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Abstnlct 

In this first report I c1 ssess the fec1.si bili t :,- of drw loping R high re.solution smfaC'e 

sPusitin:, micros('(>pP which uses helium c1.toms cl$ ifs imaging medium. Tlrnt it is p<>ssiblf:' 

to build an inrnging atom microscope is not in question. Hmn:·n·r. ,vhen oue c1sserts that. 

\Yithout a YE'l'Y high resolution (i.e. s; 1000 A.) such a rnicroscope would likely proYide 

no superior altenrntive to optical c1ncl electron microscopes presently in use. then the 

tc1.sk is rendered considerably more difficult. 1\'ly aim has been to establish an optimum 

development plan through the identification and clarification of problems which. to date. 

have obstruct.eel the realization of such a device. The perspectiYE· presented in this report 

is the result of fo·e months research in the Max Planck Institut. fi.i.r Stromungsforschung. 

Gottingen. 

I present in Chapter I a number of simple geometries which an atom microscope 

could assume and discuss the limitations concomitant to each. It is concluclecl that. a 

configuration in which both the primary at0111 beam and atoms scattered from the target 

nndergo focussing provides the best opportunity to achiew both high count rate and high 

resolution. 

Rather than embarking upon a general review of atom detectors common to usual 

c1tom scattering studies. I concentrate in Chapter II upon the field ionization detect.or. a 

detector possessing both a high spatial resolution a11d a high detection efficiency. I then 

illustrate a scheme by which a resolution substantic1lly snrnller than the ionization area of 

such a device might concievably be achie,·ed. whereby significant gams in resolution ;:ire 

\\Tonght. without ,011,omitc1nt reductions in collection efficiency. 

Chapter III constitutes a critin1l appraisal of both the ·'atomic mirror .
. 

ancl thP 

Fresnel zone plate as possible atom focussing el��ments for eYentual incurporatinn into a 

rncli111e11ta1·y c1to111 microscope. To stc1rt. I show tl1e extreme sensiti,·ity of tlw focussinp; 
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l)1'()pelties of the at.onric rlin'ol on ll<.rth llracrr)scopic aucl tuict'r,scopic shape iutpet'fectioLrs.

I rkr tiiis thlorrgh a calculatir-ru,rf the al-relt'atious resr,rltitrg fiour sirherical atrcl 1.tal'a1r,tlic

applr.rxinratious to tire icieal eliiirtical f,lur atrtl b1-calculating tlte resoltttiotr cleglaciing

effects of mosaic strrrctule pleseut on the mirlot'sulface. A ureth<rcl of crtstal 1;errtiing.

basecl upor] the electlostatic folce bett-een tt'o metal plates. is presentecl as an alternatite

to the usua,l rlechanical methocls n.ith the pr'omise of impror-ed accuracl'. Finalll'. it is

concluclecl that ri'hile the atomic rnirror can plal' a siguificant role a.s a ueans to intensifl'

the prirnar'1' beam in an atour micloscope. it probabh' cannot be forurecl to sufficietrt

accura.cv to irnage a surfa.ce ri.ith high resolution. The discttssion theu turns to the Flesnel

zone plate. -A.fter a sht'rlt ler-iet' of theorl-. it is conclucled that u'ith a cotlmelcially

alailal;le zone plate. r'esolutions of ( 1000 -{ coulcl conceitabll' be a,chier-ecl b1' usiug a

highel orcler cliffr'actiou image in coujunction rr-ith a "poiut like" field iouization cletect.or'.

if the illumiuated talget area cal] be made sufficieutl,r' small.

h'respectir.e of count rate or resolution letel a.chieted. an image of a surfa.ce ltith

no c<lntra.st provicles ncr informat,ion. In Chal>ter I\i the concepts of irnage c<lntlast ale

cle'r'elc-rped through sorne sirlple examirles. It is sltou'tt that "spatial filteriug" of cliffractecl

atorus. jref<rle plocessing b1' the imaging leus. ma1'not be availabie as a l]lealrs t<r irnl>rote

c<.rntrasi clrre to finite sL)Llr'ce size ancl mosaic spleacl of iire talget surface. A realistic

estinrate of the expected couut late from a ruicroscope basecl alouncl a Fr-estrel leus is u:acle

ancl a tecirrricpre lrr- l'hich significantlf inrproled count rate. for the specific ca.se of isolaterl

clefects olt an othelt'ise per-fect cr3'stai surface. is presentecl. It i** coucluclecl that f<'rr geuelal

imaging of talget sulfaces. sul-'stantiai focus-*ing of the incident l;eam t-ill lre ler$rile<l to

bling count, r'at,e t,o au a,cceptaltie 1er-ei.

Finall1.. Chapter' \,- pror.icles alr assessrnent of the pr'ogresis to clate antl plc;poses the

next <ietelopment stage t,ol-ar'<ls the realization of a helium atour uricloscope.



I. Fundaruentals of l\zlicroscope Design

I tr.is[ t,o stalt ri'itit a l'er]'gel]el'al cliscussiou r.rf pi,ssible ttrict'osct-rile ge<ruietties enr-

plol-i1g a,toi1 focussing elements. Broa.dli' spealiing. the design n'oulcl fall into eithel of

tle follgs-ipg trr-o cat.egor.ies (i) One in u'hich an incicleut atour beam is focussecl ottt.o a

s'rall spot on tlie target. the size of the spot detenuining tire resolution of the ttricrrlscupe.

The tar.get, strrface is scannecl br either sn,eeping the incident beam acro-qs the samPle or'

51- rno1-ing the target itself. (ii) One in n'hich the target i,. illurninatecl bl' a.ltroacl incicleut

l>ear1. Scatter.ecl particles lear.ing a small legiou of the target surface. the size of u'hich

is ciet,erpripecl l:1' the imaging leus. being focus-"ecl outo a detector. -{.n ir:lage otel' all ex-

tenclerl area of slrfa,ce is achier-ed b1' scauuing the cletector a.cross the lens iurage plane Or

agail I:1, rpor-ing the ta.rget in small steps. The ts'o scherues ale illrrstratecl schetuaticalll'

l-relot' aucl theil lelative merits assessed in tuln.

rVPE'N
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Tire ultimate le,r-olution of the t1'pe

size .'-. Iu tire limit ,rf an icleal lteam

)

?'?

Figrrle I.1

-{ micloscope is ultiuratel3- limitecl b1- the sorrt'ce

focussittg element. a spot size d : .s/l' can lte

:
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a.chier-ecl sii11r[- tll'otrgh clenragnification of the source lr1'a factor Ar. Fc,r'a.totuic focttssirtg

applicatigg** irorvever'. tiris alellue apl-,ea,rs most difficult. dte to tire iuttirrsicalll'lc,rrg f<rcitl

le1gt5 /r-rf at6ns qrir-r'ors ol'zone plates irresentll-being cotisiclelecl as Possil;le cattclitlates

for nicloscr-,pe focr-rssing elements. \'er'1- r'otighll'. the lecluirecl clistauce l-,eitt'eerr s()lt1'ce

arrrl target scales n,ith the maguification -1.[ u'hen -1.[ is large. Furthertuole. or1 the ilasis

gf rpeasur.enepts b1-Doak It] it ls not clear n'hether the sor.rrce size uright not getreralll' be

rnan), tines lalger than the aperture dimension d for nozzle s<-,urces of the t3'1>e generall1'

erpl:lo1,ecl i1 fieliurp scatt,ering experirnents. Doak points out that altirorrgh. in theorl'. tlie

source size .* at the " sudden freeze " surface scales q'ith the nozzle diameter d bi' the

relation .* : rJ -r 611'5 (Exclrrding. of coulse. the effect of collirnatirtg apertules fulther'

clon,rl stream. rrhose geometrl- u'ill also influence the sour-ce size). the mea,surecl source

size f,rr tfie 10 p nrszz\e r:secl in his experiiuents n'a.s 500 1r ! Athc;ugh una]>le to give a

sa.li-sfa.ctorl- explauation to this anomolous result. he points out that to clate heliurn lleam

s()rlrces hate l>een optimisecl to rninimize the r.elocit1' spread iu the direction 1>arallel to

the bearl clilectiou, esseutiallf ignoring tire sprea.d in the perpenclicrrlar <Iirection. He

slggests that the source size .* could be reduced through tailoring the fl<-,u' characteristics

of tlre tozzle. r'ather tha,n lt1. reducing the nozzle diatuetel d or source pressure. both

of u'hich u,oulcl hale detrin:ental effects on couut rate. It n'ili be shos'n la.ter (Sectiou

i\:) titat a small sout'ce size and beam conl'ergence angle can also lte itnpot'tant f<tr goocl

ilrage contlast. clepencling upon the augular distriltutic,n of scatterecl atottts frorn tire talget

snlface.

I1 tire ti'1"re B \Iicloscope the talget sulface is c1tta,-*i-ttnifornrll- illruninateti oter att

alea A nrrch largel than the -*arlplecl ar-ea C from l'hich sca,tterecl particles are c<.rllectecl.

