8a aligned with the\image of line source
10a formed by lens 6. The modification in subsystem 81b
shown in FIGS. 2c¢ and 2d consists of replacing pinhole 18a
in subsystem B8la of the first.embodiment with a linear
30 array of spatial filter pinholes 18b'in subsystem 81b.
The modifications in subsystem 84a shown in FIGS. 2e and

2f exist in the area of the detector 1l14a in which the
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1f O 99/ 63300 PCTI US99111601 DI P, for eranple, possesses a sensitivity to
out-of -focus images that is conparable to that found in conventicna

m croscopy. A characteristic of the confocal interference 5 m croscopy of
enbodi nents and variants thereof of the first, second, and fifth groups of
enbodi ment s w0 #E800t he refl ected reference beam and the scatfé?@g9%ﬂéﬁe
beam are both substantially altered at the in-focus i mge point 48 by pupi
function nodifications whereas the portion of the 10 out-of-focus beam at
in-focus inmage point 98 is substantially unaltered. For the cited

enbodi ments and variants thereof, it is this property of e present

i nvention that*f¥usEd 1% rﬁmoﬁe%eh%ia?%if o %%‘—f‘r-]%f‘{lgcﬁg E ges
reduced in refatdOredwhdidnacid eved pre peia) 15 atboconhesaliohptesfeagnce
m croscopy. The apparatus described in the enbodi ments and variants thereof

of the first, 5RDRELYRIRENDRARE fRA t AR r SRRCHPT etbbdP frehbs fuFbher
conprise a form ofi i spersi oy i Ntefh s PMBtyay The peLkbod oF gptigal time 20

domain reflectonmetry, OIDR consists of injecting a short intense pul se of
| i ght inté® andebpeicar sbitée asraf¢idely apelREESed | 9§ ehevWeT dbngepéndent

backscatterin ' Lan The met hod of optical frequency domain
refIectonetry?r%égggfiggé?%%é of illumnnating an object with 25

monochromati c radi &t i BEGwWhse ‘freqleneyr varrey oft houkoge panhckrewBaway and
measuring the frequency- endent . backscatteri |.ight _sigpal..ln the~cited
embodi ments afv ?Eﬁ¥sgfge?ﬁ%f?l%%%eéa@%ﬁ%ﬁ%gggﬂggﬁnﬁgn?H8a8&§88t?gring
light signal Fscneasyredeaslané UREt FDO. 0Bbt beimaveaupbaaidQilkr By anal ogy

with the definitions of OIDR and OFDR, the form of dispersion
i nterferdifet rplasedofnFife 2ast aht FhGent P6nahdy2Be EhasiiPedd a¥rayf 8fm of

opLi cal vavenusber, foFp) porcll g6 omet ki QDR 11580 oALobA9103300

' CT/ US991116 sensitrvit and  vari ants thereof of
the first andtbhi ptageoop BiGenb2di aedt 8dt otha aiphetudé GLGEn Rea- ehdf ocus

i mage i s achi gved substanti all i mul t anequs for ,all axi,al pqsitions that
5 are accessi%?eg?hng 8?58%“@%%826Fe SstaerggéPF S %#g'iESOrnga%#§ "of
ONDR. For the2enhadi gENt shandwyadinahsibhaneakrafy bifedseeetdrapd nholkish

group of enbodinents, a sensitivity to an anplitude of an in-of-focus inage
’s al so abhi o788 SUBSEHALAATFPSLPRUM AREBNSPY FEECEITPT RUSEAS 26%0si ti ons

in aline secthggneubpbapthalbyiart Regenal pliankthe roptrigeal 2axisndof2£abj ect
mat eri al imagi ng subsystem that are accessible In a given exposure also as
a result of the inébepserpinAest cbwbRe FIREOSHagaRCAiI8eRT0 P iGHest fidr ence

T Croscopy sy §ie) ML exeubEeRescl i RdNgaheSPECeye b aaiady di mensi on
or lateral dinmension of the object material to obtain the equivalent
sensitivity tecamespphidindeasbeatsi plofthiodis sitnmgefeTedummpgdiment 1n
characterigsti of .cqnf.oc i rfqrence m croscopy system of the
enbodi nen é a%§e286%ggﬂ§%§§%t%%rgg$%dfﬁﬁhg ‘irst and second groups of
enbodi ment s ar e th&hsubstvent lakdliycsiimintzarnenud naddud sietdoord gfr d fifrorarht | on

o o array SoRBRLey B R AT A I g gput - of - focus

manipulating the impulse response functions of imaging
subsystems of apparatus of the present invention in a

25 plane orthogonal to the plane defined by dispersive
detector elements 130a and 130b. A Level 1 type
discrimination may also be achieved in a first variant of
the second preferred embodiment wherein the apparatus and
electronic processing means of the first variant of the

30 second preferred embodiment are substantially the same as
for the second preferred embodiment with the phase

shifters 14, 24, and 34 rotated by m/2 radians about their
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25 interference mcroscopy. Confocal interference mcroscopy systens are
known in the art as a neans to inprove optical sectioning for the purpose
of obt ai ni ng one-di nensi onal, two-di nensional and three-di nensional inages

of an obj ect cing the effects of out-of-locus inages, puPt5993Q601
function nndﬁ??%%%gg% schenes for mcroscopes [cf. M Born and E. Wl T,

Principles of Optics, Section 8.6.3, pp. 423927 (Perganon Press, New York)
1959] are known in the art as a means to i nprove contrast for specific
applications, 16U WD 99/ 63300 PCT' 1US99111601 and a form of OADR as used
in DIP is knowspdct hee aspt fSal deadls Ofhée edadhopi phase andi gpstematic
Ho~~ever, the conbination of copnfocal.interference m croscopy, pupi
function noditfeatiost And ‘?‘hstH&a%%ﬁel’éyE}fl%nﬁB?tSV?%ga’bEr‘g%sEhﬁf

reduction of botdhsystendti&d edmiessi megt SLat t5éi Sahe 4§ OfiSa Rl 1§51 fige f rom
background light is believed b5~ the inventor to be taught herein for the
first tinme. TReCORAsRE?IHRARBRIOLINE b t hBecdhtbialidd! i afEreks ehiee

ni croscopy, syssemofolhe, erbodidrentsqaadivathantsriheveofa0f dhectdird and
fourth groups of enbodinents is the substantially sinultaneous acquisition

of infornatiofc¢erd prefeayedfeprGiBerh 4R RhEgerecuendpekowubdbntially

the reduced sgpgiti¥ityntOr 04t -0ft f O6HB0AR11 MREESTOFREL OFi BFLsCODF 06RL
interferonetric nlcroscopé. Confocal interferonetric m croscopy I's" known in
c#

the art as a @aeapsadbivredbcingefheckiveces arhbavedfvibeusPpasyess anl a

formof OADR ageusedohd DHErésrkaovmpbaihbgrart as a nmeans for reducing
phase anbi guity; however, the 20 conbi nation of the confoca

interferd®etric midroseony BaElONDRfnthfResssppdspselarFed eMeoplirpbdie of

reducing the sysiegBtise@nthéetaih SI;h@a!apgaEaEﬁsaéhé! BYc££ PG backgr ound
l'ight is believed taught herein for the first tinme in the art. 25 The

unusual char ap¥eFpssigdoneehe ebntbeaFerAner Varéane arerovkspynbial & of
the enbodi mn&geaggmgaisga@a% thersofonh gpt@ﬁmga gfnﬁaaiﬂéne@%égg%grl s

the sane as t unusual characteristic o e enbodi nents and var
t hereof of thehei tsneandasespadofr oapscef P3bhedbedBaeand spahiahgfibtehe

acquisiti of .ipformaton for,an_arr Qints in,an.inmge,. each with a
sensitivﬁ?i t818§ ?8 - % ug%ih%%e§e?8§éc§%e?ﬁrfgﬁaFPBHH%%ePﬁavhhgﬁi%58d in
prior art contepakcedteyfereaaecai stoscapy. al6batiaVOF99£6383680it. The

i* CTIU599111601 Ac%ordingl¥ t he Eonb%natigg of. congﬁgL i.nterference

mi croscopy andCpUbrFOFuREt FBR RYarFIRESt FoRd I tPh8 s QHE8ESFRAF of "EHES
pur pose of reduoetithe ekcbatihvayshamabifc ther gesoaddpsedbirsbicahbetinesnt

arising from background 5 light is believed by the inventor to be taught
herein ror théSfi EtS?Wﬁe?SI%E@ESECgﬁgﬁeﬂsénF%NGTFENOP%RPFﬂfP | MAGE:
AXI AL ONR) 10embodiment of the present invention. The statistical

effects due to the out-of-focus images in the second

variant of the second preferred embodiment is also reduced

below that achieved in prior art confocal interference

microscopy but generally not as effective as achieved with
25 apparatus of the second preferred embodiment.

The use of a linear array of source pinholes and a
linear array of spatial pinholes as ln the second
preferred embodiment and the first variant of the second
preferred embodiment instead of respective slits generates

30 a requirement for a restricted scan of the object material
to generate a two-dimensional representation of a section
of the object material. The direction of the restricted

scan is in the direction of the image of the linear array

107



The first enbodi ment depicted in FIGS. la-In is selected as the systemfor
showi ng the basis of the distinctive features cited in the preceding
section although the basis applies equally well to all four of the 15
enbodi nents and variants di scl osed herein fromthe first group of

enbodi ments. JWheHedg 8 in FIG |b and spatial filter pinhole p8ausyw/IREES.

I h, Ii, and 1mrepresent conjugate pinholes of a confocal interference
system for all optical frequency conponents of optical beans whilst 20 each
pi xel of detector 114 in FIGS. 1j, Ik, and In is sensitive to only one

optical frequency conponent of an optical beamas a result of the

di spersive deteciounrefepbniiel 2304l aklde 18bheshonat¢hid G Tle ¥estsigheNn in
the fol low ng,tnpory; pacagLaphsethal cht L5aoRg!bLE.Lo: 29: KRG0S [N Cne
substantially an equivalent of prior art confocal signal's appropriate for
each accessi bderextabnpofi thenifipoem ohethat éhseel esrregorfesobyceet ect or
119 as a functi] opt.i Lh.ayset cof po Thi s
corresponds §%%% %g%?agbygﬁg é%ﬁggg?ﬁétgglgﬁhul%gn%%§g§§g§hu$3%ﬁé%t pri or
art in-focus senébtabisiyghal shaswavetunobeonfof taxed) ppostiabhywiihtehed
o 05copy sySTah ARERerA By Srel T ScaAor et Red Bubh outh SPEER oD

PCTI i JS99/ 1~604taxkal tder pé¢hhoheof 1hhéhebdeckchaber bal tié2isagenotfntkeGS.
lc and le is {eguired t o obtain the Bgigglarticog%oca%.signal as.a,function
of axial positiBR3TTREFEYaPE £QBTISePiP ROG8s 18f "t Re RoRCFI TdF&Ed8ht 5
confocal scansbngltieer adcope EnditiBn Sheppandntl$casni fguephi cal Eq.

m croscopy., ip:, Advances in optica.l and electron m croscopy, 10,
(Acadeniép Loﬁgéﬁ; 1987); C. J. R Sheppard and A. Choudhury, Optica Acta,
24(10), 1051 -1073 €H27Aumbetrhefr eftkest bdntiede eangd1thedt saasNissi on- node.
10 In practicg, it i.s ea % tg achi eve @j% the refle tionnDdE m ¢roscope
the optical s @FFSWPH&db§ sERRnEARGILNETobECSPAFIRY PREVERPaF P8I FBEEESN [ C
J. R SheppardfarthoCcoht iGagsWeIsburde Miehe3eepyn 1h8 6Bjeld:r maté®ii94
(1990) ; C J. R Sheppard and T. Wl son, Optics Lett,, 3, |115-117 15
(1978y; C. J.2RY &héppaddiap RSO RE [Fespecedye pPggirg  Soc.
Lond., A B8 7subsldiBs.(1983prhacndd, huse onmdei eg dicapasianahel mages.
Consi der a confocal, m croscope shown in FIG, 5 wiith _three_ i magi ng sections.

For the combi R&SILEH GRS FrSstens 3§ reridncEdtily rees. than %h\%hi“élﬂ‘ber
contai n the seur ¢8nkd1da ohiret] ihkdr ad-die geteet-ee bidnbakst Radprobe

beam and scattered probe beam_ lens 1 of FIG 5 is the equivalent to the
conbi nati on ofPR&HE 1 T 1dfe s FISV &R -80 BB SiRdrpeParstuseprfed D6 and 36

of subsystem 8L sheipidrfHEd 2mbbaindi: 1816 4R ofi Subsystiam82shawn in
FIG Ic; lens 2 of FIG 5 is the equivalent to the Conbination of |ens 46
of subsystem 2csmsivpPhafenrgd ErbasHmedrs Wi diine@ds pramsg o4 SROWITS n

FIG Ih; and laRsA &f HlGsputismit e g wilam d0 e eomhimdaldiomaal | ens
36a of subsystem 8la 30 shown in FIG 1h and | ens 66 of subsystem 84 shown

in FIG |j. FérRufsdidiian idh ofs et iehohiadr andegiad ppasbe | 1a-1n

whi ch cont ai n dchg S e d0 s ARl et 1% Athdihg 163 1VQ 99763300
YCT/1JS99/ 11601
Referring now to FIG. 3a-31, there is shown an

25 alternative third embodiment of the present invention from
the first group of embodiments in which the paths for the
reference and probe beams of the first preferred
embodiment have been modified for the purpose of improving
and optimizing the signal-to-noise ratio. The apparatus

30 and electronic processing means for the third embodiment
are substantially the same as for the first preferred
embodiment with additional optical means which configure

the interferometér of the first embodiment so that the
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detector 119 for the reference beam and refl ected reference beam lens 1 of
FIG 5 is the equivalent to the conbination of Iens 16 of subsystem BO
shown in FIG |b, Ienses 26 and 36 of subsystem 81 shown in FIG Ilc, and 5
| ens 56 of SQP(?X?/&%B‘B 83 shown in FIG le; lens 2 of FIG 5 i spdteseosiieol
equi val ent to tThe conbination of |lens 56 of subsystem 83 shown in FIG 1g
and | ens 26a of subsystem 8la shown in FIG li; lens 3 of FIG 5 is the
equi val-ent to the conbination of |ens 36a of subsystem Bla shown in 10 FI G
1li and |l ens 66 of subsystem 89 shown in FIG 1k. W define optical

coordi nat es ~tgtid >f ,thelamflortddrs chdves;rafledbrmpe qileamamcspaces 7A,

either the object, material 112 space or, [e ce,mr . 0 + 4 he

i mge pl ane Igﬁ%%%ﬁ%(g,p%?%et eealgsetce% otfé 1%@?%9% pId ggelcji%l sezl%gn(eé%#A with
i=1 0, 2, anth$B,thespectd vetyfetred dnxhodimera; perform Aike jopersiticas , (1
) ul =4ki, sin2~a] ~2~ ere sin at is the nuneri cal rture.of..reqj,on r,
20 wavenunber®k ﬁl]?‘?wdié-m\?@efi ?iewﬂgt%*}él%]egt ot ﬁ?leef?eg:giea iegnr?qdnlm\e/eg{ctgum
and X;, Y5, adzehareléder opid oadopad hinkh steacefi nthreedgitoncd .prfemd cal
pat h di stances are, defjned g('as 16?. 11'0 9t91 63300 iy 1 |t(~~r ~) i : ~yn
r cmus99nboi .eml?‘?“gk‘}‘e-l}tipﬁ{l rp likeyoperations a3 lLikq dgno; w where the
int eﬁrati ]g)n iél@&@f@r&i@eo;@@f@tpcﬁpﬁ dSBSDEﬁé‘ftSVIEréﬂ@}Ied aambl':mdiﬁrrerrrbt;; : )T*hehZ“
is the refractive index at posjtion , , ~X;,y"z~~ ._lt has, been shown
that imagi ng Yat&0 cehf blal arg}é%thﬁ‘ilﬁ(iﬁs n‘?%rto%%o‘f)ae‘}eﬁéﬁé?fers—%étaerc%er ent

i croscope (Sheppasdlandi Cheddhuryflébtdd) réfemiied 4l ddmgse xah fiobe
descri bed by a coherent transfer_ function, tgg coher ent traqﬁ%%g function
10 bei ng1he EBaRFerreraRstoF Al oPY t AETPRPUP sBP¢ SfIHER SR ot L Dt he
ef fective threg.demenshonabri PELhSEpL e8PORSELGONCIG @, haws, Miow o, vl ~ for
the systemin FIG 5 can be expressed as 15

1' 1 e~V3, VZ, V~den)ietzdvin\PIc3-\3ayd-~1~V0- Vi~ where 1 12 +~12 hiw-=
pi~~I~~Inexp ~'~ 2. shown in FIGS. 3a-31, the third preferred

embodiment of the present invention is an interferometer

15 comprised of beam splitters 100, 100a, and 100b, object
material 112, translator 116, a reference mirror 120,
dispersive detector elements 130a and 130b, and a detector
114. This configuration is known in the art as a form of
a Michelson interferometer, and is shown as a simple

20 illustration. Other forms of interferometer known in the
art such as a polarized Michelson interferometer and as
described in an article entitled “Differential
Interferometer Arrangements for Distance and Angle
Measurements: Principles, Advantages, and Applications,”

25 Dby C. Zanoni, ibid., may be incorporated into the
apparatus of FIGS. 3a-31 without significantly departing
from the spirit and scope of the pre%erred third
embodiment of the present invention.

The orientation of the plane in which the impulse

30 response functions of imaging subsystems are manipulated
in the third preferred embodiment is perpendicular to the
plane of FIG. 3a.
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9si n2~al~2} 2 (4a) xexp~-.7~~i U+t~ n~" ~+ | KW ~~i dW 20 165 \~VO 99/633(10
PCTI US99/ 11601 hz(v~= Pz(~z~r4z~e'~P -.hl 1 ~z2+~za 4sinz a. /2 2 (4b) C 1.
J xexp~-.l(~zu+~l zu' ~+.if~rz~~zd~tz 1 73(v)- p3(~3~~3~eXP -~2| 1 - B2 +~3z
4sinz a 2 2 (4c) ( 31 x exp[- .J(~3U +'1~311~~+ .lkl~ 3 ~53d~13 5 h, , P~
and Il are the dompspse response function, the pup|I function, P@mdgmheamave
aberration function [cf. Refs. 10-12 In M @Gu and C J. R Sheppard Appl .
Opt., 31(14), 2591-2599, (1992)], respectively, for the rth equivalent |ens
in FIG-5wthi=1, 2, 3, and 9, 10 respectively; and j is (-1)12. The

i npul se response functlon is the anplitude in an inmage plane in response to
a poi nt -source obj &86. $hedEHh§§thnoﬁCﬁﬁ@aﬁh§s§O§ﬁ\ﬁb@remed§m€@éoFﬁbrated

[0 e 200 onTSLEBUBLL, BUTLLA S cheels that L he L o dipensiona

y a sca ring distributiont(vo) [C C.

J. R Sheppardsapdr¥enQicMaar do €pe. p$@®e A FAG.6(E2)., 12601269 tﬁl&&g)]
representing the scatterlng per unit volunme, which is related to the
refractive i nBEgIRIB ZGmP€96me“tklegﬁf(§83fc€5f11ES WIeE e reRLyY Enmun. |

1, 153- '565(1?;@% sBOReN 08N kpAEE AL yORRRMe eOM @ NG £ e di e JEf.
(5) accounts for the fact that in a |ossless nediumthe scattered wave is

25 in phase q@&dostsusdrigceheiditpecEoRas, W edeIred t Batl aes & ddthe of
mul tiple scatte)ing e LeQledicbbe. P8 1661y WBrHL339Q JiGk330U roxa-

preferably a superirradiant laser, and preferably
polarized. Light source 10 emits input beam 2 aligned

10 with optical axis 3 of subsystem 80. As shown in FIG. 3b,
light beam 2 enters focusing lens 6 and is focused at
pinhole B in image plane 7. Light beam 12 comprised of a
plurality of light beams 12-1,-2,-3,-4 diverges from the
pinhole 8 and enters lens 16 having an optical axis

15 aligned with optical axis 3 of subsystem 80. Light beam
12 emerges from lens 16 as collimated light beam 12A
comprised of light beams 12A-1,~-2,-3,-4 and enters phase
shifter 14. Phase shifter 14 is comprised of rectangular
phase shifters 14-1,-2,-3,-4 which are located so that

20 their respective optical axes are parallel to optical axis
3 of subsystem 80. Note that the number of phase shifters
may be any suitable number 2m, m being an integer. The
example shown in FIG. 3b is for the case of m=2, the
case of four phase shifters being sufficient to clearly

25 show the relationship between the components of the
apparatus of the present invention. Parallel light beams
12A-1,-2,-3,-4 pass through phase shifters 14-1,-2,-3,-4,
respectively, and emerge from phase shifter 14 as light
beams 12B-1,-2,-3,-4, respectively, which comprise light

30 beam 12B. FEach of the phase shifters 14-2 and 14-4
introduce a phase shift of ® radians more the phase shift

introduced by each of the phase shifters 14-1 and 14-3,
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al so negl ect the unscattered radiation, which is a valid assunption for the
refl ection-node m croscopy because no direct (unscattered) radiation
contributes to the image. The image anplitude can be sumed over the

el enental 5 skheessbhat constitute the object because the pripcipk®iator
superposition is valid. Furthernore the inmage anplitude nust be integrated
over the incoherent source of anplitude distribution AWM . The attenuation
functi on awo~ accounting for the attenuation of the radiation in the 10

obj ect must also be included for both the incident and scattered radiation.
The i npul se respoplsas¢ uslei Fonsintretece@nsesphase ushhftense U sperrivid-

det ect or elegﬁnés%l30€hand 130b can be witten as 15

hl wo- y~=~exP O -=2F VB VU ~ (6a) hzwz -vo~= fexp~- jk~zz -zo~l ~~zwz

-~'"0~ ~ ( 6b) 20 138(¥BsV23x-eXpght |h¢amr 3122 ~exj Bs~53b¥bten(6C) andleie | -
| 2 1?i(vo vlJ ~~pn~m~l uexP -~uo~2(~ZZ +\W ~ i?aé X UexP~-.1~~i |vo-un+
~I| ~~i ' c~w, Partigliv\igapsmbitedbylpgamygriliiior $00a,agyplghpigan(~22

B L R e el e e L Y
~'~3') (7C) >PieBxpptdt53duBsugtem38ia- 11in2FJ¢JkBeg~L+ighRtnRepm P1ZB
enters lens 26 and emerges as light beam P12C comprised of
light beams P12C-1,-2,-3,-4. The plane of FIG. 3c is
perpendicular to the plane of FIG. 3a. Lens 26 focuses
10 light beam P12C to image point 1B in image plane 17.
Light beam P12C emerges from image point 18 as light beam
p22 comprised of light beams P22-1,-2,-3,-4. Light beam
P22 enters lens 36 having an optical axis aligned with
optical axis 3 of subsystem 81. Light beam P22 emerges
15 from lens 36 and exits subsystem 81 as collimated light
beam P22A comprised of light beams P22A-1,-2,-3,-4.

As shown in FIG. 3a, light beam P22A is partially
transmitted by beam splitter 100 as light beam P22B
comprised of light beams P22B-1,-2,-3,-4 and enters

20 subsystem 82 shown in FIG. 3d. The plane of FIG. 3d is
perpendicular to the plane of FIG. 3a.

In FIG. 3d, light beam P22B impinges onto a phase
shifter 24 comprised of elements 24-1,-2,-3,-4. Phase
shifter 24 is comprised of the same number of 2m elements

25 as phase shifter 14 and is shown in FIG. 3d with m=2.
Light beams P22B-1,-2,-3,-4 pass thfbugh phase shifters
24-1,-2,-3,-4, respectively, and emerge as light beam P22C
comprised of light beams P22C-1,-2,-3,-4, respectively.
The phase shifts inhtroduced by phase shifters 24-1 and 24-

30 3 are of egual values which are n radians more than the

phase shift introduced by either phase shifter 24-2 or 24-
4, the phase shifts introduced by phase shifters 24-2 and
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and G3~k,v3~ is the dispersive pupil function for the dispersion detector

el emrents 130a and 130b in FTG la. 5 The sign change of rr in Egs. (7b) and
(7c) in relation to the corresponding rr termin Eg. (7a)~i s because of the
reflection that takes place in the vo space. The anplitude of the scattered
probe beam Usvbmygizeo i nage plane 17a of the spatial filter pinboUBIBEOL S
thus 10 given by Usw2~=~Ri Ti ~| ~ AWM ~~~~hWo W (8) XGY(V~~~VO-~V0~2~V2
VD~~0~~1 where Rl and T1 are the reflection and transm ssion 15
coefficients, respectively, for beamsplitter 100. Substituting Egs. (6a)
and (6b) into Eq. (8) gives the follow ng expression for Usw2} _
US~v2~:~~vv~1~223%\Mbelé)@q%z%qwlwowlu&ﬁ(g) Tt e ds-micopety gel@ddiMo dzo

dul dwl 20 Thgaham i diidee USWage &,8py leasos Jprtweliagggfrbfaeﬁ% g present

i nvention the conplex scattering a | tude at spat ter pinhdl e 18a in
FIG |h. It fplHlows Trgnt 168m R22Q 9H 6330htdegipropere ilesisofd & ks | npul se

response funct.i PCTI U | 601. 1Ti, . vz, .vo, Vvl = qiven by Fqg., (3)
that the con&]&%ﬁqqﬁﬁﬁ# a I?iju%eeé Lﬁ%lq}ht iRy e"147'2<2t' hef
detectcr 814 .gliown i) Fb&usdd t6 obtmineridby {eys el ditd Pntofifdderev2 5

with the inmpul se response function h3w3-v2~ for the conbination of |enses
36a and 66 ofPEITs 2 hiRanitgge plane 27 in object material 112. The

axis of the line ‘image is substantially parallel to the
optical axis 3 of imaging subsystem 82. The length of the
line image is determined by a combination of factors such
10 as the depth of focus and chromatic aberration of probe
lens 46 both of which can be adjusted and the optical
bandwidth of the source 10. The line section may cut
through one or more surfaces of the object material or lie
in a surface of the object material. Optical axis of lens
15 46 is aligned with optical axis 3 of subsystem 82.

In FIG. 3a, light beam 12B is partially reflected by
beam splitter 100a as light beam R12B comprised of light
beams R12B-1,-2,-3,-4. Light beam R12B enters subsystem
Blc shown in FIG. 3e. The plane of FIG. 3e is parallel to

20 the plane of FIG. 3a.

