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CENTEIl FOR 
X-I~,AY OPTICS 

In ll)l)2 the Centl'r for X-Ray Optics (CXRO) continued its two cOlllple­
nll'ntary roles: dl'lllonstrating till' cdpt1bilitil's <md usefulness of the x-ray 
,1lld ultril\'ioll't regions of till' spectrulll (lnd developing equipment ,lnd 
tl'chniqul's to I1ll1kcI those capabilitil's widlll)' and relldil), ,l\'lIilabll'. Efforts 
continul' to dl'\'l'lop StlltC' of tlk' art X-I'll), lenses ,mel mirrors, l11onochI'0111,1-
tors optilllizl'el for high t'l'solution and throughput, optical S),StL'l1lS for till' 
utilization of partially coherl'nt ,'tldidtion, and applications ,Kross till' 
physic,ll and lifl' Scil'IlCl'S. 

High-resolution >\-1\1)' microscopy continuL's to be a prnlllinL'nt llcth'ity, 
Soft-x-ray microscopy b,lSl'd on Frl'snd zOIll'-pl'ltL' lensl's h,lS providl'd 
imagl's of fl',ltUt'l'S llS sm,lll as ]00 A in l'xpl,t'inll'nts at tilt:' Berlin EIl'ctrnn 
Synchrutron (BESSY). Spatially rL'sol\'lld studiL's of Ill,lterials hil\'l' hel'Jl 
con duct e d \\' i t h co Ill' ,1 g Ul' sat bot h vV L, C () n sin «.1 n d B r llll k h 4l V en. 
l3iomicrnscop~1 studiL's havl' bL'l'n l'xplored with collL',lgUl's i.lt CottingL'n 
and Stony Brook. In till' hclrd-x-ray rl'gimL', a microprobe, based on multi­
layer-coated rdk'cti\'L' optics, has achieved 2-pm spatial rL'solution at the 
Niltional Synchrotron Light SOUI'll' (NSLS) ilnd h,lS been lIsed in a IMgl' 
number of applications in till' life and physical sciences. TIll' microprobe is 
presently in use at ESRF in GrL'n,)bIL', ,lnd will soon be used clmong the 
first L'xperimetlts at LBL's l'lL'wl)' commissioned Advanced Light Source 
(ALS). 
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CENTER FOR X-I\A Y OP'r/CS 

In till' long-tl'rm l'ftllrt to dl'vl·lop high-rL'fiL,cti\'ity multil;~yt.'r l'<hltings 
for l'xtrcl11l'-ultrilvioll't tlnd snft-x-rny optical elenwnts, such as mirrors i.llld 
gratings, we cnntinlll'd imestigclting the structure tlnd stability of various 
multilayer p,lirs ,1Ild dl:'\,l'lo~-1l'd il nevv, highly \'ersatill' rl'f1ectollwter bi.1Sl,d 
on a li.lser-phlSIlli.l X-I .. 1Y sOllrn' llnd il high-throughput mOllochrollhltOI'. 

A nl'W program in projl'ction lithography has bt'l'll initilltl'd whose 
goal is to pro\'ide criticill ll1l'trologil's dnd optical tl'St Glpabilities for cl 

natiOntll program in nanol'iL,ctronic pattern trtlnsfl'r. This joint initiati\'l' 
brings resl'arcl1l'rs from CXRO and till' University of California at Berkeley 
togetlll'r \vith represl'ntcltivl's of till' semiconductor industry. TIll' goal is to 
further the use of l'xtrenw ultrnvioll't (EUV) radiation in the fnbrication of 
computl'r chips with feature sizes of order 0.1 ~tlll. The photon bl\ll11S from 
the ALS are well suited to this rl'sl'arch, as is our experience with high 
resolution electron beams and llanonll'ter-sCllled J1ll'trologies for filll' pat­
tern writing. 

With compll'tioll of the ALS anticipilted in 1993, n number of beam Ii Ill' 
ilnd l'llClstt1tion projects ill'e undl'l'way thL're, including a high I'esolution 
zonl' plate microscopl', "at wa\'lliength" (DO A) interfl'l'oml'try of n.'flecti\'l' 
optics for nanoeiL1ctronic pattern transfer, t1 nll'trology beamlil1l' for Spt1-
tially and spl'ctrally resolvl'd absolute SPl'ctl'Of11etry, tH1d a hard x-rny l11i­
croprol1l' as ll1l'ntiolll'd abovl'. A nl'W high resolution ell'ctron lll'anl 
linanowritl'r" for diffrclcti\'l:' optics, mask writing and materials resl\lI'ch is 
also under development. 