The inaging lens focusses palticles fi-om d oirto a i:oint at the cletector platle. Tbe fiiral

r.esolution is cleterminecl ir.r' both the lesolutiou of the foctts-*iuEi elerneut ancl that of the

cletector-. i1 contlast to the t1-pe --{. micr-oscope. t'here t}re <letectc;r lesolutiou illal's it<l

r.91e. The ultimate lesolution is inclepencleut of the soulce size iu this case. The gt'eatest



ch'arr-bacli c,f tlris nrethocl is its intriusic inefficiencr- (assrrrning (rlle canrl()t prrt atr exterrclecl

a:.ea 1;ositiou sensit,ite clet,ectol iu the lens fcrcal piane aucl siurultaueuusll'collect sigual

fi'our an extenclecl alea of sulface rrhilst stiil ruaintaining goocl s1-ratial lesolutictn). Naruell-.

that tire alea b fi'.lrl- n'hich scatter-eci palticles ale collected is in getiet'al unrch stnallet'

than the total illuminated alea A. Thus assuming ttniform illumina.tion of the surfa.ce.

contli'butious fronr onl1' { x 100 % of the sulfa,ce ale being collectecl at atrl'tiure - tire

reura,iniug 1t - { ) x IAA 7(' onlr' "erving to irrcrea.se the backgrouncl gas Plesslrre a,ucl

col]seqrlentll' background count rates- perhaps eten t,o a$ extent n'het'e the true signal is

su'anrpecl b1' l:ackgrouncl sigual. For example. u'ith a resolutir-rn of spatia.l r'esolution of 0.1;r

arrcl a iuciclent beam -spot size of L urrl. scattered particles eminating fronr onll' 70-6 7('

of the illuurinatecl sulface al'ea are being obserlecl at anl' gir-en titne. Tlre bea.nt intensitl,

inciclent upol] ,f for a gilen lrozzle llres-slrle can l-re man]' ordels of n:agnitucle lotter than iu

the t1-pe .A rnicroscope. s'here the incident flux is concentrated through the agerlcJ- of tire

pliruarl'beam focussing elernent. On the other hand. the small range of angles inciclent

upon d is couducive t,o iurage contrast enhancement techniclues a.s sha.ll be shon'n itr Sectir:n

I\.'

I Qt'l'lr,c'r oP-

The cpestion tireu

lreau: is focrissed oltto a

Figule I.2

not design a micL<,rsccrpe rt'hele the iucicleut

of alea ( solell as a nlealls to iurplor-e l-,eaur
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alises if one corrlcl

sr:rall sulface sirot



itrtetrsitr-. l-rut the t'esr-,lution ct-rnstrairrt imPosecl l-rr-rh. finite sollr'ce size.i is lc.,nrovecl'?-rl

irnaging the ttrr.tch stnaller al-ea a alea thlotlgh a recond fc,r'ussiug eleurent. t'iriclr itself

tiren rletet'uritres tite rest-'lutiou of the microsc()lle. flris h1'blicl of t1'Pes --l ancl B rr-ill be

teltuecl a t1-1;e C'tuicloscol-re iu futule cliscussicri:.s ancl is iliustrated abole.

In surnurar]'. tlte t1'pe.-l microscope is the most efficient clesign fi'onr the 1;oiut of

'r'iel' of high cr-tuntrate aud lor,l' l:a,cliglound signal ler.els if one cau cleteiop an auall'ser t.cr

cietect atoru-s c)l'er a lalge -scattering solicl angle ancl u'ith a lea-*onable cleteciion efficiencl-.

It's rrltiura.te lesolution. hon'er-er. is restricted bS'the source size.s although the spatial

t'esolrttiou of the cletector' plal's uo role here. The ultimate lesolutiorr r-rf t1'pes B and C'

depentls oul1' rtpon the qualit,r- of tire iuraging lens ancl that of the cletector enrplol-ecl.

Tl-p" B sttffers iu count rate clue to a relatir-el1' lorv inciclent beam intensitl'. \Iicloscope

C' 1;t'oritles a 1>at'tial solr.rtion tcl this problem. but perhaps at the expeuse of clecr.ea.sing

image corttla.st through focnssing of the incicleut beanr. l\;hich palticular configulatiol

t'ortlcl ilrcr\-e ruost effectile in an1' gir-en application u'ill be cletern:.inecl b.r- the cprality ef

the alailaltle atorn sorlrces. lenses and detectors.

II. Atom Detectors

\Iiclc-rscoltes B aud C reqrtile a detectol of good spatial resolution. For this pru'l)ose

the fielcl ior:,ization cletector (FID) presents itseif a,s an icieai carrdidate. It's char.acteristics

iuclucle a spatial lesolution .Ra of less than 1000 Angstrours cletelruinecl bl- the tip r-aclirrs r.

attcl a cletectiou efficieucl'of close to 1.0. A detailed cle-scliption of it's opelating principles

cau lte fc-runcl in lefelence [2]. I trote in passing that it nra.r- be possible. thlough optinrizatir,rn

of tlie tip I'oitage. size. cotlposition etc. to achiete a spatial lesolutiou surallel tiran tlre

tip iouizatiotr area for such a detector. thus achieting palallel cletectiou to sorne liurited

cleglee ancl hence irnploled coliectir,rn efficiencr'. I irale not tet hacl time t<:r inrestigate this

possiltiliii-in cletail but the iclea is as follc.m's (see ciiaglaiu belor').



If the lruitiple crrlli,.ir-,us ag ipcopring irelium atour tualies u'ith the sulface l-refrr:.'e

ic.rnization are iocalizecl to a snrall neighl-rourhood 6;n,n of its irr.itial irnpact cout'clitta'te.

then the ar.r'ir-al coulclinate of the resrtltaut iou on a clistaut positicru setrsitive det,ect'o| crrtl

';e usecl t6 rle{1ce t|e igitial inpact coorditla,t,e c,f the atorn to an a.cctllac\: <,,f aPP|c,xiruateir'

ii,,,r, i.e. srlallel thaq. the a.ctite iolizatiol area of the tip itself.

Not,e that all tla.jectories of incoming atoms (each of rthich is specifiecl b5' an impa.ct

palametet' D; ) ale essentialll' parailel t,o one another befcrre thel' corue uncler the influence

t;f t,he higli fielcl streugth uear tire tip. It follot's tltat anl' small clelia't,ions in trajectolv

thel' larer expelience. as the3' pr;oceed closer to the tip srirface. shottlcl not affect the

a]rgte argument,s. as atoms of eaclt impa.ct pa,rarneter b; are mapped iuto a. uui<1te angula.r

coorcliuate {9; iu the limit 0;,,,r, -r 0. the potential at the tip hating a.1>proxiruatel,r- spherical

s1'rutuet,rl-.

-. - F I E;/:To- : {-o-i.s' ru* - - :pg64T_oL-

Figule IL1



III. Atonr Beam Focussing

III.1 Intloduction

Tn'o possible ureaus of atonl focussiug rrill be consiclelecl in tiris section. uamelr,.

thlough their reflectiotr froru the sur-fa,ce of an atomic milror or bl their cliffr'actiou thlorrgir

the agencl'of a transmission Fresuel zone plate. The relatir-e rnelits of these tt'o apirroaches

n'ill be assessed in trirn. I hate not, l'et inlestigated the possibilitl' of at<-mr focussiug l:r.

the agencl' of st,rong electromaguetic fielcls ancl must therefcrre lear-e a. relerant cliscussion

to a la,ter clate. First I consider the 1:ossibilitl' of using an atornic rnirror to focus atom*s.

] shos' that tire form of the focussing mirlor rnust app::oxin:ate it's icleal elliptical fcn'rn tcr

au extreme clegree of a.ccurac]'! on both microscopic aud ma.croscopic sca.les. if a lesolu-

tion ( 1000 .i is to l:e achievecl. This is done b1' calculating the aberlatiou.s intlodrrcecl

tht'ottgh approxirna.ting the ideal elliptical miuor l:1'spherical and parabolic fcrmrs and lrt

calculatiug the adrerse effect of sulface mosaic spreacl on it's focussing abiiitl'.

IiL2 \Iirror Abeuations

Onll' the ellipst-ricial focussing mirlor achier-es true poiut to point focussiug bets'een

object antl image poiuts lring on the optical axis. Off axis focussing. er-eu fo:.' a 1-relfect

ellip-"e. i-s not fi'ee from abelrations. Hos'eter. scar:iring surface stluctrrle br- moting the

talget lather than the detectol in au atour ruicr-oscope incorpolating a "itoint lilie'' field

ionization cletector- ar-oicls the inti'ocluction off-axis alrerrat,ions completell'. Thi-. option

1;eing ar-ailable. it is sufficient to ask hol'goocl an applr-rximation to the eliiptical shal;e

is a circle ol palabola fi'our the lielr' point of qrn axis al:erlations. Note that the iciealll'

t'ecprilecl elliptical shape tnal' uot be accesible in n111 gir-eu 1r,pe of n:.illc-rl falrricatiou

tecluriclue i.e. bending of a clr-stal under the action of an applied f<rlce. Fol exainl>le.

calculatic-rns of the cleflection uudelgo:.re br- a cilcular plate r-inder the actiou of a unif<rnu

glavitatioual field [9]. fc,r'the cases of both fi'ee and clampecl eclges. -*hou'the plate assruues

10



folms r-rthel than the ellil.,tical forrtrs cc,nsidered abole. Fultherurole. it is rtot ah-al-". lttacle

clear i1 elgipeelirgqhanclbc,rolis etc. t'hether- or n()t tire tiefortnatiouf<,r'urrtlae llreseutecl at'e

exa.ct, or the result, of ap1;r'or:iruations. Such a clue-stion is of little ctlrlsecltleDce f,,rr. g,:ue|a1

clesigl consiclerations but critical to tho-se for-tire procluction of au atomic mirroL. dtte tt,r

the stliugent shape lequirements irnposecl.

Let us [egig lrith sorne ftrudanreutals. .A. circle is the liuritirrg case crf an ellipse

u,[e1 t[e tn'o focii are infiuitel3' close together. The parabola.. on tire other hancl. is t]re

Iilritipg ea.se n hen c,ne focus is at iufinit,r'. The relatite focussiug perforrttance of tire itleal

elliptical urirror q'ith it's corresponding circular ancl parabolic a1:proxirnations $'ill rroN l>e

compa.red. Consider the diagra.ut l:elou'.