In FIG. 3e, light beam R12B enters lens 26c and
emerges as light beam R12C comprised of light beams R12C-
1,-2,-3,-4. Light beams R12B-1,-2,-3,-4 are spatially
separated in a plane perpendicular to the plane of FIG. 3e

25 and appear superimposed and coextensive in the view
presented in FIG. 3e. Lens 26c has an optical axis
aligned with optical axis 3b of subsystem 8lc. Lens 26c
in conjunction with plane mirror 120c focuses light beam
R12C to image point 1Bc in image plane 17¢c. Light beam

30 R12C emerges from image point 18c as light beam R22
comprised of light beams R22-1,-2,-3,-4. Light beams R22-

1,-2,-3,~-4 are spatially separated in a plane
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respectively, and the dispersive detector elenents 130a and 130b in FIG

| a. The optical coordi nates of the inage plane 47 are given by v3.
Expressed in equation form 10 Usws~=~Ri Ti ~| ~2yvl exp~] ~zo~

~?i ~vo- vinXQ 55576 805~~~ ?31V3~' 2~2~~~2~~~2~V2- VO - i U2dw2( 10pcixushoacsmno
dzo dul dw where~tZw2~ is the transm ssion function for the spatial filter
pi nhol e | Ba. The appropriate equation for Usw3 15 for the transm ssion node
confocal mcroscope configuration is obtained fromEq. (10) by setting
zo=0, i.e. exp~j2kzo~ = 1. It quite easy to display the i maortant features
of ONDR as usgdrpantiheuvdppatrat tbeoplehe pfeSERt Iavanmt iapp<er wi t hout

i ntroduci ng undue_conpl exity by exam nip e operties of .observ

anpl i t udes ofSFB?é??gggﬁéea§§g§8F§%SB§%?%e%gfF%ﬁné&%ﬁtgﬁ??ﬁP ?féubﬁg%%&
transverse segtionp@fhanpebinerk2 ¥Whtbrihiens 36 nidavivey farm sépicionsl detid he
response of the confocal interference ni.croscope to a 169 VWO 9N 63300

pl anar transvets@ngachitbh 8PtaRadr Bt Far§ Phr2RPFYETFUSHYT 1160490 RERT ona

scattering obgsst eﬁle‘fg_gsv"iﬁ@m?‘l%fx%n§%8r§§dpéﬁﬁ’é‘£ sebdpeton 405 dde _
reference mrror, a point radiation source, and the refractive indices in

regions |, 5 2pl3imamedgléqbsl beemlR22at compr axfedl of obkyhoriseats tRE2A~
LoV R arid zo. & Pespectivery T AnGTERE SN Fud2' oF’ the t of TBRrSH HEf er ence
beam i n i nagespbanat@d anh theldekepeapehddcihatOtél Gyelkliee UK .FIIR c3@ be
obt ai ned fronggg'a%%%grmghgerimposed and coextensive in the view
10 presented in FIG. 3e.
As shown in FIG. 3a, light beam R22A after exiting
subsystem Blc enters subsystem 83a. Subsystem B3a shown
in FIG. 3f is comprised of lens 56a, reference mirror 120,
beam splitter 100b, and phase shifters 34, 34a, and 44.
15 The plane of FIG. 3f is parallel to the plane of FIG. 3a.
Phase shifter 34 comprised of phase shifter elements 34-
1,-2,-3,-4 and phase shifter 34a comprised of phase
shifter elements 34a-1,-2,-3,-4 are illustrated in FIG. 3f
as rotated m/2 radians about the optical axes 3a and 3c,
20 respectively, for the purpose of making the description of
and tracking of optical beams R22A, R22B, R22C, and R22D
through subsystem 83a simpler without departing from the
spirit or scope of the third embodiment of the present
invention. Accordingly, light beam R22A comprised of
25 1light beams R22A-1,-2,-3,-4 and light beam R22B comprised
of light beams R22B-1,-2,-3,-4 are i1lustrated in FIG. 3f
as rotated by m/2 radians about the optical axis 3¢ and
light beam R22C comprised of light beams R22C-1,-2,-3,-4
and light beam R22D comprised of light beams R22D-1,-2, -
30 3,-4 are illustrated in FIG. 3f as rotated by =m/2 radians

about the optical axis 3a. In subsystem 83a, light beam
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t he appropriate changes in variables. The output current | fromthe
detector 114 for the given transverse planar section of the scattering
object material is of the forml zo,s - Zo,R~ (U3 ~~3 sin a3 ) _ 15 +
(uol~o0 sin ao)+ (W3l kf3 sin a3 ~ w3, x (11 a) ( 2 +,UR(ZOR ~ u3 ~ w3
~ Us 1ZO s > W ayg3300 Whi ch can be expanded as | Zo,s - zo, R ~p{wBbssR1&iin
a3 ) +(vo~kJ' 0 sin ao)+(Du3ij3 sin a3pv3, x +f
UR( zo, R>U3~~' 3~21' | US( Zo, S~u3, u' s~ 2 (11b) + 2I1UR ~ZO~, U3,1IN3'11US 120 S ~
U3~ w3 xcos~2k~zo,s -ZOn)+(~'s -'"i'"Ry+x~ 20 m® f3 sin a3 eud3 = 2~c 2, ~1
(2wit3 ~k~2 ~/ (12) 170 WO 99I63300 PCT/ US991 11601 f~ is the foca
length of det &2dr impgingres3 oy iph@ sies Sthheft@g Sdmpomdeh gondigamisalt fer eqency
specific to th iffracti.o er ed d ve , det nts
1308 and 1300 afeg IR AL A% phREs CURREESL R0 BRRERSEE o
s = zo,R, anckzeA $Datsfﬁsl,)hﬁ&enﬁj'hi fpthalsnat rsmdlfcteact B aa gehdseyhghiddeer RP2B.n t he
reference | eg _of the interferaoneter ubs stem 83 shown in FIGS. |e and

lg. It is seeddHdmRSehiies oF é"’farﬁc} l(]Yl e fligsttednidthild B e a2 Xeal e
and phase £actgfe diiisd egﬂwﬁvs E%tr(ddlmedl%ﬁrpﬁ%@et Na 1 tmacagﬁce“ ng

anplitude Us~zo s, u3, w3~ can be obtained with neasurenents of 1(zo
S, u3, w3, X~ Ebétaf?ouarrejldﬁ e.’rfeml Wa lvesss afh iyeh ameprmfeadednsemoué f:ban

val ues of 7C q#gu e Q0,5 t nncr'oc?(uced h{r{/ zelfth%q'd fasi sfg%:eranfl

correspondi ng 1Ues o put” curren
respectively, cafeamrm,l Nerek qﬁmoa“edlsngﬂtcs tiher foald o gy &Qi‘heﬂulselﬂﬁtqmsél d ~I
z'R zs' ~~3 ~~s ~~U f3 sin a3~, W3 i

sln a 0~~0 -t-
z = I~z0,R a0, 'é L%"“a T4 f@lﬁ’gzc?é 11‘?%&’(?}+ ~~Tr{uf'3d') ere is no
41 UR zo, RIUS~h§t|1L§rEZ‘@1\$€Lt§Ta‘se3“sr¥1ﬂ_033et%‘e?rQ dhy &R Bt o rigie+ xo-

beams R22C-1,-2,-3,-4. Light beam R22C passes through
lens 56a as light beam R22D. Light beam R22D is focused

by lens 56a to image point 38 in image plane 37 on
reference mirror 120. Optical axis of lens 56a is aligned
15 with optical axis 3a of subsystem 83a.
In FIG. 3g, a portion of light beam P22D (cf. FIG.
3d) is reflected and/or scattered by the object material
112 at image point 28 as a plurality of light beams P32-
1,-2,~-3,~-4 comprising scattered probe beam P32. The plane
20 of FIG. 3g is perpendicular to the plane of FIG. 3a.
Scattered probe beam P32 diverges from image point 28 in
image plane 27 and enters lens 46. As shown in FIG. 3g,
scattered probe beam P32 emerges from lens 46 as
collimated scattered probe beam P32A comprised of light
25 beams P32A-1,-2,-3,-4. Light beams P32A-1,-2,-3,-4 pass
through phése shifters 24-4,-3,-2,-1, respectively, and
emerge as light beams P32B-1,-2,-3,-4, respectively.
Light beams P32B-1,-2,-~3,-4 comprise scattered probe beam
"P32B which exits subsystem B2. The phase shifts
30 introduced by phase shifters 24-1 and 24-3 are of equal
values which are 7w radians more than the phase shift

introduced by either phase shifter 24-2 or 24-4, the phase
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171 1' JO 991 63300 !'" CTI US99l 1160 t zo,R ~ zo,S ~ ~us ~~~s Sin a3 ~ = ~2
+wol h~o sinao) +(~L3/h~3 SInLY3),Si~3 -13 ~ - rp\Z QlIt ~ ZD,S W3 > >4'3 ~
x0 +'" Y2 IP~zo,R~ z0,S ~u3,u' 3,x0 + 3~2~ ( 13b )

_ gl ~[JR{zo, R,v3,il.3~~175~0, s, u3, ws~ xsi nC?Jz~zo, s -zo~~+~dss,+7Rs3xXRg; The
conpl ex expre?gvgﬁawgr Dl is defined as ~ zo, R>zo, ~Uu3l ~3 Sin§§I§E§¢OoI}Io

si nao) +~du3~kf3 Slna.3~, V3 ( 19 ) + ~1 ~Z~~ , Zp~, u3 ,14'3 + J~2 ~ZO R ~
zp,S ~ U3 ~|1V3 or with the substitution of Ec~s. (13a) and (13b) as el
Z0' ~~Zo, SUusl ~I 3si na3) = +(uo~kjo sin ao~+(~u3lkj'3 sin a3), w3

+4~UR{ za~, u3, WBrrbs~ZRrSoddced By (Ha3e XsBXPrers 2KkE20and 294 Ry. persg- R~
10 For a scattering object material of finite axial thickness, the
correspondi ngegPgharalieso, R u3, w3~ i s obtained by the integration of

dl ~zo, R zo, S, u3, WB1,,0¥8% Z8nS sing ggam(ﬁgéD,(?k;zplglu§fy4i3~ can be
0

expressed for a 15 scattering object materi al inite axa.al thickness as
172 WO 99| 6830ecPed/ g9o¢ f1d 6&iceonhrx0x~B26~8s sneBycted| refantkfe sin

a~) -~ ~d%§~|%%é% ﬁgg gbﬁgfyged of light beams R32-1,-2,-3,-4.

Subsystem 83a shown in FIG. 3h is comprised of lens 56a,
reference mirror 120, beam splitter 100b, and phase
shifters 34, 34a, and 44. Phase shifter 34 comprised of
phase shifter elements 34-1,-2,-3,-4 and phase shifter 34a

10 comprised of phase shifter elements 3@a—1,—2,—3,—4 are
illustrated in FIG. 3h as rotated =n/2 radians about the
optical axes 3a and 3¢, respectively, for the purpose of
making the description of and tracking of optical beams
R32, R32Aa, and R32B through subsystem 83a simpler without

15 departing from the spirit or scope of the third embodiment
of the present invention. Accordingly, light beam R323,
light beam R32B comprised of light beams R32B-1,-2,-3,-4,
and light beam R32C comprised of light beams R32C-1,-2,-
3,-4 are illustrated in FIG. 3h as rotated by =n/2 radians,

20 about the optical axis 3a. The plane of FIG. 3h is
parallel to the plane of FIG. 3a. Reflected reference R32
diverges from image point 3B ih image plane 37 and enters
lens 56a. As shown in FIG. 3h, reflected reference beam
R32 emerges from lens 56a as collimated light beam R32A.

25 Light beams R32A-1,-2,-3,~4 pass first through phase
shifter 44 and then through phase sh}fters 34-4,-3,-2,-1,
respectively, to emerge as light beams R32B-1,-2,-3, -4,
respectively. The phase shift introduced by phase shifter
44 is controlled by signal 132 from computer 118. The

30 phase shifts introduced by phase shifters 34~1 and 34-3

. are of equal values which are m radians more than the

phase shift introduced by either phase shifter 34-2 or 34-
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(15) +~~~9~Un~~Usl exp~-.j~2k~z0,s -zo0, R~+~~s -d>R~~~~0,s The resulting
signal al ~zo,n,u3,wW3~ is neasured as a function of the wavenunber |c by
measuring dl ~zo, R, u3,w3~ as a 5 function of u3. It is seen from exam nation
of Eq. (16) that, within a constant scale factor, the observed qyantit 01
is a Fourier tMOaH4BHOm of the product of the scattered anplituﬂ%’ﬂ@wQH%Ithe
reflected reference anplitude LTn. 10 Prior art confocal interference

m croscopy obtains the equival ent information about the object material.
The information represented by |1l ~zo,n, u3, w3~ about the obj ect materi al

at an array of, axial | Nt sy e ! i i tal ity tus
of the presentA’i )rit\?zéngﬁgén r%ﬂm{]fa{?Sllggﬁ(g%‘;@%uwié\%e%%n elﬁgen%\éasil}r gﬁprrep(%{cg
acqui red sequexgt-idaldeirid d¢f nequa l hvabusganrikegl ef t ¢der ety wetcardiem #32B
required. For prior art confoc interference mcroscopy, equivalent four

i ndependent nmédsiure LYThRT B nmade for each axial point in the array of
axi al points in thezordiresdjon Hyr20oscanniag: the.ohh eote NBEEL iddan THWS,
information represented LIl ~zo,n,u3, w3~ is acquired about the object

mat eri al wbt h nefe eapprat deyisbosnt siel pieeent0f e iphutallegsofimghthan with

prior art interfere onfogal ,m gr . ' ' e reof_the
instant i nvenﬁ?eoaﬁnszg - (?Aho?’cﬁ% e?i’dsEi gglgg?}f/s%%é a%é?{rr{r;ér%%éeré%@)? e I{'iiti sti cal
accuracy and @3mTucetksensi¢dVptybe obanhi BIROfether obj@ctyarsrerérd duri ng
acquisition of the nmeasured currents. _173_. ~4'1J 99163300 PROPERT]I OF
FOURI ER TRANSFCRVED ‘SCATTER RS Al F?’LH%JDEBP CiF/sh97 99 601° T HR™ s in

the secticn enditded {dRPULES BnlResROR§EsFuACELRNLELEC | PrEigEUSeAfBBESD t hat
the neasured intensities h can be conbined to give dl as expressed by Eg.

(16) whi chAOi ~ ¢rerFoiedepft taaBFoPRRBF PREPPEoTfcT30f4t heTBeaPtanredo

anplitude US the refl ce.a i LTR USq. I Nf tion
about the scat eriEgllgéoﬁggggn??égpggcgﬁ ggéoéggﬁﬁeéﬁb§fgbn%ﬁtingéﬁﬁe
i nverse Fouri e36d riaansfan moptical 1dxief adligzed RyuSh~vdtivkl haxespestofo the

QﬁzifgﬂgfoE’s$¢ﬁ%é525$~§5%~I7£§h§22§§p%?EL§§§rEcgﬁgegg%éPFPﬁgfﬁggﬁnf%g%q.
(17) the expresstOnshotish @iveBrbyiBlo1610Ba theikahbopiageeapati on for
t he product of the scattered anlplitude US and the reflected reference
anpl i t ude 19R iBoBbt @R ned. seetiERRAUBIEDR( LgaR| RE2D eneropsdfron-spajal
filter pinhole 18a as spatially-filtered scattered probe
beam P42 comprised of light beams P42-1,-2,-3,-4.
Spatially-filtered scattered probe beam P42 enters lens
36a having an optical axis aligned with optical axis 3a of
20 subsystem 8la. Spatially-filtered scattered probe beam
P42 emerges from lens 36a and exits subsystem Bla as
collimated spatially-filtered scattered probe beam P42A
comprised of light beams P422A-~1,-~-2,-3,-4.
As shown in FIG. 3a reflected reference beam R32B is
25 partially transmitted by beam splitter 100 as reflected
reference beam R32C comprised of light beams R32C-1,-2,-
3,-4. Reflected reference beam R32C enters subsystem Bla
shown in FIG. 3j. The plane of FIG. 3j is perpendicular
to the plane of FIG. 3?. In FIG. 3j, reflected reference
30 beam R32C enters lens 26a and emerges as reflected
reference beam R32D comprised of light beams R32D-1,-2,-

3,-4. Lens 26a focuses reflected reference beam R32D onto
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The preferred procedure for conmputation of IUSI exp~-j~!'S~ fromF-1(L11
which is based on Eq. ( 18 ) _is the 25 multiplication of ~F-1(dl~]~9 by
['URI exp~] ~R~~ 1 where the reflected anplitude | U-l exp~j~R~ is determ ned
by a indepen §8§w§55 of measurenents. Tn the referenced 179 pdvRs&%63300
PCT/ US991 116 onpd{ation, it isinportant to only :now ~lZ relative to
the all non-object material contributions to ~~5, ~s,o0~ A nethod for the
determ.nation of |U~l exp~j(~n -~~s,0~~ is conprised of three different
types of neasurenments. The 5 first type of neasurenent is nmade with the

obj ect materiglatlid2 repl eeedobynal pl 888 1efivsdé ngl s f aLe. Wik hbdovsn
reflecting properties to yield a neasurenent of the correspondi ng conpl ex
quantity | Sl .oFriead ket edr FeEpHar AgP edRpRexP Rd §¢5 Brombika with the

first 10 typeof, JP3SHGIRDt 104 ABaSULLNENtyOF: | LRILIS, of pxpedd ~— - =5 0=

is acquired ere | | describes all non-object materital contributions to
| USI. The secositetspee opearali? epenprisedoohedsuhe oaanofRiZrel h-2ith no

obj ect material p o2 ﬂ%%}ﬁgfﬁ}téfﬁﬂi%899&&99d“@é$%g8?§$j%&%@Uﬁﬁf”éﬁ%ers

present, 15" nea s-acqurred. r pe ‘of

measur enent iBeh® FEASUrSpONEadi ythelterwtit heNDeteEQr £OCEr dhEE Obe it EB4EML
and the object material 112 replaced hy a,glane reflecting surface with
known ref | ect¢ReE PROPEF PR esePfr 3RFt ABA] X AEGUFPREAYIFER BbAr2Ference nirror

present and ZQOibﬁmgpégcgpgeisnthiiieeE@elagegeeyea PL2Becf &8 | 19641k ng
surface, a measurenment of 1US ol2 is acquired. The nmeasurenents of the

three quanti tR&2A~CRPUSBHeRp” | L IRE-BEBRS-RABRI D/ 72and, t45~0~2 contain the
| nformat Lgn required 10rshBendeherinakLogngt §%€#$§¥%ﬁf§fﬁﬁ€§%@~~ L for

use in the 25 conputation o | exp~-]~>5~ fr WO
99/ 63300 PCT, stiS98é#460rdhe hesur B4ZAt dmphinghs| ORI expRet stV R etément~ can

be determ ned t he.descri bed_procedure twill depend._in rt on the | evel
of intrinsic bgﬁﬂgWBbﬁ b?egéﬁggfﬁgﬁﬁeaaﬁﬁ?ﬁﬁ?ﬁﬁngfH%ﬁérﬁggé%%tgfﬂ et on,
t he background BoptodHced Byathalappanateseit sehttapdanptoby bHgnoblest

material. Tt is inportant to note that the described nethod may al so be
used to hel p thafaéfspried ig~-5he BAa@nehad FRE-i ApubgedieBpBRSESf UNcti on

for the gbj echoiBLebi-akiBrihel 1508 bt ScberayRhChobo! e APpASAL US of the

present 10 invention. e axial resolution of t apparatus of the present
invention is 8astkyresdt pmabedbktem PUEBcaspinigeseonhe arcahdréssparsbone

exceeds that dej ermhned by Lhe ITPLLG (AR LY §2.9L LRG,agparatus of the

transmission diffraction grating. A portion of scattered
probe beam P42B is diffracted in the plane of FIG. 3a by

20 the second dispersive detector beaﬁ element 130b as
wavenumber-filtered, spatially-filtered scattered probe
beam P42C. Although the beams P42B and P42C are
comprised of a spectrum of optical frequency components
and therefore dispersed in angle in the plane of FIG. 3a,

25 the paths of only one frequency component of beams P42B
and P42C are shown in FIG. 3a. The baths shown are
typical. The illustration of only one optical frequency
component for the beams P42B and P42C permits the display
of the important properties of subsystem 84 with respect

30 to the wavenumber-filtered, spatially-filtered scattered

probe beam P42C without departing from the spirit or scope
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15 gi ven wavel ength. The follow ng sinplifying assunptions are made in
order to estimate the axial resolution for such a condition wthout the
distraction of or confusing the picture with non-essential details.

Assumi ng that ~UR-, USI and ~~S -~R~ change by a negligible anount over the
20 interval k W@#%30and further assum ng the spectrum of the BSUMSE/HEpe
atriangle function in this interval, 11k, k+, k_~, the integration over k'
Egq. (17) can be evaluated in closed formwith the result F 1(d. 1 ~-9dlc
|URI'l Us~exp ' | ~~~Z0,s -z0,R~-z -~~~s -~R) 25 (19) 2 Sin ~Ic[~z0,S -zo, R~-Z

K deos 208 L 2QR ez ahere de@ukon%gdg%/&%sqﬁoc AR By -

dir = ~~lr+ - ckor_xprm@rtj 2t d P10 Reerfd ambEequet) ftﬂmirelsuSI |s obt ai ned
with an axial spatial resolution of 10 dz =

(22a) or written i M 3EPHERAT Wb ElEifytn Séﬁatlzaﬁg —@étffeﬁd‘?beam (Pl‘zz%b ) ~
Er |+n;;e~i3at t éfné‘ﬁ?@é)?s Istbsy el 84 showT @NHG .. k2 JnHe 30 A ter Li-pit
5 3k is perpendicular to the plane of FIG. 3a. As shown in
FIG. 3k, wavenumber-filtered, spatially-filtered beam P42C
passes through léns 66 having an optical axis aligned with
optical axis 3d of subsystem 84 and emerges as wavenumber-
filtered, spatially-filtered beam P42D comprised of light
10 beams P42D-1,-2,-3,-4. The wavenumber-filtered,
spatially-filtered beam P42D illustrated with only one
optical frequency component is focused by lens 66 to image
point 48 in image plane 47. The location of the image
point 48 in the image plane 47 and therefore the location
15 of the image point 48 on a linear array of detector
pinholes located in the image plane 47 will depend on the
optical frequency of wavenumber—-filtered, spatially-
filtered beam P42D by virtue of dispersive detector
elements 130a and 130b. The portions of a light beam that
20 pass through the linear array of pinholes is detected by
detector 114, preferably a detector comprised of a linear
array of pixels such as a linear array CCD.
It is shown in FIG. 3a that spatially-filtered
reflected reference beam R42A impinges on dispersive
25 detector element 130a. A portion of spatially-filtered
reflected reference beam R42A is diffracted in the plane
of FIG. 3a by dispersive detector element 130a as
reflected reference beam R42B. Reflected reference beam
R42B impinges on the second dispersive detector element
30 130b. A portion of reflected reference beam R42B is
diffracted in the plane of FIG. 2a by the second

dispersive detector element 130b as wavenumber-filtered,
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For the exanple ~f the scattering object being a single reflective surface,
dl is typical of the whitelight fringe pattern when the axial resolution
exceeds 25 that determ ned by the nunerical apertures of the apparatus of
the present iweentizoh for a gi ven wavel ength. Consequent |y foPCTHPF%/11601
situation, the relative location of 177 WO 99/ 633U1> 1' CT/ US99111b01 t he
reference and object reflective surfaces may easily identified with an a-~;
ial resolving power sinmlar to that given by Eq. (22a) or Eq. (22b). This

may be achieved directly, fromthe ite-]i fringe pattern by either 5
| ocating the ﬁ%rkla}]nlﬁf}é]ftreﬁf’d% e&ﬁ?dm%&tetrﬁéclea GES itude,
l'ocating the peak,idh ke anuaiona ol e RPd @lregklondyinges Rat taerr. or
sonme other contrast reference feature (cf. Refs. 2-7 in L. Deck and P. de

Groot, ibid.)spaetiwpub’eoieistionsier FUHEIGYorrEROneatFoads! Ithajeefor@nsver se
ONDR The fifth, I of 1he f i i | ect ed
o 11150 Suuoolarny a1 SS6q0G Qi O 0o s sl et v as

the system for asis o e distinctive ted in
the secti6n emily | @de " Backos oufck ECosrpen satiramierdl thhoudne e dras IBAZEppl | es

equally well to. al]l_.of the enbodi d variants.thereof of the second
group of enbo%f?%‘{%g Fhe Thp s:'eanSI'fLe]]'tscgb F%‘@t PSP BT B ¥cus | mage

for a 20 confegglcdnt erfies ONEL s €r 41 LHOSEO A 1SY TreMapsiing I0AR @serf@y t he
fifth enmbodinment is easily obtained fromthe |Inpulse Response Functj on

derived in theoPpeRelt nEPS el dednt kP TS RShafmeEhs e Pupiiay
functions P of t@ﬁefixﬁﬁér%@@%mr@f@s replacs s tdie Lo espanding: pupi |

25 functions of the fitth enbodiment, the pupil functions P~ of the fifth
enbodi medt0 i nthedvayenrhebeff et sentdi hapali Splelwsifid terate mesf U80Eed 130D,

130c, and 130&%@&%&%5@%%&% &é}?af‘@ia})r% £hlon) Zcrfege&aifﬂnor

exanm nation o , within a consta sca ctor, the
observed quanscoyeDbfi tha PFoesert inwentibrmafd thehroductt oddediengcat t er ed

anpl i tude US and,LhgofgtLeet§d: £E8 eFFRcesfBld LR erlt/ & 1 R 991 63300

Wavenumber-filtered, spatially-filtered reflected

15 reference beam R42C enters subsystem 84 shown in FIG. 31.
The plane of FIG. 31 is perpendicular to the plane of FIG.
3a. In FIG. 31, wavenumber-filtered, spatially-filtered
reflected reference beam R42C passes through lens €66 and
emerges as wavenumber-~filtered, spatially-filtered

20 reflected reference beam R42D comprised of light beams
R42D-1,-2,-3,-4. Wavenumber-filtered, spatially-filtered
reflected reference beam R42D illustrated with only one
optical frequency component in FIG. 31 is focused by lens
66 to image point 48 in image plane 47. The location of

25 the image point 48 in image plane 47 and therefore the
location of the image point 48 on the linear array of
detector pinholes located in the image plane 47 will
depend on the optical frequency of wavenumber-filtered,
spatially-filtered reflected reference beam R42D. The

30 portions of a light beam that pass through the linear
array of detector pinholes are detected by detector 114.
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Prior art confocal interference mcroscopy obtains the equival ent

i nformati on about the object material. The information represented by

~l 1 ~io,s,z0.n,u3,~~"3) about the object material at an array of |ateral
points in the 5 transverse planar section is obtained with apparatus of the
present invenwmswdsmwm a set of four independent neasurenents BCHUSIPALS0!
sequentially in time with no scanning of the object material required. For
prior art confocal interference m croscopy, equivalent four 10 independent
measurenents nust be nmade for each lateral point ir_ the array of |ateral
points in the transverse planar section by_scanningéhe obj ect materi al .

Thus, information Fégr esariediasy af Ithe, Wlizg R dgents darfifitiat idbout t he
obj ect materi gl gl (A aRpIAIMS: Al f Nhd SAMESNtad AP d,n | ess Lime

than with prior art interference confocal microscopy. It I's this feature of
the instant i mventdsmondiaty lasgds-tis garthe of aps mprefaanst anbatiatardt iigal

accuracy and qj{egg%%gj_%@g&i\@tpﬁé§1rggﬁﬁg'of the object material during

acqui sition of asured currents. Anpl i tude of Qut- of - Focus
| mage The anplitud&haf Iidhesloult -dif sdocusndteson UB i thd heh 25 gpadfiaatrdd [t er

pinhole in inmm ank 17 e & S in. terns of the Fresne
integrals C( z)eg%r?gi%\gz t vaifl ﬁ’nealr% ed%%tﬁeéggesﬂ‘gﬁ %%% 116’

1'Ci" 1US99l 1 1@l gz =Ene wWos G2Adke , r€ A9 n $¢ zJunrdsi oirs-taf-i ifdH@)ngl JO 5
E)]?f 'St Qﬁ;g?ﬁ‘g ts%”yés%cle fJonféea},?pnagl%ptol}l(s Ooff I\/g%ge;r)rpééecr?tl iFI%J\peCrEtlioonr%’in( I\éat - Bur.

plane orthogonal to the plane defined by dispersive

10 detector elements 130a and 130b. A Level 1 type
discrimination may also be achieved in a variant of the
third preferred embodiment wherein the apparatus and
electronic processing means of the variant are
substantially the same as for the third preferred

15 embodiment with the phase shifters 14, 24, and 34 rotated
by m/2 radians about their respective optical axes. The
remainder of the variant of the third embodiment is
preferably the same as described in the description of the
variant of the first preferred embodiment of the present

20 invention.

Referring now to FIGS. 4a-4f, FIGS. 4a-4f depict in
schematic form a fourth embodiment of the present
invention from the first group of embodiments in which the
source subsystem 80a, subsystem 81b, and the detector

25 subsystem B4a are preferably configured for approximate
slit confocal microscopy. Like reference numerals are
used in FIGS. 4a-4f for like elements previously described
with reference to FIGS. 3a-31l. The modifications in
subsystem 80a shown in FIG. 4b exist in the area of the

30 source 10a which is now preferably comprised of a
broadband, spatially incoherent line source, preferably a

lamp filament or laser diode array, and in the area of the

120



Sect. 7.3, 300-302, 1969]. The expression for U- can witten as z

U-~~z~=" ~~~ AB ~ kz fz exP~l k~zB~~ 10 x expljk(xzz + y2z)~~2z~)] ( 2 6 ) x
~SI'z~~z~~Iz~eap~- 12 (fizz +rlzz)~d~zd~z for a point source 8 |ocated at
vl - (0,D,0) ) ? fz is the focal length of region 2 in FlI GpcPpsaviticnyZ,
zB) are the ou Pocus coordinates in inmage plane 57, ~AB~j~z~ is the 1
anpl i tude of the out - of -f ocus beam at the exit pupil of lens 2, 1/2 ~2 = ~B
~2 + Xz .~2 ~ (27a) Za 1/2 2 0r~z =~B~lz +~z .fz ( 27b ) 7Lf2 z13 180
WO 99/ 63300 PCT/tJS99/11601 and ~2 and ~~2 are the exit pupil coordinates

of lens 2 (depinedlér®nmt hend heorya ofmishd fieact ivani ¢t esente@d phe Secélb by
8.8.1 of Born and WIf, ibid,). The result_after the |ntegrat|on over
and r~2 for aCPBREESSA50H|actimedatdbReY ME E SO it HpotE S af f oAl b?n?ﬂe

phase shifter S hase f | B 2 ) -
P S e e RopngEe S T4 02 ol 3y pefs 6B e 2

2C~Q ~+ 2C~ﬂ30¢1f26321¢ﬂ tm~ﬁUbSySG$ﬁX8¥b)S@@mm ¥H2E$G% ~4@sead)4g(~1~ )~
? :+ZEZQ?)~+i§gaﬁ£% szrgpfg%%%gaginhol éS Qn s&%g§g'em 5125e%3tge28(~|
third embodiment with a linear array of spatial filter
pinholes 18b in subsystem 8l1b. The modifications in
subsystem B84a shown in F1GS. 4e and 4f exist in the area
of the detector 114a in which the linear array of pinholes

10 in the image plane 47 of the third embodiment is now
preferably a two-dimensional array of detector pinholes
and the detector 114 of the third embodiment having a
linear array of pixels is now a detector 1ll4a preferably
comprised of a two-dimensional array of pixels.