Extl'nding high-rl'solution visible-light and ultraviolet imaging tl'ch­
niques into tIll' soft-x-ray I'l'gion of the spectrum offers sl'veral special 
ad\'antagL's. The rdati\'ely short wavell'ngths, ranging from sL'vl'ml 
angstroms to pllrhaps }()() angstroms, ~1L'rmit researclll'rs to both lisl'e" and 
"writl'" smalll'r patterns. Furthermorl', thl' associated photon cnergil's, 
ranging from approximcltl'ly lOO to several thousand l'IL,ctron volts (eV), 
span till' primary rl'SOl1t.lllCl'S of many l'lemL'nts. Resonances constitutl' cl 
sl'nsitive mechanism for element identification, for l'll'mental mapping, 
and, in some cases, for determin,1tinn of chemical bonding. Working with 
collaborators worldwide we helpl'd to advance till' technology of soft-x-ray 
imaging and continul'd to demonstrate potential applications in both the 
physical and life sciences. Features as small as 300 A may l1l'sel'n in our 
best im'lges. 

In microscopy with soft x-r,lYs, the key optical compotll'nt that ulti­
matl'ly dl'termines pl'rformanCl' is the objectivll lens. Ordinary rdractivl' 
Il'nses like those llsl'd for visibll' light, which transform the phase of a 
wd\'l'front without changing thl' amplitude, cannot be used tlt x-ray 
wavelengths because a\'ailable matL'rials do not givl' enough phase shift 
and are not sufficiently transparent. To diltl' the l1l'st resolution obtailll'd 
in this spectral region has bl'l'n obtaitll'd with Fresnel ZUIll' platl' lenses. 
Zone plates are thus the lensL's of choice for till' higill'st spatial resolution, 
particulMly for energies greater than 200 eV. 

In pressing towMd the fundamental diffraction limit of klns perfor­
mance, accurate placement of till' zones (a I tllf'l1ate b'lIlds of tmnsmissi\'l' 
and opaque material) is important. The maximum pl~lCen1l'nt error should 
be lL'ss than ,1 fraction of thl' smallllst zone width of tl1l' kIllS. This is i:l 
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Figul'l' I. This rl'l'SIll'lwlH'-pl.lll' 

!l'lls, mad" of llickl'l, is 
I'l'pn'sl'nlativl' of our st.ltl'-of·tlll'­
o1I't.1ccolllplishllll'nts. It has ,\ 
sl1l,llIl'sl WIll' width ot -l50 A. (al 
.,hows Ihl' (l'ntr,ll lOtH'S ,\lhl (h) 

show ... till' Iinl' 'itruc\lll"l' of "'Ollll' 
of till' Sl1lo1l1l'l' IOIll' .... 

Soft X-Ray 
M icroin terferol11L'ter 
for Materials Studies 

(.I) 

0.3 ~m 

XlIB 'I'li' ',OU'! 

formid,lbll' rh"lll'ngl', sinn' our higlwst-I'l l soilition Il'IlSl'S, li"l' till' Oi1l' 
showll in Figlll'l' I, 11,1\'l' lonl' widths ot ordl'r .1S(l,\, ,\rhil'\'llll'llt of tlw 
I'l'qllirl'd ,1lYlIl\ll'Y ,1t tht'Sl' dil11l'IlSiolls, l'spl'ci'111~' lKrosS IlUgl' (S()-pm­
di,111H'tl'r) It'i1Sl'S, is ,It till' fWl1til'r of nll'trol(lg~' ,1Ild I1llcrof,lbric,lti(ll1. 

III COIl,lbol\ltion with I'l'sl',uclll'rs from till' Unl\'l'rsity ofCdliingl'll, Wl' 
h,l\'l' bl'l'll using ,1l1d rhM,wtl'ri/ing tlw high J"l'SOIUtilll1 Illlll' pl,ltl's in till' 
Ciittingl'n x-ray microscopl' t tlw Bl'rlin FIl'dron Synchrotron (BLSSY), 
Although I1lt',lSUI'l'nll'nts of till' microscopl''s optic,11 ~1l'l'fOrmt1IKt' indic,1ti.' 
thdt till' diffl'l1ctioll limit h,1S not bl'l'l1 1'l'<1Clwd, il1l,1gl'S of tt""it p,1ttl'rns show 
tlhlt fl'llturt'S ,1S smllll as lO() A tHl' \'isibll'. (lUI' Ill'Wl'St nickl'll.olll' pl'ltl' 
It'nsl's hlH't' ,Khit'\'l,d both high sP,1ti,lll'l'SlIllItilln ,llld high diffl'tlrti\'l' 
l'fficil'IKY, 