P,4A4elJ
eLL lPSe 

,

erF.c/-€,

r

' 1r."
ztkt-E'. t tv,tlaAowa)

Figure III.1

The tayget (ol;ject) is at a. distauce Dor-.-ancl the inrage (cietector) at' a clistance D12

lrogr tlre s1r'face of a focussing mirror. The fcrllou'ing paramet'els: D61 : .3 ur ancl D12 -

.0 in har-e l>een choseu as realistic leugth scales on tl'o glonucls. The first. dtte to the

_===__)
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exltecte(l \\'ot'selrillg clefect stlr-rctule of a cr'1'stal urilt'c,t'as the urirlor laclir.rs of culrartlu'e is

leclucerl, The seconcl. to allort sr:fficierrt clistance l:etweeu tire trlo focii in orclet'ttl t'eclr.tce

t[e size sf "shaclon-" cast on the rnili'or srilface l>1'an o1-lject placecl at the fit'st ft,rctrs as seert

at the secon(l. The magnification -l/ : # = x2 in this case. The reacler is lefelt'ecl tt,,

.{.ppeuclix 1 for tire deritation of the lelerant aber-::atiotr fortur:lae. the talues of n'hich. for'

the preseut iralameters. are displal'ecl in the table belot-. Included for iuter-est is a co:.npar'-

ison u.ith the diffractiou linr.ited resolution 06n11,isl, c()rt'espoucling to mirrors crf clifferent

sizes. T[e Ral-leiglr critelion [5] states that the nriuiurum spatial resolutiou Cp,,u;.;r;, itt

the target u'hich c.an be resoh-ecl t'ith a n'a'r-elengt,ir .tr due t.o cliffraction liuritation is gir-eu

bi' the forurttla:

0.61 ) 0.01 ,\ DOr
CrRoute ialr : ---:- : (rn tltts exarnpleI 

-

suro Y

(//Lr3 )

a Ireipg the semi-augle subtencled b'r' the ol:ject at tlre focttssing elemeut a,s shou'tt in Figtrre

III.1. 
^ 

ri'a.s choseu to be 1.0 -i for the sake of illustration.

The s1'rnbol clefiuitioll.s are as follot's. y replesents the lateral clistauce across t,he

ruirt.or sru'face. rr'. the height of tire ellipse at anJ' ar.titrar'1'poirrt g. ;t'ce fttld :l'rre lespectiteh'

the differeuce in height I;etu.ee:.r the cilcle ancl the palabola fi'our the icleal elliptical folnr.

Cy. ancl dy' ale the resirectile elrols (altberations)in allir-al positiotr of reflect'ecl a,tours at

tire fcrcal plane !p ,,f the ellipse. CRnyrrier, is the cliffr'actiou lirnitecl le-*olution fol a miu'<-n'

of laclirrs y. The r-alues dy. ancl Cyn as recolcled in the table ltelon'har-e Jteeu con'ectecl

(clilision lt1'3) to allot'fc;r'tlte oppoltuniti'of positioning a. cletector at the " 1>laue <.lf

least confusiou " !rc' [7].'n-helell- the adrer-.e effects of abellation cart lte:.'eclucecl to
.*-

some eriteut. In the ciiagram l;elot'this collectiou ploceclure is illustlatecl in a little lr()r'e

cletail for a circular urirrol of laclius .2 rl (not .4 as iu the pleseirt example; aud fol a

rnagnificatiotr again of 2.0.
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Note from tlre al-ror-e results hon' the smaii. smoothlf iucreasing height <liffeleuce-"

l;ets'eeu tlie irleal ellipsoidal an,:l the circular ancl palal:olic rnin.rls u'hich al;prcxitrtate it

(.r'", and V'r lestlectileli'). p::oject into large aberlatious at tLe cletect<-rr'plane !g6. clrte tcr

the tuacrosctrpicallr'large distance D12 sepalatiug irrir-t'r't'aucl focal 1;latre e.g. the t'estrlts

shou'that a height difference of onli- i0,9 -{ betrteen the palalroiic and tire ellipsoiclal

milr'ol at. a clistance of 5 nrrn across tire mirlol surface translates into an aberlatiou iu the

allir.al position of a. reflected atoru of 0.17 1r at the plane of the cietector !rc. I This sinrple

illustra.tions shc,u's hos, extreme is the recFrired degree of pelfection in t.he ma.croscol>ic

millol fcrlm if high resolr.rtion is cienandecl.

Tlie ph1-sical size of a focrrssing mirror is thus cho-*en b1' balancing the conflicting

recpilemetrts of high collectiou cai>al:ilit3' and cliffra,ction limitecl resolution rrith the in-

crea.sing clifficultl' of prorlucing an a.ccurat,e fonn oter lar-ge ma,croscopic area.s. Har-ing

rleciclecl rtpor rnirror dimensious. a,n appropriate prociuction techni<1ue must be chosen.

Ts'o possible nrethocls 'n'ill be cousidelecl in this report. The first. to take a c1'stal u'hose

sulface exhibits a higir degree of perfectiorl o!1 the micloscopic scale and a.ttempt to bencl it

iuto tlre eorrect rllacroscopic fcrrru. The sect>nd. tn trtiiize a coullrlercialll' arailal:le gronud

gla.ss substrate. n'hose rfiacroscopic ellil:soidal folur is iriglill- accula,te n'helr obselted t'ith

a lateral resolution ) 1p and through the clepo,.itiol of *"ut{ace !a1'ers. hope to sgroeth olt

atoruic scale irregulalities. The cliralitr- of milr-or achietecl lrl either methocl will clepencl

cliticall.r- upon the extent to u'hich the -*ulfa.ce is free from ntosaic spread a.s t'ill not' be

clemonstrat.ecl.
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IIi.3 Defects crn the \Iici'ctscol;ic Scale

A mgsaic cr-1-stal is or:e in n'irich the ideal lattice legulalitf i-q restrictecl trt r-er1'sruall

Legiols 9f the ,.ur.face. the b<,runclaries o{ u'hich are fixeci b1' clistoltiou-* aucl tlislllercetrrettts.

Fr.orn the per.spectir-e of a rlrirrc,r srrrface. a plol;lem arises l-recause each of the snrall facets

has a slightll- cliffer.elt angle of orieltation with respect to its ueighl;ttur. each differing

i11 grie11tatiol l-r1' alr. alnount dd frour the perfect elliptical sulface to n'hich thel' shoulcl

c61firgr. If the facets are nlanJ' a1g-stroms a.cros,s. each cart be cousiclelecl as a smali

mir.ror t9 a,n incoming helium atom. Con-.ider the simple one diurensional mrrdel clras'n

l>elol'5'|rer.e. fcrr the sake of algument. the facet-s har-e l.:eerr gir-en ar alerage spreacl in

orielta.t,iol of 2 x l0-6 raclia,gs (10-r o). Inter-faeet intelference effects u'ill be iguorecl in

this silr1>le groclel. but their- inclusion shoulcl not affect the picture greatlf if eacli fa'cet is

rrlalr)- thousancl a.ngstlonrs iu esteut.
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In srrch a ('ase. an1'rleliatic,u iu far-'it orierrtatiotr fd frotu that idealit ler,lrtit'erl tlarts-

Iertes clilectll- into a lesolutic,n clegracling urcet'taitrtl'A,,,o,^ at tire iurage 1;lane a r-iistarrce fr

a\\'al'. n'hele 1,,,o.* * Rhe . For exanrl.rle. for .R = .5 ur. a realistic focal length firr an a,trlut

fqy611-ssing element. ancl rf g : 2x 10-0 raclians (10-a o 
). then A,,,o." : 7lt. \lore ch'atnaticalir'

fol the case of ruica. u.here 66 i-q c[rotecl at 10-r o 
[1]. l,,,or: 1 tttnt !l! Other tleastttettteuts

fr,;nr gold glol\'n epitaxialll'on mica [3] shon'the mosaic spreaci of the resttltaut cr'1'stallites

to l;e <rf consicleral:11- larger I'alue than the tnica sr.rbstrate itself !

There is eren a rnole clisturbing ramificatic,u of the mosaic effect n'hich can be seen

fi'orn the altote diagram. namell'. that tinl- cha,nges in orientation Cid across the crl'stal

surfa.ce rual- u'ell be undetectal:le b1' standarci sulface anall-sis tecluriqrres. Consicler the

facet of leugth 5000 -i bounclecl b1- the points -A. ancl B. Due to the 2 x 10-6 raclian cle'r-iatiou

iunornralclirection.tirepointBisaheightly=5000x10-6:5x10-3-{toohighfr'om

the ideal eiliptical surface to r.hich it shoulcl confolm. Er-en an ST\i 'troulcl uot l-re able to

cletect snch a height clifference ! - aucl reureurbering. it n'a.s shot'u al-ror-e that. an ar-ela.ge

splea,cl <5d of 2 x 10-6 corlespcrntls to an ultirnate resolution of 11r. utuch n'orse than l.e

r.oulcl ultimatel.r' irope to achier-e iu a micloscope. For a possil:le resolutiou of 500 -i

the arerage beight rariation tolerabie across similarll' diurensionecl facets u'oulcl be oull-

2.5 x 10-{ -{.

\\:hether- mo-.aic *.preacl. a,s I har-e intelpreted it. is present to sollle cleglee in all

cr'1.stal sulfaces or not. I clo not l;nol.. Doak [1] attributed his lack of sttccess at obtaining

a focris of bettel than a factor of foul to the 0.1o mosaic -strttcture of his mica sample. finall1'

luling orrt mica a.s a candiclate fcrl a liigh resolution atom focussing milror. Furtherm<1.e.