15 In FIG. 4b, the linear array of source pinholes Ba
and source 10a are aligned perpendicular to the plane of
FIG. 4b, the plane of FIG. 4b being perpendicular to the
plane of FIG. 4a. In FIGS. 4c and 4d, the linear array of
spatial filter pinholes 18b is aligned perpendicular to

20 the plane of FIGS. 4c¢c and 4d, the planes of FIGS. 4c¢ and
4d being perpendicular to the plane of FIG. 4a. In FIGS.
4e and 4f, the two-dimensional array of detector pinholes
and the two-dimensional array of detector pixels are
aligned perpendicular to the plane of FIGS. 4e and 4f.

25 The remainder of the fourth embodiment depicted in
FIGS. 4a-4f is preferably the same a% described for
corresponding aspects of the third preferred embodiment in
the description of FIGS. 3a-31.

The Level 1 discrimination in the fourth preferred

30  embodiment of the present invention is achieved by

manipulating the impulse response functions of imaging

subsystems of apparatus of the present invention in a
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1/2 kzB~ _3~a + xz f2~p=1,...,5, ?2t 12 2B 1/2 '"tip' _ ~BZ ~7-3~u+y2
fz1 ; ~=1,...,5, ZB 1 15 (28) (29a) (29b) and a is the width of the phase
shift elements in the ~z and r~z directions. The result for a Level 1
discrimnation operating for exanple in the u2 direction, m= 2, _and na
apodi zati on of VPR¥Mhse shifter el enents of 20 phase shifters PEHUSPAIY
34 is 181 \'VU 991 6330(1 Pcrius99ii ~boi 2 UBW2~=-C~~ ~B ~z exp~j k~?a)~ |
xexp~j k(x2z +y2z)~~2z1~~] (30) 75 ) 2059 )-~2C~~3 ) 2C~~2 ~+C(51 -.1[S(~5
)-~5~59~ ) +2S5(53 ~-2S(5z ) +5~,~~,,~ z An exanple of ILIBw2~l for each of

the beams B52D:i,ns 2 rtR0d0nd1f o6 the beuak dedigehi ginatign ksvyehown in
FIG 6 as z a function of "~xzdo~?L.f2~ for yz = 0 and"z2 = 50~, ~j2 alo~ It
i s evident on éxtddharieohcopenFs Gl36awapdt AéChppahtal-egedf 1t heppr esent

:%e”“.o” di Spc'jf‘é’ér{rﬁ"ﬂls'gﬁ?oﬁeﬂ%t 5!(%%%%%?3%%8“?9 ”95‘}8 to9fsloeuss

ges In 10 conparison to prior ar I nterference confoca croscopy,

prior art intetherémcetbontefalraiceodbodppebti ngjesensi theeapparatus and

5 electronic processing means of the first variant are

substantially the same as for the fourth preferred
embodiment with %he phase shifters 14, 24, and 34 rotated
by m/2 radians about their respective optical axes. The
remainder of the first variant of the fourth embodiment is

10 preferably the same as described for corresponding aspects
of the first variant of the second preferred embodiment of
the present invention.

A second variant of the fourth preferred embodiment
is described wherein the apparatus and electronic

15 processing means of the second variant are substantially
the same as for the fourth preferred embodiment except for
the linear arrays of source pinholes 8a and spatial filter
pinholes 18a of the fourth preferred embodiment which are
replaced by a source slit and a spatial filter slit. The

20 remainder of the second variant of the fourth embodiment
is preferably the same as described for corresponding
aspects of the fourth preferred embodiment of the present
invention.

The reduction of the systematic effects of out-of-

25 focus images for the second variant of the fourth
preferred embodiment is substantially the same as that
achieved in prior art slit confocal interference
microscopy. However, the statistical effects due to the
out-of-focus images in the second variant of the fourth

30 preferred embodiment is reduced below that achieved in
prior art slit confocal interference microscopy but

generally not as effective as achieved with apparatus of
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to UB while apparatus of the present invention is sensitive in first order
to the derivatives of Up wwth respect to xz and yz as a result of the
antisymretric 15 spatial properties of URIin imge plane 17a. Tt is

possible to d te using the properties of Fresnel intern

Abr anmowi t z anﬁgggéééﬁ, Ibi d.] that the integration of an opti@% %ﬁéaﬁéncy
conponent of ~U~UB +URUB) at the spatial filter pinhole 18a, which is 20 to
a good approxi mation equivalent to integration the correspondi ng ~URUB;
-URUB~ over a correspondi ng detector pinhole, behaves in the manner listed
in Table 1 forhkotfdudie gaser ofrqpt i dtbatimeranfeealf iindterfariomt dfc the

m croscopy and for the case of the [nvention disclosed herein. In 25 Table
1, 182 WD 9¢Pr833do Pﬁezqaesil’r:‘igl @%ﬁ?@%‘rﬂlem J~ ~UBUB
+URUB~z' x2dy2Appar atesRidoro Ard 1 e enenoe eonfeas cdiimsniany w5 BRr esent

| nvention: 3/ 2Level 1 discrimnation, ~1No apodi zati onzBPresent
| nvent i on: 1LevéNeRrdisddrd i NatIRir: 1No RipBf A4 i9oh Bhhssdtuativent i on: Leve

1 di scrim gat iQR.f & req %48 dien RRAM 2ald onaResent: Myt i deRMal 2
discrimnation,3 1 ~2zBsny~ , , )
preferred embodiment instead of respective slits generates
a requirement for a restricted scan of the object material
to generate a two-dimensional representation of a section
of the object material. The direction of the restricted
10 scan is in the direction of the image of the linear array
of source pinholes in the object material. The restricted
scan arises because of the spacing between pinholes in the
direction of the image of the linear array of source
pinholes in the object material. 1In addition, a high
15 sensitivity to the wavenumber-filtered, spatially-filtered
scattered probe beam is maintained when the spacing
between the pinholes in the direction of the image of the
linear array of source pinholes in the object material
complies with a condition subsequently set fourth in Eq.
20 (54) .

The number of steps of the restricted scan is
determined by the ratio of the spacing between the images
of two contiguous source pinholes in the object material
and the angular resolution of the respective imaging

25 subsystem. In practice, the number of steps in the
restricted scan will be significantly less than the number
of pinholes in the linear arrays of ‘source pinholes and
spatial filter pinholes. Thus using apparatus of the
fourth preferred embodiment and the first variant of the

30 fourth preferred embodiment with linear arrays of source
pinholes and spatial filter pinholes, a two dimensional
representation of a section of object material can be

acquired with substantially no scanning.
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apodi zati on, )asin~n~2~ apodozationJa 5 U denotes the conpl ex conjugate of
U and the integration is over intervals centered about the position where U
Ris antisynmetric in x2 for Level 1 discrimnation and in both 10 xz and

y2 for Level 2 discrimnation. 183 \~VU 99/63300 PCTIUSQQIl%Qg&P%gpr
di scrim nati oW A4St background from outof -focus i mages beyon glven

in Table 1 is obtained in apparatus of the present invention by the
apodi zati on of phase shifter elenents of phase shifters 14, 24, and 34 5 10
15 so as to decrease the magnitude of the derivatives of UB with respect to

z:z and ]~z. Consider fhe 2Red 23l ko twaetheriTa6~2s the~ e;l;%o'azl’mér?tS‘
Sin~~~z sinrc~2 a a The result after the integration over ~z and r~2 for a

Level 2 discrigicha@ird@ndisd of £ g iyeygroupp. o @mbﬂglmznéﬁpiPEGZBimf.~z B

i éLEXp Jk 2kz 43 R B T prdde 3T Enelcomplex Grplathat) 0% 2 eRp 1k ~2 ~2

scattered probe beam, scattered and/or reflected by an

5 object material, is obtained by each of the embodiments
and variants thereof. The significantly reduced
statistical errons and reduced systematic errors in the
determination of the complex amplitude of a scattered
probe beam for each of the embodiments and variants

10 thereof is a property relevant to the maximum density of
data that can be stored and retrieved for a given
recording medium of an optical disk, the recording medium
being the object material.

The format for data stored at memory sites is

15 typically binary with one bit available for use. With the
increased signal-to-noise ratio afforded by the cited
properties of reduced statistical errors and reduced
systematic errors for the embodiments and variants thereof
of the five groups of embodiments described herein, the

20 maximum density of.data that can be stored in a given
recording medium of an optical disk can be increased. The

data stored at a memory site can be expressed in a (base

N) x (base M) format, base N for the N number of amplitude

windows to which the amplitude of the complex amplitude is
25 compared and base M for the M number of phase windows to

which the phase of the complex amplitude is compared.

For the embodiments and variants thereof of the five
groups of embodiments, the amplitude of the complex
amplitude is processed by a series of N window comparator

30 electronic processors to determine in which of N windows
the amplitude is located. Similarly, the phase of the
complex amplitude is processed by a series of M window

comparator electronic processors to determine in which of
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2kzB .fz a x (t~(~5)-~(~~)I1->Is(~5)-S(~~)| ~ ~ ~ 2 122 ~2 x eXp ~k 2kzB .fz
a x ~—~C(~5) C¢(~1~~ J~"S(~5)-"~(~1)~ 2 - ex k .fz z kJ'z + ~ 2kzB, f2 a x ~

~C(~5) C(~1)~ .~~"S(~5) S(~1 (312 (32) 184 CVO 991 63300 where
PCTI US99/ 11601 1/z 2 hB ~p-3~-~- .~2 ~2-n ~ p=1~5 ~ (33a) ~.f22TIgg§h.5z a
i/z z 5 ~" _ WORY6}O8) . f7; 247~  p=1,5; (33b) x.fzz ~B .f<'d i

~p - 3~rx +'~z21~z-?2~, p=15; (33c) ~~22kzBfz ailz z ~Bz
~p_3~Cr+ '"fz 19°2 +~, p=1,5. (33d) n~"2 1czB .~z a 10 It is possible to
denonstrate using the properties of Fresnel internals [cf. Abranowi tz and

Stegun, ob. Giilwlnhbal Lhe bRL&O Al Rilean opld GalL[deaensyasemponent of
~URUB +URUB~ at the spatial filter pinhole 58, which
that can be used will be determined by factors such as a
signal-to-noise ratio achieved and required processing
time. The increase in the maximum density of data stored
5 in an optical memory by use of one of the five groups of
embodiments is proportional to the product NxM.

The presently preferred fifth embodiment of the
present invention from the second group of embodiments has
many elements that perform functions analogous to like

10 numbered elements of the first embodiment from the first
group of embodiments. In the confocal microscopy system
shown in FIG. la, subsystem B2 is replaced by subsystem
B2aa, dispersive elements 130c and 130d, and subsystem 85;
and subsystem 83 is replaced by subsystem 83aa, mirror

15 120a, and subsystem 95, as shown in FIG. laa, to provide
the fifth embodiment of the present invention. The fifth
embodiment includes a Michelson interferometer comprised
of a beam splitter 100, object material 112, translator
116, reference mirror 120, dispersive probe beam elements

20 130c and 130d, dispersive detector elements 130a and 130b,
and detector 114.

As shown in FIG. laa, light beam 22A is partially
transmitted by beam splitter 100 as light beam P22B
comprised of light beams P22B-1,-2,-3,-4 and enters

25 subsystem B2aa which is shown in FIG. 1d.

In FIG. laa, light beam P22B impinges onto a phase
shifter 24 comprised of phase shifters 24-1,-2,-3,-4. The
plane of FIG. lab is perpendicular to the plane of FIG.
laa. Phase shifter 24 is comprised of the same number of

30  2m elements as phase shifter 14 and is shown in FIG. lab
with m=2. Light beams P22B-1,-2,-3,-4 pass through

phase shifters 24-1,-2,-3,-4, respectively, and emerge as
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15 a good approximation equivalent to integration the correspondi ng ~UnUB+
URUp) over a correspondi ng detector pinhole, behaves in the manner |isted
in Table 1 for the invention disclosed herein with a Level 2 discrimnation
wi th the apodi zation given by Eq. (31) and a Level 1 20 discrim i i n
the ~2 directi“¥A’W*H an apodi zati on having a ~2 dependence ofpfgﬁﬁkiﬂgba~
and no apodi zation in the r~2 direction. A very significant feature of the
properties of apparatus which enbodies the present invention is that the
165 WD 99/ G3300 PCTNS99J11601 enhanced reduction of the interference term

wave- nunmber iyl gfed,e £33 |66nff;%ﬂzttseéc?dof ef | got adk £ef a3 8nce hoamaand, t he

wave- nunber filtered, spatially-filtered background beam detected in inmage
pl ane 67 is efrfesgeote vadry .eadh e ahiepetiiehis Vol iredwtashent @fagche source

of out-of-f ocussh.i s.24tt1eraq{ M4 he L e%ucé%lp IW&; qd,ploct}h Ad e,giuct ion
reduc

in the statistical error as well as an enhanc ion’ 11t he SyStematic
error producedda arfyxe rMrack grhamd e arhase - focust robges] 3P dihehquot ent i al

val ue of the differing possibjljties for reduced sensitjivity of ar at us
of the pre e_ntpqarﬁ}eerﬁr}l %o %Ja” gc?rOLﬁfL’{'r o‘%%ﬁ%%ﬁgf%&étsi n’éb%%oﬁg‘%éla%% be
appreci ated i e ctecdr Pfa4-e Hxd abs sechd D NGE PAYRS1 afa REdHr art
interference confocal mcroscopy being 15 effectively reduced in conparison

to the axi al secti dRish@Povedr 6fe phate oshiEoniReeduend toscrash e e3F or

signal in priqgihard diierderence cond ogali M cioscopy sue t o fhe det egfed
interference cross termbetween the reflected reference anplitude and the

background anpii tande ¥4dinant 20-%f19 ogugadiages hddus hbaker idependerice on
20 2 oneaff etV AP AR SOLB,UE BUSL SRl phl e ae
out - of - f ocus iFRRIRSL, 25, -SAT STIICAAh ERRERN P22C passes through lens 26
as light beam P22D comprised of light beams P22D-1,-2,-3, -
4 which is focused to first intermediate probe beam spot
at image point 18 in in—-focus image plane 17. Light beam
15 P22D emerges from image point 18 as light beam P32
comprised of light beams P32-1,-2,-3,-4. Light beam P32
enters lens 36 having an optical axis aligned with optical
axis 3 subsystem 82aa. Light beam P32 emerges from lens
36 and exits subsystem B2aa as collimated light beam P22A
20 comprised of light beams P32A-1,-2,-3,-4.
In FIG. laa, probe beam P32A impinges on a third
dispersive element, dispersive probe beam element 130c,
which is preferably a transmission diffraction grating. A
portion of probe beam P32A is diffracted in the plane of
25 FIG. laa by the third dispersive element 130c as probe
beam P32B comprised of light beams P32B-1,-2,-3,-4,
respectively. Probe beam P32B impinges on a fourth
dispersive element, dispersive probe beam element 130d,
which is preferably a transmission diffraction grating. A
30 portion of probe beam P32B is diffracted in the plane of
FIG. laa by the fourth dispersive element 130d as probe

beam P32C comprised of light beams P32C-1,-2,-3, -4,

126



Consi der the response of the apparatus of the present invention to a planar
transverse section of an arbitrary three-dinensional scattering object 112.
The out put 30 current | froma pixel of the detector for the given

transverse pPhehadss@ct i on of the scattering obj ect 112 is of phpuEiVNME186
'O 99/63300 CT/U899111601 1 (20, S -~0, R~x.) - ~Pl UR~Z~3d(3

+, ~, ~P~UB~2~3d~~3 +~~Pl US| 2~3d3'3 t + cosx ~ f Un US ~3d)~3 + j 5111 ~(, jJ

URUs 3d.1'3 ( 3 9 ) P +UR Us P _Un.Us +cosxJ! URUB~ 3dJ's +jsinxJJ URUa

3d"3 P +Un. UB P _Un.UB +Jf P~USUB" +US~U~~I x3d~' 3 where the integration ~~

IS over the arexpeaftiaradet.ectiortioypdgmhote@banteans sPI2®e plthsEsmhidte

i ntroduced b hase 5,shifter 44. The correspond] equat i ons for
intensity dlrydg? ¢1 L13RFOLLY 2 f Optﬁg‘?g %%%g‘r Dy EYE e(nltz';a) and
(12b), respecéﬂdleir}er@ﬂcﬁ:e*ldxéjelpséﬂ% d-rh—lBléJBnﬁ XY (Fha) o £ 2rain~Unlds
+UR Us~x3dy3 . 10 ~z =.12~j p~URUB~ -Ult ~U~~3dJ's (35b) + j2JJP ~URUs. _
Un*Us t"° 3df £he dihs jof |%n3d>éf?1h%df5‘§/q‘ﬂﬁ%%q€fawwnt Bf |PEORY R8ANS fm
=~~X2 W-x3 %MPBX@@ré—@hown in FIG. laa. The paths shown are

typical. The illustraticon of only one optical frequency
component for probe beams P32B and P32C permits the
display of the important properties of subsystem 85 shown
in FIG. lac with respect to the probe beam P32C without
10 departing from the spirit or scope of the present
invention and without introducing undue complexity into
FIG. laa and subsequent figures.
In FIG. lac, probe beam P32C enters subsystem 85 and
passes through lens 46 to form probe beam P32D comprised
15 of light beams P32D-1,-~2,-3,-4, respectively. Probe beam
P32D is focused by lens 46 to form a line image in in-
focus image plane 27 in object material 112 and to thereby
illuminate the object material 112. The line image in in-
focus image plane 27 includes image point 28. The axis of
20 the line image is substantially perpendicular to the
optical axis 3a of imaging subsystem 85. The length of
the line image is determined by a combination of factors
such as the focal length of lens 46 and the dispersive
power of the dispersive probe beam elements 130c and 130d,
25 both of which can be adjusted, and the optical bandwidth
of the source 10. The line section way cut through one or
more surfaces of the object material or lie in a surface
of the object material. Optical axis of lens 46 is

aligned with optical axis 3a of subsystem 85.

30 In FIG. laa, light beam 22A is partially reflected by
beam splitter 100 as light beam R22B comprised of light
beams R22B-1,-2,-3,-4. Light beam R22B enters subsystem
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WO 991 63300 PCTI US99/ 11601 The statistical errors for ~~ (U-US

+U~*US~l x3d3'3 and P j~] ~L1~US* -U~*US~3d~y~3 can be expressed as P P

" URUS* +Un*US~3d~)3~rr C~ JJp ~UR~ ~3~~3 5 + 1 + 1 ~~p~U--~2~ 3d ~'3 +1 ~~
~Us~2da' 3dys P 2 2 f fplUnl2~3dy3 2 ~~p~UR~2~3~'3 1 ~Z[ ~~p~URU=

+Un* UB~7C3~3~ “LOQW“?OOZ .~ JJIpl UR~ ~3~~3 1 02~~~p~USUB* +US* Ut EFT’%%?W%G‘“
~~p~UR~ ~3~~3 a2[ J~~p~ URUSV ~n, Us' ~3~' f 3~_ ~~P~UR~2~3~3 1 1 ~~p~UB~2~3~3 ]
~~p~Us~z~' 3~3 +2+2~~p~~~~2~3~3 +2 JI PIURI 2~3~3 1 ~a~J~~p~U~UB U~UB~a~y3~

“f 2 ~~p~U-~ ~3~v3 1 ~2[~~p~USUB* +US*UB~x3d.Ys~ 2 ff 2 JJp IUR| ~3~~3 r

(37a) (37b) 18%..,1VR i3 633 own in FIG. lad. The plane of FIG. lad

is perpendicular to the plane of FIG. laa. As shown in
FIG. lad, light beam R22B impinges on phase shifter 34
comprised of phase shifters 34-1,-2,-3,-4. Phase shifter

5 34 contains the same number of elements, 2m, as phase
shifter 14 and is shown in FIG. lad with m=2. Light
beam R22B passes‘through phase shifter 34 and then through
phase shifter 44 to emerge as light beam R22C comprised of
light beams R22C-1,-2,~3,~-4. The phase shift introduced

10 by phase shifter 44 is controlled by signal 132 from

computer 118,

The phase shifts introduced by phase shifters 34-1
and 34-3 are of equal values which are n radians more
than the phase shift introduced by either phase shifter

15 34-2 or 34-4, the phase shifts introduced by phase
shifters 34-2 and 34-4 being of equal values. Thus there
is no net relative phase shift between any two of the
light beams R22C-1,-2,-3,-4. Light beam R22C passes
through lens 56 as light beam R22D comprised of light

20  Dbeams R22D-1,~-2,-3,~4. Light beam R22D is focused by lens
56 to first intermediate reference beam spot at image
point 38 in in-focus image plane 37. Optical axis of lens
56 is aligned with optical axis 3b of subsystem B83.
Reference beam R22D emerges from the intermediate

25 reference beam spot at image point 38 as reference beam
R32 comprised of light R22D-1,-2,-3,-4, respectively.
Reference beam R32 enters lens 66 having an optical axis
aligned with optical axis 3b of subsystem 83aa. Reference
beam R32 emerges from lens 66 and exits subsystem B3aa

30 collimated as reference beam R32A comprised of light beams

R32A-1,-2,-3,-4, respectively.
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PCTI US9911 1601 respectively. It has been assuned in the derivation of Egs.
(37a) and (37b) that aZ~~~ ~URl Zd~3dy3 - ~~ | U~' zdr3dy3 p n and a2 ~~

| UBl 2dx3dy3 - ~~ IUBl Zd~,dy3 , .i. e. the statistical P P noise in the
systemis detyeg iy by the Poisson 5 statistics of the nunbepcotssoiieon
phot oem ssive el ectrons detected and both ~~ | U~ 2d~3dy3 and ~~ | UBI Zdx3dy3
P P correspond to a | arge nunber of photoem ssive el ectrons. For the case
where ~~ ~Unl 2dx3d_y3 ~~ | USI 2dx3dy3 and P P ~j P, Ug(ZC~3d) ~3 ~j P" USI zd~3dy3
, the ternms on the right hand 10 sides of Egs. ~ (37a) and (37b) which
depend of US can e rigdl ecdtzed il cis |sé@as tthathe esiemphicki b aeqiRAJPoniss

az~J~P(URUS~ +Un' US~x3dy3~ .1 1 ~~ ~Ug~z~3dy3 .-+ P ~~p UR-Z~3q,y3 2 . 2
~~p~UR~2~3dy§e(L%9’§aﬁ%efjaiBZ/yLlnjprﬁﬁU&gO%ﬁéﬁé% 23, toppRSVEER) C!;g" as
a2[ ~~~P~U~-Usiy e AdRAEUIR 8 B3 RILB-congEi4e3o 3 1ightt beanB RIVHIR~2-253dYs 2

2, ~, ~P~Un~2~3dys 15 (38b) 1 ~2[.7~~P~UnUa_ UnUa~3d.Y3~ +- , 2 ~ 2 ~~p~Un~
~3dy3 189 344, gREITUOWEY USIIY (FLG -edRe, reference beam R32B

5 passes through lens 76 as reference beam R32C comprised of
light beams R32C-1,-2,-3,-4, respectively. Reference beam
R32C is focused by lens 76 to image point 48 in in-focus
image plane 47 on reference mirror 120. Optical axis of
lens 76 is aligned with optical axis 3c of subsystem 95.

10 In FIG. laf, a portion of probe beam P32D (cf. FIG.
lac) is reflected and/or scattered by illuminated object
material in the region of the line image in in-focus image
plane 27 as scattered probe beam P42 ccmprised of light
beams P42-1,-2,-3,-4. Scattered probe beam P42 diverges

15 from the line image in in-focus image plane 27 and enters
lens 46. As shown in FIG. laf, scattered probe beam P42
emerges from lens 46 and exits subsystem 85 collimated as
scattered probe beam P42A comprised of light beams P42A-
1,-2,-3,-4, respectively.

20 As shown in FIG. laé, scattered probe beam P42A
impinges on the fourth dispersive probe beam element 130d.
A portion of scattered probe beam P42A is diffracted in
the plane of FIG. laa by dispersive probe beam element
130d as scattered probe beam P42B comprised of light beams

25 P42B-1,-2,-3,-4, respectively. Scattered probe beam P42B
impinges on the third dispersive proBe beam element 130c.
A portion of scattered probe beam P42B is diffracted in
the plane of FIG. laa as scattered probe beam P42C
comprised of light beams P42C-1,-2,-3,-4, respectively.

30 Although scattered probe beams P42B and P42C are comprised
of a spectrum of opticgl frequency components and

therefore dispersed in angle in the plane of FIG. laa, the
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It is of value to note that the additional gain in the signal-to-noise
rati os for ~~p~URUsx + U z*US ~ dx3d~'3 and j~J ~U~-US* -Un' US~3dy3 obt ai ned
in going fromP 2JJ ~UB~2~3d' ~~3 t0 ~~pl | Tnl 2da-3d)~3 ~~nl UB~2~3d3'3 ,J JJ
5 is a factor of approximtely ~3j2~. However, this latter gain_is_nmade at
t he expense oﬂ”%?%%g i derabl e increase in the power of the souPEB”a%HH?%
the required dynam c range of the signal processing electronics. Therefore,
the optinmumchoice for T1UR) will typically be with 10 2~~p~U B ~2 ~3d~'3
When the condition expressed by Eq. (39) is satisfied, the statistical

errors given by Egs..d 38a)y and A ohounded a8 cxpressed dipide

fol |l ow ng inegﬁhlitf%s: ?%%2[~~p~u S~($ik~*.8~x3dys~ 9 (90a 2<I¥%%~UR~

d' *3dy3 ~ 8 1 bxms~FdURUand BLds e3¢ 3Jhavn cirp EIG. {80b) Thea-qutURtadx3dJ' 3
8 20 It is clearl vi.d e 1.nat Egs. < (37 nd, (37 :
(38a) and (381?%%%5?8%3%;55%5? %ﬁ%énrgptyﬁ%ﬂgge%%n Cal\agrﬁ%n?(? nr(%g?h PT%E?
reduced bacr groieRl ardomi@dt -1af -thec ssnaragesidab fnddquersecadd yfdovete
statistical 19U WD 991 63300 PCTI US99Il.1 160 ors for_given operating
val ues of EJS SRR’ Hﬂgl:}‘a? i%n R i‘%‘?a%?tjpf%‘%f%%%lp??ﬁ? ethinge F1G.

m croscopy sysigns. Typically, the signal-to-noise ratios obtained when

usi ng appar at us enbodyi ng th%‘g{ esent invention will 5 be larger by a
factor of ~3/2}1~2 SRAdrtenest b e hyPA2E opitoras $uReYdeererRaan tebscope

o\ 0,81 LR P e PR TR SR o S
fol lowing: it beanpossitlentwinh ltehes | 3% e d oemeli ek 0seds deet o red oprsihe eve
Scatt or  ndCampre T dd AT S S At REEHHeR 2ok T4 o7 T4 he' oby ect
the statisticaleffd@i Oy eaahrf IdercONPONCHESttered probe beam P42D
to intermediate scattered probe beam spot at image point
18 in in-focus image plane 17. Although only the paths of
one optical frequency component of scattered probe beam
15 P42D are shown in FIG. lag, the image points for all
optical frequency components of scattered probe beam P42D
are the same as the one shown schematically in FIG. lag:
the optical system comprised of lens 36, the dispersive
probe beam elements 130c and 130d, lens 46, and the object
20 material 112 is a confocal imaging system with image point
18 being a conjugate image point of itself for the full
spectrum of optical frequency components of beam P32.
Continuing with FIG. lag, scattered probe beam P42D
emerges from image point 18 as scattered probe beam P52
25 comprised of light beams Pb2-1,-2,-3,-4, respectively.
Scattered probe beam P52 enters lens 26 and is collimated
to form scattered probe beam P52A comprised of light beams
pP52A-1,-2,~-3,-4, respectively. Light beams P52a-1,-2,-3,-4
pass through phase shifters 24-4,-3,-2,-1, respectively,
30 and emerge as light beams P52B-1,-2,-3,-4, respectively.
Light beams P32B-1,-2,-3,-4 comprise scattered probe beam
P52B which exits subsystem 82aa. The phase shifts
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15 of the inferred conplex scattering anplitude is typically within a
factor of ~3/2~1~2 of the limting statistical error fixed by the
statistics of the conplex scattering anplitude itself, and that the
referred to g{,ﬁgg,@gb(pal error can be achieved with | ower operatirrgypavar

| evel s of 20 the source and | ower required dynam c range capacity in the
signal processing electronics in relation to prior art confocal
interference mcroscopes. The term i ndependent position is used to nean
that the associated sets of four neasured intensities are statistically

i ndependent dettsod2feldt hyayhlasepadsifiler g @4achiaende 24RE eordidfi argwedpr essed
by Eq. (39) for the &i.r%t and secogd~enb8d;crregés igrllustrat ed 'bnf IGS. la-In
and FIGS. 2a~v3fU&5d "Variafe Sof™ t hadt P&t "8hd 588Bnt"enBbar frefif's by reduci ng
the transm ssin@rodiuceldiass shithiear pifhss0 AR it Atderruatre 230-45i MHd grenus| y
the scattered probe beam and the out-offqcus i mage beam at the inmage pl ane
47. T or der S 158t 4PA TOGIGReh 61 FRASR GTHdh K 4G, A L4nA GIRMLT oiF 10
WO 99/ b3390 RCI{¥SYY11:k601 procedure may require the increase of the
strength of the Iight source 10 as the attenuation at phase shifter 29 is

i ncreased. The al tley #dtG.vd ahhi g Tk rfasurdnre AP ngrt-s F91G + Here Invignt i on
illustrated i | GS. - 31 d _Fl GS. f t vari ants of t third
and fourth er{b%o@e%rﬁdg% errr%%%éfet%ee cmo%% i)lln‘rzOgir!a\cjserllngg%/l C*]c_e"?:{]ﬁf)eiroergée

sati sfied by mgjiruRANGddie itdecnf Sisi gt/ nefdrec tR4EY- 1pr-aperd,i-es, of beam
splitters 100, 100a,, and 10Qb relative tQ each qther. Wen either the third
or fourth entGiRfEHY S uded Yo5 ¢ n‘ieeeﬁglﬁ{éc% T iR Spre<Es P Eq.