TIll' accur,lte ml'ilSlIl'l'IlWnt of till' \-I\lY optic'li propl'rtil's of 1ll,1tl'l'i,lls, 
both ,1ttl'nllntion i.llld phasl' shift, is tl'chnologktllly and scil'ntifically 
import,lnt. A Ill'\" type of intl'rfl'rollwtt'r hilS bt't'll designed ,1I1d build to 
Illakt' dirl'ct Illl'(lSlIJ'{'l1ll'nts of tlw ph,lSl' shift llS Wt,II,1S ,lttl'nlldtion 
through <1 tl'St S,ll1lplt' on i.l sub-(l.l pm splltral SCl1lL'. This intl'rfl'rol1ll'tl'l' 
USl'S all diffr,wti\'l' optics: two gratings dnd a lonl' platt', in il configuration 
simil,H to ,1Il imaging x-ray microscopl'. Figlll'l' 2 shows till' physical sl't 
lip, A grating with a ~wriod of /\ ::: 0.4 P III is imagt'd by il 1.0 Ill' pl<llll' Il'llS 
(I) := 10() ~lIll, i~r:::: O.()6 pm). In the I.OIll' pl'ltl' back hKtll plalw tlw dif­
fractl'd order of till' g.\lting form <1 sl'riL's of spots for till' oth, + / -I, + / -2,,,. 
diffr,lCtl'd ordl'rs. An apl'rtlll'e blocks all ordl'rs l'XCl'pt t1w + I and -I. At 
till' inhlgl' p\(llll' thl'sl' two ordl'rs recombinl' to form 1111 im,lgl' of till' 
origintll grilting, which has half till' m,lgnifil'd ~1L'riod sincl' till' zero order 
is missing. Bl'l'tlllSl' till' ~1L'ri(ld of this intl'rfl'l'l'llel' Ptlttl'l'J1 is smillll'r than 
the I'l'solution of till' l1licro-chanlwl plllte dl'tl'ctor (MCP), a final gr,lting is 
lIsl'd to form ,1 Moirl' Ptlttl'l'J1 that is llbsl'r\'<lbll' on till' Mep. Figlll'l':l 
shuws tlw sub-micr(ln rl'solution f1l'XlII'l' stngl's lIsed to position till' I.Olll' 
platl', apertllrL', and sample l'aeh in X, Y, and Z. If till' sampll' unLil'r tl'St is 
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inHl'l'tL'd in only Olll' of till' diffrnrtl,d ()rdl'I'S (which ,1I"l' 1() pm np,1I"t), till' 
lllnplitudl' (i.l'., contrast) tllld l'l'l,lti\'l' ph,'Sl' of till' ObSl'I'Vl'd Moin'\ frlng(\s 
sprl'"d oUl O\'l'l' thl' l'ntit'l, MCP ,ll'l'''. ;\ sinl' F'hlttl'rn is tnl',lSlll'l,d by 
tr,lIlSI.1ting till' fill111 gr,lting through onL' or morl' pl'riods whill' I'l'curding 
till' \-I'tlY COUllt l\ltl' as ,1 fundion of position. Prl'liminlHY l'xlwl'iml'ntlll 
rl'slllts ,'l till' NSIS X I bl'llmlilll' dl'monslr,ltL' tll,'ltlll' intl'rfl'rOl1ll'll't' works 
.1I1d lh,)t fringl' pattl'rns h,l\'l' bl'CH obt'lilll'd. Furtlwl' l'ffol'l is I1l'l'lil'd to 
.lrClIl'tlll,1 Y Illl',lSll I'l' till' opt k,,1 consttlnts of III ,1 tl'ri,lls on 11 sub-O.l P 111 Sl\lll'. 

HHun' 2. Sdll'l1l<llk 1.1YOUt (If till' 
'ioft ,-my microinh'I'fl'I'UIlll'll'r. 

H~lIn' .1. Suit ,,-r.w minulnll'l'­
f,'mlUl'h' .. hllll"!n~ with IUlll' 

pl'lt,·, .lfll"-'lh'H·, .md Ioi,unpll' 
st.1H'·s. 