I har-e uot 1'et i'e-.eai'ched the effect of benciiug on mosaic -.urface structttle. l'irich incleecl

might '\\'()r.'sien tlie situation ! Thelefore. of f-,rn,larrXrtul iiniroltauce to the rletelrlltnent

of a high precision atomic rnin'ol is to first

cletelminecl on theot'etical ol teclrtrological

e-*tablish the coustlairrts n'irich exist. ire thel'

gr'ouucl-*. r.hich in aul- t.ai- liruit the cleglee t<,r
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rr'hich a srirface carr'be fi'ee of urc,saic sirreacl. Such atr inr-estigatic,n lrlobabll-ltlesents tlie

fastest routr: to cletelo1,,ing a high clualitl'mir:.'c,r'snrface. a,-* ct']'stal l:enclirtg techrticltes catr

fot'eler be refiuecl. Such an inr-e-"tigat,ion rual-incleecl shorl that a srtrface trf the leclttirr:cl

pelfectiotr is r-uiecl olrt on purell' theot'etical grottucls.

Clousicler norl'a fen'other srrlface imlierfectious u,hiclr might. through theit'Pleseuce.

clegracle the perfomlalrce of au atomic mirror. St.ep edges. contantiuaut atoms ancl other'

Iocalized inrper{ections. if in lov' coucentration. u'ill not affect rnirt'or pelfolruance t<> ant

siguificant clegree. serr-ing onll' to relno\:e atorn curreut fronr the diffracted l:eams thlough

cliffrrse scatt,eling. The presence of islancls on t.ire crl'stal sttrface also carr be neglected if

their concentration is lon, a.ncl the iucicleut sar-eleugth matchecl so that an integer uttmber

of t.aveleugths is ecpral to the height of a mono-atomic step. If the 'tvatelength is not

ma.tchecl to the step height. ilren each island acts a.s a.n incoirerent eruitter I'r'ith respect

rg all ol[e1s aucl the effective cliffraction liurit,ed resolution !.d cleterminecl b1' the ar-el'age

island size.
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III.I Clr-stal Beuclirig Teclruicpres

To fornr an ellii;tical ruin'or fi'our a cri-stal. r.rt:e tteeds t,t.r cletelup a highll a('crtl'Ate

beircliug ruethod. I\lechanical methocls for crr--stal bending hate l;een t'ell cletel,;ped fcl I-

la1' and neutrun beam focussiug applications. hou-elet in these case,s. tite recluilecl beudilg

accul'acJ'is <l'ders of rr.ragnitucle less than is lequirecl to plocluce a higir lesolution ruiclo-

sc(.)pe lens. As a possible alternatir-e to the use of mechanical force rvith the possil.rilitl' r;f

iurpr',rted accru'acJ'. I shall consicler here a rnetirocl based uporl the electrosta.tic attr-action

bett'een ts.o metal plates. ea,ch c,f different potential.

The iclea is to use a corllnercialll- prociuced elliptical glass rnirror. n'ho-"e shape ac-

crllac], is extrenre'nhen observed nith a spatial resoirrtion of > 100 -i. ur u. substrate into

rthich a thin cr'1-stal -sheet can be accuratell' pressed using electlostatic force. Thi-" r,orrlcl

be achieved in ttre follot'ing fashion. Firstli'. one rtoulcl coat the mirlor surface u,ith a. fe'rt

la1'ers of metal to form a conclucting surfa,ce la1'er. The selected crsta.l sheet. if insulatiug

( e.g. mica ). n'oulcl har-e its front face also coatecl 'n.itir a, fe'ir rlretal la.r'ers in orcler to fcrurr a

secoucl conclucting srrlface. Ar: applied potential ciifference bett'een the tn'o surfaces then

1;r'olicles the uecessalt folce. Such a. technicgre ha,s a number of a.cllauta,ges oler the nre-

chauical irencling tecluricpes. n'here the a1;plied for-ce is conceutlated alouucl the ireripher'1-

of tire cr1'stal pla.te. Filstll'. the electlo*static force is completel-r- r.rniforrr aucl its clilectiou

ahlal-s at a nr)unal to the elliptical ".urface as is iclealh' r'ecprirecl. Seconrlll'. the erlges of the

cr'1'stal ale fi'ee. in contrast to the case l'ith mechauicai bencling cletice-*. allor.ing a bettel

oppolturritl- to relier-e lrendiug inducecl iuteluai stres-s. Fiualll'. the cr.r'stal is suppoltecl at

all points oter it's sur-face. greath- :.'educing sensitir-it1' to r-ibration.

C'ousicler the case of a 1 cm2 circuiar-

mica has a remalkabll' liigh liO -Iit'/nul

piece of inica. thickness 0.1 mrn (aduritteclh'.

bleakcl,rn'n poteutial ancl is. to this exteut. a

1E



1atfiel excel-,ti<.rna] case). Tlre f<.rtce .F 1;ett'eett tu'o 1;1ates,tf crr,rss-sectirrnal at'ea -{. sepa-

lateci 1-l1'a urediutn.f clieiectlic colstant r' a clistatlce 11 aPat't anci pt''tsessing a clifl'erer:'ce

iu p<-,teutial of J'r'trlts i-* gir-ett b1- the folictu'in3:

I'2F= 5(Z) -{xe6

:.5 (1.5 x 108)2 (1x 10-{)x 5.4 x 8.85 x 10-12

: 53 Nt : 5.4 iig masimum (/IL14)

Other insulating malerials clo not hare anl-n'ltere uear so higlr a 'l:reakclot'u 
1>otential.

hgt,er-er tlris example illustlates tha.t reasonable pressrtres can concievallll' be achievecl

rvith t|is rnetirocl. In tire ca,se li.lrere a serui-couclucting or conclucting cr1'stal surface is

to [e eurplol-ecl. a thin sheet of rnica coulcl be iusertec] a,s an iusr.rlating lal-er i;etn'eett

tlie c3'stal ancl the ruilror snbstrat,e (in the case of a semicoucluct,r-rt'. coating its iracksicle

nith a fine uretal lai-er). agaiu utilizing the extreme capacitir-e fcrrce alailable s-ith urica

alcl the fact that it cieases along cr1'stal planes to forur a sheet of lenrarkalth' c<-lrstant

thickuess. Pelhaps a fer. mono-la1-els r-rf oil introduced betrreen. the la1'ers uright also a,ssist

the techniciue. Although l beiier-e tha.t these urethods shouicl s'ork rvell. I cloul:t u'hether

sub-nriclon lesolutions coulcl be achieted in this fasirion.

A *.econcl possil:ilit1- tc; pr-ocluce a irigh clualiti- atour mirror is take one of the cotl-

prercialll' availabie elliptical mirrors. r.eferr-ed to abote aud cleposit ttpon it's srrrface melal

la1'els. in an atternltt t,o srlcrotir out lorrghuess ()rl the atotnic -.cale. Tlrr'orrgh tariotts lteat-

ing c1'cles. it r.oulcl be hopecl to forru a surface compli-*iug r.,f sttrall atomicalll' stuootlt

legions. l.ho-.e olientations confolm accnrateh- to those idealiy leclttilecl. Hos'feasiltle ihis

ruetirocl t'oulcl be rnr-rst be cleteln:inecl espeliruentalll'. altirough on tire itasis of lrhat l har-e

leacl sr.r far. the clrances of for-ming an atonticalll'stuootit srtlface irr thi-* rvat- of tpalitl'

-sufficierrt fol a nricrosc()pe inr.aging lens. seetn lenl()te. For examPle. cttusitlei'altle t'olk has
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l-,eerr cir-,rre on the glorr-th c'f go1r1 on a urica. Irr the c,rtnpreheirsir-e u'r,t'lt ,'f C'irir.llel tl. u,l [31

tirel f<,rurrcl tirat trnclel l-rest e:t1;erinretrtal cc-'nr.litiolrs thel- tlele al,rle to folnt islzrtrcls <rf 40[.]U

--l cliaruetel. iron'elel the depositeci gc.'ld sul'face 1:ossessecl a nrc,saic spteacl of'0.4o i.e. four'

tinres 1\-()r'se tiran the mica sul;strate itself I Er-en if a sulface r-'f rlell rrtierttatecl clr-stalites

conlcl be forrur-'cl. u'hethel the inclitidr-ral cr'1-stalite sulfaces tiretuseh'es rlottlcl assrtnrc the

cclt'lect elliptical cur'\'atul'e or in fact be platrar is iucleed not, clear. As poiutecl uttt br. Dr-,ali

[1]. a pieceu'ise approxination to the focussing surfa.ce n-ili onll- be abie to focrts clos'u t,<r

n -spot size cornpelal;le to the "piece -.ize" itself.

iII.5 Techniclues for Beaur Euhaucetnetrt,

The cler-elr.rpment of atorlic mirrors fol use as l-ream focus-sing elernents is in itself an

extemell- im1>ortaut goal. irrespe-stir-e of t'lrether t,he retluisite llrecisiou f<rr a uricroscol>e

leusran be reached. For such applications. the required mirror a.ccur.a.c]'is uranJ'.rrclels

,rf magnitucle less thau rvorrld be reqnirecl for a uricloscope lens i.e. a mirtol focr.tssiug

ca1;abiliti. <rf a urillinleter o\-er a half meter focal leugth rnight. iu a gi'r'eu applicati<-rn. be

entilell'sufficient. Doak [1] poiuts out that a possible > 105 iucrea.se iu inciclent l>eam

crrn'ent corrlcl concier-alrl1' l:e ol:taiuecl thlough pureli' steric effects usitrg au atoul milror

to crrucentrate the flux flon: a nozzle sotlrce.
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Tire sirrrl.,le beirrn enlrancing crrnfigr-rr"ati,-,n c''f figrrle (a) ar1-lrrve, nta.r'trc-rt itoti'eler l-re

gelleralli'ap1.'liczrl,rlc to angtrlarli-r'esc,h'ed helirrrn atottr scatteritig e:':perituettt'* clr.te to tlte

deglerlation to nrr;menturn lesolution r-esr-rltilg fi-,rur tlre lat'ge ttattsl-else lrl(,lllenturu s1ri'eztcl.

in the {ocusseci beam. If. hcrn'ever'. it i-s pc,ssil;le tr.r plocluce att atotuic ttrirr.'lr'crf surall

r.aclius <-rf curvatule i.e. if it is possible to folm a reasonable clualitl'reflectiug tttetal sttrfarce

r-rp glass. (of rxr bettel clualitl'than tlrrrse ploduced presentl.l- l;v golcl ou tuica;. theu

a cloullle;eflectiou configuratic;n as shot'u in figr.u'e (lr) cotrld coucietabh'ploclr-tce lelr'

iuteuse parallel helir,rm beams. the intensitf iurl:rolenent clel-rertcletrt up()rl tlre surallest

radius of crrllature pos-*ible for the cc)lll-ex focussing mirror.