(39), theolighta ROWHSLAPTinl Gt -MRYCUS GRS 31 4R AWPRAHE ErRled HVRInPONT
| evel s relative to that required by the above described attenuation

procedure baskt ol HRAWUEt T oflaltansd ketiod gfefsraec s hidarerR4. 15
The signal -t Qe'r{laoz‘glsegsalrfaz%an Y bfs adi usted. as & féc%%&fﬁée{%ermeel engt h

of the source opt reguency conponents so as t0 genera or exanple a
si gnal -t o- noilsesam &R42A tdwaiprisdd df rkiglor desams dejmdent2 ,0f3 wad/el engt h.
This feature was described in the section presenting the 20 detail ed
descri ption o?est%eecqfli‘?eslty‘enbodi nment. As stated in the cited description,

the anpl itude of tie mEwellengt Hddletesd sppétaldy -Hddn eraxh sgattered probe
beam P42D normelj zed to the correspondi n(g optical frequency conponent of
the anpl it uder ®flaHeEDrobdv ey PP drdieeotediq Ut s o] 323 2r i al

112 will genergdiye ,&%&é&%@@éﬁ%&fh%%ﬁ%&’eg% g%gqi?gfxféy §. Also

the ratio of the anplitude of the wavel eng Iltered
scattered prdEBdamP4ZD 14 thespept ivebe. of In el Gavieliengdt ¥eédted ed,

ot oLV, T SRS bac KOl gy, B0, PO2R L, el Iy, degf epseeds the
effects 20 reference beam R42C comprised of light beams R42C-1,-2, -
3,-4, respectively. Reflected reference beam R42C is
focused by lens 66 to the intermediate reflected reference
beam image spot at image point 38 in in-focus image plane
37. Reference beam R42C emerges from the intermediate
25 reflected reference beam spot at image point 38 as
reflected reference beam R52 compriséd of light beams R52-
1,-2,-3,-4, respectively. Reference beam R52 enters lens
56 and emerges from lens 56 as reference beam R52A
comprised of light beams R52A-1,-2,-3,-4, respectively.
30 As shown in FIG. lai, reflected reference beam R52 emerges

from lens 56 as collimated reflected reference beam R52A

‘comprised of light beams R52A-1,-2,-3,-4, respectively.
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of such factors on the signal-to-noise ratio nmay be conpensated in part by
pl aci ng a wavelength filter in 192 ~'~"0 991 63300 PCTNS991116Ul reference
mrror subsystem 83 and/or in noise ratio nay be conpensated in part by

pl acing a wavel ength filter in reference mrror subsystem 83 and/or in the
pr obe bean1su8§§¥ﬁ@ﬁWBz, preferably in reference mrror subsys?%ﬁp§§ﬁlg"and
constructing the transm ssion of the wavelength filter to have a specific
wavel engt h dependence to adjust and/or optimze the ratio of the

wavel ength-filtered, spatiallyfiltered scattered probe beam P42D and the

wavel ength fi}ieredcsRat kabhyy bt enedyr gbleckedstefprepce beam Ri2D 10

transmtted t ugh respective detector pinholes rent wavel engt hs
SO0 as to satishyftbe ddndnti aheexphessgti bhaEq. sB39)er SYSTEMATBC-ERROR DUE

TO OUT- OF- FOCUS | MAGES 15 Egs. (35a) and b) . can be used in conjunction
with neasuredr9ﬁPﬁﬁg§8ﬁ%¥v1?o4f%ng§nﬁslSEEZQSLF8~HQ§§§?BQQ P%aﬁbkg?ﬁ
neasurenments gfnbpeseeal rand ghegRaky Rpast-3, 0k, Us, -The - gugptityely.

, Unl exp~j ~~~n-~s, o~~ may be determ ned for exanple by 20 the mnethod
descri bed § n ket Pbasenshilféd 1npregeceile®YoPhEsar s ffeandf ot fed Scattering

ATSRIPNL a Sha Te sa reail ee wr R SR L
systenati c er sbd fter nim tcanulpe as byniphiasantshitier rsUBKH -1~ahblsB4 ~-Boasequént | vy,
11 desirable for Lhe 30, ater Cerene LgTIm, Sxpresssd, i i, (412) and
shift introduced by either phase shifter 34-2 or 34-4, the
10 phase shifts introduced by phase shifters 34-2 and 34-4
being of equal values. Light beams R32B-1,-2,-3,-4 which
comprise light beam R32B exits subsystem 83aa.

The remaining description of the fifth embodiment is

the same as corresponding portions of description given
15 for the first embodiment.

The interference cross term between the complex
amplitude of the wavenumber-filtered, spatially-filtered
scattered probe beam P42D and of the complex amplitude of
the wavenumber-filtered, spatially-filtered reflected

20 reference beam R42D of the first embodiment and the
interference cross term between the complex amplitude of
the wavenumber-filtered, spatially-filtered scattered
probe beam P62D and of the complex amplitude of the
wavenumber-filtered, spatially-filtered reflected

25 reference beam R62D of the fifth embodiment contain
information about two substantially orthogonal line
sections in object material 112, the image points of the
respective line sections being acquired simultaneously.
For the first embodiment, the line section in object

30 material 112 is substantially parallel with the optical
axis 3 of subsystem 82 and for the fifth embodiment, the
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1' VO 99/ 63300 PCT/US99/1 1601 conpensated to an acceptable | evel. The
conpensation for the f J ~U ZUB* -~-UR*UB~d~3dy3 and P ~J ~URU~*
-UR UB~C~i :3Cl~~3 terns in the invention disclosed F herein requires in

gener al rruch‘I (ggg 3igjgbthe way of 5 conputer processing than thatrf@adidogd in
prior art conf P*"hterference mi croscopy. This is because the spati al

properties of U~ depend on the scattering properties of the three
di mensi.onal object 112 under exam nation and therefore on US through an
integral 10 equation. These integral equations, Egs. (35a) and (35b), are

Fredhol m i nt egrnal fqualdrons obithe seeenrdaki ndz ThescorRHLhER apngcessi ng
required to performthe inversion of the respective integral equations to

obtai n US decriddswniterta Héef oprirIBaxHg-3eBPdx 3uhs3sant 85p~UnUB'
“UR UB)dx3d- 3 15 Bl mheane if eliced mivch oh LA 2pRAabYR kel ebodies the

present invention. ner y, the rate of decrease int required conputer
processi ng i sftastigrenttharf tithe pateseoft nedgotiion ot ebbigvefURYB~

+URs UB) ax3d3’ nd., P, .=~ *, t.1Jg - EFor. _t.hase
interfer or§ret rnligacnal alsaUElenr%ﬁl;éBﬁn rurelst ée%t%gl)aéi’é itfglt%g?flgpgnég glraﬁé%%he
JIP~USUB* - ~-dif¥d Bs-itbnBd o3 amranataisnotf ddwepersaead inveomnticastint@ that in

appar atus enmb in e prese ivent,i i_nteqr al. L.an
correspondi ndjof%n%%ég.ﬂtcgoar)asla%) (@fb;blf%e% r?f)eﬁlnﬁgar% 2@%&??3&3’% ?(fl?gtel ons:
they are intaeggah epmadntonsl Idatarar € et @andl dridere risi vedSdelenltiomear i nt egr al

equations requjre in general i.der gbl.y r ophi stication in regards to
t he comput er ?W?%gla%% sad?‘f&k}r%é"fo tli?é{éﬁ ?‘OFC |e0|‘illlsﬁ§rjrmll§‘§‘tl%%ay

99/ 6330071 BCTIAISQ9/Hd 603h v dd nieara iviregal oudle GAgthThusfetrhed
transformation by apparatus enbadying the gor esent inventiagn from working
with a f fP(USURPS WhEd-131% HRTE M5 AU SFORODE S PIQYS Sad &)
(URUa* - U~* Ugnélx36l Y He 1By JSHIRS 8l sibd tip@iilanty Rh% Gealuae @lort htie
invention in relation to prior art pinhole confocal mcraoscopy. Note al so

that the reduttfoh BYfeiHer e stRptiteTdr rortudea ehase hakdesind i difal ~-
contrast Lo 1Phel Se R PUTR ot SRR ol P Rt o 1
M Ccroscop&. optical axes. The reduction of the systematic effects of
out-of-focus images in the variant of the fifth preferred
embodiment is the same as that in the fifth preferred
embodiment. The statistical effects due to the out-of-
focus images in the variant of the fifth preferred
20 embodiment is also reduced below that achieved in prior
art confocal interference microscopy but generally not as
effective as achieved with apparatus of the fifth
preferred embodiment.
The presently sixth preferred embodiment of the
25 present invention from the second group of embodiments has
many elements that perform functions analogous to like
numbered elements of the second embo&iment from the first
group of embodiments, the sixth embodiment being
configured for approximate slit confocal microscopy. In
30 the confocal microscopy system shown in FIG. 2a, subsystem
82 is replaced by subsystem B2aa, dispersive elements 130c
and 130d, and subsystem 85; and subsystem 83 is replaced

by subsystem 83aa, mirror 120a, and subsystem 95, as shown
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BROADBAND OPERATI ON 15 One of the significant features of the invention is
that the enhanced reduction of the effects of background from out-of-focus
i mges is operative when source 10 is a broadband source as required for

t he sinul taneous imaging of nultiple image point in the axial direction of
probe 20 | ensWARY6EWP the discussion of this feature, it is askdie s !
sinplicity in the present disclosure that the aberration functions W= 1
and that there is no apodi zation of the pupil functions P~, i.e. no

apodi zati on of the phase shifters 14, 24 34, 34a, and 44. Those 25 skilled

asolut i on, 18P SYBpPecsthe PESHLCEng harhenit PEST brarobaP S r el LSk~

will be nore ctcprépblr@atead ihutennabat helrees S\M lh gmiﬂ)@rdalrde}ntl’ dtrailmdeze a
important features with regards for exa Ie to |t% g tric or
0

antrsynnetrlcp§p§F|§Pnpﬂ8p Feeemetgs coh DoGi§668 AT 1681 The

i ntegration of b'%%ct(%)atlé&%rl the, sicahi flwtpg 238y MRle fNS rRIMIRGItRd 12t he
precedlng paragraph and for the case of Level 1 discrimnation yi el ds

Us~~2)= 2 5 d dmipRirpive prape-heep ¢lemendishd 30g epdo-1d@icil i Bor sdivie-m-uo
-Vi ~~ a~~, 0~t ~~Q~~70 N 2% IS5 do~u2 -uo~
~5i n~r ~r ~u2 L'iioe eCtor (el% t@ g?’&)? sal}lrcrl }~%~}?2~é% e)éc%~e>% 811/24% I's ~duodzo
where i 0 has been HEpia@mdlmynbspeacramdi@® @ﬁeuhuaamxﬁﬂ1amhbdﬂMEnﬂNﬂ&N to

center distanc ectivel the el nt lase shifters 14
34, and 34a aﬂﬁiel en&?r?%fslpondlf’ﬁep%f% éaélpser? encees%r&sptb]eerhS Bt essed
since it is notor etevadcdm laenelf i1 tahi samﬂuordm&mm to the reduction of the

back f f-.f h f ~ h
1261t act 1B el ng 4F AT 160 8 5 57600 4 TSRS To O B of the. 15

wavenumnber - f i Iéxﬁpslelctud‘eroaiﬂ aﬂHey-hfalvletIﬁﬁrﬁ:CéfG&QJQgTa]iHﬁi e jadl st Al tered
consequence, otenti al sour%ﬁ@ﬂh imtat on o a broapband operation. The
t

corresponding S DPENRE ffat complex amplitude of
the wavenumber-filtered, spatlally filtered reflected

reference beam R42D of the second embodiment and the

15 interference cross term between the complex amplitude of
the wavenumber-filtered, spatially-filtered scattered
probe beam P62D and of the complex amplitude of the
wavenumber-filtered, spatially-filtered reflected
reference beam R62D of the sixth embodiment contain

20 information about two substantially orthogonal two-
dimensional sections in object material 112, the image
points in the respective two-dimensional sections being
acquired simultaneously. For the second embodiment, a
normal to the two-dimensional section in object material

25 112 is substantially orthogonal to the optical axis 3 of
in subsystem 82 and for the sixth embodiment, a normal to
the two-dimensional section in object material 112 is
substantially parallel to the optical axis 3a of subsystem
85,