BiologiLal X-Ray 
Microscopy 

Compcll'l'd to visibll' light microscopy, x-ray l1lic..:TOSl'Opy hds .1 grl,.1tly 
impw\'ed resolution. TIll' kl'Y opticnll'\l'I11l'nts in achieving this resolution 
.H(' till' /'OIw-plntll Il'nsl's dl'scribl'd dblH'l'. Although x-ray microscopy 
does not Cllmpl'te with l'It.'ciron microscopy in tl'rms of resolution, it offl'rs 
unique ,1dvnnt.lglls, including thl' ability to imagl' thick (1-10 pm) intact 
sampll's, and to do this in .In aqul'OL!S physiologically f'(lll'\'l'nt enviroll-
1111'llt. TIll' ll1l'thod is b,1Sl'd on thl' intt'I'llctioll of :'\-ravs with ll1t1tter in thl' 
W(1\ l'll'llgth 1',1ngl' from 22-44 A (till' so-calll'd "w,ltl'l: window"). In this 
rnngl', w,liL'!' absorbs I'l'lnti\'l'Iy wl'ilkly, "l1owing cOlltrast to be pro\'idl'd 
by n"tul'ally occlIrring ('(,II componl'llb sllch as protl'ins, nudL'ic .Kids, and 
carbohydrates. Bec,lusl' of till' pel1l'trl1ting power of X-I\lYS, information 
cnn be ohtaitll'd from thick samp\t's tlhlt Ml' not accessible to othl'r tl'ch­
niqul's, Includ ing high \'o\tagl\ l'lL'ctron, ,1tomic force, ,1l1d nl'eu-fidd 
micl'oscopil's, TIll' x-my microscopl' l'tlll also l1l' lIsed as a high rl'soilitioll 
Mwlyti(\ll tool. In conjunction \v!th n tunnblL' syn('hrotron-ha~lld x-J'ay 
sourCl', till' spl'cific ab~orption prllpl'rtillS of diffl'l'l'l1t l'lel111'llts can be lIsl,d 
to obtain elL'I11l'llt,1Imt1ps and otlll'r chemical information from tlw 
snmpll's. 

X-ray mkroscopl'S can l1L' l'itlll'r ('oll\'l'ntion,ll1y dl'signl'd in1c1ging x­
ray microscopl'S 01' scanning X-I\1Y microscopl'S. TIll' most l'I,lhor,ltl' 
mict'llSCOpl'~ of l'ithel' typl' t1l'l' tIll' Cllttingl'll il11,lging x-ray micl'OSCllPl' at 
l3ESSY in Bl'l'lin ,md till' scanning x-I-"y mkroscopl' llt till' NSLS, 
I3l'ookh~l\'l'n Nationdl LlbOl't,toI'Y. TIll' twol11krOSl'Opl'S Sl.'I'\'l' compleml'n­
t~lI'Y Ill'l,ds. Using nn ltnl'ol11plkdtl'd dl'sign, thl' imaging I11kt'osCOPl' 
pl'o\'idl's il11tlgl'S with till' highest I'l'solution cOl11bilwd with till' shortlIst 
l'XPOSlIl'l'tinll's. TIll' sr,lIlning mkt'oscOpl' offl'l's tl distinct ad\'ant,lgl' of 
high sp,'tic1Il'l'~iollitilln im,lgl's with minimal r,ldiation dusl'. Wl'IM\'l' 
rondudl'd expl't'in1l'nts ,It both facilitit,'s during tlw P,lst Yl'ar and con­
ductl'd ,1 dl'sign l'ffort to build both micI'O~COPl\ typl'S ,It thl' Ad\'allCl'd 
Light SourCl', 

Tlw high rl1solution of X-I\lY mkmscllpy is ,Khil'\'l'd with Z{llll' pl'ltl' 
Il'nsl's, which Wl' build with nn O\'l'l' tllll'ffil..'iL'l1l'V of 7.:VIII and tlll olltl'rmost 
zonl' width of J50 A-dosel' to tIll' tl1l'lll'l,til\llliniit tlhlll any o till' I' zonl' 
pl,'tl' with this rl'~lliutioll, Thl'sl' /'OIW pl,Hl's lUll rl'glll'll'I~I'llSl'd with till' 
sCdnning l'Il'(tnlI1 mk'rOSI'Opl' ,It Brookh,wl'n, tllld thL' highl1st rl'~ollltion 
l"Pl't'itlll'nts to d,ltl' h,wl' bl'l'n ~1l'dornll'd with thl'sl' zonl~ pl,ltl'S 011 till' 
imaging X-I\lY micI'OSCOPl' ,It BESSY, The high llffkil'nl'y of thl'sl' Zlll1l' 
platt'S l'nablt,s I'l'duclion of till' J'tldi,ltion dll~l' to ,1 biological s"mplll, whill1 

a flll'thl'l' I'l'dul'tion is tll'hill\'lld by llsing " highly dfidcnt dl1tl'l'tOI', To 
lltilizl' tlll'Sl' "d \',lIltagl1s, \Vll installl'd ,1 spl'ej,lll'il'l,tl'onk r,lI1WI',l 011 tIll' 
BESSY micrOSl'Opl' lIsing ,1 b,lck-illllmin,ltl1d thinnl'd eel) ,1S a I'll l'Ording 
dl'\'kl', which ,Khill\'l'~ a l121~11 l'ffil'il'nry "t till' most llSlld X-I"'Y w,l\'l'lllngth 
of 24 A, This c,ltnl'rd I'l'l.hICL'S both till' l'XpOSlIl'll tinw ,1nd thl' I",ditltion 
tlpplll'd to thl' s,lmplL', l'dCh by morl' th,ln nn ordl'l' of m,lgnitlldl', 