.{ll that ueecl-" to lte attemptec{ is to test a piece of higlili'polisired glass coatetl

t'ith a nretal olerlar.er in a helium scattering rig of goocl atrgttlar lesrrlutiort to see if the

elastic peak is noticabli- l:roa,dened b1- the presence of surfa.ce imperfections. If not. orclers

of uragnitrrcle gains iu intensitl'nould seem realistic ex1>ecta.tions. Hos'uruch ()lte eoulci

iucrease the 1>r'essure in a He ltearn through such arrangements l;efrl'e intla-beam scattering

becomes a 1>roblem. I hate not 1-et researched in detail.

III.6 Testing of \Iirror Accuracl'

ST\I (or AF\I) can l;e usecl to test the mirror surface (perhaps onll- iu a liuritecl

11:a.1- as inclicatecl in section III.3) or-er small regious (- 1 tt).Fc;:: iesting the r:.tirror fonn

or-el lalge macloscopic aleas. tire lasel interferoureter preseuts itself a,s alr icleal cancliclafe.

Fol exarnple. the cornnrelcialll- alailable moclel \IP2000 b1' Poll'tech is able t,o 1;elfcrt'm

rllea,sLu'enrents or-er an area of 10 x 10 cru n.ith a horiz<rntal resoltttiou of 1 ,r ancl a tertical

lesolutiou of 1.0 -i.
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III.i The Flesnel Zc,ue Plate

Fot a trutnlle'l of reasotts. the Ftesnel zc,ne lrlate apeals presentll'as all excelle-'nt

carrcliclate fol tlte ftrcussiup; eletnetrt of an iruaging atorn miclr-rscoire. if the c<-rncoruitant

lot' cr-rttnt t'ate ancl lesoluti<;n constla.ints imirc,sed pl'ole not too restrictite. The lou' cortnt

late lesults fi'om it's sruall acceptane solicl angle. itself a corlsequence of a snall plil'sical size

a,trcl tuacroscopicalll lc,ug fcrcal length. The resolution constraint is irnpc,secl b1- the limits

of tnoclern technologi' to procluce zone plates rvilh finer free staucliug ph1'sical -structures.

\Iost attla.ctite is the fact tha.t high lesolution micro zone plates alreaclJ' existl. n.liilst it

is 1'et to be shot'n n-hether an atotnic ruin'or capa.l:le of high resolutiou iuraging is feasible

otr techuoh:rgical or el'ell theoretical glc,ruuds. Pioneeling lrr;r'k in the delelopurerrt of zone

llla.te-s ancl theil applicatiou to X-ra1' micloscop\- \ra,s uracle b1' the glorrp <.rf Sclrmahl at the

Urrivelsitl' of Giittiugen [6]. Receutll-- Clarnal et al la] used a high resolut,iou ruiclo zone

plate (-.41r)to image single and dotrble siit stnrctures n'ith helium a,toms a.s the imagiug

mediuur. Theil t'esults did not come close to realizing the theoreticalll' 1>redictecl resolution

limit of the zone 1>late itself. brrt this is explainecl b1' other resoiution clegrading fa,ctor.s

iuhereut in their mea.srlrements. The chara.cteristic form of tire zone plate is illu-*tratecl ig

fig;ule III.5 belou'.

The zoue plate con-sists of alteruatiirg transnlitting an<l opaque conceutric lings t.ith

cliarnetels iucrea.siug n'ith the square root of the ring orcler rr. tire t,rausr:.rissiou functiou

/(rr) being gir-en l:1- the exPre-.sion:

t(p): (III.T5)

n'irere p is raclial tlistance measttlecl fi'om the ce:.rtre of the zone 1:late. rr : 0. 1 . 2 ... r?,nor. -
1 rtith 21t,,,,,t 1>eing the uutlbel of zones. r'1 the iunernrost, zolle laclir,rs ancl the laclii r.,,

lelatecl tc.r r'1 thlorrgli the expression:

,,

{,

for t'r.,, (

for l'2 r, -p 1

p ( r'2,r+1 (absorbing zoue):

p I t-2,+z (tlair-smitting zone)



The zone pla.te acts a.s a lens

clistauces .B,,, rthele --l ancl 8,,,

,'r, : ,r/i'r-1 (1II.lG)
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Figure IiI.5

rvirich images an object at a. clista.nce -{ onto iurages at

ol:er- the leus e<luation:
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it is seerr tLat the 1;elcentage <-rf transnrittecl flux iuto the uncliffractecl zetoth r.,t'r.lel rtt : 0

c()inlr()rrerlt is G0 %. tire pelcentage into tire fir'st ot'clet' 21'/,'. irrto the seccrncl 6'/, etc.

Cionrl;ale the al-role fot'tuula. r'itlr the mit'r'c,r' fot'ttrrtla (III.7 ):

11
-I-
Dtt,' D,

u'here D61 aud D12 are the object aucl iruage clistances respectilell'. .f is the focal length

a.ncl It is the mirror ra.dius. In contrast to the zone plate. rro n'alelength clelreuclence rrf

f<rcal lerrgth is present. as Snell's las' i0iucitle,rce - 0rrfttctcd ) is n'ar-eleugth inclepetrclent.

The z<rne plate cliffraction liuritecl resolution d,.,, is giten approximatel3'bi' the ecltation

lal,

21
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n'here rl,r,nr. is the thicluess of the outelmost ring. Note that the zone plate lesolution

shorvs no explicit t'aleleugth clepencleuce. -A.t first sight this api:ea,rs in conflict u'ith the

Rai.leigh cliteriou (III.13). The apparent parodox is hon'er-er exPlaiuecl ll' r'earlalging

eclrration (III.20) in the fc,llou'ing n'a'r,:

(irsing I I I.16)

d,,, : 2\F,,^- ???

t't 2
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(Figrrle III.i)
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Except for a scaling factor'. the resrrlt i-. identical to ecir.ration (fff.13). The t-atelength

clepeuclence of fcrcal length for the zone plate nleans that an1' recluctiott in u'ar-eletigtlt

l>1' a factor' /,: is accompallied b1' a factor l' incr-ease in focal length. Thus. although tlte

scatteling augle fcrl a pqiven talget spatial frerluenct has lteeu redrtcecl l>1- a fact,<;r 1/k

tirrorrgh recluction in n'atelength. the acceptance cone of the zone plate has been clecrea.secl

bt a corresponcling amouut. thus the collectecl information ancl hence the cliffraction limitecl

resolutiou reuraius the same. Unlike the case of a focu-"sing tnirrot rrhere a 'n'ateleugth

clepeucleuce of lesolutiou exists. \r'e carl hele talk about the r:esolution of a gir-eu zone plate

as an iutrinsic plopeltf it possesses.

Flom ecpation (III.20) it is eticlent that lesolution can be impror-ecl through the

ruanufacttrte of a la,r'gel a,rea zolr.e piate br- iucleasiug r-r,,r,,".. throttgh the ploclttctiou of

a pla.te c-rf -"mallel radius ?'1. oI' l.rr. the selectiou of a higher orcler rtt itnage frl' iuraging

pnrp()ses. Let us fir'st consider the relatir-e ruelits of goiug along tire first tt'o paths.

The effect,-,f dor,rl:ling ??r,n, is to plocluce a $ r'eduction in r-rltirtrate lesolutiou.

The orrtermost zone eiement. is at a lacliu-. 1E lutg*t than before. it's thiclines-s leclttcecl

lr1- a fact<,tt'of. J2 ancl it's length r,E tinies longel. The focal length leurairts ttuchansecl.

-{.ltelnatir-el1-. scaling clor,:.r the size of the plate b1' a facto, J2 ri-ill also pr',rcltice u JZ

lechrction iu resolution. r,ith all absorbing rings cleclea-.ing b1' a cc,r'r'e-*ponciing f fo.t..,r'

iu l.,oth thickuess ancl circrunfeleuce. Thef<rcai leugth is hair-ecl iu tiris ca,se. Iu both cases.

t[e solicl augle sr.rbtencled at the target is clorrl:led aud the resolutiou cleteltuiuetl b1'the

thicilress of the orrtelmc-rst ring (ecluatiou (iII.20)). Thet'efore. fi'otn the pet'spectir-e of

imltr<x-ernent t<.r lesol.itir,rn. the tn'o a1r1>rc,aches ale of eclr.ral urerit,. The attlactir-e aspr:ct
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of th,. latter is that the lequilecl apl.ralatus iize (:- focal lerrgtit) sczrles rlorr-tt itt 1rt'rrpottilrr

ru'itli the s(iuare of rescllution aucl tl:.e mechanicai stabiliti-is not clegraclccl tt' tLc e:rtelt,

,rf the fir'st metLocl. Its lelative clisach-antage is the increaserl tlifficultf iu irandlirig ar-rcl

aligning a surallel fc,cr,rssiug element. Tire procluction of a zcrue 1-'late of fiuer stntctru'e is

rir.peirclent upon the linrits of technologl' aucl the intlinsic u'eaktress of fitte. ,"elf srtpl;<l'tir.rg

*ctrrict,ules.