30 The presently seventh preferred embodiment of the
present invention from the second group of embodiments has

many elements that perform functions analogous to like



reflected reference beam URW2~ is 20 196 WO 991 63300 FCTI US99/ 11601

U zwz~=

(TTR ~1/ z~~" ~~, ~~vi 0 x Jsinc~~a' ~2do~uo-ul ~~ sin~nr~uo - u
~~~(43) xsinc~~a/2do ~uz - ao ~ msin ~~1~2~u0 - a 1l ~~ x
Si N~Mm~u2 - VO~woobBs300 / 2~Uz - uo~~exp~j 2l ~~~duo rrrsin~u2 -uo-~ whensgmuﬁhas
been replaced by zn. Lets consider the special case where a' do . Egs .
(42) and (43) reduce for the special case to LB~t'2):~2~~~1T1)~2~Ar~'Z~yf
2snc~m~uo- un~ xawo~wo~~~' o~ ( 49 ) xsi ncl ~| ~2~u2-uo~ si n~m-uz- uo~~

2 ~d

5

msi N~u2 -vo~ Xsi n~~l ~2~uz-uo~~exp~.j ?yczs~duodzo , UHwa~=~2~~Ti Rnl ~2 f AWV

j 2si nc~r n~uo- nurbgrgd netem¢Reg 20 Yoo ~bhhegh-g@bodymernt (f1oB yhesfh=8Z - uo~

XSi n~~1/ 2Xu2

in EQ.

(95) ¢
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20

25

30

%98%%959( ﬁ%&@gﬁé&?ﬁ 1011‘1e?HSC{:bM%Xa1%?&8&8%@E?QtQMer uo

per or e the resu
shown in FIG. 3a, subsystem 82 is replaced by subsystem

B2aa, dispersive elements 130c¢c and 130d, and subsystem 85;
and subsystem B83a is replaced by subsystem 83ab, mirror
120a, and subsystem 95 to provide the seventh embodiment
of the present invention, as shown in FIG. 3aa. The
seventh embodiment includes a Michelson interferometer
comprised of beam splitter 100, object material 112,
translator 116, reference mirror 120, dispersive probe
beam elements 130c and 1304d,' dispersive detector elemerts
130a and 130b, and detector 1l14a.

The remaining description of the seventh embodiment
is the same as corresponding portions of descriptions
given for the third and sixth embodiments.

The interference cross term between the complex
amplitude of the wavenumber-filtered, spatially-filtered
scattered probe beam P42D and of the complex amplitude of
the wavenumber-filtered, spatially-filtered reflected
reference beam R42D of the third embodiment and the
interference cross term between the complex amplitude of
the wavenumber-filtered, spatially-filtered scattered
probe beam P62D and of the complex amplitude of the
wavenumber—-filtered, spatially-filtered reflected
reference beam R62D of the seventh embodiment contain
information about two substantially prthogonal line
sections in object material 112, the image points of the
respective line sections being acquired simultaneously.
For the third embodiment, the line section in object
material 112 is substantially parallel with the optical
axis 3 of subsystem 82 and for the seventh embodiment, the
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U-~", 2~=~2~~T1Rlyl 2~At ~~nl | ~n~si ncL(1/2Xuz -ul}3 x sin~muz -ul ~~ (46)

msi n~u2 -ul ~ xsi n~~l ~2~u2 -ul ~~exp~j 2k~~~Cl ul An exanple of U R~~2~ is
shown in FTG 7 for a two el enent phase shifting system (nrl~ as a fun%sion
of ~x2kdo~f~ #§r9983y8¥=0, z2=0, and ul =0_ The antisymetric spaW?%WS%"”ﬁ
distribution of UR w2~ about ul is clearly exhibited in Eq. (46) through
the factor sin~~l~2~u2-ul~~ . The spatial distribution of UStv2~ will in
general display simlar behavior since Eq. (49) is 10 of the sane

RLRemLCS SR AR S T T PR A

di stribution expl he™ preferen

anpl i tude of tdie:thwedgs Dunsl friempul cof - 0C8S34 Napesubsy e yss em
properties such as exhibited ipn Eq, éQG), 1? it iis evident that for USw2~
given by Eq. ( 44 )The PRegpnbhsttINFE yPT ST Fhf At aFHRAFBENE Hef i 1S ocus

i mge as | ong pseddier phasentidn BhomMeRE Sséb6ngOREbED O toimbodimints s 2M
20 (47) where ~c~~g~~Z i s the variance of unen Contributions to the

h argument g .
signal s foP g valeBenbs Lot yPerhgiR SURGharRol #02192EF ok hi i Det ween
~x2- x| ~~f and kumbetdd - 8l emO€E 8o Pr OREr EHQREN, ehBodin@nt Fiomfthe 2Birst

Therefore a restriction may be placed_on k so that the 198 WO 99| 63300
PCTI US99/ 1160|9rcup of embddiments. In the confocal microscopy system
shown in FIG. 4a, subsystem B2 is replaced by subsystem
B2aa, dispersive elements 130c and 130d, and subsystem 85;
10 and subsystem 83a is replaced by subsystem B3ab, mirror
120a, and subsystem 95 to provide the eighth embodiment of
the present invention, as shown in FIG. 4aa. The eighth
embodiment includes a Michelson interferometer comprised
of beam splitter 100, object material 112, translator 116,
15 reference mirror 120, dispersive probe beam elements 130c
and 130d, dispersive detector elements 130a and 130b, and
detector 114a.

The remaining description of the eighth embodiment is

the same as corresponding portions of descriptions given
20 for the fourth and seventh embodiments.

The interference cross term between the complex
amplitude of the wavenumber-filtered, spatially-filtered
scattered probe beam P42D and of the complex amplitude of
the wavenumber-filtered, spatially-filtered reflected

25 reference beam R42D of the fourth embodiment and the
interference cross term between the complex amplitude of
the wavenumber-filtered, spatially-filtered scattered
probe beam P62D and of the complex amplitude of the
wavenumber-filtered, spatially-filtered reflected

30 reference beam R62D of the eighth embodiment contain

information about two substantially orthogonal two-

dimensional sections in object material 112, the image
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correspondi ng all owed val ues of k and ~x -xl~~_f will permt Eq. (47) to be
satisfied and an inmage to be obtained with the detector that will yield an
i mproved signal-to-noise ratio (wWwth respect to strength of in s f ocus
signal s rel at iw@9v@3&t rengt h of out-of-focus signals). From EJ (‘M’“%
obtain the relationship z o ~2 ~a~~x2 - xi ~~.f ~~2 + ~kd 0 ~ ~~x2 - X

~~.f r Ck (48 2 C( 2m 10 Choosing for the discussion presented here to
operate’in a node where each of the two terns on the | eft hand side of Eq.

ggg)nf?ngrbbyte eqyall H;.tg%pé%yiﬁg(¥%olﬁﬁgg§§§onalosgca{énin eq;gtro; ?S

obt ai ned for aarquTetay sczmddltmneg:tﬁdry (5@®pmwithle ttherejuambodif@ntu 2 - v i ~

~~0 | x3 - X0 ~~.f =.rn Le t~ re nts
The subset of APAiAds st Ch! tLYiO? We@ﬁmn\?e r|e§%lf)o %J@a?gjeﬁtt fié f8 ?ﬁ
199 WO 99l @&&O(ﬂs HubyBeia iall Iy~ diftﬁ"id@'chh%lMto The bestkhli axis2B 5fC6A~ ~
3z ~ ' (53% 2 ~nrr Tt is evident fromEq. (53) that apparatus enbodylng
the present i RERYTER SefFettiofe B M ¢BPPIBREREDaRdEFBERAL F6ns i n

~ . For examphg SR akrers s fQction in object material 112 is

substantially parallel to the optical axis 3a of subsystem
B5.
The presently preferred ninth, tenth, eleventh, and
10 twelfth preferred embodiments and variants thereof of the
present invention from the third group of embodiments
comprise the same elements and subsystems of the first,
second, third, and fourth embodiments and variants
thereof, respectively, except for the omission of the
15 phase shifters 14, 24, 34, and 34a. The remaining
description of the embodiments and variants thereof in the
third group of embodiments is the same as the
corresponding portions of the descriptions given for the
embodiments and variants thereof from the first group of
20 embodiments except with respect to the level of
statistical accuracy obtained for images in a given time
interval.
The level of statistical accuracy obtained for images
in a given interval of time with embodiments and variants
25 thereof from the first group of embodiments is better than
the level of statistical accuracy obtained for images in
the same interval of time with embodlments and variants
thereof from the third group of embodiments. However, the
statistical errors introduced by the amplitude of the out-
30 of-focus images will be greatly reduced for the apparatus
of the embodiments and variants thereof of the third group
of embodiments in relation to the corresponding

statistical errors introduced by the amplitude of out-of-
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10 m=1and r =1 and ~6k ~k~ < 0.18 for m=2 and r =1 . There is a
limtation on the range of the values of r that nay be effectively used.
This limtation comes from consideration of signal-to-noise ratio. For each
peak in the factor %I ven by Eq. (52) that contributes to 15 the observed

si gnal , ther&Q /60 nproved signal strength. However, as the’ Ul 10
peaks included is increased and thus the naxinun1value of r, r~;~ is

i ncreased, the bandwi dth on k nmust be reduced according to Egq. (53). There
is also a restriction on the spacing between 20 source pinholes when using
Level 2 discr mnatlo inseither .t sec ar, f. rth enbo ments of the
present inven 9O dng Se ‘r%egopecu \r%gtvé:rogl%coanls rooé?ea T d
descriptionsmﬁcﬁduzmmmond and fourth enbodlnents ThIS restriction cars be

obt ai ned using an .anal SIS | ar, t.0 the t anal ysis of t
section on br oadba?ra{{je at| o e AGHhS ﬁgre%cper Sﬁ d< %ct?ﬁtd'éeee‘khﬁ ted in

Eq. (96) , itcdmpmu dm:tlltmme a>fhl’(gha sensdrintdy- fort e, | o dtay-hed for
t he in-focus as I IUS 99| 01 200 ~1~0 991 63300
f CTI US99/ oﬁrﬁgﬁ %( G KOS Rkt Ve TonthGuous

pi nhol es of tmdraﬁxpmumadenmnr @g@ﬁlﬂwmelmrw rth@ﬂle@ctéd Note that the
ri ght hand side_ of the constralnkgggx res sed gs. (49) anqﬂ§50) do not
depend expl i ST RISF TSP ¢ a1 al%% é?%tﬂﬂbey

invention is @{d egddive dfOr-HOISYE |dﬂ<e;kwbﬂk9ﬁ5d it du s £ rlérﬁbé@ix&er{@t riction
on the range of values for xI and 10 yl . OBSERVI NG THROUGH A TURBI D MEDI UM

. Anot her si gif¥hcdit %%Qﬁrglcﬁljt%eﬂl%@ﬂﬁ Gt 153l < iosedef@i nthe t hat

the enhapged s&@auedpani0fg tihe &ffacdreofc hack aromnd f rom outs of - f ocus
i mages can be operative when observing through a turbul ent nmedium The

i mpul se respcﬁ%réf Ghc tiTgre HARTO el G BYEGRA HPRD rJugh Rtk Doy émtxedkedi um i s
20 hA h~ = I r&dn ﬁb éoﬁﬂ5)However, in a given interval of time, the

statistical error per each image point of an imaged line
section of the object material acquired with the apparatus

15 of the embodiments and variants thereof of the third group
of embodiments is substantially the same as that obtained
in the same time interval for only a single image point
for the prior art confocal interferometric microscopy. A
similar statement applies with respect to imaging two-

20 dimensional sections of the object material. This
difference is the basis for the conclusion that the
statistical errors introduced by the amplitude of the out-
of-focus images will be greatly reduced for the
embodiments and variants thereof of the third group of

25 embodiments in relation to the corresponding statistical
errors introduced by the amplitude of the out-of-focus
images in prior-art confocal interferometric microscopy
when considering the statistical accuracy of an image of a
line section or two-dimensional section of the object

30 material acquired in identical intervals of time.

The presently preferred embodiments 13, 14, 15, and
16 and variants thereof of the present invention from the

fourth group of embodiments comprise the same elements and
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where Irk is the inmpul se response function for the apparatus when observing

t hrough non turbulent medium hJ,,l 25 is the inpul se response function
for,the turbulent medium and * denotes the convolution of 1rA and IrM The
Fouri er transfeysweoor~* |rh~~ of h,g* h~~ is F(hAM ~ = F(h, ~ RE(P§eLre0r
56 ) 30 20l V1' O 99/ 63300 PCTIU899/I 1601 The i nmpul se response function
h~f is very well represented by a Gaussi an distribution ( lz ( ~ 1z
hh~~~" Cvnrl- 1 e7C% - uC um '+ ~~I'C—nr (57) 2 a 2a 5 where az is the
vari ance of hhl Fouri_er, tr n f rmFE ven F~h~~ ~ =
exp - q ~ q625§bf§ %@ Rhelrdeq % S&ﬁ&&l Feﬁ&ﬂ eéﬂé¥§§ vect or

conjugate to @mbB@meﬁwesbnﬁreqweemyepeakne@fh gaspddnxueﬂyguexdﬁpt for
that' a1l at i VT CRarga Fariie sr Phase. T hiahs dibied it Y = 2b 247s when
2 0 F~h, ~~~ 7 1l @enai®dnly Ses@riptddn<ck the embodlments and variants
5 thereof in the fourth group of embodiments is the same as
the corresponding portions of the descriptions given for
the embodiments and variants thereof from the second group
of embodiments except with respect to the level of
reduction and compensation of background from out-of-focus
10 images.

The level of reduction and compensation of background
from out~cf-focus images obtained with embodiments and
variants thereof from the second group of embodiments is
better than the level of reduction and compensation of

15 Dbackground from out-of-focus images obtained with
embodiments and variants thereof from the fourth group of
embodiments. However, the statistical errors introduced
by the amplitude of the out-of-focus images will be
greatly reduced for the apparatus of the embodiments and

20 wvariants thereof of the fourth group of embodiments in
relation to the corresponding statistical errors
introduced by the amplitude of out-of-focus images in
prior-art confocal interferometric microscopy.

The size of the interference cross term between the

25 complex amplitude of the wavenumber-filtered, spatially-
filtered background beam and the complex amplitude of the
wavenumber-filtered, spatially-filtetYed reflected
reference beam in a detector image plane for embodiments
and variants thereof of the fourth group of embodiments

30  will be substantially the same as that obtained for the
cofresponding interference cross term in prior art
confocal interferometric microscopy on a pixel by pixel

comparison. However, in a given. interval of time, the
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(61) 2 25 Using equations (59) and (61), it follows that the values . of do
that can be used are constrained by the condition 202 CVvO 99/ 63300 do S ~
~n6 PCTI US99/1 1601 (62) Thus, it is possible to configure the tonographic
5 i magi ng system enbodyi ng the present invention to maintain a relatively
hi gh sensiti WQ/E8¥ spatial frequencies bel ow the cut of f fri&quewcy!ee!

i nposed by Ir~~. In accordance with the present in~Tention it is recognized
that for a reference beam anplitude of 10 arbitrary spatial properties, the
interference term between the anplitudes of the background light (i.e., the

out - of -1 0cus TSI P oPe beamanc e FRIGL los: AN, o NalG,

generation of undesire systenatic errors and e . ortant 1n generation
of undesired stcitist ichl tlee ropsec Buarr it erd@rierse Wwidgrhm thet veeara tdtars

anpl i tudes o, § hg, bagkos eune LLoftq apet Lhe £ eference feamd srqedyced in the

above enbodi ments’ of e 1nvention because of the antisymetric Spati al
properties produgedf nenbedreéetente dHdast oyt phbke tStd fddmg.asSithee t hi s

i nterferepce t is.20 r c i{.doe cause gener ati on of
unaccept abl y ?bgt;%}eﬂé?/s%%nggélcgglp? oé;s %njisingsl%)%‘f?gt f%rél% ry o1& ikt a
produced by gacintpi ket ohenptior paxel coefecd brintdrisralsoriecogni zed t hat

the anplitude of the mavenﬂnberviiltered %gatiali.-fill red refl ected 25
ref erence bedh @S THRYt nt&r FAFEheE t 67 hi'Bet hedhP UGS 15 %r ed,
spati al | y-filimezethgefhectiedeneienehcsécbeans avtl tie ommenumierefidl er ed,

spatiallyfiltered scattered probe beam (i.ge., the "desired signal"), are

rel ated. The f%*%rihﬁéeﬁgﬁﬁ?iésdg?%c %ﬁ£3s§?ﬂet%%uﬁﬁQ§ %ﬁnfﬁgﬂh § tude
of the wavenusmberifilteledrrspatinttyfitecried tief | anded uad esenge: heaam

The. wavenunberfiltered atial scat er%ﬂdggobe beamis 203 WO

-filt
991 63300 1' CT7t1 %Vﬁlﬁ@%gaﬁtB&kidbésggégg%%tE? BT % &M bet ween t he

wavenunber fi . éhies@tmespat bakl yatihhesedheeébect edinief ehence pesup angd t he
mavenunber-filter§g® sEatlallg-filtered scattered probe beam j.e., the
anpl i tude of FRROGEDERGADER BeipFteReHC ER&t FAFF§sRIRddteds Sehtilere®! probe

beam nul ti pl i egrb¥st bt apphbbadByothkhempRayeadaber - thd ti€d - focus
spatlallé-flltered refl ected reference beam The detected

wavenunber-f i FE_¥eR, 1BpREFAFT§LFi FPBERE ! of PEET BT P8¢ ' ENIBL HRRATAANY t he
det ect ed wavepnaRetohkhiberedg the statistical accuracy of an image of a

line section or two-dimensional section of the object
material acquired in identical intervals of time.
The presently preferred embodiments 17, 18, 19, and

20 20 and variants thereof of the present invention from the
fifth group of embodiments comprise the same elements and
subsystems of the first, second, third, and fourth
embodiments and variants thereof, respectively, except for
the replacement of the non-achromatic probe lens of the

- 25 embodiments and variants thereof of the first group of

embodiments by an achromatic probe lens. The remaining
description of the embodiments and variants thereof of the
fifth group of embodiments is the same as the
corresponding portions of the descriptions given for the

30 embodiments and variants thereof from the first group of
embodiments except with respect to the level of

statistical accuracy obtained in a given interval of time.
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10 spatially-filtered scattered probe beamtherefore are rel ated, because
the anplitude of the wavenunber-filtered, spatially-filtered reflected
reference beamis present in each. This relationship nakes thePnggmGOl
det er mi nati on WP %4r3BPLrti es of the object material from such Nterter ence
15 termnore statistically accurate. Consequently, accurate
characterization of the object material can be obtained fromdata produced
by the nulti-pixel detector in response to the interference term between
the wavenumber il t£fedscspal b8! L¥ahitl6h et SELRGLREL L RIPIANGE: Hepm and
the 20 wavenunber-filtered, spatially-filtered scattered probe beam This
i s because thefs@mt®@tr@§rfee@aramygeeqebteyn¢@rwaﬂgﬁv@w> inast tpfanche

mul ti-pixel de S Lt ed t n ced in
The pi el 1 n r SebbaB5ct b el Efarn et her P r o M Br Re Sventrbor 25
filtered, spatthélyamelBereuestaveereﬁ pedbhet beamndutommangat yaspohse to

ei t her the squ t e of j r

spatially- Filtg?e FF c?ggJn gr%ﬁcgé g%ﬁ?%ggggg gﬁ%é&%§6ﬁﬂ?he anpl i tude
of the mavenunbmbeﬁLmEBtedanepaarahhysfthEEeeﬂ bankgﬂhnnﬁhﬂﬂﬁngrdﬂpIvauII
be further appLg t ed th Kill i ha alter d/ or
addi ti onal optl@g?g eﬂg%ts 88§e§ féc?gesgﬁép§ gl%%%or}Eﬁ%.e #%?6%2 of
t he di scl osed bybbdenamps1bﬁdehefptbeenhtrnﬁeﬁbcom 1ﬁﬁge§0@Lll~be_metter
991 63300 PCT/ U 99/%%60t eéang ? rlz b%an%spaa ters alter atlve%y
may be used anddr “USedPRItR "AddP |on3I shrftTh E

t he propenKiesoﬁfthbefnadmagronpueédembodnmbatBhenobekmmlwnumn|Eﬁe -1
further exanple would b d a dete tor to nit.or the
htensity ot FEEPPBRECoNRCE e TReL S AR RES CBeTSRRESRAT i Uit i ons ey be
i ntroduced mntbmpuldeﬁerbmngutchrﬁbeuspnmageendnstmeeapﬁaf$mu@r@®emme
invention. It should al o beda reC| gﬁthat sh%h% r 34 10 coul d be
onitted for exﬁW%Pngﬁn ek I fﬁan PLROEQSE PRt €h3QE OWoitt i ght
sour ce 8 produeasdodt memage mﬁEnE1$BhIQrbbp bmagﬁbpaameneg a¢dnhibengi f ferent
t han descrj bed, above althougr t he |n29e of 0|nt | i ght source 8 produced by
the reflected rBPEFeRCETNEamcIL eIt iSol At &%eln the 15 i mage pl ane 47
will not be alteredTﬁ@babaeulaEIyeﬂueﬁnbhahndeesmpbﬁgaah&yeafN@m@k@féems

t he above descr.i bed canc IIatlon of out -focus_ i mages ul d be achi eved.
S arly, phatEoBnPREGPIaE g dTBEeSPEERITR 1 ER AN R DAY

shifters 34 angaZ4aneeulttelectnmtrbadthe ELEBh 3003p-o4 afsbdandhts. it
shoul d al so be appreciated that spatial configurations of the phase shifter

el enents of phéé@n%ﬁﬂFP€¢§Y1@et§Er 3hang f8e345VRayCher ¥ FeF¥Mt2%% om t hat

descri bed zbovecapdheh tapedioiedadkgrenadagrbhecspabkalodds digdgédbut i on of
the anplitude of the reflected reference bheamin the single pixel detector

pl ane produces “RtédpECamtitR PF1oFatidl Cendrcady irEerfereret¥ Buti on.

However, the ?niegesdaid .pragiced Ry oithe ndulihicepitXebndet 86495 fa¥mneed to
be processed sll%htly differently for 30 the above described enbodi nents of

the invention P&PRSGulL OIS SOPLdrbgeaphi EhpnugeeprmbeE- bb} Bered,
material 112. sp%QEallyuq1%%%@%%0%a%¢5&b%§%9%@%ﬁoénﬁttMélEo 1@ppreciated

by those slicilled _the art that the interferoneters of the enbodi nents and
vari ants t%%re@ﬁméé§%¥¥b@§ Kéee g veanmbe rediflitgiedd apatbatbyafiltered

|t erf er omet 1 ¢ oHISLOSAORY AHSAUTALS [UNG! ARLRGLN DG, Sl agasbest on

mode wi t hout departing fromthe scope and spirit resent invention.
The transni ssi GHOPSERRES Fach verafeatsedhesge fobtopbraf i 6hhf groerr @i n

reading and W igkiag ARARS, 91 1HNSPIERERN  IUAAHEAN (RUED 28; whepo defeet i ng

changes in polarization state of a probe beam urther be
appreci at ed t h@btEiadhtfern dhenstoars spondiadenbeerfenescdescosbetieaboin
coul d 30 prior art confocal interferometric microscopy on a pixel
by pixel comparison. Thus, the level of statistical
accuracy and systematic error obtained for images in a

given interval of time with embodiments and variants
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be of the polarizing type, for exanple for the purpose of probing the
object material 112 with polarized light or for increasing the throughput

of light through the 15 interferometer to the single or nulti-pixel
detector. Howe additional optical elenent such as a pol.ari, z eam
splitter mﬁIPV§§%5”?Q be added to the apparatus descri bed abo&g&?§?99ﬁg
purpose of mxing the reflected reference beam and the scattered probe beam
at 20 the single or mufti-pixel detector. 206 WO 99/ 6330U PCT/ US 99/ 1

60l 1. A nethod for discrimnating an in-focus imge of a region ~~~ithin

and, /or on antpbj-eet Frem eRe0pifoh-§P6WS 6MBEEHLE6QiASNES feduce errors in
i mage information of the_object, conprising the steps of. 5 (a) producing a
probe beam and8igniéfeprBRey Behht¥rbRTE hBRothYoheffcSpBEREti6arce; (Db)

produci ng ant hsy}pBEK 6na8Palietnpt PBEEELES bBrhilgefeEBEENREgRGAN (&)
produci ng an in-focus return _probe beam by 10 directing the probe beamto

an in-focus | FEHE PBLRLVALt Af ntdFe ol FRePF QT onr t (a@PnpPealci ng

anti symetd i c;gpatiral oRE@PEEt h€8rb8cbP§,i n-focus return probe beam (e)
interfering the reference beam of step (b%bIS with a beam from an

out-of -focus i mage Iomatl epprefiekedrPigthnserekéténdeibeleonrdt épath)
with the in-fBeUS S 8hUlFdoRLODE DSaM 8h SLER 643 :mke) ndCLEEH: NG AN APl i tude
of the in-focus return probe Deamas an Interference ter etween t he

ref erence 20 beamroftoskepefbfhandroherthefoeclisthet appaprbbe bdarmhef step

(d) by neans of a %%tector s§%te
€ ut -

_an jtude of _an interference term
bet ween an anBFFF& SFVERE? Vof: ogggp%h%g%a géﬁPgﬁdo n*& ﬁtﬁﬁgeogf t he

r ef er encel beamighadtsedrph) oherng-subsbanmbgebyanddubedsphaoisdduescdntiags in

data 25 produced by t. detector,systemto represent the inage information.
%07 3. "The. REMAS YORTEPE AEPSRRETE: AP BE, FELE0G: G SCRERok SR &
monochr omat i ¢ prigs@rsoumné@nt3onTheImewhod efs6l Bemeppwhenaited e abjoeet is a

som conduct or wafier., 8,4, 1S, IPLASY O Chll ML I kel 1P 00 51 42,2

14, 24, 34, and 34a may be achieved by other combinations
15 of phase shifters or be configured with elements comprised
of sections of a set of concentric annuli or other
geometric patterns without departing from the spirit and
scope of the present invention.
Phase shifters 14, 24, 34, 34a, and 44 may be of the
20 electro-optical type or of the dispersive optical element
tvpe. References to a dispersive optical element type are
given in the following paragraph in regards to broadband
operation. Alternatively, the phase shifts described as
being introcduced by phase shifter 44 may alternatively be
25 produced by making displacements of mirrors such as, for
example reference mirror 120, in a direction normal to the
reflecting surface of the mirrors.
Improved performance of the apparatus of the present
invention for broadband sources will be obtained when the
30 phase shifts produced by phase shifters 14, 24, 34, 34a,
and 44 are not dependent on wavelength. It i1s possible to
meet broadband phase shifter requirements by appropriately -

designing phase shifters 14, 24, 34, 34a, and 44 as types

142



5. A nmethod for discrimnating an in-focus image of an information-bearing
region within an optical disk froman out-of-focus imge so as to reduce
errors in reading 10 information represented by the information-bearin
regi on withinvwdeyeped cal di sk, conprising the steps of: (a) pPirIFREPALA
probe beam and a reference beam from a nonochromati c point source; (b)
produci ng antisynmetric spatial properties in 15 the reference beam (c)
produci ng an in-focus return probe beam by directing the probe beamto an

in-focus image point within the information-bearing region; (d) ,producing
anti symretric %‘Bﬁ’t i %ﬁ)lé?'sﬁﬁgsbx ﬁP'Zg{at H’gﬂﬂn 1?7:)08’5 rFégﬁrSryrlpr 8%5‘(9 %éa " (e)
interfering thenefef encey keaman t na beam ¥, rae ar sawld- ofvlf.ocue sonagel

point; (f) interfering the reference beamw.th the igfocus returngp%pbe

erorstes” qap

by the detectay, tz0, nepresent wherigdorinatden heimg Baead By idetest.i pgt.. the
reference beamas a nonlinear 5 function of an anplitude of the reference

beam and Pi. Nore 4mPbct?d rethss probe bedh aish it &rleer ercd HHefm

bet ween a ref ermnge; heans afshpdiesd thifpcust detdidhddeqlye beam by neans of a
detector, an anplitude of an interference term 10 between an anpli tu%e of

the out-of-focus ineye P& Ahdh HRATHIREF Drathe erdrgten & BERh Kei ng

substantial |y figduepde §ioup£AUE rRfd et datia ¥ qduged iy dshendatect or
to represent the information being read.] 6. A method for discrimnating an
i n-focus i mageeTBIOGIMEN | o} oYA T HE i AN Y OY LG i fopmadony & & obJect

out - of - f 0gYs i RGS, 501 a6ok9r 1 £ONEE F L@ Sd iy IMBRG i .NT I I ool et

obj ect, conprising the steps of: (a roduci ng a probe beam and a reference
beam from a broadbrRRpbi FRT set g 200 ey compramess rROd @pat i al
properties in 1he. refgsehee; bea e {QAnPBSSi I dRORE: Reamit gl 1
first dispersal 'element to convert the probe beamto a beam focused to a
line in and/ orfbye t Gecepj ekt enpadimenhy oeesRly &ar ithe dous ey EhssiRs

beam (e) prodpgci &gy ADLLSYPTER! | EnEPaLhALe PLAPE 4 &%t 0% ror

15 subsystems are interchanged and the detectors and

beam 208 (@Fh NPRS e CUMP R (1o "’ Poduced

detectors pinholes are replaced by a writing mirror which
directs the light from the source impinging on the writing
mirror substantially back on itself. The reflectivity of
the writing mirror and phase shift introduced by the

20 writing mirror are functions of location on the writing
mirror arranged in conjunction with a phase;shifting
procedure to produce the desired image in the object
material. The phase-shifting procedure performs a
function analogous to the procedure of introducing a

25 sequence of phase shifts in the wavenumber-filtered,
spatially-filtered reflected reference beam to obtain
first, second, third, and fourth measured intensity wvalues
for the embodiments and variants thereof of the five
groups of embodiments.

30 For the writing embodiments described herein, the
recording process comprises a number of different
mechanisms and the recording medium of the optical disk

comprises a number of different materials and different
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CVO 991 63300 the in-focus return probe beam PC TILfS9911 1 (01 (f)
spatially filtering the in-focus return probe beamof step (e); (g) passing
the spatially filtered in-focus 5 return probe beamthrough a second

di spersal el apBRledie convert it to a beam focused to a line ipcgydedaehor

pl ane of a detector system (h) spatially filtering the reference beam of
step (b) ; 10 (i) passing the spatially filtered reference beamthrough the
second -di spersal elenment to convert it to a beamfocused to the line in the
detector plane; (j) spatially filtering a beamfrom an out-offocus | nmage
point; 15 (k)cpassiagidhe chatdtzdtials| t ePegubbam ¢ f onetbedduy- of - f ocus

jmage pornt L B1oualLhey eEg o) spErcaloel SpEnl Locpenigl L ink 0,2 beam

focused to the TTRe Th used
spatially fildptecda20efféetenoectbesn Ddrsdap (mﬁamibh &he Koeeusedrfspatially

filtered beam of step (k). fromthe out-of-focus,inmge point; (m
interfering the V%tﬁs%% é&%&?éﬁ?TAq?#%%SL% YRR %ce beam of step (i) with
the focused spati avhynfahtied@tktd-dpElsal et Bf &icpr obenbeanrgt shep (g) and

25 (n) detectlng an . interference ter betmgen t he focused sgatlal
filtered refef @neE HRAMEPCEILLYF) BRAC 240 Svey 99/ H3SOBMRLEPPUEH9I1160

the focused spatiabbydfbyteseget md ochisnges uin probstheamyef step (g) by
nmeans of the detector system an anplitude of an interference term between

an anplitude BPlEhEzibLeredt - %pﬁﬁ?%ﬁ??e@l?¥e¥%ﬂn%ﬁ%t6ﬁdf659§elHﬁ@@ bEBf of
step (k) and &mBHdamPhitude ofe thevd oguseds spatéabbyinkhttened reference

beam of step (i) being substantially reduced, to reduce errors in data
produced WY tﬁ@ngég%é?@rt%yg?E%$¥ot?%pP%ééﬁ%z%ﬁéo?nﬁéetbﬁ fratébredt. 7.

rrﬁenggnggeofpgbsénm@amhﬁﬁea@dibbeOt@tt§QUé5ﬁp1éxlgmﬁ199hBE g @nbroadband

scattered probe beam. The five groups of embodiments are
configured to measure the polarization of the scattered
probe beam by passing the scattered probe beam through an

15 analyzer such as a polarizing beaﬁ splitter and measuring
the complex amplitudes of the different polarization
states of the scattered probe beam separated by the
analyzer.

When an amplitude~-recording medium, nonlinear

20 amplitude-recording medium, and/or a phase recording
medium are used with the writing embodiments described
herein, the reduced statistical errors and the reduced
systematic errors associated with images in the recording
medium, a property of the writing embodiments described

25 herein, the density of the data stored at a memory site is
proportional to NxM where N and M have the same meanings
as used in the description of the reading embodiments, the
five groups of embodiments.

The information content stored at a given memory site

30 is controlled by the spatial distribution of the
reflectivity and the spatial distribution of the phase
shifts produced by the writing mirror of the writing

embodiments and variants thereof. The windowed
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8. The method of Caim6 wherein step (c) includes passing the probe beam
t hrough at | east one grating, wherein the line is substantially parallel to
a surface of the obj ect . 15 9. The nmethod of Claim6 wherein the line is
subst anti al | ywoesjsa30di cul ar to a.surface of the object. 10. THETARSOHbObt
Claim6 including performng Fourier transfornms on the data produced by the
detector system 11. The nethod of Caim6 wherein the object is a 20

sem conductor wafer. 12. The nethod of Claim®6 wherein the object is a

bi ol ogi cal . subs 11 WD.991 63

ance._ . 00,PCTItJS$S99/ 11601, 13.. The t hod of
Caim6 wher eitf t47& Opjieet A éfr}fngﬁ’f”’ie%aph@isﬁ 5 5 Ipemrdélé‘ie&-giys tg‘ﬁe
i nf or mat i on- beariitig g egirar Rk randoer ron lidie optd ealt disskef Bledmet hod for
di scrimnating an in-focus  imge of a5 reqgio i thin and/or an an obj.ect
from an out - of X i té)gj%aglotdb]lraéﬂ)ﬁée%éﬁ@&%ﬁ% 5 ﬁ%ﬁt?ﬁ’?gieiégrfrbf
th](ca obj ect,b comyf rjtsidﬁgbﬁmgﬁtre&p&,ofthe( &)t apread ucd m(Jlbea qlreqja;&d demwidl a
ref erence beam from a, broadhand point source; .10 roduci n
ant i symet Pi ¢ AL GTOL S| ROch& erséﬁéeted)e%ﬁ%ej(n(% ‘i?gTF\fé’rJt]l% t he
probe beam to @ heamdagiaed t o Tad Wiedowiand/c o1k ther 1ehjteaiit W &nd
produci ng an in-focus return probe beam 15 (e). producing antisymetric
spatial properthehass Fd i deuS TS pholse BeaRniG %”%%‘aetsl Jy

filtering the dfnfieouscd atiyde Risele ibeaMohnisi@Rm (R ;o Whdasg N dde
spatially filtered in-focus 20 return probe beamthrough a dispersal .
el enent to cordAt tPhase @l Wamerseuesd GBPE 9% Ea b oF et edtr Bidthe b a

detector systeme (M)vspatddld b ff iddydik@dthe reference beam of step (b) ;
212
The interference term between the spatially-filtered,

wavenumber-filtered scattered probe beam and the
spatially-filtered, wavenumber-filtered reflected
reference beam measured by the embodiments and variants of

15 the first and third groups of embodiments in the axial
direction of a probe lens is proportional to the Fourier
transform of the complex scattering amplitude at the image
sites in an object material. Similarly, the information
stored at a memory site by writing embodiments and

20 variants thereof, corresponding to embodiments and
variants of the first and third groups of embodiments, is
proportional to the interference term between
corresponding spatially-filtered, wavenumber-filtered beam
reflected by the writing mirror and the spatially-

25 filtered, wavenumber-filtered reflected reference beam is
proportional to the Fourier transform of the complex