Our l'xpl1l'imcnts ';It till' l'xi~ting x-ray miL'I'llSl'OPllS 11tl\'ll ,lddrl'ssl'd two 
Ill'l'd:.;: fil'~t was l'v"lth1tion of thl' pl't'forl1hlllCl' of sllch (l'itl!..',,1 P,1I'ts of x .. 
r,lY miL'I'llSI..'Opl'S ,1S ZOIW plt1tl'~ ,lnd dl1tl'l'tors, Sl'l'ond W,lS l'nhanl'l'I11l'nt of 
lll!1' knllWll'dgl1 of prl'p,u,ltion tl'l'hniqlll's, rontr,lst I11l'dMnisms, ,1Ild 
rd"tcd topics, Exampk's of biologil'lll ~'lmplt'~ inhlgl'd lI~ing till' instru­
l11l'nts ,1t BESSY ,1Ild Bronkh,wL'11 N,1tlon,,\ Llbol'tltol'Y lue shown in 
Figul'l'S 4 ,1I1d 5, 



CENTER F<JR X-RA Y OPTICS 

TIlt' Ccntl'r for X-Rtly Optics hilS bl'gun to design cnmpll'l11l'nt.Hy 
im'lglng ,lnd SC,111l1ing x-ray microscopes for till' Advtll1Cl'd Light SOllrn' to 
form" Biologicc11 X-Ray Microscopy Rl'SOUt'Cl' Cl'l1tl'l'. Bl'l\lllSl' till' ALS is 
till' brightest SOltl'Cl' of tuni.1bil, x-rays aV,lllnblc worldwide, thl'se micro­
scopes will combilll' tlw highest possibtl' rl'solution \vith shortest possibll' 
exposurl,til1ws. The first rnicroscoj1l' ,It till' ALS will bl' an imaging tYP(l 
lIslng l1l'nding ll1t1gnl't radhltion, to l1l' availi.lbll' in 1494. 

BBC !}37,4855 

XBB !i:J7 soo;; 

h 

t:lgure 4. Intact human red bluod 
cell!'i, one Infected by malaria 
para!lites, buth Imaged with soft 
x·rays. These studies Indicate that 
x·ray microscope!! are well suited 
to Mtudylng the development of 
the parasite within the cell, and 
may pro\llde useful information 
regarding the pathology of the 
disease. These images are part (If a 
study by Drs. C. Maguwan and M. 
Muronne (tOu' The irlhlMe was 
taktm with the GilttlnMen x·ray 
microscope at BESSY In Berlin. 

Figure 5. Sperm head of a 
mar5upltll mUll!'" ISmlnthupslsl 
laken with tht' GUttingen ,-ray 
microscope .It BESSY using tht' 
new ba(k·lIlumlrhltt'd CCO 
(illllera ,md a hiMh efficlcncy 
nlckt.'lwne pl.,,,! (350 A 
uutt.'rm"st lOne width). this image 
Iii part of a study by Dfl •. WIIII.lIlt 
Un~ed (U. uf Adelaide) illHI 
I{udlwy Uillhurn (ltNU. 



Extrl'1l1e Ultraviolet 
Lithography fot' 
Nanoelectl'onic 
Pattern l'ransf{'1' 

flMure 6. Spl1t11llly.md 
tempurally filtered radiation at 
till' AtS will be u!it,d fur "at· 
wl1velenMth" Interferometric 
tC8t1nM uf UptlCIi. The bcamline 
dl'HIMn I" "huwn In t:iMurc 19. 