The third atellne t,o improted s1:atial resolution is to select a higher diffraction orcter

rr for iuraging. the resolutiou impror.iug in clirect proportion to rtt. Consider. for example.

the feasibilitl- of using the nr : 10 focus rvith a zone plate such as tha.t used It1' Carnal et

al [4] to iruage the su'-fa.ce of a, target (i.e. oue t'ith a centlal disc ra.clius 11 = 9.3S 1r a.ucl

cornprising of 04 rings). A field ioniza.tion cletector u'ill be usecl to detect the iurage. In

thi-s ca,se. tlie theoletical lesolution (as i-. the focal length) is teu tinres smaller thau fol the

nr : 1 or<ler i.e. 100 --L !! Hou-er-er'. there are siguificaut problenrs to be surtttotrrrted. Firstll'.

the flux g,,, clir-ected into this olcler is 100 tirnes smaller than for tn : 1 ancl constitues onll'

.2'/,, af. tire total tran-smitted flux through the plate (eqns. (III.18). (III.19)). Thus connt

rate n'iil be a.t a premium (see section I\,'). Seconcill'. the recluired bearn tnonochromaticitl'.

rvhose lalue is gilen approximateli'bi' the ploduct ry ?1 '??? [6]. is non'iucreased to 640.

Finalll' and nro-.t seriou-.lJ'. it is a ehalleuging ta.sli incleeci to inhibit contribrttiotrs fi'orrr

tlre othel rri * 10 cliffra.ction <-rrclers fi'om leaching the cletect,or ancl thereltr- seliousll'

clegracling image contra,st. Consider the figure belon' *sho$'iug an ideal zoue plate iuraging

a point sollr'ce of atorls. Onll' rays collesponding to the nr : 8 . 10. 12 th orclels ale

shol'n fol clariti- a,ucl au object maguification of - 1.0 has been chosen.

Reureurbering that 1\:e ca,n scan b1' moliug the target rather thau the cletectot'. cat'efrrl

iuspection of the ab<>r-e diagrarn rer-eais the esistauce of a clisc of raclius - ffi ar'ouncl the

ni = 10 f<;cal poiut n-hich is fi'ee of contlibutic;nsfi'our all otliel tn f I0 ortlers. Theleft.n'e,

if il ri.et'e possible tr.l focus the iucident atom beam t-rnto a cilcnlar arr:a of the talget sulface
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t,f laclils ( lt i.". < 1 7r in tlre pleserit exatrrl,rle. theu coutlil.rlrtiorts fi'otu tlte ttt : 1t)

,rr.cler c91ir.1 l-re cleal[- selectecl lrl a field ionizatirru cletectr-'t, Ol;liotrsh'. the stritrgetrcr-

,rf tire lerluilenrent inri;crsecl on the size of illrrruinatecl target at'ea is sottre'n'ltirt |elaxe,l if

a furwer rrr < 10 r-rrrler is clrosen fol imaging ptlr'l)()ses e.g. focttssitrg to a spot of t'atlirts

S ? (< 5lr ) is recluirecl if the rrr = 1 older' is to i-,e cleauh- selected fol irnagiug.

i:ll

't
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rl= ?,
l-

lo
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cENTAr9/ Zelt E

Figure iII.0

T[is tecirniclue. of cor-rrse. reiies rlp(]n tire higirli' stable aiiguureut of aii ttticl'osc<,rpe

corDpolelrts antl a zorle plate nranufactrrlecl to consiclela.l:le pleci.-ion. Nelerthelessi. lll]-

ailr [as l;eeu to simpll- shon'that tlie rrse of a liigher orcler image coulcl 1te clttite f'easible if

a "point lilie" fielcl ionization cletector is u-.ecl. \ote that l;ecause of the interse clepenclatrce

of focal length on cliffr-action orcler'???. r'e could tlse a t-oc)11] tempelattu'e sc)tll'ce to <ll.,taitl

the lecpileci high ler-el of bea,m monochromaticitl- t'ithor.rt feal that tlie apllalatus letrgtlt

u-ill plore too large. i.e. Use of the nr : 10 ot'del t'ith a maguification <.rf c,ne ancl a l'o()tll

temperatule atom solll'ce l.oulcl restrlt in a talget to detector distauce of 1.0 tuetle iu the

ytresent esanrple. not 10 nlett'es as u'c,r.tlcl lte tire case if the rrt : 1 olcier n'ele ttsecl.
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[\/, Iurage Contrasr

I\-. i Introductiou

Tlte r-err-1lt'operties of ciretnical iDertness ancl non-clestrrrctir-e inte|action.n.itir srrr-

faces' \'hich so hanr:lsorrrelrr i>r'eseut helirrur as a caur-liclate fcrr.a sur.face inragi'g 
'rerlirr'r.

thetuseh-es greatll'r'ecluce the trut:.rber of ar-enues available to obtain i*rage co'tr.ast. I'-
cleerl' in the absceDce of conden-satiou. all areas of a sr.rrface u'ill leflect at,onrs rr.itli 100
,i' probal:ilitl'. r'ariations in scattelecl intensitl' through a gir-en solicl aggle of o6serr-a.tio'

(i'e' r-at'iatious iu the cliffelential scattering cross sectiou) pr.or-icli4g the onll- 
'rea's for.

iurage cotrtra'st' For this specific case of ''cliffraction contlast". it is iuteresti'g t. 
'ote tlrat

the tlegree of c(rntlast ol:tainecl is intimatel3' r-elatecl to tire cliffraction linritecl res.l*ti'r of
the inlaging elenrent itself. Iuragine. for a rnoment. the effect of iner.ea.sing the accept,a'e

solicl angle ctf tire atotu imaging element ir a sinple t1.pe B uricrosco'e (Figrrre 1 ). As t6e

-*olirl angle Q tencls tol'ards 2n steraclia.ns. the cliffraction limitecl resolution tencls tou.ar.cls

the limiting Talue of 0.61 ) [IIi.13]. but the ureasurecl rar-iations in scatter.ecl a.t'r:.r fl.x
l:et$'een lloints ou the surface teud tos'arcls zero. hr other rvolcls. a per-fect al:err.a.ti.r. fi.ee

ftrcussirlg elenrent. ct,llectiug all scattere<l at,orns frorn t.he strlface uuclel obser.r-ati.'. ,u,'ulcl

f ielcl an image\fith no cotrtrast at all !! It is onl]'th:.'or.rgir imperfections i' t6e i'ragi'g
slstettt' ire thel- itrtrinsic or iutloclucecl. that iufolruatiou on sur.face str.nctur.e is p'..r-iclerl.

Nrrte that ri'ith other contrast metirocls (i.e. abs.r'ption contla.st i1, a tr.a's'ris-*i'n electl'n
uticloscope)' resolrttion and coutla-st are llc)t in an1- n,ar iu couflict u,it5 o'e a'other.. This

Peculiar' Phenomenon onll- applies to cliffr.actiou contrast.

Befrr|e eml;alking uPoll tulon a detailecl cliscussion on contrast. I n,ish to consicler fir.st

a fett' -'irnl>le exaurPles fi'ortr olttics rthich bling out clealh' a nuurl,rer. of per.tirert c''ce'ts.
It cau be sh<I'tr [7] tirat the far fielcl cliffr'action Patteln of a n:uuochr.onratic \\-a\.e 1:assi'g
thrctugh au aPet'tule is simpl1'tire Fourier-tlarrsform of the "aper.tule fllctio'". a ft'rcti''
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ri,hich ,-lesclilres the fielrl rlistrilrrrtirlll aclr,rss tire airet tltre i.e. pt.riut ttt 1-rr-riut lzrtiatirrtrs irt

lrhase anrl anr1.'litri,-le. In the case of an incicletrt !larte 1\'a'\'e. the aPertttre fr-ttrcti<,tr is sitnlrlr-

1.tl i.e. c<-rnstant in 1;hase anci am1,'litucle olel tLe etrtite airel't1ue aucl zer(|,-rlttsicle. In tlris

case the ciiffr'actic'n Pattelu is sole1' cletet'urinecl bv tlte geoluetl'J-<-'f the alrel'ttu'e itself' Ftrr'

,"xapr1rle. the intensitl'patteru .[((9) proclucecl ln'a piatre u-ate (rtar-erectol'l')ou a $cleelr

a clistance D arlarr after diffr'aciiou tlrrough a cilcular aperttue of raclirrs o is giren b1' the

n'eil kucrn'n result, [7] 
'

I(01 x2 .I t(
( Ii'.1 )A'o.;in€

the s.r'muretrl' axis for' I being parallel to the clirectiou of tire inciclent u'aret-ector. The

snraller is the cliffracting a,perture. the larger tire angular splea.d of the cliffracted beaur.