reflectivity at respective sites on sthe writing mirror.

It will be apparent to those skilled in the art that
it when the complex reflectivity of the writing mirror is

30 chosen so that the interference term between the
spatially-filtered, wavenumber-filtered beam reflected by
the writing mirror and the spatially-filtered, wavenumber-

filtered.-reflected reference beam is proportional to the
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~''VO 99/633(>0 1'CT/US99/1 | 601 (i) passing the spatially filtered
reference beam through the dispersal elenent to convert it to a beam
focused to the line in the detector plane; (~) spatially filtering a beam
froman out-of 5 focus imge point; (k) passing the spatially filtered beam
from the out W 29¥%3\%s | mage point through the dispersal el engft”¥?doWert
it to a beamfocused to the line in the detector system 10 (1) interfering
the imaged spatially filtered reference beamof step (i) with the focused
spatially filtered beamfromthe out-of-focus inmage point of step (k); (m

interfering t facused H tial I b ef m,Qf st (s with
the focused é%gﬁrca% y 1 %TF% t%rée%sfc#-‘# g%ﬁ?%%tﬁﬁ%&o@%%é%mb}f esis%toélp?)d( g);
and (n) det ectti reg mama it eF ey eridee tree s et dwelent ¢ hige if cocies eck rop dtd taldgn

filtered reference heamof_ step (i nd the focused spatially filtered
T S%%el%]é}g;m %fﬁs éeé’(gfg%ém?mber T %ehrge detéc “c?rreol

in-focus returmm pro ep y neans o System an
anplitude of a0 badrerdret ertoe 4 i bET ywelinl e @dpl v dwedeinafe t-e freouesed .

tially_filt d -of = f i b f st k d,. lituypd f
The focusid SIRRISHT S 11 O o ePBAREr BESTH ofY Siith Qb o and ¢
subst anti al | waneidirces, o f o:edficeser 04 Sthhr dad sops © AUt eshidnd i tdetiect or

systemto represent. 25 the immge of the abject. 15. The t.hod .of Cl.aim14
v%erei n the ‘i B &b i(ﬁ% %npﬁg%% og%%njdsll?l?f?c’rs%ih%l 3 t(’%“':C,\/O

991 63300 PCTIdISA91E60in Adrmdhiomes hodedf Criaign 1dt wheneith fde phijwetins a
sem conductor,_wafer. 17. The net hod of aim 14 wherein the ohject is a
bi ol ogi cal sﬂ’s’tsdn]éés.t%nﬁ%.t‘ﬁ'h%eﬁg?ﬁ%da c%oﬁh?% tfL’ZfJ‘‘i‘/\i]‘lec}ré‘i‘ P htgleobj ect is an
optical dbsk @sbide $egtoarisg asmp i oudatnonsbeadimg tegiibddimit/odr on
the optical disk. 19, The t hod of ai m 14 wherein step (c) includes
passi ng the ﬁrﬁiev%@a?ﬁ“fﬁrgggﬂ‘%tg}Eﬁ taB(Ijlet}@ﬂ‘%lgi FEOURh e TP D YS ne i s
substantial l yipafpd | £k140 @i PBEOIoRUbEagepPbLENERD) €Ftrecover the
original information that was stored.
An advantage of certain ones of the first and third
15 groups of embodiments is that a tomographic complex
amplitude image of a wafer used in the fabrication of
integrated circuits is accompiished by substantially
simultaneous imaging of a line section in the depth
direction of the wafer with significantly reduced
20 statistical errors and with a background from out-of-focus
images significantly reduced compared to or the same as
that obtained in a sequence of measurements with prior art
single-pinhocle confocal interference microscopy or
holography. The simultaneous imaging of a line section in
25 the depth direction of the wafer can be used to greatly
reduce sensitivity to motion of the wafer in the depth
direction generated by for example by translations,
scanning, or vibrations of the wafer. The simultaneous
imaging of a line section in the depth direction of the
30 wafer can further be used to identify a surface of and/or
in the wafer with information acquired simultaneously from
multiple depths.
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20. The nmethod of C aim 14 wherein the line of step (c) is substantially
perpendi cular to a major surface of the object. 15 21. The nethod of C aim
14 including performng Fourier transforns on the data produced by the
detector syst 063900 AN interferonetry systemfor discrim natgmmgsoamieol

i nfocus image of a region within and/or on an object froman 20
out-of-focus inmage so as to reduce errors in inmage information of the

obj ect,- conprising: (a) a point source producing a probe be~n7~and a zn;
WJ 991 63300 reference beam PGTI US99111601 (b) a first phase shifter
produci ng anti symemnaethepadenipronert jeeriain mtheat eneasce bhddg fosta

first beam guidi ppar roﬂqghgg] | n-f qgUs re eam by
di recting theE%Fggggﬁgidg%%aﬁﬁ‘?h- ocuéﬁgﬁgﬁinﬁiint mf%h#ﬁﬁggkgﬁﬁfﬁe.
region; (d) a cegonsk phaskl sidd tienagr odlic e et iwsarety itdiesdattiralcation

properties in the in-focus.refurn, pro t.o.(e tJ i robe
beamto with & ejar}ﬁ?gf%#%?f%lrféc@#eg 1?%?@%%&%% bysgé%%n %aa%l ui di ng
appar?t us @lﬁli ds g I teen ¢ e e r emeet e aod ambdtwmedjamﬂsnwrﬂt' ]tc“sie](crﬁjmrf adushe
interfere the antisymetric referenc eamro n out,-.of -f ocus poi nt
and to anti syrﬁ%{?’f 't BP o7 bR E" b t%e%?hceeclﬁnn%fc‘otclusstlrceatlurer{u r|¢§)r1’1050e Eaeam
(f) a detectorwsyistemnaekectnmgd fuom ndetfef-ehwaud eimmdeet weemittheantly
antisymretric reference bean1$ng?the ntis nnetriﬁli -f.qc QF%&{Qiprobe
f

beam an anpl i TTdECDT SRR et teriibet e aathn agJTSPpeI i tUd€ of the
out - of - f ocus | seEgeehean andeasu aemen t sicel Of bieoand i ts yenimes Ird - irrefeelree reaged
beam bel g subet At ALY APONEED: - LopLdice eltors, )l radiped e the
system of O ai ax22 ghetrentided dhe poi tihaboskceids &f piantwaofera 14 ne sour ce.
215 parallel to the depth direction of the wafer. The
simultaneous imaging of a two-dimensional section of the
wafer can be used to greatly reduce sensitivity to motion
15 of the wafer in the depth and transverse directions
generated by translation, scanning, and/or vibrations of
the wafer. The simultaneous imaging of a two-dimensional
section in the wafer can further be used to identify a
surface or internal surface of the wafer with information
20 acquired simultaneously at other locations, the surface
and/or internal surface possibly serving registration
purposes.
An advantage of certain ones of the first and third
groups of embodiments is that a tomographic complex
25 amplitude image of a biological specimen in vivo, an image
which can be used for example in a non-invasive biopsy of
the biological specimen, is accomplished by substantially
simultaneous imaging of a line section in the depth
direction of the biological specimen with significantly
30 reduced statistical errors and with a-background from out-
of-focus images significantly reduced compared to or the
same as that obtained in a sequence of measurements with

prior art single-pinhole confocal interference microscopy
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WO 991 63300 rrrn~s99n ~bo~ 24. The interferonetry systemof C aim 22
wherein the point source is a nonochromatic point source. 25. The
interferonetry systemof Caim22 wherein the point source is a broadband
poi nt source., Egﬁégq(” interferometry systemfor discrimnatipg,aQedEQCUS
i mage of a reﬁlon Wi thin and/or on an object froman out-of-focus 1 mage so
as to reduce errors in imge information of the object, conprising: (a) a
poi nt source producing a probe beamand a |0 reference beam (b) a first
phase shifter producing antisymetric spatial properties in the reference
beam (c) ha for Eﬁoﬁwp@fﬁj el;]mmmmh I?Iﬂﬁchr&dﬂsa%nélﬁafﬂlgﬂﬂi ci ngi 1w pes at usn
passing the pro eam t hrou the first 15 dispers el enent to convert
Phe: probe beari ("5 SERHY fGLUREE T o |1 HiP HRHGr. GPIHENTb] 62k dhd

t her eby produggs@ntbngfestby resdlide psahe hieany (1) mbiseaonsk phase shifter
produci ng antisymmetri¢c spatjal properties in the in-focus return 20 probe
beam (e) a SphP+RPIEf{tBrechdR? att yih§ 4R ihFiReERT Semeratedi AYfocus

return prepe bgamxihpla SEconshsi speSsal ANt g Ak &, SecopdoReapt gui di ng
apparatus passing the spatially filtered 25 antisymetric in-focus return
probe beam t hEbeghlhedsezbngP2oBnen WO Bo7 63300 ey Soag189108i per sal

el ement to COﬂYﬁétsEEtEQnaiﬁ?e focysedai e d et ,nxiﬁe qﬁ?i&féﬁic&ﬁ“ of a
detector system (g) the spatral filter spatially filtering t

anti synmmet ri cspe¢eRence2beny they hye theed eepniHereaht yud diwet appapat us
passing the spakygl! ynf Lhicredagtisy WpALied of Lenserlsam L brough he
second di spersal elenent to convert it to a beamfocused to the line in the
det ect or ¥l anecagiyegheiwpitpneonslyefrapampbiinl¢idertidmig a ~eam ~0 from

R I I o O s b R S e
second di spersatl Ehémangrovpsonyeenbodimenias ebdn flogtusadtomoghephiine in the
det ector plan%émgmgx amplitude image of a biological specimen in vivo,
an image which can be used for example in a non-invasive
15 Dbiopsy of the bioclogical specimen, is accomplished by
substantially simultaneous imaging of a two—dimensional
section of the biological specimen with significantly
reduced statistical errors and with a background from out-
of-focus images significantly reduced compared to or the
20 same as that obtained in a sequence of measurements with
prior art single-pinhole and slit confocal interference
microscopy or holography. One axis of the two-dimensional
section of the biological specimen is parallel to the
depth direction of the wafer. The simultaneous imaging of
25 a two-dimensional section of the wafer can be used to
greatly reduce sensitivity to motion of the biological
specimen in the depth and transverse directions generated
by translation, scanning, and/or vibrations of the
biological specimen. The simultaneous imaging of a two-
30 dimensional section in the biological specimen can further
be used to identify a surface or internal surface of the

biological specimen with information acquired
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15 (k) the detection systemdetecting an interference term between the
focused spatially filtered anti symretric reference beam and the focused
spatially filtered in-focus antisynmetric return probe beam an anplitude
of an interfergnedstRr m between an 20 anplitude of the focusedcapadopaldoy
filtered out-of-focus i mage beam and an anplitude of the focused spatially
filtered antisymetric reference beam being substantially reduced, to
reduce errors zn data produced by the detecto systemto represent the inmage
of the object. 25 27. The interferometry system of C aim 26 wherein point
source i s a pdimuldfaredusiy sdurdder2ipcatip®s9otéd3ch rimas$@d/or 28. The

interferonetry, system of j.m rei I SQuY i )
monochromati c lﬁlolenﬁna?ou°rucrga%f9.p%$ﬁ\§@§ﬁt eS% é’lrlg)rggt('.}l 5 lsyst et?rl]eoé} %éiaf &m 26
wher ei n the point souraskrang agyebrodadisarich ipoiomess@ir ddie S8MmndAmnd fourth

interferornetry systemfor djscrimnating.an infocus i.nage. of egi on

wi t hin and/ or O%lﬁls OQS% eeé‘qudl’lg}%nﬁso&ts- otfn%ftoc?uétcﬁmr?r?gl{eapshg&gsccf%@l?e&’juce errors
in image isforamilohudd ieyobjfea wadmmpnissidign (t&)e of o inta tsigur e

produci ng a probe beam and 10 reference beam .(b) ,a first ase .shifter

pr oduci ng anti%?ﬁr%‘f% SFHTH  prcp&TTO alilﬁht(el?)ebryefseq’be%tcag’r}blea;trrlly (c) a
focusi ng apparsimsl cammard iingedibe prfoke lewmsen ta dreamarfgmitsed tz0 a line in
and/or on the object to roduce an in-focus. return probe beany. (d) a
Second phase. SHEFTEre srbdde 1 Shf iy it (S TRaa i pisodit e i he

i n-focus retursidgsobecdredany @juded patdtalstfiiddlere riyeatd adry Widd ering the
~n20 focus antisymetri eturn. probe beafi: (f) a dispersal. el enent and a
beam gui diflg. Ak BT AT P D GG SymidiAees St ST T 18 e ocue
return probe beatpihe®ugh dinectd spersals arereribdn reahvat ta i dedueracdesfn

focused to a linein g detertar pla.a 2% of ardelechor Sisiem 2le VO

interference microscopy or holography. The simultaneous
imaging of a line section tangent to a surface of the

15 wafer or on a surface in the wafer can be used to greatly
reduce sensitivity to motion of the wafer generated by
translations, scanning, and/or vibrations of the wafer.
The simultaneous imaging of a two-dimensional section
tangent to a surface in or on the wafer can further be

20 used to identify a reference location in or/on the wafer
with information acquired simultaneously from locations,
the reference location serving registration purposes.

An advantage of certain ones of the second and fourth

groups of embodiments is that a tomographic complex

25 amplitude image of a biological specimen in vivo, an image
which can be used for example in a non-invasive biopsy of
the biological specimen, is accomplshed by substantially
simultaneous imaging of a line section tangent to a
surface in or on the specimen with significantly reduced

30 statistical errors and with a background from out-of-focus
images significantly reduced compared to or the same as
that obtained in a sequence of measurements with prior art

single-pinhole confocal interference microscopy or
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(g) the spatial filter spatially filtering th antisymmetric reference beam
(h) the beam gui ding apparatus passing the spatially filtered antisymetric
ref erence beamthrough he 5 dispersal elenment to convert it to a beam

focused to tile L&a&’ln the detector plane; (i) the spatial E?EﬁﬁHHG
spatially filte |ng a ~eam from an out-of focus inage point; beam

gui di ng apparatus passing the 10 spatially filtered bean1fron1the
out - of ~-f ocus i nage point through the dispersal elenment to convert it to a
beam focused to the line in the detector system and (k) the detector

system det ecthdfo@PapAter f ene eembietanbehveenayhegf ecusedispatiatiyn
filtered antisymretric 15 reference beam and the focused spatially filtered
i n-focu antls?ﬁﬂﬁ??FctPe?u?HrSFSSe1Be8ﬁ1OﬁntﬁﬁpFPFGH%erCéH PRt BFFEr BAce

t erm bet ween @Beaﬁpylkeagc@fsbh§1E@@g$9dt@pabt@bhyoklhh@rgge@uﬁeﬁf focus
i mge beam and an anplitude of the focused spatiall tered

anti synmet ri cIPREER EREe DY ARPBEL ARG 16lbs 4ATPAPRY ?ééééédVlbﬁaFéﬁﬂéeoérrors

in data prpducgd Q%ekﬁﬁeﬁetth@ %X%EQ%bh%oh%pﬁﬁﬁgBB the Lmagg-of the
object. 31. The interferonmetry systemof Caim3 mﬁereln t point source is

a point of a Rimensédared. se5tagn thadeRteltPepoRBrigcsysperropnChag. m 30

wherein t-€ - sPALThoROUEERE rh (Rolr 930RARY ROl BhicRRUEGEs 21 ereHO091 63300
PCTI US991116Q | i thography system for use in. abrlcatlng i nt egrated

circuits on alagRéiont Ra §Pst specomen silky: ipdpraasiageatarnisepporting the
waf er; (b) ang hhh%%ﬂ Bh%ﬂfﬁbﬁmduqrt1&3’1‘%9'1%%5&9%%3' k¥ed rRELEERRE

radlatlon onto t a wafer including alignment “regions withi
and/ or oﬂilhel@Gﬁéﬁon(@Pralmaséﬁggéﬁg@Ié@@tP@Kp@é6905|t|onlng syst for

adjusting the posi hholfnthe e A HeelAlice drBubhe el AnbRafdatadiat ! on:

(e) an interferonetry systemfor discrimnati’n a ocus 1 mage o
regi on mnth|ntana/arb@m@@raﬂ@u&ncdmniaxamnmuuxaﬁefomageumﬁge vafay used

reduce orrors N chiRg el o0, of, e abigelcconneet 6d WL Lieone

| aser - gauge 1 ontr o sitionin or neasurlng RS Fél alive
posi tions of dhmeabu@mméntUwgydyman51onal or three-dimensional image

15 of a wafer is generated with a background from out-of-
focus images significantly reduced compared to that
obtained in a sequence of measurements with prior art
single~pinhole confocal interference microscopy or
holography.

20 An advantage of the fifth group of embodiments is
that a tomographic complex amplitude image of a biological
specimen in vivo, an image which can be used for example
in a non-invasive biopsy of the biological specimen, is
that an one-dimensional, two-dimensional, or three-

25 dimensional image of the specimen is generated with a
background from out-of-focus images significantly reduced
compared to that obtained in a sequence of measurements
with prior art single-pinhole confocal interference
microscopy or holography.

30 The confocal interference microscopy systems
described above can be especially useful in alignment mark
identification on a stepper or scanner of lithography

applications used for fabricating large scale integrated
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34. The lithography systemof Caim33 wherein the interferometry system
includes the interferonetry systemf Caim22. 20 35. The |ithography
system of Maim 33 wherein the interferometry system i ncludes the
interferometwyosysem f Claim26. zzo WD 991 63300 PCTI US99RFT/PSBG1036.
The |ithography systemof Caim33 wherein the interferometry system
includes the interferonetry systemof Caim30. 37. A netrology systemfor
use in-inspecting an 5 integrated circuit pattern on a wafer during
integrated circuit fabrication, the s stEn1conBri§Lng'_§a) a stage for
supporting t Het b erS FBFRaFaserPH5G5eCRoREr Bl fe LikeoAPfgi Ryt em f or
adj usting a retatdivelpasi hkeRoebgg Eegitem Wbthinbaanding dPepnayhe pattern;
(c) an interferonetry systemfor discrimnating an in-focus image of the

region wthi PeREPEFEBASt RE paEt EFRPPRENPANSEAERET - f 08 FRRERCED as to

reduce errorsjjfetfBgentbf AhERbLsEBPY siBecRat teEBrihed38poThecaRt 40560y
systemof Claim37 wherein the interferonetry systemincludes the

i nterferoffet rpesysSPemiat 1y BEmis2. 1891nFRECRRPROPEgasYEL BRFEf 110 Bliien 37

wherein the igterferopRt byagustkemhunghudes thepkpterferenpley-gystem of 20
Claim 26. 40. The netrol ogy systemof C aim 37 wherein the interferonmetry

syst em i ncl udesffasenft stpersnetr fheySpbmi62tEPRI ME3barge1scayp 99! 633Q0

PCTNS991116011§%eg%aH@hr@k?&ﬁ;%%ste@ﬁ%ﬁegygghynign%H@Ckg?gtécHﬁ51§@p in a
mask used during integrated circuit fabrication, the systemconprisSing: (a)

a stage for sUppvrri fgrt keengskicondyrtar| rgepnfgatgsivnenip@rpeEYpositi oni ng
system f oo adj ust | 89e2169! ahi¥E RARKL! 28 BheAokedhonsibhh RNdi pF s o ¢ he
mask; (c) an interferoinetry systemfor discrinmnating an 1n-focus I nage of
t he regi on wi chihlandesr donnt ke Bagi bglow 100 nm line widths (design
rules), see for example the Semiconductor Industry
Roadmap, p82 (1997). Since a lithography tool may produce
$50~-100M/year of product, the economic value from
15 improving (maintaining) performance of the lithography
tool is substantial. Each 1% increase (loss) in yield of
the lithography tool results in approximately $1M/year
economic benefit (loss) to the integrated circuit
manufacturer and a substantial competitive advantage or
20 disadvantage to the lithography tool vendor.

Overlay is measured by printing one pattern on one
level of a wafer and a second pattern on a consecutive
level of the wafer and then measuring, on a stand-alone
nmetrology system, the difference in the position,

25 orientation, and distortion of the two patterns.

The stand-alone metrology system comprises a
microscope system for viewing the patterns, such as the
confocal interference microscopy systems described above,
connected to laser gauge-controlled stage for measuring

30 the relative positions of the patterns, and a wafer
handling system.

The function of a lithography tool is to direct

spatially patterned radiation onto a photoresist-coated
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10 within and/or on the mask froman out-of-focus imge so as to reduce
errors in imge information of the pattern. 42. The netrol ogy system of
Claim 4l wherein the interferometry systemincludes the interferonetry
systemof Caim30. 15 43. The netrol ogy systemof C aim4l wherein the
i nt erferonet rYO4Y&B8Mm i ncl udes the interferometry system of CPaftr2Bl!6%a.
The netrol ogy systemof Caim4l wherein the interferonetry system i ncl udes
the interferonetry systemof 20 Claim30_ z2z .A5.A5Y. A .AlY. A 2. AHY. A Y. A
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a] cal }rrsst suviawwims 20662y MEAZ {aMdds through a mask (not shown)

carried by mask stage 816. The mask (not shown) is imaged
onto a wafer (not shown) on wafer stage B22 via a lens
assembly B08B carried in a lens housing 806. Base 804 and

20 the various components supported by it are isolated from
environmental vibrations by a damping system depicted by
spring 820.

As is well known in the art, lithography is a

critical part of manufacturing methods for making

25 semiconducting devices. For example, U.S. Patent
5,483,343 outlines steps for such mgnufacturing methods.
These steps are described below with reference to FIGS. 8b
and Bc. FIG. Bb is a flow chart of the sequence of
manufacturing a semiconductor device such as a

30 semiconducter chip (e.g. IC or LSI), a liquid crystal
panel or a CCD. Step 851 is a design process for

designing the circuit of & semiconductor device. Step 852
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circuits are formed on the wafer through lithography. To
form circuits onithe wafer that correspond with sufficient
spatial resolution those patterns on the mask,
interferometric positioning of the lithography tool

10 relative the wafer is necessary. The confocal
interference microscopy methods and systems described
herein can be especially useful to inspect the surface of
the wafer and internal layers generate on the wafer by
wafer process to check and monitor the effectiveness of

15 the lithography used in the wafer process. Step 855 is an
assembling step, which is called a post-process wherein
the wafer processed by step 854 is formed into
semiconductor chips. This step includes assembling
(dicing and bonding) and packaging (chip sealing). Step

20 856 is an inspection step wherein operability check,
durability check and so on of the semiconductor devices
produced by step 855 are carried out. With these
processes, semiconductor devices are finished and they are
shipped (step 857).

25 FIG. Bc is a flow chart showing details of the wafer
process. Step 861 is an oxidation process for oxidizing
the surface of a wafer. Step B62 is a CVD process for
forming an insulating film on the wafer surface. Step 863
is an electrode forming process for forming electrodes on

30 tﬁe wafer by vapor deposition. Step 864 is an ion
implanting process for implanting ions to the wafer. Step

B65 is a resist process for applying a resist
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herein improve the accuracy, resoluticn, and maintenance
of such lithography steps.

Step 867 is a developing process for developing the

10 exposed wafer. Step 868 is an etching process for
removing portions other than the developed resist image.
Step B69 is a resist separation process for separating the
resist material remaining on the wafer after being
subjected to the etching process. By repeating these

15 ©processes, circuit patterns are formed and superimposed on
the wafer.

An important application of the confocal interference
microscopy systems and methods described herein is the
inspection of masks and reticles used in the lithography

20 methods described previously. As an example, a schematic
of a mask inspectioh system 900 is shown in FIG. 9. A
source 910 generates an source beam 912 and a confocal
interference microscopy assembly 914 directs the radiation
beam to a substrate 916 supported by a movable stage 918.

25 To determine the relative position of the stage, an
interferometry system 920 directs a reference beam 922 to
a mirror 924 mounted on beam focusiné assembly 914 and a
measurement beam 926 to a mirror 928 mounted on stage 918.
Changes in the position measured by the interferometry

30 System correspond to changes in the relative position of
write beam 912 on substrate 916. Interferometry system

920_senqs a measurement signal 932 to controller 930 that

is indicative of the relative position of inspection beam
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lXJlANVVﬁBg\ %%@é%%%@%%(sté%§¥)ﬁ3%$)to scan the inspection beam over a
region of the substrate, e.g., using signal 944. As a
result, controllér 930 directs the other components of the
system to inspect the substrate. The mask inspection
compares the mask pattern directly with computer data used

10 to generate the mask.
THEORY

Background Discrimination
15
The apparatus described in the preferred embodiments
all include some form of either a pinhole or slit confocal
interference microscopy system. The background
discrimination capacity of a confocal microscopy system is
20 one of its most important attributes and results from the
strong optical sectioning property of confocal microscopy.
This is of a completely different nature from the
restricted depth of field in conventional microscopy, the
difference being that in a conventional microscope out-of-
25 focus information is merely blurred, whilst in the
confocal system it is actually detected much less
strongly: light scattered at some place axially separated
from the focal plane is defocused at the detector plane
and hence fails to pass efficiently through a mask placed
30 there [cf. C. J. R. Sheppard and C. J. Cogswell, "“Three-
dimensional Imaging In Confocal Microscopy”, Confocal
Microscopy, edited by T. Wilson, (Academic Press, London),

pp. 143-169 {1990)]. The Fizeau interferometer used in
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109 & () - L9409BBEEH S GTpPy of embodiments ahd variants thereof of the
first, second, and fifth groups of embodiments is that the
reflected reference beam and the scattered probe beam are
both substantially altered at the in-focus image point 48
by pupil function modifications whereas the portion of the
10 out-of-focus beam at in-focus image point 48 1is
substantially unaltered. For the cited embodiments and
variants thereof, it is this property of the present
invention that is used to achieve a sensitivity to out-of-
focus images reduced in relation to that achieved in prior
15 art confocal interference microscopy.

The apparatus described in the embodiments and
variants thereof of the first, second, third, and fourth
groups of embodiments further comprise a form of
dispersion interferomety. The method of optical time

20 domain reflectometry, OTDR, consists of injecting a short
intense pulse of light into an object such as a fiber and
measuring the time-dependent backscattering light signal.
The method of optical frequency domain reflectometry,
OFDR, consists of illuminating an object with

25 monochromatic radiation whose frequency varies with time

in a known way and measuring the frequency-dependent
backscattering light signal. In the'cited embodiments and
variants thereof, the wavenumber-dependent backscattering

light signal is measured as a function of the wavenumber
300 k. By analogy with the definitions of OTDR and OFDR, the

form of dispersion interferometry used in the instant

invention may be classified as a form of optical

wavenumber domain reflectometry, OWDR,
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10%z& () - SlO@E&éﬁéof of the sgcond and fourth group of embodiments, a
sensitivity to an amplitude of an in-cf-focus image is
also achieved substantially simultaneously for all lateral

10 positions in a line section substantially orthogonal to
the optical axis of object material imaging subsystem that
are accessible 1n a given exposure also as a result of the
incorporation of OWDR. The standard confocal interference
microscopy system must execute a scan in the respective

15 axial dimension or lateral dimension of the object
material to obtain the equivalent sensitivity to an
amplitude of an in-of-focus image.

The unusual characteristics of the confocal
interference microscopy system of the embodiments and

20 variants thereof of the first and second groups of
embodiments are the substantially simultaneous acquisition
of information for an array of points in an image, each
with a2 sensitivity to out-of-focus images reduced in
relation to that achieved in prior art confocal

25 interference microscopy. Confocal interference microscopy
systems are known in the art as a means to improve optical
sectioning for the purpose of obtaining one-dimensional,
two-dimensional and three-dimensional images of an object
by reducing the effects of out-of-focus images, pupil

30 function modification schemes for microscopes [cf. M. Born
and E. Wolf, Principles of Optics, Section 8.6.3, pp. 423-
427 (Pergamon Press, New York)‘1959] are known in the art

as a means to improve contrast for specific applications,
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10% & ()-!}f#10%NSNs& ()-F1!} f#10966& () - F1! f#109% (

& ()-F1L f#10% XzX&' () - F1! xf #109%&' () - FATU H: 10zYF=

108 F ' 10%Wu%& ()-!'F 1109898& ()-& 10% & ()-f$10% u& ()-Lnl0% u& ()- 10z
10zU6s#xY7H. 10z! F'- #10%u& @&b X 10@6u&f(% 17"10% u-u& ()- 'L,
10%&j()__0||"§g¢mg&feymfpf1 B&a@)yﬁﬁwxgn P is known in’ the art as a

10-ul =10% u& ﬁ)sanglg% Y&l k9 %Ja%%&a%u %10‘V@6&e(&er'“€fl'e#1O%] 1& ()-
I nF" - #10%Iu&' ( nK: 1 10-ul =109 %&' )-109%&' () -
109%& () - swmmmp)mgmw Ef- ceofeceg- &Mﬁi@l{enpewug#m@ew (pupil

10%, & ()-!" FQULLI&) morilr itQ¥& o), Sland 'ol¥&i6) t8e same system for

5 the purpose of reduction of both systematic errors and
statistical errors arising from background light is
believed by the inventor to be taught herein for the first
time.

The unusual characteristic of the confocal

10 interference microscopy system of the embodiments and
variants thereof of the third and fourth groups of
embodiments is the substantially simultaneous acquisition
of information for an array of points in an image, each
with substantially the reduced sensitivity to out-of-focus

15 images of prior art confocal interferometric microscopy.
Confocal interferometric microscopy is known in the art as
a means of reducing the effects of out~-of-focus images and
a form of OWDR as used in DIP is known in the art as a
means for reducing phase ambiguity; however, the

20 combination of the confocal interferometric microscopy and
OWDR in the same system for the purpose of reducing the
systematic and statistical errors arising from background
light is believed taught herein for the first time in the
art.

25 The unusual characteristic of the confocal
interference microscopy system of the embodiments and
variants thereof of the fifth group of embodiments is the
same as the unusual characteristic of the embodiments and
variants thereof of the first and second groups of

30  embodiments relating to the acquisition of information for
an array of points in an image, each with a sensitivity to
out-of-focus images reduced in relation to that achieved

in prior art confocal interference microscopy.
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errors and statistical errors arising from background
5 1light is believed by the inventor to be taught herein for
the first time.
.
IMPULSE RESPONSE FUNCTION FOR IN-FOCUS IMAGE:
AXIAL OWDR
10
The first embodiment depicted in FIGS. la-1n is
selected as the system for showing the basis of the
distinctive features cited in the preceding section
although the basis applies equally well to all four of the
15 embodiments and variants disclosed herein from the first
group of embodiments. Pinhole 8 in FIG. 1b and spatial
filter pinﬁole 1Ba in FIGS. 1h, 1i, and lm represent
conjugate pinholes of a confocal interference system for
all optical frequency components of optical beams whilst
20 each pixel of detector 1}4 in FIGS. 1j, 1k, and 1n is
sensitive to only one optical frequency component of an
optical beam as a result of the dispersive detector
elements 130a and 130b shown in FIG. la. It is shown in
the following theory paragraphs that it is possible to
25 reconstruct substantially an equivalent of prior art
confocal signals appropriate for each accessible axial
position from the intensities recorded by detector 114 as
a function of optical frequency in a set of four
exposures. This corresponds substantially to obtaining
30 simultaneously equivalent prior art in-focus confocal
signals as a function of axial position with the apparatus
of the‘p;esent invention in contrast to the standard

confocal micrésbopy system where a physical scan in the
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10- 11" 109 () -dilf9a (9= fa&S IroAR ofr) -FNhO%&R 1 Jposi@don.
There are two useful modes of the non-fluorescent
5 confocal scanning microscope [C. J. R. Sheppard, “Scanning
optical microscopy”, in: Advances in optical and electron
microscopy, 10, (Academic, London, 1987); C. J. R.
Sheppard and A. Choudhury, Optica Acta, 24(10), 1051-1073
(1977)1: the reflection-mode and the transmission-mode.
10 In practice, it is easy to achieve with the reflection-
mode microscope the optical sectioning by scanning the
object along the axial direction [C. J. R. Sheppard and C.
J. Cogswell, J. Microscopy, 159(Pt 2), 179-194 (1990); C.
J. R. Sheppard and T. Wilson, Optics Lett., 3, 115-117
15 (1978); C. J. R. Sheppard, D. K. Hamilton, and I. J. CoxX,
Proc. R. Soc. Lond., A 387, 171-186 (1983)] and thus form
three dimensional images.
Consider a confocal microscope shown in FIG. 5 with