~;inn' till' rl'l'ntiun of thl' first integrated circuit in IlJhO thl'rt, hi.1S bl'L'11 
an l'Vl'1' inCrl'tlsing dl'nsity of dl'vin's manllfactlll'l'd on sl'miconductol' 
suhstrntl's. Tlw vpry IMgl' ~il\lk' intl'gration (VSLI) l't'll from thl' lllidl970s 
to thl' pt'l'Sl'nt has Sl'l'n chip dl'nsitil's frol11 lOO/UOO transistors pl'r chip tll 
OVl'r 1 million ~1l'r chip. This incrl'l.lsinH dl'\'icl' COllnt wns i.1ccompliHl1l'd by 
n shrinking minimum fl'ahlrl' sizl' thnt inciudl's litll'width, spacing, llnd 
contact diml'nsions, from :2 ~111 In till' Jatl' \ 970s to k'ss than 0.75 ~lm in 
Cllrrl'nt 4-rnl'gabit dynomk mndoll1 i1l'Cl'SS t1ll'moril's (DRAMs). TIll' 
Chtllk'nHl' to contit1lwd U.s. industritll cllmpl,titivl'nl'ss in mirrlll'll'dronics 
will bl' dl'\'l'lopnll'nt of nl'W tl'chniqlll's of lithogl'aphy ond pattern trnnsfer 
41t l11inimum fl'atlll'l' sizl's of 0.1 ~l m ,ll1d sl11nlll't'. Tlw Ilthogmphy progr,'111 
nt tlw Cl'ntl'r for X-RtlY Optics fOClISl'S on thl' 1'Ilahiing tl'chllologil's that 
tUl' l'SSl'l1ti,11 for EUV opticclllmaging systl'ms; Imaging systems that will 
l1l' rl'qllil'l'd fOl' O. J -~lm fl',Hurl's and t -gigabit Intl'grah.'d circuits by thl' 
Yl'i:U 2000. Thl' progr,'111 COIlCl'ntratl'S on till' dl'vl'lopml'nt of EUV Intl'r­
fl'roml'try (01' testing optics at " wi;wl,ll'ngth of DO A, nanofnbric,ltion 
fadlitil's for diffl\lCtlvl' optics and I'l'fll'ctivl' m,1sks, high plaCl'l11l'nt ncclI~ 
mcy oVl'l'largl' tlt'l'llS, cll1d rl'latl'd rl'sl't1l'ch activitll's In optics, dl'vicl' 
physics, pattl't'n transfer, and rl'qllisitl' tlwtroIOHil's. 

Nl'W fadlitll's will indudl' bl'nding mllgl'll't and 1I11dllintor heamlinl's 
nt the AdV,lIll'l'd Light SOllI'Cl'. TIll' lIndlllator bl',lmlit1l' will have ,1 lIniqlll' 
EUV intl'rfl'rollwtl'r fOl' "at Wt1Vl'Jl'I1Hth" charactl'rizat\ol1 of hlHh 1111l11l'ril'al 
npl'l'tlll'l' I'l'fll'l'tlvl' optics b,lSl'd on till' llSl' of pnrtlally COhl'l'l'l1t Ul1dlll,ltor 
rildl,Hion. 1\ l1l'ndlng maH11l't hl.',lmlinl' elt thl' ALS will bl' fiUl,d with both 
EUV ,1nd soft x-ray ml'troloHY sttltions for spati(ll1y and SPl'(tl'l1lly rl'solvl'd 
,lbsolutl' SPl'ctI'Otl1l'try, including pl'l'cisl' ml'aSlIrl'tl1l'nts of mirrol' 
I'l'fll'l'tlvity, n'sist sl'nsiti v ity, optka Idfidl'nry, rl'fmctivl' i ndl'x, and nthl'r 
qllilntitil'S. 

In ,lddition, ,1 'Mnofilbril'l1tion facility, dl'sl'rihl'd bl'low, with nl'xt 
gl'l1l'ration dit'l'ct-writl'l'll'dron-bl'Clm Glpability (,' "n"nOWl'itl'r") for 
nMking bt'st-in-ttll'-world dlffrnctivl' x-r"y optics, fl'fll'l'tivl' IlhlSk pattl'rns, 
,ll1d otlll'1' stl'lIChll'l'S is bl'inH huilt. 

A. :~ (1 + ~;. + f(2) 

In the central radiation cone: 

~ ::: N d (I 1 
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For fabricatinn of state of the art diffmctlvt.\ optics (zone p"ltes and 
gr4,tings), l'Iectron-bei.1Il1 l1anolithography is ~1 key technology. To OVl'r· 
come limitations with cOn1l'nercially avaU"bk, clcdron-be"un mnchines, 
LBL h,1S tnken on an nmbitious project to devl1lop ~l next-gl'l1l!l'ation 
"nanowt'iter./I The 11i.1nOwrltel· and othl'r instruJn('nt .. ltion will allow 
resl'i.1fch In the ,1 .. eas of hiHh resolution diffmctivl' optics, mmoelectronic 
pattl'rnlng, m,1tl'rials processing, studics of quantum transport devicl" 
physics, "nd the dl'vclopmel1t of rl'quisitl\ ml1tJ'ologics for til(' 1.>Vt.lrhlY of 
O.l-~.un pntterns ,Kross squnrl1 cl'ntiml'tl'r iHl't'lS in future n,mocll'ctronic 
dcvicl'S. Our g'M) is tll build ,1 working machinl1 th,lt is superior to llxisting 
systems in tl'rtns of resolution, plaCl'tn(mt accumcy, 4md throughput. Some 
of the t\ggressive specificntions to btl met nre a 2.5-nm spot sizt' within ,) 
100-~.un di,unt'tt'r field SiZl', less thMl 25-nrn stitching errOl' bl'twl'en fit'lds 
over square l'llntin1l'ter dimt'nsions, nnd up to lOO-MHz bl),1111 stl1pping 
1',1tt' with nl'bitnuy shnpl' llxposurl1• 