The situatiou changes entileli'if the inciclent u'ar-efront is not coustant iu pha,se or'

arnplitrrcle a,ctoss the apertnr:e. Bi' choice of a suita'ble phase clistribtttion. fcx' exanrple. one

carr a.r'l:tralih' rotate t,he s1'rnmet,r'r.' a-is of the diffr-a.ctiou ira.ttern to an]' chc,sen clirect'iou

(1-D example iu ref. [7]..pg. 335) or broaden it arbitlarill-. Through such manilrttlation.

a surall aperture cotrlcl l>e made to generat,e a rlarro\r'er diffr'actiou pattelu tlrau a lalget'

apeltrrre ! (Of c()urse the rninirnunr angular width in all cases is rletenniuecl bl' the Ral'leigh

cliffr'actior.r liurit (III.13)). Thr.rs diffr'actiou. through (or alternatit'eli'r'eflectiou floui)lalge

scale structures cloes not necessalill' gire rise to cliffracted intensitf into a -or:rall solicl angle

r-x'ciirectecl alc-mg a fixed sJ-lnlnetr'\'dilection n'ith lespect to the iuciclent l;earl. Fi,rr this

lea.s()n- t'heu r ne consicier-s the lllot'e contplicatecl case,rf the scattelittg <.rf a palticle rl'ate

frorn a peiteutial surfa,ce. caution must be applied tthen inroking the arglrurent that "snrall

scale stluctule cliffract atoms through large angles whil*st lalge scale strttctttles leacls to

surall angle scatt,eriug" clue to tire tirlee clirlensional trattu'e of the scattering 1;otential aud

tire conconritaut llath lengtir clepeucieut phase r-ariations it incluces acl'c)ss the srttface.

I'n -.irr6)
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I\'.2 Inrage f'ontrast Eniraircernerrt

I uon' l'ish to iutrocluce the concel-rt of contrast enirancement thlough filtering of the

far'fielcl atom diffr'action pattern before it's prt-rcessing b1'an imaging lens. FLrr iilrr-str.a-

tion irttr'pose-s. I cousicler the ca.se of helirrn atour microsc{rl)J- irith a l1'pe B uricloscolre

coufigulation of a sinple (rather unrealislic) surface eonsisting of sr:.rall circular "atopric

nrirlot's" (i.e cr1'starllites). each of a diffelent size aud all pelfectlr'urierrtecl rrith resl:ect

to oue auotlrer'. superimposed upon an atoruicall3'r'ough backgrouucl. Our iutelest n-ill

lie in resoh'ing these sruall structures. Clonsicler first the ca.se of orientating the focussing

element in the s1-muretrl- clirection for elastic scattering frorn the tinl' rnilror surfa,ces a,s

**holru iu tlre diaglarn.

Becattse the cr1'stallite surfaces al'e flat. tireir apel'tnte functions are coustaut agd

thrrs the algurneut that snrall cr1'stallites (high spa.tial freclueucies) leads to cliffraction

through large a.ngles u'hiist large cr5'stallites (lo'n'spatial fi'equencies) geuera.te sr:rall apgle

cliffr'actiou pa.t,terns hoicls. the s1'rumetr]r axi-q being the slrecular clirection. Eclratir>n (I\,-.1;

is applicaitle iu this case. Tb illustrate the concepts of cliffra.ction coutrast. I have ch,an,1

a zolle plate of 200 p climensious at a clistance of .5 nretres from the target slrrface uncler

observation (the.4 p resolution z<:ne plate considelecl ear'lier). The atrgrrlar clistriltutigps

of cliffr'actecl a.toms arising froru "rnilrors of {000 -{. E000 -1. ancl 10g in are illtrstratecl.

For stlucture of a giveu size to be rescrh'ecl. the imaging lens nrust iutercept at least half r-rf

tlte fir'st or<lel cliffractior: nraxirna [6]. T,: enhance iurage ccntrast. "spatialfiltering'' ,rf ihe

atortt cliffr'action pa,tteru ca,t:, be performecl i.e. one selectitel'r- 1>relent,s at,ours scattere<l

through a specific range of solicl angles frour er-er leachirr.g the cletect<rr. therell' gii.ilg

contlast to certain length sca,les in tire talget.

Note that this filteliug carl be ecSralll-

elenrent lathel than at its back focal 1>lane

pelformecl at tire entrance to the f,rcussing

Forilier trausfolm plaire) n-here it silicth-

u'ell

(the
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shr,ulcl 1-re per'firttuecl. a-*

cli"-tatrce so iarge that tire

cleco:.rtposecl iuto the far

tlie irnagecl target area is sr-r

scatterecl atottts. befole being

fielcl cliffraction pattern c,f the

snrall aucl the tatget

1;t'ocessecl l-r1' the 1ens.

sut'ferce.

t,o cletect ol

hate alt ea<ir'

7uw€
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Figule I\".1

For. au exarnple. suppose one blochs out the ceutral cone of a.torns iucitletrt rtpon the

zoue plate cou'espollcling in u'iclth to the pliuciple uraxintuttt for cr,r'stallites of E000 .{ size.

as ildicatecl iu the ciiagram. In this case. cr1'stallites of bet's'een 4000 ancl E000 -{ iu size

ale imagectn'ith gt'eat contrast. rrliilst infonnatiort cortcertting cliruensions of greatel than

S000 -{ rlimensions cloes not lea,ch the cletector. The diagrarn also sholt's h<;rv t,he effect of

fi1ite sorltce size can completell- clislupt 1H-s proceclule of mocliff ing the iurage corrtrast

and/c,r' couutla,te. br- snreariug ont the cliffraction patter-ns. if the size I'a1]8e of iutere-st

61 the target surfa,ce is lathel Iarge (cliffr'action through -*tuall angles) or the focrtssing

eleruent sultteucls a srnall solici angle n'itit lespect to the target i.e. ha.s pc,or cliffr'acti<-ur

limite{ r'esolution. Fr'lr the palticulal iuragiug elemeut cousicler-ecl in tire cliagram (a 200

l.t zo1e plate). it is er-icleut tllat au effectite $olrrce -.ize of the orcler of 50g is lerltiretl to

6lttain goocl contlol oter cliffr'actiotr coutlast thlough filtering aucl t<.r trrairrtaitr crrturtrate
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l;r'intelcelrtirrg a lalge ltlolroltiou of tLe ciiffractecl ciu'lerrt ! f'ortrrtlate atrrl colrtlr'1 os-el'

currirast 211g g.,1r1alh-serrsitir-e t<.r all'splcad iu r:ricutation l-retri'ccn the cr'1'stz,llites (tucrsitic

structure) rthich nral' be present.

I\'.3 Cloutrast fom Elastic Scattering

I n'ish nou'to consiclel the specific case of scatterirlg fi'olu a er1'stal stu'face. l'here

oue is priruarili' interested iu the clefects i.e. step eclges. adatoms. rnosaic stntcture etc.

ra,ther than the intelr-ening orderecl regions of surface. It is then irll>oltant t,o ha'r'e sonle

iclea of the angular clistlibution of scattered particles from the particular <lefect s1>ecies of

intere-st in orcler tn lre able to estiurate hot'much of ihe scatterecl signal n'ill l>e iutelceptecl

b1' the fiuite -qizecl imaging elerlent emplol-ed. \lore specificall1.. if all angrrlar <list.rilruti<-rns

of interest turn otrt to to be diffr-rse. then the zoue plate might be rttlecl out as an irnaging

elenrent purell'ullorf count rate (sensitititl') consiciera.tions. For exanple. n'ith au atonr

sotlr'ce of ititensitl' 1020 count,s/steradian/sec at a. di-stance of .25 uretres froru the t,arget ancl

a.1000 -{ resolutiorl zolte plate 3-. prer-iousl1. considered (rn : l focus a.ucl ura.guificatiou

1.0). au isotropic clistril:utiou of scatter"ecl a,torns frorn a.4000 -i clefect uould lesult in a,

ccrnnt late of onl1' 0.L5 Hz, the zone plate subtencling onll' 3.9 x 10-8 sr at the tar-get !

Of cour-*e. uo scattering is tr-ulf isotropic. l:ut r-ememl:eling that the zone pla.te con-.iclerecl

iu this exa,n:.ple subtencls an ar:gle of onll' .01 degrees at the talget. then auJ'-scatteliug

failing orttsicle of the collection cone coulcl n'ell be defined as diffrtse. For esanrple. iu the

calcrrlations b1' Dlol*.hagen aud \ ollmer [10]. -scattered ittensitl' fronr the isolatecl atonric

defects consirlerecl l'as largel]'concentl'at.ed into a 4o cone i.e. into 1.6 x 104 tinres the solirl

augle subtenclecl b1' the zone plate itself. In such a ca,se. au alternatile coutast teciuricpe

to be cleclibecl ma.t' proticle the solutic-'n to lc.rt' count rate.

Srrpl>ose. fol the salte of argumeut. 1\,e are ollseruing t'ith a z<-rne plzrte a. sutface uucler'

1>lane wate illurtrinatiou. Cou.*ider scattering frorl a n-eak isotropic scatteler'. clinrensioueci
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as t[e size,rf the instlriurental lesclution l. ou atr othet'rtise 1.rer'{'ect c1'stal sltlrstlate {figrrle

l.,elorr). I clefile the reflectecl irrtensitl- fic-rm au r,,'lrseltecl legiou f:,rl fi'otu the clefect as 1,, y1.

Higher olcler m I 0 elastic scattering and ineiastic scatteritrg prc,ces-ses ale dislegartlecl iu

this sinrple noclel.
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The a.t,r.rur clifli'action pa.ttelu eonsists of the n'eak isotlr:rpic conU)olrellt fi'otn the

rlefect and the intense clirected signal resultingfi-oru tire flat cr'1'stal sr.tl>stt'ate. Let us fi.t'st

r-onsidel the situation u'hen the cletectol is orientecl in an arbitrarl' clit'ectiort otht:r thau in
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the clilectiol.r r,{'the elasticalll'scatteletl specrrlar l.,eam. (e.g. 1;osition -{ iu,.liagatn). As tLre

rlefect i-" scannecl oler'. t,he couutla.te rises fi'oru zero r,o a nlariiluulu r-alue <tf'G.2 x-10-L' 1,., 
11

at 1.,ositior1 .r'1/e.f ald then back again to zelo. \*ort cousicler the coruPleuretrtar'1'a1t1;r'oach.