three imaging sections. For the combination of subsystems

20 referenced in FIGS. la-1ln which contain the source 10, the
object 112, and the detector 114 for the probe beam and
scattered probe beam, lens 1 of FIG. 5 is the equivalent
to the combination of lens 16 of subsystem 80 shown in
FIG. 1b, lenses 26 and 36 of subsystem 81 shown in FIG.

25 1lec, and lens 46 of subsystem 82 shown in FIG. le; lens 2
of FIG. 5 is the equivalent to the gombination of lens 46
of subsystem 82 shown in FIG. 1f and lens 26a of subsystem
Bla shown in FIG. 1h; and lens 3 of FIG. 5 is the
equivalent to the combination of lens 36a of subsystem 8la

30  shown in FIG. 1h and lens 66 of subsystem B4 shown in FIG.
1j. For the combination of subsystems referenced in FIGS.

la-in which contain the source 10, the object 112, and the
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1s the equivalent to the combination of lens 56 of

subsystem 83 shown in FIG. 1g and lens 26a of subsystem

Bla shown in FIG. 1i; lens 3 of FIG. 5 is the equivalent

to the combination of lens 36a of subsystem 81la shown in

10 FIG. 1i and lens 66 of subsystem 84 shown in FIG. 1lk.
We define optical coordinates (u,,w“15) for four

spaces; the image plane space 7A, either the object
material 112 space or reference mirror 120 space, the
image plane 17aA space, and the detector 114 image plane

15 space 47A with i=1 0, 2, and 3, respectively:

v, =kX sina, ,
w, =ky;sina; (1)

u; = 4k7,sin (o, /2)

where sina, is the numerical aperture of region 1,
20 wavenumber k=2m/A, A is the wavelength of the radiation
in vacuum, and X;, y;, and 7, are the optical path

distances in region 7. The optical path distances are

defined as
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1 10Tl < 10967& ()-!-#109& ()- 1-#109G7& ()- 1!x-#109& ()- 1! -#109%& () -

11 - #10%&' ()- 15 nK: 1 »0TI < 10% L

10908 () - TL10%W& §) = oPAQYE: ()} as$10%: () - 10%& () -

(4
y,= {lxiyz))dyr (2)
o) '

<,

— P2 ) '
z, = 71(1,',_)7,,/.,)(12,

-

where the integration is along the path of a respective
light ray and n(x],y/,z{) is the refractive index at position
5 (x,f,y,’,z,’) .

It has been shown that imaging in a confocal scanning
microscope behaves as a coherent microscope (Sheppard and
Choudhury, ibid.) in which the image can be described by a
coherent transfer function, the coherent transfer function

10 being the Fourier transform of the impulse response

function. Thus, the effective three dimensional impulse

response function heﬁ@,vzﬂm,vl) for the system in FIG. 5

can be expressed as

15 he("z:vz,"o,"l):hz("s—"2)172("2“’0)”1("0“’1) ' {3)

where

2,2
hy(v)= ij1(§1,1]1)CXP{jll[4S, zta /2)—(&1 ;nl):l} (4a)
in“(aLy

xexp[— j(§10+n1w)+ jle}dﬁldnl ;
20
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10

15

20

25

Liv)= Xp— ju L _E22+n22)
12(\)— J:F%(az’nz)e p{ T {4gn2(a2/2) 2 )

X exp[— j(&zu + nzw)+ §13L8 ]d&zdnz ;

o ()= JP:" (€3,ﬂ3)exP{_ ju{ 1 ,&32 +n32)ﬂ

4sin® (a4 /2) 2
X exp[— ](&30 + n;.;w)+ Tk ]:15_,3dn3 ;

(4c)

h,, P, and W, are the impulse response function, the

pupil function, and the wave aberration function [cf.
Refs. 10-12 in M. Gu and C. J. R. Sheppard, Appl. Opt.,
31(14), 2541-2549, (1992})], respectively, for the 1th
equivalent lens in FIG. 5 with i=1, 2, 3, and 4,
respectively; and j is (*lfn. The impulse response
function is the amplitude in an image plane in response to
a point-source object. The function of the phase shifter
44 is incorporated into the appropriate pupil function B .

Assume that the three-dimensional object may be
characterized by a scattering distribution 1@@) [cf. C. J.
R. Sheppard and X. Q. Mao, J. Opt. Soc. Am. A, 6(9), 1260-

1269 (1989)] representing the scattering per unit volume,

which is related to the refractive index n by

t(v)= jk2JL—n2(v,) (5)

[E. Wolf, Opt. Commun., 1, 153-156 (1969)]. Both n and !¢
are in general .complex, and the j in Eqg. (5) accounts for
the fact that in a lossless medium the scattered wave is
in phase quadrature to the direct wave. We assume that

the effects of multiple scattering are negligible. We
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direct (unscattered) radiation contributes to the image.

The image amplitude can be summed over the elemental

5 slices that constitute the object because the principle of
superposition is valid. Furthermore the image amplitude

must be integrated over the incoherent scurce of amplitude
distribution A(v,). The attenuation function a(v,)

accounting for the attenuation of the radiation in the
10 object must also be included for both the incident and
scattered radiation.
The impulse response functions of the lenses

including the dispersive detector elements 130a and 130b

can be written as

15
by (vo—vi)={explik(@o -2 )i (vo —v1) (6a)
hz("z - Vo): {CXP[“ jk(EZ ‘70)]}175("2 —"o) ’ (6b)
20 Iy (v3 —v2)= {exp[— jk(E3 —EZ)BI7§(V3 - vz) . {6c)
where
]71("0“’1)=J.J.P1(§1’TM)CXP{" f”o[%(&lz +T’112)]} (7a)
x ((exp {‘ j{&l (\)0‘01)+ nl(wo_wl)]+ JEW }))dildnl ’
25
h:'z(vz‘ Vo)"-Upz(gzale)eXP{j(uz’“o{%(ézz +ﬂ22)}} (7b)

X ((CXP{‘ jle, (‘)2‘\)0)Jr M, (1, )]+ JkW, }))dﬁzdnz '
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(7¢)

and G3(k, v3) is the dispersive pupil function for the

dispersion detector elements 130a and 130b in FIG. 1la.
5 The sign change of u in Egs. (7b) and (7c¢) in relation to
the corresponding # term in Eq. (7a) -is because of the

reflection that takes place in the v, space.
The amplitude of the scattered probe beam Ug in the

image plane 17a of the spatial filter pinhole 18a is thus
10 given by

Us (V2)= (Rlyi)l/zﬂ-A(H{'” hl("o “Vl)
Xa("o)("o)a(vo )hz (Vz - Vo)d"o]d"

(8)

where R, and 7; are the reflection and transmission

15 coefficients, respectively, for beam splitter 100.
Substituting Egs. (6a) and (6b) into Eg. (8) gives the

following expression for Ug(v,):

Us(v,)= (R, 2 J' IA(vl){ expOZkEo{ j jhi(vo—vl)
v ¥ alo (v, - vo):iugdwo]dzo}doldwl

20

The amplitude Us(Vz) represents for the apparatus of

the present invention the complex scattering amplitude at
spatial filter pinhole 1Ba in FIG. l1h. It follows from

168



10<<10%& () - &6z 109%& ()- 7889*: O ; Web@ 1

| @109 ()-nl! " @10%a& ()-nl!s  @10%@@& ()- ! @109BySy& ()-nmil!t  @10%
L& ()-ml! ~ @10%c& ()-nl; U<5=8=9=: =; =y=: >{\: 1 !lal @10% ()- 1 10%& ()-
10 10 10 9<104& doksdoh @109%& ()-ml! " @10%~& () - ml: >h>H?f GAOBBZXAKY9/ 11501

Il @10%& ()- 1!'nl @10%14& ()- 1!x| @10%A& ()- 1!pl @109%& () -

11t1 @10%& ()- 1l @10%g& ()- 1BCDDDDDDD{\= 1 !s$10%g& ()-& nl0%g& ()- 10 10
10< 109%&' ()-! x| @109BB& ()- 1!l @10%=& ()- 1D.EEEFFGa?{\= 1

I #10%& () - ! y#10%gg& () - 10%g&' () -

LI 10%g& () -1 10g&bEdpprarineglof) they Hrpll KeXefspotse function

11s)#109&' ()-!)#10%} & ()« ! ##109%&' () - T! ##10%g& () - T9" 10%g& () - ! #10%HH& () -
KKKKKKKK/ L~ ="a(vb1 Y2 T00arTk: 93 V¢ towarka ( ) { 9 obkrat (?;be 10978 scattering

amplitude Uﬁ(v3) in image plane 47 at the detectcr 114
shown in FIG. 1j is obtained by the convolution of Usﬁv)

5 with the impulse response function hﬂys_‘b) for the

combination of lenses 36a and 66 of FIGS. 1h and 13,
respectively, and the dispersive detector elements 130a
and 130b in FIG. la. The optical coordinates of the image

plane 47 are given by v;. Expressed in equation form,

Uglvy)= (RT, )2 j jA(vl)[( jexp( jZkZO){ j jh;(vo_vl)

xa(vo)z(vo)a(vo)[ j jh;(v3 —vz)tz(vz)hé(vz—vo)dozdwz} (10)

10

X dUod“’o}dZo JJdUldwl

where'g(vz) is the transmission function for the spatial

filter pinhole 1Ba. The appropriate equation for Usbh)
15 for the transmission mode confocal microscope

configuration is obtained from Eq. (10) by setting Z;=0,
i.e. exp(jZI(Eo) = 1.

It quite easy to display the important features of
OWDR as used in the apparatus of the present invention
20 without introducing undue complexity by examining the
properties of observed amplitudes of interference signals
obtained from scattering by a planar transverse section of
an object. With this in mind, we first consider the

response of the confocal interference microscope to a
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;& ()-19)"10% ()-'e)"10% (& ()-!)" 109 ()-VY(10%& ()-!#109%& ()- YYYYYYYYZbC
1 !!'n)L 10%0% () -$10%0& () - mLOYE& ()- 10 10 10Y<

1098 () - 7y10%& qna1Z iZt avafey oz [ ShC don |0 @l 66D i& n@ryz &H0%es, () - ! "10%
& ()- S dimensional scattering object along with a transverse
planar reflector for the reference mirror, a point
radiation scurce, and the refractive indices in regions 1,

2, 3, and 4 equal to 1.

n

Let the axial locations of the reference mirror and
the transverse sgction of the scattering object be zo,g and
Zp 5, respectively, and the amplitude of the reflected
reference beam in image plane 47 at the detector 114 in
10 FIG. 1k be Ugp. Uy can be obtained from Eg. (10) with

the appropriate changes in variables. The output current
I from the detector 114 for the given transverse planar

section of the scattering object material is of the form

][ZO,S _zo,R,(U3/]§fa sin Ot3)_" :l:
15 +(uo/lg'osina0)+(Au3/kf3sina3),w3,x (1la)
+'UR(ZO,R7U3’W3)+ US(ZQS,Ua,Wa)Z
which can be expanded as
Il:ZO,S “%,R:(Ua/kfa sin 0‘3)= ]:
+(u0/lgf0 sin a0)+(Au3/lg’3 sin L3 ) w4, X
+|UR(zoﬂ,u3,w312 -l-'US(zo,S,U3,w3lz (11b)
+2IUR(ZO,R’U3:W31'US(ZO,S:U3=w3X
X““hk&ms—zmn)+@m'"¢n)+X]'
20
Ay = 2m a3 500 , (12)

b~ (o, 2 |
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10C cddeggghw6+C 10<10%&' () -!s-#10% ;& ()- 1!ss-#10%66& () -

1 xs-#10%} (} & ()- 1!'s-#10% ;& ()- 1'fs-#10% )& ()- 1lhhhhhhiijHC 10<10% s
/5 is the focal length of detector region 3, ni; is the vj

component of spatial frequency specific to the diffraction

order used of the dispersive detector elements 130a and
130b, (bs-dz) is the phase difference between Ug and Ujp
5 at zys = zgp, and y is the phase shift introduced by a

phase shifter 44 in the reference leg of the
interferometer in subsystem 83 shown in FIGS. le and 1g.
It is seen from examination of Eg. (11b) that, within

a constant scale and phase factor, the term in Eg. (1lb)

10 proportional to the scattering amplitude US(ZOIS, V3, w3) can

be obtained with measurements of ](ZO,RI Zg, 51 V3r W3s x) at four
different values of % . A preferred set of four values of
X are % = Yor Xo+7, Y%o+(®w2), and x,+(n/2). The

corresponding four values of output current J, for i=1, 2,

15 3, and 4, respectively, are combined according to the

following schedule to yield

Al Zo,R> 20,55 (03 /K sin o3)= 1 —]
s (uo/kfo sin a0)+ (Au3/kf3 sin on3),w3 ! 2
= I(ZO,R’ZO,S’U3sw3’XO)_ ](ZO,R,ZO,S’U3:W3:X0 + 7‘) (13a)

1t

4|UR(ZO,R,U3,W3]|US(20,5’03’w3x
X COS [Zk(zo,s - ZO,R)+ (¢S “¢R)+ XO] '
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X sin[?.k(zo,g - ZQ,R)'*'(d)S _¢R)+XO]

3

The complex expression for Al is defined as

Al Zo,R,Zo,Sy(Ua/]% sina3)= _
)»“’3 B

5 (Vo /Ky sinog ) + (Ao /kf; sin o (14)
+A]l(zoﬂ,zoﬁ,03,11'3)+jA12(20,R,zo,S,u3,w3)
or with the substitution of Egs. {(13a) and (13b) as
AJ[ZG,R,ZO,S,(Uafkﬁsma3)= }:
+(vo /Ko sin ag )+ (Av /Hf3 sin o3 ), ws

+4|UR(ZO,R=U3’W311US(ZO,S’U3>W31 (15)
X exP{'j[Zk(zo,S —ZD,R)+(¢S “d’R)I} .

10

For a scattering object material of finite axial

thickness, the corresponding signal AI(zo,R,u3,w3) is
obtained by the integration of AI(zo,R,zO,S,u3,w3) over z;g -
Using Eg. (15), AI(Zo,R,\):;,W:i) can be expressed for a

15 scattering object material of finite axial thickness as
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The resulting signal AJQQR,U%H@) is measured as a function

of the wavenumber % by measuring AJQQR,umu@) as a
5 function of v,.

It is seen from examination of Eqg. (16) that, within
a constant scale factor, the observed quantity Al is a
Fourier transform of the product of the scattered
amplitude Ug and the reflected reference amplitude Upg.
10 Prior art confocal interference microscopy obtains the

equivalent information about the object material. The

information represented by A]&QRJh,W3) about the object

material at an array of axial points in the z; direction

is obtained with apparatus of the present invention from a
15 set of four independent measurements acquired sequentially

in time with no scanning of the object material required.

For prior art confocal interference microscopy, egquivalent

four independent measurements must be made for each axial

point in the array of axial points in the z; direction by
20  scanning the object material. Thus, information

represented AJQQR,UbMQ) is acquired about the object

material with the apparatus of the pgesent invention in
less time than with prior art interference confocal
microscopy. It is this feature of the instant invention
25 - which leads in part to an improvement in statistical
accuracy and a reduced sensitivity to motion of the object

material during acquisition of the measured currents.
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It was shown in the section entitled “Impulse
5 Response Function for In-Focus Image” that the measured
intensities J, can be combined to give Al as expressed by
Eg. (16) which i8 the Fourier transform of the product of
the scattered amplitude Ug and the reflected reference
amplitude U,. Thus, information about the scattering

10 object itself can be obtained by computing the inverse

Fourier transform F(Al) of Al(zo'R,u3,w3) with respect to

the wavenumber &£, 1I.e.

F(Al)= IM[ZO,R(Us/k.'fsSi“aa): . :}
(0o /Ry sin cg )+ (Avg Jk T3 sin o ), wy (17)
x [exp(jk'z) k'
15
Substituting into Eq. (17) the expression for Al given by
Eg. (16), the following equation for the product of the
scattered amplitude Ug and the reflected reference
amplitude Up is obtained.
20

O gfusle st = (L)r-tary (18)

The preferred procedure for computation of

U exp(—j¢s) from F~'(Al) which is based on Eg. (18) is the
25 multiplication of [F'I(A])]I/ll by HURI exp(jd)R)]_l where the

reflected amplitude lURl exp(jd)R) is determined by a

independent set of measurements. In the referenced
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computation, it is important to only know ¢, relative to
the all non-object material contributions to ¢g, bg5oe. A

method for the determination of hhdepr@”3—¢sﬁﬂ is

comprised of three different types of measurements. The

5 first type of measurement is made with the object material
112 replaced by a plane reflecting surface with known
reflecting properties to ylield a measurement of the
corresponding complex quantity A/. From the

corresponding complex quantity A/ obtained with the first
10 type of measurement, a measurement of hthsﬁkxﬂj@R~¢Spﬂ
is acquired where ‘USﬂl describes all non-object material

contributions to h&l. The second type of measurement is
to measure one of the I, with no object material present.

From the /; acquired with no object material present, a

15 measurenent ofIURF is acquired. The third type of

measurement is to measure one of the I/, with no reference

mirror present and the object material 112 replaced by a
plane reflecting surface with known reflecting properties.

From the J; acquired with no reference mirror present and

20 the object material 112 replaced by a plane reflecting
2
surface, a measurement of IUSﬁl is acquired. The
measurements of the three quantities, ﬂthSpkxdj@R—dmpﬂ,

2 2
‘URl , and VI&J contain the information required for the

determination of ﬂ[”depr@hz—¢gpnrl for use in the

25 computation of IUS| exp(-jd>5) from F_l(AI)-
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0w & () -G @ 1ot Tao (7 BeoToo e L ssited SHope P
determined by the described procedure will depend in part
on the level of intrinsic background present in the
apparatus of the present invention, the background

5 produced by the apparatus itself and not by the object

material. It is important to note that the described
)

method may also be used to help characterize PJ&OF and

thus the impulse response function for the object material

arm of the interferometer of the apparatus of the present
10 invention.

The axial resolution of the apparatus of the present
invention is easily estimated for the case where the axial
resolution exceeds that determined by the numerical
apertures of the apparatus of the present invention for a

15 given wavelength. The following simplifying assumptions
are made in order to estimate the axial resolution for
such a condition without the distraction of or confusing

the picture with non-essential details. Assuming that
IUR"USl and (@S—¢R) change by a negligible amount over the
20 interval k_ to %k, and further assuming the spectrum of the
source to be a triangle function in this interval,
A(k,k+,k_), the integration over k' Eg. (17) can be

evaluated in closed form with the result

FHAI)=abk H[U RHUglexp{:';?ﬁ(iojR; ZO'R)_Z]}
25 (19)

(il e

[ 4

where
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=k, +%.)/2] (21a)
5 Ak = [(k, —_)/4] (21b)

We see from Eq. (19) that IUSI is obtained with an

axial spatial resolution of

10 Az=2——:—:£%§l— . (22a)
Ae (e, —k_)
or written in terms of wavelength as
Az:g— 2h 2 , (22b)
T A ~A_
15
where
Ao=2nfk_ , A_=2nfk, . (23)
20 White~Light Fringe Pattern

]

For the example of the scattering object being a
single reflective surface, Al is typical of the white-
light fringe pattern when the axial resolution exceeds

25 that determined by the numerical apertures of the
apparatus of the present inveption for a given wavelength.

Consequently for this situation, the relative location of
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amplitude, locating the peak in the envelope of the white-

light fringe patfern or some other contrast reference

feature (cf. Refs. 2-7 in L. Deck and P. de Groot, ibid.).

10

Impulse Response Function For In-~-Focus Image:

Transverse OWDR

The fifth embodiment of the second group of

embodiments is selected as the system for showing the

15 basis of the distinctive features cited in the section

entitled “Background Compensation” although the basis

applies equally well to all of the embodiments and

variants thereof of the second group of embodiments. The

Impulse Response Function for an in-focus image for a

20 confocal interferometric microscopy system using OWDR as

for the fifth embodiment is easily obtained from the

Impulse Response Function derived in the preceding section

for the first embodiment: the pupil functions P. of the

1

first embodiment are replace by the corresponding pupil

25 functions of the fifth embodiment, the pupil functions F

of the fifth embodiment including the effects of the

dispersive elements 130a, 130b, 130c, and 130d (see FIGS.

laa,

2aa, 3aa, and 4aa).

It is seen from examination of Eg. (16) that, within

30 a constant scale factor, the observed quantity Al is a

Fourier transform of the product of the scattered

amplitude Ug and the reflected reference amplitude Upg.
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object material at an array of lateral points in the

5 transverse planar section is obtained with apparatus of
the present invention from a set of four independent
measurements acquired sequentially in time with no
scanning of the object material required. For prior art
confocal interference microscopy, equivalent four

10 independent measurements must be made for each lateral
point in the array of lateral points in the transverse
planar section by scanning the object material. Thus,
information represented by AJG%j,QUhU3J%) is acquired
about the object material with the apparatus of the

15 present invention in less time than with prior art
interference confocal microscopy. It is this feature of
the instant invention that leads in part to an improvement
in statistical accuracy and a reduced sensitivity to
motion of the object material during acquisition of the

20 measured currents.
The Amplitude of Out-of-Focus Image

The amplitude of the out-of-focus beam U, in the
25 spatial filter pinhole in image pland 17a can be expressed

in terms of the Fresnel integrals C(z) and S(z) which are

defined as
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1Y
5 [cf. Abramowitz and Stegun, Handbook of Mathematical
Functions, (Nat. Bur. of Standards, Appl. Math. Ser. 55),
Sect. 7.3, 300-302, 1964]. The expression for Uy can

written as

036)=—{£| | = ol

10 xexp[jk(x2 +y22)/(2z8)] (26)

X J. P, (Eb N, )BXP[' J _725 (Ezz + ﬁzz)}dzzdﬁz

for a point source 8 located at v; = (0,0,0) where f, is the
focal length of region 2 in FIG. b5, (xz,yz,zB) are the

out-of-focus coordinates in image plane 57, (ABLB) is the

15 amplitude of the out-of-focus beam at the exit pupil of

lens 2,
kz V2 X
§2=[—’B;] (&2 +"g‘f2J ' (27a)
T, :
kz v X
20 ﬁz{—%} (ﬂz +‘—2fzJ (27Db)
g B ..
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)?5/??§oé)onsyé%3 199 1 Tosk 195 z%ro%gic?‘y OZHovd () Theog

10gY<10%& () t)}? [.9bC0" o! I x- 10‘VI§<&~()

teg#atlon over for a Level 2

g@!@éD[»\/

5 discrimination, m=2, and no apodization of the phase

shifter elements of phase shifters 14, 24, and 34 is

Uy ("2)= ‘( )[fz J[ e Jeprk(zB )]

«expikle? + 3,2 )f2z)

Alels )2ty Jeacles )-acky Jecly )
lsles 2t Jeastes )2ty st )]
{lehs )-2ch Jrachs J-2chys Jocloy )
- Jis (ns' )~ 25('14' )+ 2§ (ﬂa’ )—25 (nz' )+ S(m' )]

10 where

1/2
' kZB _ _x_z_ . -
&p _[nfzzj l:(p 3)a+ 25 fz] ;o p=l..5,

1/2

r sz [ yZ

N, = Q%3ﬁ+—ﬁﬁ ;op=Ll..5,
’ ["fzzj B

b

15

(28)

(29a)

(29b)

and a is the width of the phase shift elements in the &,

and M, directions. The result for a Level 1

discrimination operating for example in the v, direction,

m=2, and no apodization of the phase shifter elements of

20 phase shifters 14, 24, and 34 is
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10g! sS& 10% f & ()- 1! eS& 109 «&' ?1 &ﬁ
10g 10gABBDxDDDDWX9. :  x exp (2zP) (30),
10<10%& () - S& 109%&’ () 11 7o & iocy 1T38nS& 109%&' ()- 1{3S& 10% " & ()-11) " s&
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10<10%&10%g& () - 310%g& % &, ()-f$ ) g® ()- 10
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2
An example of YUB(VZN for each of the beams B52D-1,-2, -

5 3,-4 for the Level 1 discrimination is shown in FIG. 6 as

a function of (x,dy/Af,) for y, = 0 and z, = 50X (fz/dﬂ)z.

It is evident on examination of FIG. 6 why the
apparatus of the present invention displays reduced
sensitivity to background from out-of-focus images in

10 comparison to prior art interference confocal microscopy,

prior art interference confocal microscopy being sensitive
to Up while apparatus of the present invention is
sensitive in first order to the derivatives of Up with
respect to x, and y, as a result of the antisymmetric

15 spatial properties of Ui in image plane 17a. It 1is

possible to demonstrate using the properties of Fresnel
internals [cf. Abramowitz and Stegun, ibid.) that the

integration of an optical frequency component of

(URU;-FU;Uh) at the spatial filter pinhole 18a, which is

20 to a good approximation equivalent to integration the

corresponding (URU}-FU}UB) over a corresponding detector
pinhole, behaves in the manner listed in Table 1 for both
the case of prior art confocal interferometric microscopy

and for the case of the invention disclosed herein. In
25  Table 1, s
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UpUp + URU Hx,d
Apparatus Lf( RS R B /202
(45 /7>)
Prior Art interference 1
. oC —_
confocal microscopy zg
Present Invention: 32
Level 1 discrimination, oc (QL]
No apodization B
Present Invention: 5
Level 2 discrimination, oc (QLJ
ZR

No apodization

Present Invention:
2
Level 1 discrimination, ( lj

ﬁn(nélj
a

Present Invention:

3
Level 2 discrimination, ( 1)

apodization

sm(ngzj apodization,

sh(nni\ apodozation

U’ denotes the complex conjugate of U and the integration

is over intervals centered about the position where Uy is
antisymmetric in x, for Level 1 discrimination and in both

10 x, and y, for Level 2 discrimination.
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function T,(&,, 'ﬂz)

sin( &2 )sm(nng—] ] (31)
a a

The result after the integration over §, and mn, for a

Tz(ﬁz:nz)z

10

Level 2 discrimination and m=2 is

0oe) = 5 22 | 2 oot

k)\f sz

2
y exp[jk —ILI%——EJ }

x{[CEs)-CEL)]- SEs)-SE)T)

=l

x{lcEr)-Ccli)-jlsEks)- sk}

:
X exp[jk( i ](g_”

X{[C(Tls) C(ﬂl)] [(Tls) S(Tll)]}

—exp| h L2 | B2, T
exp[Jk[ZkZB}( T +a} } (32)

x{[Ctnz)-Cni)l- S™E)- (1)1}

15
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5 é;:[?—] {(p 3)a+ [ BJ(_JT;EJJ'}):LE” (33b)
2

| kz l k
| B Yo T =15 ;
" _(ﬂfzz) L(P o (kZBJ[ Sa a)jl Pl 23
kz ver f: ky
"o B 2 2
np-(nfzzJ -(p 3)a+[1523](f2 aﬂ p=15. (33d)

10

It is possible to demonstrate using the properties of
Fresnel internals [cf. Abramowitz and Stegun, op. cit.]

that the integration of an optical frequency component of

(URU;-FU;UB) at the spatial filter pinhole 58, which is to
15 a good approximation equivalent to integration the

corresponding (URU;-FU;Uj) over a corresponding detector

pinhole, behaves in the manner listed in Table 1 for the
invention disclosed herein with a Level 2 discrimination

with the apodization given by Eq. (31) and a Level 1

20 discrimination in the £, direction with an apodization
having a £, dependence of |sin(1c§2/a1 and no apodization in
the m, direction.

A very significant feature of the properties of

apparatus which embodies the present invention is that the
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O S ORGS0 iR LI 0, fing (ogaus, @100 10 () o
103l ! 3#10fy&' (t})eokv‘&%]r@l%l’{e)r- SR LRUR (s)aa@$81wz&lakehéaow@&k@xoum
10gwb+@ beam detected in image plane 67 is effective for each
5 independent volume element of the source of out-of-focus
images. Therefore, the reduction leads to both a
reduction in the setatistical error as well as an enhanced
reduction in the systematic error produced by the
background from out-of-focus images.

10 The potential value of the differing possibilities
for reduced sensitivity of apparatus af the present
invention to background from out-of-focus images may also
be appreciated in the context of the axial sectioning
power of prior art interference confocal microscopy being

15 effectively reduced in comparison to the axial sectioning
power of prior art confocal microscopy. The error signal
in prior art interference confocal microscopy due to the
detected interference cross term between the reflected

reference amplitude and the background amplitude from out-

20 of-focus images has a weaker dependence on zp by one order
in zp in comparison to the error signal in prior art

confocal microscopy due to the detected background from

the intensity of out-of-focus images.

25 STATISTICAL ERROK

Consider the response of the apparatus of the present
invention to a planar transverse section of an arbitrary
three-dimensional scattering object 112. The output

30 current / from a pixel of the detector for the given

transverse planar section of the scattering object 112 is

of the form
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where the integration H is over the area of a detector
P

pinhole and x is the phase shift introduced by phase
5 shifter 44. The corresponding equations for the intensity
differences Al =1,-I, and Al,=1;-1, defined by Egs. (l2a)

and (12b), respectively, are

Al = 2ﬂp(URUB‘ +UR"UB)ix3dy3

(35a)

+2HP(URUS‘+UR'US)1x3dy3 ,

10
Al = j2”p (URUB' ‘UR.UB)i“ad)’a

) . (35b)

+j2”p(URUS ~Up Us}i’(sd)’a '

where J, is defined by the equation

15 Li=Ily=%:) %1 =0%2 =TXs =1/2,%4 =30/2 . (36)
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For the case where .” lUR|2dx3a:y3 >>Ij |U5l2a5'3dy3 and
p p

“‘ lUBlzdx3dy3 >>'” IUS]Zcb'3c'{V3 ; the terms on the right hand
P P

10 sides of Egs. (37a) and (37b) which depend of Ug can be

neglected which leads to the simplified equations

GZ[HP(URUs‘ +UR'US}L‘3dy :] 1 1” [U5[" dxadlys

4z
[J,[0R[" dssa 272 [[ Jugf drsdyy
- (38a}
OZUL(URUB +Up UB}fx3ajr3]
2 HPIURlzdxsd)’a
o?-[jHP(URUS*_UR*US)ﬂ dh} . 1” UB| dxydyy
e
HPIURlzd’CBC% 2 2” lURI dxydy,
15 (38b)
OZ[J-HP(URUB ~ Uy UB>ix3dy3}
2 leURlzd"ad)’a
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jj IURlzdxad}% = ij IUBlzdxad)’a to J‘J |UR|2dx3dy3 > ” IUB‘de3d3’3
p ¢ p P

5 is a factor of approximately (3/2). However, this latter

gain is made at the expense of a considerable increase in
the power of the source and in the required dynamic range

of the signal processing electronics. Therefore, the
optimum choice for IURl will typically be with
10

[[J0* dxsdys 2 2ff |Up[ axsdy; (39)

When the condition expressed by Eqg. (39) is satisfied, the
statistical errors given by Egs. (38a) and (38b) are

15 Dbounded as expressed in the following inequalities:

GZ[H‘D(URUS’ +UR'Ug )1"3@3}

—< 5 - < g , (40a)
2 HP|UR‘ dx3dy; 8

Gz[jIP(URUS. —UR*Us)f%d)’a] g
Z< > < = (40b)
? .UP|UR| d3dys ]

20

It is clearly evident on examination of Egs. {37a)
and (37b) or Egs. (38a) and (38b) that apparatus embodying
the present invention with its reduced background from

out-of-focus images has intrinsically lower statistical
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herein to achieve from a set of four intensity

measurements the components of the complex scattering
amplitude such that for each independent position in the
object, the statistical error for each of the components

15 of the inferred complex scattering amplitude is typically

1/2

within a factor of (3/2)”° of the limiting statistical

error fixed by the statistics of the complex scattering
amplitude itself, and that the referred to statistical
error can be achieved with lower operating power levels of

20 the source and lower required dynamic range capacity in
the signal processing electronics in relation to prior art
confocal interference microscopes. The term independent
position is used to mean that the associated sets of four
measured intensities are statistically independent sets.

25 It may be possible to achieve the condition expressed
by Egq. (39) for the first and secondsembodiments
illustrated in FIGS. la-1n and FIGS. 2a-2f and variant of
the first and second embodiments by reducing the
transmission of phase shifter 24 so as to attenuate

30  simultaneously the scattered probe beam and the out-of-
focus image beam at the image plane 47. In order to

obtain a given signal-to-noise ratio, this attenuation
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attenuation procedure based on the reduction of
transmission of phase shifter 24,

15 The signal-to-noise ratio may be adjusted as a
function of the wavelength of the source optical frequency
components so as to generate for example a signal-to-noise
ratio that is to first order independent of wavelength.
This feature was described in the section presenting the

20 detailed description of the first embodiment. As stated
in the cited description, the amplitude of the wavelength-
filtered, spatially-filtered scattered probe beam P42D
normalized to the corresponding optical frequency
component of the amplitude of the probe beam P22D prior to

25 entry into object material 112 will generally change with
wavelength due to enunciated factors. Also the ratio of
the amplitude of the wavelength-filtered, spatially-
filtered scattered probe beam P42D to the amplitude of the
wavelength-filtered, spatially-filtered background beam

30 B62D will generally decrease as the depth of image point
28 into the object material 112 is increased. The effects
of such factors on the signal-to-noise ratio may: be

compensated in part by placing a wavelength filter in
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10" 3=10% & () 0% " /”' ) OW”’ 0% " & [ 1! &#
100& () - 1*; Pj Kt FLIGEE %%b%ly#ﬁl Rbbg el e Wdn d2o
&le%TX&E@) yﬂﬂﬁﬂﬂﬁhfﬁeﬁjfﬁﬂthB respectlve detector pinholes for

different wavelengths so as to satisfy the condition

expressed by Eq. (39).

SYSTEMATIC ERROR DUE TO OUT-OF-FOCUS IMAGES
15

Egs. (35a) and (35b) can be used in conjunction with
measured values of Al;, Al,, and IUR|exp[j(¢R—¢S'O)] to obtain
measurements of the real and imaginary parts of Ug. The
quantity'[UkapD@Uy—¢spﬂ may be determined for example by

20  the method described in section entitled “Properties of
Fourier Transformed Scattering Amplitude”. There remains

the potential systematic error terms,

HP(URUB' +UR'UB)dr3dy3 , (41a)
25 .

ﬂp(u RUp -UR'U B)dx3dy3 . (41b)
These systematic error terms can be significant when
IUg'>»|UA Consequently, it is desirable for the

30 interference terms eypressed by Egs. (4la) and (41b) to be
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)-110% ()- 100  ppe compensation for the [L"URIM3-+UR Upg)dx;dy; and