DUring the dl1vl'loprnent, gflli.1t l'mphasis is given to kt'eping the 
system flexiblt'l expandi1blll , and h.u'Hlble to mel't different requirements for 
pl,1cemt'nt nccuracy, minimum feature SiZl', and modcmte throughput. Of 
thl' 14 subsystt't11S iuentifk'd fOl the nnnowritel', thrl'l' l'llpl'l'st'nt ,) spech,l 
challll l1gl' in that th('ir specificntions ret1ch beyond whitt h"s bel'n done to 
d,Ht'. Two of them, thl' intt'g .. ated final lens ,1nd dl1fll'ction system, nnd Hll' 
ultr,1-hlgh pnxision specimen stngll, will btl l'o-devcloped by CXRO 

Figure 7. Point dlfferactiol1 
lnterfc:ometry will be used for 
testlng opllcal cumponents such 
as lel1ses, mlnOl'll, and beam 
splitters, as well il!i fullllllllging 
systems. This work I~ done in 
collaburatiun with GMY 
Sommargrell of LlNl.. 

A Next .. Generntion 
Nnnowriter 



Figure 8. Schematic uf the 
"Ilanowriter" electron-beam 
system under development by 
LOL and industrial partners. 

Reflective Masks for 
Extreme Ultraviolet 
Lithography 

Final lens 
and 
deflection 
system 

. 100 keV TFE gun 

<2.5 nm spot sile 
2.5 nm placement 
0.2 nA current 

• 512 IJm field: <25 nm spot size 
25 nm placement 
2 nA current 

• 1 em )I 1 cm: 20 nm stitching 
accuracy 

• 100 MHz stepping rate 

• arbitrary shapes 

• up to a" wafers 

XBL 9212-5863 

scientists nnd an outside vendor. Thl' third, the high-speed digital p"Uern 
gene.·"tor, Is currl'ntly under development by CXRO. 

Otht'r subsystems, including job prepnt'lltion softwal'l' ,1nd proximity 
cffect corrl'ction, ns well as the overall tool control hnrdwal'Ll nnd softWtlrl', 
art' nlso being developed within CXRO, which will also be rl'sponsibk' for 
oVl'nlll projl'ct mnnagetl1l'nt and system intl'grntion. Negotiations htlVe 
bCl'l1 stnrted with IBM Rese(lI'ch, where pn1totypes of the tool control 
systl'm nnd portions of the proximity correction Me being used to control 
sl'vernl nanolithogrnphy ll\t.:'ctron-benm mnchines. The nanowriter is 
l'xpected to he operationnl in 1996. 

The deve\opment of reflective mnsks is n criticnl component of the 
l'ml'rging program in extrl'me ultl't1violet Iithogl't1phy. ~ rdlectivl' mask is 
made by pntterning nn nbsorber InYl'r above a multilayer reflcctivl' coating. 
To bll imaged with fidelity onto thl' wafer, all factors that nffect its imnging 
dhln1cteristic must be wt:'ll understood. The nbrupt topography of the 
nbsorbcl' layer and the distribltted reflection from the coating mnke 
calculntions of the reflech;ld image complex. As a result, electromngnetic 
simulations using time·domain finite-differencl' techniques are used to 
study the l'ffects of topography and multilnyer coating defects on the 
reflected arenl ima~~e. 

In early investigntions we find that the illumination angle should bl' of 
no more than 10 degrees off-normal incidence and that only a thin ab­
sorber layer, approximately 100 nm, of germnnium or carbon is needed for 
good image contrast. With near normal-inddence iIlumini.ltion and n thin 
absorber lnyer, the absorber overlnyer reflective mask is relatively insensi­
tive to vnriations in incidence angle in absorber profile, making it a robust 
mask geometry. 