\\:hat bappens to tire elastic colrntrate as \1'e scan oter tire clefect ? The cottttt late ferlls

fi',.rur a r-alue of fr.1 t<-'6.4x10-e.I,.ry at .r',1,1 and theu rises irack again to its or-igiual r,alrte.

the cr.ruut late (sensitir-it1- to the defect) iras been increased b1-a factot'of 1.0 x 108 !!

The implor-elnent in sensitivitl' has been achieled through measuring the J,lss of elastic

sigual through cliffuse scattering. regarclless c'rf into s'hich solicl angle the cliffusel1'-*catteleci

particles are directed i.e. in this rlocle 'n'e integrat,e ot'el all directir.rus for the cliffusell'

scattered irarticles.

This 'n'as. of corrlse. an extreme example chosen explicitil' to illustrate that potetr-

tiall1' Ialge gain-. iu count ra.te ale ar-ailable through sucl:. a proceclure. Fultherntole. t.he

enha,ncetlent techniclue is clearli' not a1>plical:le to the iuragirig of an1. arbitlar'1' ta,r'get strr-

face. but oull' to those possessiug large alea.s of n'ell nrdered cr1'stal. Note that althottgh

in this couut rat,e enhancing technicpre. infcrrmation concerning the exact forl of clefect

scatteriug poteutials is iost ir: the act of integrating o\:er all scattering clirectir;us. couttast,

bets'een clifferent defect t1'pes is still present througir their clifferences in scatteril]B cl'oss

sectious lesultirrg from clifferellce-s in irhl-sical size. In any plactical a1;plicatirrtt lt<-xter-r:t.

the cleglee of clilt in elastic irrtensitl- obserred as clefect stluctule i-" scatruecl s'ottlcl <le-

peucl upon a, number of factcrrs. Tire-.e inclucle the iuraging lesolutiou b relatile to the

size of clefect -structru'es l-reing ol:selr-ecl. the percentage of the ela-stic iuteusitl'going irrtcr

iriglrel cliffr'action olcler-. ancl of coul'-ce. nrost imlrortautll'. tire exact f<,r'm of the angrtlar'

clistribution f,u'elastic scattering fi'our each particr.rlar clefect specie-s ol>-*err-eci. Firtalll-. the

techuirl.re is e*tremeh- sensiiir-e to the effects of finite sor.rrce size. focussirrg of the incirleut

bearu ancl urosaic spleacl in the talget (sectiou I\'.3). u'hich ali cotrsirit'e to stn<'al ottt the

diffr-actiou pattern of diffracted atorns.
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V. Conclusiotr

\11- goal otel the ltast fir'e rtr<.rnths has beett to gaiu atl olet'r-ieri'r-,f tite fiek1 of

atoru optics ald to estaltlish- s'irele irc-rssible. optimum ciesign i;ara[retet's fr-rr art atoln

rlir.r'6scope. As the ciesigrr of an atorn rniclt'rscope reqniles kuou'ledge iu such a ll|oacl

alcl clir-er.se r.auge of specialist areas. I hale onlf iracl time to touch upcrtl the sttrface of

rnan]-cprcial to the lealization of a n'orking instrnment. Ner-ertheless. frour the preseut

pelspectir-e. the follorl'iug cloes apltear true:

(rr) That the best chairce of cleveloping a llelium atotn microscoile of resolution ( 1000 -{

lies in selecting a higher orcler iuiage ploducecl l.r1- a Flesnel zone plate n'ith "point like"

fielcl iolizatiol cletector. Significant enirancement of inciclent beam intensitl'. best reutle|ecl

t5r.ough the agencl' of an atonric rtrirlor. a second zone plate or a. courl:iuatiou crf zoue lllzrte

apcl grir.ror is recluir.ecl to increa.se countrate ler-els. Furthennore. the 1:rituar5- lleanr urust

[e focussecl to a spot, size of - 1 -r 5 ;.r to eliminate tire effect of or-erlappiug iurages at

the rletector platre.

(lr) Although of Lrse a.s a uleans to euhauce inciclent lteaur intensitl'. the lesoltttiou clegrading

eft'ects of ntosaic stmcture and the extl'elue acctu'ac]' of form reclttit'ecl ou tire utacroscrrl>ic

scale <lislriss the atorlic urilror a,s a cancliclate for a < 1000 .{ nricloscope imaging eletuent.

Netertheless. tire clevel,rirmeut, of the "best atomic mirrors in the n-orlcl'' i-. an attractite

g6al in itself. giteu the n'icle applicatic,rn in beam e:ipelitnents itigh cpialitl'atornic tnit'ror-s

l'oulcl utr<lc-rrtb t eclii- r'eceile.

Iu the light c,f these conclr-rsions. the follon-ing cc)ur'-\e of actiou preserlts itself:

(r) To establish t-ith certaintl-. tirlough discus**ion-* n'ith i:eople at the fcn'efront of zoue

plate resealclt. t.hat, ale the h.ighest resolution zoue plates t'hich can lle irrese:.lll1- pt'oclrtcetl

zrlcl the i1'6gposis for their futrrle implorenrent (e.8. Firrcl <;r.rt n'hat are the techuokrgicirl

liurits to ltlocluciug zolte 1>iates of fiuel structule. Does tlte clect'eased strtictttt'al integliti' <.rf
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el'et'fillet'fiee staucliug stntctrtre,s shsarl,' liurit fnlthe:: irul-rloremerrts ? ). TLe plr)r'u1't'u}ptrt

r.rf such a <ler-ice for incc,r'pc,ratir.rn irrtrr a pl(,t()tvl)e mict'()scoi)e. Investigatiou irrto the

possibilitl'of cou-..tlucting a reflecting zole pla.te. iloruisiug pelhaps imi;r'olecl resolutiou

ancl corurt rate clue to a firrer acl'rietable ring stlrrctrrre.

(tt) To test. in a heiiuur scattet'ing apparatus. the clualiti'of various ruetal surfaces cle-

positecl ou a highll' polisheci gla.ss substrates. rrith the rielr' of clevelopiug high <1ualitl'

atour nrilr'<;r's for plimarr. llearu iutensification pulposes.

Iu srrrutuar'-r'. fi'ont tite pelsl-rectir-e <.rf lesolution. couut rate ancl coutra.st. a. < 1000 -i

atoru micloscope appears alreadi- fea-.ible n'ith present lelels of teehnologj'. A possible con-

figuration is shon'u in tLe cliaglam belou'. Clealll'. rnuch cletailed 1:lanniug ancl laborator"r'

ba.sed investiga.tions trill be required to achier-e it's lealiza.tion.
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\i1. ApPeudix I

Cc,lsicler'first t[e erpatiou t,f the icleal elliptical fc,crtssitrg tuirr,,t. Tal:irrg tlte r11iqi11

at (cr.0) a.s igr-licaterl in figule 3.1. the ellipse is desclil;eci b1'the fr,llorving fc,rr.nrla:

(.r',-rr)2 = i - ,i- (IILrl
rr2 ' 

b2

n'hele

Da1 * D12,,: T and 6t = DuDn tSl . \III-2)

After some reaxrangertent. {3.1) becoures:

.- Drn * Dn ( , U'= + = 
r'= ,= + ... ). (III.J).r'e: 2 \m rs(DrrD,,F--"'/'

usiug the ex1>ansion

vG*:1+; ++ (III.4)

Tlie e<pa.tiql of a circle. radius.R and oligin at (R.0). is gii'en by the esplession:

\III.5)

Rea.r'rangiug atrd usiug exirausion (III.+) as llefole. this llecotnes:

JI



If the cilcle taclitts i-. chosen such that :

111
Dut Drz R

theu the ecpatious f<rl the ellilrse aud circle ale eclual to fir'st olcler. Sul;-stituting etptatiorr

(IIL7) into (IIL3) lr:e cal] r'el'r'ite the e<luatior:. of the ellipse iu ter-nrs of the raclius.R of

the circle'n'hich best approximates it's shape in the follos'iug l'a1'.

y'r yl.r:e: h + r, + (///.8)

The 1>arabolic a.pploxination to tl:e ellip-.e is sinrpll. the first telrn in the al>ote series:

v-irp : * 
(IIl.9)

Iu -.untma.rt'. n'e ltar-e:

.lrLt' u'.rl:t'-:- -r- + : cilcle' 2.R SR3

.r',:Y2+Y' +:elli,.se' 2ft SRDur Dr:

,)

v-:l'1r: n : purobolrr

The ellor (aben'ation) in arrir-al position C, of a lal'(palticle) on the clistaut fircal

plaue !p 1>erirenrlicular to and 1;as-*ing tlrrough D12. i*s giteu lrl'the plocltrct,rf tlrr: tttit'r'or'
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!

)

t,o screelr ciistauce O12 alrci the clifl"elerlce

resl-'ectit'r-'h' frr.'tn tlre icleal ellil-rf ical {c,t'tn :

in slope of tire cilculal ancl palal,,c,iic sut faces

fY. :(

StJp : (

-.,'!,', ) D*(u

'*to,,:
ily

lJ3 i

2R'

y3

2RD01
trrl.11)

rl.r ,
dy

rl.r,
rly

Dtz
R2

Ir (III-ro1
Dor'

The clifference in height l:etween

ellipse s'hich the3' apploximate is

the circular and para'boiic -"ttrfa.ces respectitelr antl the

gir-en bt the follon'iug.tt'o eclua.tions:

.tce: '1'c - '1't

1 r (3.1i )DurDrr'
y{

SR

1(-,R2

(r{
-( ----L-l'SRDorDrz'

(rILLz)
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