H'GJRUB'-UR'UB)d&yﬁ@ terms in the invention disclosed
i

herein requires in general much less in the way of
5 computer processing than that required in prior art

confocal interferénce microscopy. This is because the
spatial properties of Upg depend on the scattering
properties of the three dimensional object 112 under
examination and therefore on Ug through an integral

10 equation. These integral equations, Egs. (35a) and (33Db),
are Fredholm integral equations of the second kind. The
computer processing required to perform the inversion of

the respective integral equations to obtain Ug decreases
when the [f (U0, +U 0, )desdy; and jIP(URUB'—UR’UB)dx3a§:3
P

15 terms are reduced such as in apparatus which embodies the
present invention. Generally, the rate of decrease in the

required computer processing is faster then the rate of

reduction of the IIP(URUB‘+UR‘UB)‘&3d)’3 and

HP(URUB' —UR'UB)dx3a§'3 terms.
20 For those interferometric measurements where the

mutual interference terms the JJ(USUB'+[M'UBLﬁ§@@ term
p

is not compensated in contrast to that in apparatus
embodying the present invention, the integral equations
corresponding to Egs. (35a) and (35b} are nonlinear

25 integral equations: they are integral equations that are
second order in Ug. Nonlinear integral equations require
in general considerably more sophistication in regards to

the computer hardware and software for their solution than
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Note also that the reduction of the systematic error

due to the background signal IleBFdx#@3 is complete in
P

apparatus embodying the present invention in contrast to
10 that achieved with the prior art pinhole confocal

microscope.
BROADBAND OPERATION

15 One of the significant features of the invention is
that the enhanced reduction of the effects of background
from out-of-focus images is operative when source 10 is a
broadband source as required for the simultaneous imaging
of multiple image point in the axial direction of probe

20 lens 46. For the discussion of this feature, it is
assumed for simplicity in the present disclosure that the

aberration functions EZ = 1 and that there is no

apodization of the pupil functions F, i.e. no apodization
of the phase shifters 14, 24, 234, 34w, and 44. Those

25 skilled in the art will appreciate that when apodization
is employed to modify the resolution, for example, the
resulting mathematical expression for Usﬁg) will be more

complicated, but nonetheless will generally retain the
important features with regards for example to its

30 symmetric or antisymmetric spatial properties.
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msin(v, ~v,)

xsin[(1/2)v; - vo )exp(j2kzs Joodzg

where 7, has been replaced by z;, 4 and d, are the width
and the center to center distance, respectively, of the
elements in phase shifters 14, 24, 34, and 34a and

10 sincx=(sinx)/x. The w; dependence has been suppressed since
it is not relevant in Level 1 discrimination to the
reduction of the background from out-of-focus images, the
spatial properties of US(VZ) in the v, direction being

arranged so as to obtain an enhanced reduction of the
15 wavenumber-filtered, spatially-filtered background beam

and as a consequence, a potential source of limitation on

a broadband operation.
The corresponding expression for the amplitude of the

reflected reference beam [hdvz) is

20
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()-Y1ll 10%& ()-{\:0 10!\ #10%°<P<& () - g& 10%& ()- 10g 10g
10gF=10%g& ()-It@¢100/gg& @#10 -YL,:}[9{\:0 1011} #10%W& ()-!
#10% <| <& ()- 109%<& f(v-)= i;’]j()g& dI 199@1() g! k#10% &' () - g% #$wX9. :
10<F<10%& () - 35 109%<& () U<<& Slf ), #109@2Z& ()-f!]|
), #10% | & ()-f! ), #10%<& gé [g$/0%3$& 10<F<10% " 10%&' () -y!
" 109658 O-y 0%& 0)- $y () 1 10< 10<aCa?K: 10<!\s-#10%
& ()-S10%&' ()-10%& ()-!'n’ { f{%(l@ml %R { - 109%&' () - QBLWX6K: (43)

]

/2d -
msin{(1/2¥vg —v1) sinel(a/2d; Ko ~o )

{sm[ v, - UO))]}sin[(l/z)(Uz“Uo)]exP(jZER)dUO

msm(oz

where 7, has been replaced by Zz.

Lets consider the special case where a'=d,. Egs.

5 (42) and (43) reduce for the special case to

Us(o2)=( 2 Jrs 2 [ Al o [zsnclo )
Xa("o)’("o)a("o)
xsin c[(l/ 2)(02 —Vg )J{-———S::S[Z((\;z :‘;Z ))]}
xsinf(1/2v, —vo lexp(i 2z Jdoedzg ;

(44)

Up(vs)= @(ml /[ Ay Yog [2sincln(og ~v,)]
xsincl(1/2)v, - UO)}[SLH o, v ]} (45)

msm(uz Vo)
xsin[(1/2Xv; ~ v, ]expOZsz Mo, .

10 )

respectively.

The integration over v, in Eq. (45) can be performed

with the result
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Unlys)= (3 R [ Al Yombsincl(/2)0, —o, )
y {s'm (v, —v, )]}

rnsm(uz—-ul)

x sin[(1/2)v, - v, Ylexp(j2kz ; v,

(46)

An example of IJRﬁu) is shown in FIG. 7 for a two element
phase shifting system (m=1) as a function of (x,kdy/f) for
y>=0, 2z,=0, and v, =0.

The antisymmetric spatial distribution of UR(VZ)

about v; is clearly exhibited in Eg. (46) through the

factor ﬁnKU2XU2~U1ﬂ. The spatial distribution of USGQ)

will in general display similar behavior since Eqg. (44) is
of the same mathematical structure as Eqg. (45). It is
this antisymmetric spatial distribution which is exploited
in the preferential reduction of the amplitude of the
background from out-of-focus images.

From system properties such as exhibited in Eq. (46),
it is evident that for US(vz) given by Eq. (44), a high
sensitivity is maintained for the in-focus image as long

as the phase (02—01) meets the condition that
o(v, v, )< a (47)
2m

where [G(q)]z is the variance of argument g¢.

Contributions to the signals for given values of
(b, ~v,) have a hyperbolic relationship between (x,-x)/f
and k, (v,-v,) being proportional to k{x,-x)/f .

Therefore a restriction may be placed on k so that the
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10T 10978 (), @ ():1118@10%5¢ ()1 )11 B\~ 10
@10% | & ()- 8%%’8“&'() D @10%P& ()- @100aTe (FHgen

corresponding allowed values of k& and Qé—Xiyf will

permit Eq. (47) to be satisfied and an image to be

obtained with the detector that will yield an improved

signal-to~noise ratio (with respect to strength of in-
5 focus signals relative to strength of out-of-focus

signals). From Eg. (47), we obtain the relationship

(kdy V{0, = )/ £ 17 + (ke A, —x, )/ S B (%:_ )2
< (.21:;)2

10 Choosing for the discussion presented here to operate in a
mode where each of the two terms on the left hand side of

Eg. (48) contribute equally to the left side, we have

(kddy Jol(x, - x, )/ 7] = 3/2 (49)

15 and

(d, Y(x, —xl)/f(%’i] < 23/’;"7. : (50)

An equation is obtained for (o%/k) by combining Eqg.
(50) with the equation

20
b ]

(v, - vy ) ={kd, (x5 - %)/ fl=m , r=13.,, (51)
where rn represents the subset of values of (uz—ul) which
give rise to peaks in the factor

25
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10Tz X9. : .
10T3<10%T&f()-!#10%§§Q£é¥i¥i%§-OWMW&T()-Yl!#lowﬁ:&f()-Yl!#lO@BS&T()-Mi#ﬂO%T
& ()-Y1Q Xtv'""dB: 1 WSITE(YD#H:OJ" & ()- 1VisTHIOWM ()- 1'tsT#10% () -

11t STHI0% ()- 1 109%& () -

The result is

Uk 1
5 Kk - . (53)
( k ) 8 (23/2171\)')

It is evident from Eqg. (53) that apparatus embodying

the present invention is effective for relatively

~

broadband operations in A . For example, (ok/k) < 035 for

10 m=1 and r=1 and (Gk/k) < 018 for m=2 and r=1.

There is a limitation on the range of the values of
r that may be effectively used. This limitation comes
from consideration of signal-to-noise ratio. For each
peak in the factor given by Eqg. (52) that contributes to
15 the observed signal, there is an improved signal strength.
However, as the number of peaks included is increased and

thus the maximum value of r, ry.,, is increased, the

bandwidth on * must be reduced according to Egq. (53).
There is also a restriction on the spacing between

20 source pinholes when using Level 2 discrimination in

either the second or fourth embodiments of the present

invention and the respective variations to the detailed

descriptions of the second and fourth embodiments. This

restriction can be obtained using an analysis similar to
25 the type of analysis of the section on broadband

operation. From system properties such as exhibited in
Eq. (46), it is evident that a high sensitivity for Ug{v,)

is maintained for the in-focus image as long as
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109&' () -24f 4 4k4l 4mad” 5{\: 10! ! f#10% ()-F& 10% u& ()- 10 10

10=109& ()-!| s@10%] & ()-/! s@109%6& ()-/ 5v66" 7y889wU3{\:

10! f-#10% - & () -!] mom,()-lx #10%iu&' ()-! - #10%UCC&' () - ! #10%iu& () - Ris4)
#1098 ()-F9e::::: /1 {\: 10"aLg#10%J5U5&' ()-0° 10%& () 10 u 10-u |
10- UF<10% u& ()-l-#10° ] & ()-!-#10%UE ()-; =+>: 2% GEAA

0 Lo oAl g A ] A g g b

10% & () - uxF %09% & d9pe &0 elO<Snear array source of pinholes.
5 Note that the right hand side of the constraints

expressed by Egs. (49) and (50) do not depend explicitly
on x; or y;. Thus, apparatus embodying the present

invention is affective for point like sources with no

intrinsic restriction on the range of values for x; and

10 y.

OBSERVING THROUGH A TURBID MEDIUM

Another significant feature of the invention
15 disclosed herein is that the enhanced reduction of the
effects of background from out-of-focus images can be
operative when observing through a turbulent medium. The

impulse response function h,,; for observing through a

turbulent medium is
20

where /i, is the impulse response function for the

apparatus when observing through non turbulent medium, Ay,
25 1s the impulse response function forsthe turbulent medium,

and * denotes the convolution of hA and hM. The Fourier

transform I%hA*Iul) of hy* hy is

Floape)=F)F(ng) - (56)
30
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T o#10%&" () - Ve WWe¥VeWMVXAYbY a2 Gaussian distribution

10! ~! @10%ww<&' () - Y1! y@10%m& () - Y1!\ @109%<P<& ()- YILY 10%& ()- 10-u
10-u 10- uF<10% u& ()-9YYAZ7[ X\ D] H | ] wU6+:

10<3=10%& ()-! x@10%<& ()- Y1!}  @A0%<& ()s Y1! @thOT&' ()- Y1 X@10% (& ()

- ' - AN 1 Ve~V +{(w, —w
Y1! @10% W W' () Xb%b?L%lgL]B‘“ér._ £ Ym : £ "Wy (57)
VEEO 20
5 \
where o° is the variance of k.
The Fourier transform f«hM) of hy, is given by
q-q0”
Fling)=exp| === (58)
10
where q is the angular spatial frequency vector conjugate
to v. The lowest frequency peak in h; is located at the
frequency
15 g=2nld, /) . (59)
It is apparent from Egs. (56) and (58) that a‘relatively
large value for Ay, is maintained at g = @%/k) when
20 F(hy) = (1e) (60)
or
52
LA <, (61)
2
25

Using equations (59) and (61), it follows that the values

of d, that can be used are constrained by the condition
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‘)z N
L#lO@@ﬁ&f()jg!yL#f%@@&@@&ﬁ-Q!yL#lO%&'()-g!aL#lO%}+&'()-g
10%a&' () - 7uj uuURVWW XvYvgv}rg\ =0<! 10Z10%%' ()- 10@ 10@
10@ =1094@&’ ()-!f)!1109%& ()-!'tf)!109& ()-9#10%a&' () -
9VVVVVVV{Y79\:O<!%h%@%TI%'&k-b$s%9%¥¥&%6)tbgfig@%@ he tomographic
5 imaging system embodying the present invention to maintain
a relatively high sensitivity for spatial frequencies
below the cut off frequency imposed by /.

In accordance with the present invention it is

recognized that for a reference beam amplitude of

10 arbitrary spatial properties, the interference term
between the amplitudes of the background light (i.e., the
out-of-focus return probe beam) and the reference beam may
dominate generation of undesired systematic errors and be
important in generation of undesired statistical errors.

15 The interference term between the amplitudes of the
background light and the reference beam is reduced in the
above embodiments of the invention because of the
antisymmetric spatial properties produced in the reference
beam by phase shifting. Since this interference term is

20 reduced, it does not cause generation of unacceptably
large systematic errors and statistical errors in data
produced by each pixel of multi-pixel detector.

It is also recognized that the amplitude of the

wavenumber-filtered, spatially-filtered reflected

25 reference beam and the interference term between the
wavenumber-filtered, spatially—filtefed reflected
reference beam and the wavenumber-filtered, spatially-
filtered scattered probe beam (i.e., the “desired signal”)
are related. The reference beam is detected as the square

30 of the amplitude of the wavenumber-filtered, spatially-
filtered reflected reference beam. The wavenumber-

filtered, spatially-filtered scattered probe beam is
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~ =0<!I'TL10% (& () - $Y10@&&f() LGﬂOW & ().- 100 100
10CK10%O& ()PFO881 ggg&-e)e g}[ é%gﬂgﬁgg & F- fy Lhe wavenumber-

"109% (&) - f&i@%&&d 1Jaq /81D B HOURRE ol %gég%« Bebh COQ7dgzX9~_=0
<33y10%&'()-'0L 10%1 8" 10/&-()-13 % 1090 (h(& ()-'k3 %
109 () - 14*119%1(6&13@)1%31 FoRIE tdey Rfostes( paveppmper—filtered,

spatially-filtered reflected reference beam. The detected
wavenumber-filtered, spatially-filtered reflected
reference beam and the detected wavenumber-filtered,

10 spatially~-filtered scattered probe beam therefore are
related, because the amplitude of the wavenumber-filtered,
spatially-filtered reflected reference beam is present in
each. This relationship makes the determination of
properties of the object material from such interference

15 term more statistically accurate. Consequently, accurate
characterization of the object material can be obtained
from data produced by the multi-pixel detector in response
to the interference term between the wavenumber-filtered,
spatially-filtered reflected reference beam and the

20 wavenumber-filtered, spatially-filtered scattered probe
beam. This is because the statistical accuracy acduired
for a given pixel of the multi-pixel detector is limited
by the number of photoelectrons produced in the pixel in
response to the square of the amplitude of the wavenumber-

25 filtered, spatially-filtered scattered probe beam, but not
in response to either the square of the amplitude of the
wavenumber-filtered, spatially-filtered reflected
reference beam or the square of the amplitude of the
wavenumber~filtered, spatially-filtered background beam.

30 It will be further appreciated by those skilled in
the art that alternative and/or additional optical
elements and detectors may be incorporated into one of the

disclosed embodiments of the present invention. For
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a gﬁéﬁough the image of point light source 8 produced

by the reflected reference beam at image point 48 in the
15 image plane 47 will not be altered substantially from that

described above. Nonetheless, the above described

cancellation of out-of-focus images would be achieved.

Similarly, phase shifter 34 could be omitted in FIGS. 2a-

2f and phase shifters 34 and 34a could be omitted in FIGS.
20 3a-31 and 4a-4f.

It should also be appreciated that spatial
configurations of the phase shifter elements of phase
shifters 14, 24, 34, and 34a may be different from that
described above and/or apodized as long as the spatial

25 distribution of the amplitude of the reflected reference
beam in the single pixel detector plane produces a
substantially spatially antisymmetrig distribution.
However, the image data produced by the multi-pixel
detector may need to be processed slightly differently for

30 the above described embodiments of the invention to

produce the desired tomographic image of the object
material 112,
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15 interferometer to the single or multi-pixel detector.
However, an additional optical element such as a
polarizing beam splitter will need to be added to the
apparatus described above for the purpose of mixing the
reflected reference beam and the scattered probe beam at

20 the single or multi-pixel detector.
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comprising the steps of:

5 (a) producing a probe beam and a reference beam

from a monochromatic point source;

(b) producing antisymmetric spatial properties in

the reference beam;

(c) producing an in-focus return probe beam by
10 directing the probe beam to an in-focus image point within

or on the region;

(d) producing antisymmetric spatial properties in

the in-focus return probe beam;

(e) interfering the reference beam of step (b)
15 with a beam from an out-of-focus image point;
(f) interfering the reference beam of step (b)

with the in-focus return probe beam of step (d);

(g) detecting an amplitude of the in-focus return

probe beam as an interference term between the reference

20 beam of step (b) and the in-focus return probe beam of step
(d) by means of a detector system, an amplitude of an
interference term between an amplitulde of the out-of-focus
image beam and an amplitude of the reference beam of step
(b) being substantially reduced, to reduce errors in data

25 produced by the detector system to represent the image

information.
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] {2. The method of claim 1 wherein the point source is

{
1

a point on a monochromatic line source.

3. The method of Claim 1 wherein the object is a
semiconductor wafer.

4. The method of Claim 1 wherein the object is a
biological substance.

5. A method for discriminating an in-focus image of
an information-bearing region within an optical disk from an
out-of-focus image so as to reduce errors in reading
information represented by the information-bearing region
within the optical disk, comprising the steps of:

(a) producing a probe beam and a reference beam
from a monochromatic point source;

(b) producing antisymmetric spatial properties in
the reference beam;

(c) producing an in-focus return probe beam by
directing the probe beam to an in-focus image point within
the information-bearing region;

(d) producing antisymmetric spatial properties in
the in-focus return probe beam;

(e) interfering the reference beam with a beam
from an out-of-focus image point;

(£) 1interfering the reference beam with the in-
focus return probe beam;
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(g) reducing systematic and statistical errors in
data produced by the detector to represent the information
being read by detecting

i. the reference beam as a nonlinear
5 function of an amplitude of the reference beam, and
ii. the in-focus return probe beam as an

interference term between a reference beam and the in-focus
return probe beam

by means of a detector, an amplitude of an interference term

10 between an amplitude of the out-of-focus image beam and an
amplitude of the reference beam being substantially reduced,
[to reduce errors in data produced by the detector to
represent the information being read.]

6. A method for discriminating an in-focus image of a
15 region within and/or on an object from an out-of-focus image
so as to reduce errors in image information of the object,
comprising the steps of:

(a) producing a probe beam and a reference beam
from a broadband point source;

20 (b) producing antisymmetric spatial properties in
the reference beam;

(C) passing the probe beam through a first
dispersal element to convert the probe beam to a beam
focused to a line in and/or on the object;

25 (d) producing an in-focus return probe beam;

(e) producing antisymmetric spatial properties in
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the in-focus return probe beam;
(f) spatially filtering the in-focus return probe
beam of step (e});
(g) passing the spatially filtered in-focus
5 return probe beam through a second dispersal element to
convert it to a beam focused to a line in a detector plane
of a detector system;
{(h) spatially filtering the reference beam of
step (b);

10 (i) passing the spatially filtered reference beam
through the second dispersal element to convert it to a beam
focused to the line in the detector plane;

(J) spatially filtering a beam from an out-of-
focus image point;

15 (k) passing the spatially filtered beam from the

out-of-focus image point through the second dispersal
element to convert it to a beam focused to the line in the

detector plane;

(1) interfering the focused spatially filtered
20 reference beam of step (i) with the focused spatially
filtered beam of step (k) from the out-of-focus image point;
]
(m) interfering the focused spatially filtered
reference beam of step (i) with the focused spatially

filtered in-focus return probe beam of step (g); and

25 {(n) detecting an interference term between the

focused spatially filtered reference beam of step (i) and

210



10%& ()-Q'] ) { 10%& ()-Q { 10%& ()-Q (' { 10%& ()-QRICL'{ 10%

F7 10% & ()- ( F@g 10% & ()- Fs3y 10% & ()- F90s10% & ()- {

"10% & ()-Q'] vU4 F& 10% & ()- FL$z10%#& ()- FmLO%®#& ()-10"- 10" 10"

F3F=10% & ()- FF810% & ()- CGh|[:vU4 F |10% & ()-F F@ 10%#& ()-F

FS1096#& ()- PO X698 ()- F 1096#& ()- F s1096#& ()-h>|[:vus ECHURp/1160

109 ()-ZF d&y 109D& ()-ZF & 10%& ()-Z F & 10%&' ()-Z F&yZ109X#& () -

F&LOYXH#&' ()-> kx| [:vUsd F & 109 ~ & ()-ZF fP& 10%& ()-ZF 2 08& 10%& ()-Z

&y 10UXX& ()-Z 0& 10%"r& ()-Z & 10%b & ()-Z| obU4 FL10% &

fzo% I- éoz@)#l%#éﬁﬁ%gﬁgahgée%g&tam 1;;7( EBLOWLE (i) foE0YE#&TE) proB&ybeam of
1 & ()-28& VO&L0YRE ()-!9&10%s& ()-. 0 9y10%&& () ~M

|~ 9y 109%CC8! ()-‘ML%%I %}60/33& Bepys EQ&EB’% éeée(cﬁ%-"’g‘)- Y5568 al‘i‘&'aé)?id%“ge&p(f) an

F'g 10% interference term between an amplitude of the focused
. - spatially filtered out-of-focus image beam of step (k) and
5 an amplitude of the focused spatially filtered reference
beam of step (i) being substantially reduced, to reduce
errors in data produced by the detector system to represent
the image of the object.

7. The method of Claim 6 wherein the point source 1s
10 a point on a broadband line source.
8. The method of Claim 6 wherein step (c) includes

passing the probe beam through at least one grating, wherein
the line is substantially parallel to a surface of the

object.

15 9. The method of Claim 6 wherein the line is

substantially perpendicular to a surface of the object.

10. The method of Claim 6 including performing Fourier

transforms on the data produced by the detector system.

11. The method of Claim 6 wherein the object is a

20 semiconductor wafer.

12. The method of Claim 6 wherein the object is a

biological substance.
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13. The method of Claim 6 wherein the object is an
optical disk and the region is an information-bearing region

in and/or on the optical disk.

14. A method for discriminating an in-focus image of a
5 region within and/or on an object from an out-of-focus image
so as to reduce errors in image information of the object,

comprising the steps of:

(a) producing a probe beam and a reference beam

from a broadband point source;

10 (b) producing antisymmetric spatial properties in

the reference beam;

(c) converting the probe beam to a beam focused

to a line in and/or on the object;
(d) producing an in-focus return probe beam;

15 (e) producing antisymmetric spatial properties in

the in-focus return probe beam;

(f) spatially filtering the in-focus return probe
beam of step (e);

(g) passing the spatially filtered in-focus
20 return probe beam through a dispersal element to convert it
to a beam focused to a line in a detector plane of a

detector system;

(h) spatially filtering the reference beam of
step (b);
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25

(k) ﬁassing the spatially filtered beam from the
out-of-focus image point through the dispersal element to
convert it to a beam focused to the line in the detector

system;

(1) interfering the imaged spatially filtered
reference beam of step (i) with the focused spatially

filtered beam from the out-of-focus image point of step (k);

(m) 1interfering the focused spatially filtered
reference beam of step (i) with the focused spatially

filtered in-focus return probe beam of step (g); and

(n) detecting an interference term between the
focused spétially filtered reference beam of step (i} and
the focused spatially filtered in-focus return probe beam of
step (g) by means of the detector system, an amplitude of an
interference term between an amplitude of the focused
spatially filtered out-of-focus image beam of step (k) and
an amplitude of the focused spatially filtered reference
beam of step (i) being substantially reduced, to reduce
errors in data produced by the detector system to represent

the image of the object.

15. The method of Claim 14 wherein the point source is

a point on a broadband line source.
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in and/or on the optical disk.

19. The method of Claim 14 wherein step (c) includes
passing the probe beam through at least one grating, wherein
10 the line is substantially parallel to a major surface of the
object. .

20. The method of Claim 14 wherein the line of step
(c) is substantially perpendicular to a major surface of the

object.

15 21. The method of Claim 14 including performing
Fourier transforms on the data produced by the detector
system.

b )

22. An interferometry system for discriminating an in-
focus image of a region within and/or on an object from an
20 out-of-focus image so as to reduce errors in image

information of the object, comprising:

(a) a point source producing a probe beam and a
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(b) a first phase shifter producing antisymmetric

spatial properties in the reference beaw;

(c) a first beam guiding apparatus producing an
5 in-focus return probe beam by directing the probe beam to an

in-focus image p01nt within or on the region;

(d) a second phase shifter producing
antisymmetric spatial properties in the in-focus return

probe beam;

10 (e} a second beam guiding apparatus guiding the
antisymmetric reference beam and the antisymmetric in-focus
probe beam to interfere the antisymmetric reference beam
with a beam from an out-of-focus image point and to
interfere the antisymmetric reference beam with the

15 antisymmetric in-focus return probe beam;

(f) a detector system detecting an interference
term between the antisymmetric reference beam and the

antisymmetric in-focus return probe beam,

an amplitude of an interference term between an
20 amplitude of the out-of-focus image beam and an amplitude of
the antisymmetric reference beam being substantially
reduced, to reduce errors in data produced by the detector

system to represent the image information.

23. The interferometry system of Claim 22 wherein the

25 point source is a point of a line source.
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25. The interferometry system of Claim 22 wherein the

point source is a broadband point source.

5 26. An interferometry system for discriminating an in-
focus image of a region within and/or on an object from an
out-of-focus image so as to reduce errors in image

information of the object, comprising:

(a) a point source producing a probe beam and a

10 reference beam;

(b) a first phase shifter producing antisymmetric

spatial properties in the reference beam;

(c) a first dispersal element and a first beam

guiding apparatus passing the probe beam through the first
15 dispersal element to convert the probe béam to a beam
focused to a line in and/or on the object and thereby

produce an in-focus return probe beam;

(d) a second phase shifter producing
antisymmetric spatial properties in the in-focus return

20 probe beam;
]

(e) a spatial filter spatially filtering the

antisymmetric in-focus return probe beam;

(f) a second dispersal element and a second beam
guiding apparatus passing the spatially filtered
25 antisymmetric in-focus return probe beam through the second
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(i) the spatial filter spatially filtering a beam
10 from an out-of-focus image point;

(3) the second beam guiding apparatus passing |[the
spatially filtered beam from the out-of-focus image point
through the second dispersal element to convert it to a beam

focused to the line in the detector plane; and

15 (k) the detection system detecting an
interference term between the focused spatially filtered
antisymmetric reference beam and the focused spatially

filtered in-focus antisymmetric return probe beam,

an amplitude of an interference term between an
20 amplitude of the focused spatially filtered out-of-focus
image beam and an amplitude of the focused spatially
filtered antisymmetric reference beam being substantially
reduced, to reduce errors in data produced by the detector
system to represent the image of the object.

25 27. The interferometry system of Claim 26 wherein the

point source is a point of a line source.
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5 30. An interferometry system for discriminating an |in-
focus image of a region within and/or on an object from an
out -of-focus image so as to reduce errors in image

information of the object, comprising:

(a) a point source producing a probe beam and ja

10 reference beam;

(b) a first phase shifter producing antisymmetric

spatial properties in the reference beam;

(c) a focusing apparatus converting the probe
beam to a beam focused to a line in and/or on the object [to

15 produce an in-focus return probe beam;

(d) a second phase shifter producing
antisymmetric spatial properties in the in-focus return
probe beam;

(e) a spatial filter spatially filtering the in-
20 focus antisymmetric return probe beath;

(f) a dispersal element and a beam guiding

apparatus passing the antisymmetric spatially filtered in

focus return probe beam through the dispersal element to
convert it to a beam focused to a line in a detector plane
25 of a-detector system;
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25 32. The interferometry system of Claim 30 wherein t

point source is a broadband point source.
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(d) a laser-gauge-controlled positioning syste

for adjusting the position of the stage relative to the

10 imaged radiation;

(e) an interferometry system for discriminatin
an in-focus image of a region within and/or on an object
from an out-cf-focus image so as to reduce errors in imag
information of the object connected with the laser-gauge-

15 controlled positioning system for measuring the relative

positions of the alignment regions.

34. The lithography system of Claim 33 wherein the

interferometry system includes the interferometry system
Claim 22.
20 35. The lithography system of ¢laim 33 wherein the

interferometry system includes the interferometry system
Claim 26. .
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5 integrated circuit pattern on a wafer during integrated

circuit fabrication, the system comprising:
(a) a stage for supporting the wafer;

(b) a laser-gauge-controlled positioning system
for adjusting a relative position of a region within and/or

10 on the pattern;

(c) an interferometry system for discriminating
an in-focus image of the region within and/or on the pattern
from an out-of-focus image so as to reduce errors in image

information of the pattern.

15 38. The metrology system of Claim 37 wherein the
interferometry system includes the interferometry system of
Claim 22.

39. The metrology system of Claim 37 wherein the
interferometry system includes the interferometry system of
20 Claim 26.

40. The metrology system of Claim 37 wherein the
interferometry system includes the interferometry system of
Claim 30.
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41. A metrology system for use in inspecting a pattern
in a mask used during integrated circuit fabrication, the

system comprising:
(a) a stage for supporting the mask;

{(b) a laser-gauge-controlled positioning system
for adjusting a relative position of a region within and/or

on the mask;

(c) an interferometry system for discriminating
an in-focus image of the region within and/or on the region
within and/or on the mask from an out-of-focus image so as

to reduce errors in image information of the pattern.

42. The metrology system of Claim 41 wherein the
interferometry system includes the interferometry system of
Claim 30.

43. The metrology system of Claim 41 wherein the
interferometry system includes the interferometry system of
Claim 26.

44. The metrology system of Claim 41 wherein the
interferometry system includes the interferometry system of
Claim 30. '
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