The effect of multilayer defects on the reflected inhlge, however, can be 
dramatic. For instance, a substrate def(lct of one tenth the resolution limit 
can produce n 70(X, reduction in image intensity. Experimental studies are 
underway to confirm these predictions. In addition to pnttern transfer 
studies, high resolution transmission electron microscopy and s~anning 
tunneling microscopy are being used to study the propagation of a sub­
strate defect through the multilayer stack and its effect on the multilayer 
structure. 
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Multilayer 
Reflective Optics 

Studies of Roughness 
and Diffuse Scattering 
from Mirrors 

Multilayer coatings are effective reflectors of x-rays over a broad 
wavelength range. The wavelengths and angles of incidence for which 
they are highly reflective are determined by the Bragg Equation with the d 
spacing equal to the period of the multilayer; that is, the sum of the thick­
nesses of one high-Z and one low-Z layer. Our effort encompasses fabri­
cating multilayers via sputtering techniques, advancing the applications of 
multilayers in a variety of forefront experiments, and conducting funda­
mental research into multilayers themselves to improve them and eluci­
date their performance limits. 

In the u.s and abroad, multilayers fabricated in our laboratory have 
been incorporated into a wide variety of x-ray optical systems at photon 
energies ranging from the extreme untraviolet (EUV) to the hard x-ray 
regions of the spectrum. In the EUV and soft x-ray regions multilayer 
applications include simple dispersing elemp.nts for spectroscopy, normal 
incidence imaging optics of interest, e.g., in projection lithography, polar­
ization controlling and converting devices, and coatings on gratings to 
extend their high energy range. In the hard x-ray region applications 
typically take advantage of the broad bandwidth of multilayers compared 
to natural crystals, and include broadband dispersing elements, power 
filtering mirrors, and coatings for microfocllsing mirrors. 

Interface roughness reduces specular reflectance and produces diffuse 
scattering, both of \\'hich are critically important in specifying the perfor­
mance of x-ray mirrors. These effects are especially severe for multilayer 
mirrors because they operate at large scattering vector or momentum 
transfer compared to total reflection mirrors, where they are most pro­
nounced. We study the roughness of x-ray mirrors by measuring the 
specular reflectance and diffuse scattering from a variety of samples, 
including flat polished substrates, sputtered single films, and multilayers. 
The surfaces are also measured by optical interferometry and atomic force 
microscopy to compare the roughness values obtained from these different 
techniques. Microstructural characterization using TEM and high-angle x­
ray scattering are applied to multilayers and films in some cases. In 
addition to providing fundamental data on x-ray mirror performance, 
these mp.asurements allow us to test theoretical predictions of how inter­
faCt: roughness affects mirror performance. We are especially interested in 
studying how roughness evolves with polishing (in the case of mirror 
substrates) and with deposition (in the case of single or multilayer film 
deposition), and how thin film microstructure affects roughness. 

One study, illustrated in Figure 11, investigates how substrate rough­
ness evolves with polishing, and how the different levels of polishing 
affect the performance of multilayer mirrors deposited on those substrates. 
The substrates were fused-silica optical flats polished to four different 
levels of microroughness ranging from 0.2 to ] 1 A as determined by the 
polisher using visible interferometry. These roughness values span the 
range typical of most well po1ished x-ray mirrors, with the smoothest 
samples comparable to the best superpolished mirrors available. The x-ray 
reflectance and scattering measurements were made at the Stanford 
Synchrotron Radiation Laboratory using 1.38-A radiation. Figures 11 (a) 
and (b) show the specular reflectance from the substrates alone and from 
an identical W Ie multilayer with d = 30.6 A deposited onto those sub­
strates. Figure]] (c) shows diffuse scattering from the bare substrates 
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Figure 11. The specular reflectance (A ::: 1.38 A) vs. angle is shown 
in (a) for a series of four fused silica optical flats polished to 
different levels of microroughness detennined by the polisher 
with visible interferometry to be 0.2, 2, 5 and 11 A. (b) shows the 
reflectance from a W/C multilayer with 40 periods each 30.6 A 
thick. These data have had the diffuse component at the specular 
position subtracted to give the true specular intenshy. Fits to the 
substrate data in (a) using a simple Fresnel model including a 
single overlayer are shown as lines through the data points, and 
yield roughness values larger than those obtained from visible 
interferometry. The reflectance at the first order multilayer peak 
decreases from 701y'" to 631Yo, to Ill Vo to 0.5% with increasing 
roughness, confinning that substrate roughness is a significant 
limitation to multilayer reflectance for all but ideally perfect 
substrates (ideal reflectance is 78%). (c) shows the diffuse 
scattering measured from the bare substrates along qx (in the 
surface plane), together with theoretical fits using a model to 
describe scattering from fractaUy rough surfaces. The specular 
beam exists at q\ = 0 and is not displayed here. The peaks at qx ::: 
0.0023 A·1 occur when the incident or reflected angles equal the 
critical angle, and indicate that the measured scattering results 
from surface not bulk fluctuations. The fractal model can fit 
scattering from all but the smoothest surface, whose scattering 
looks like white noise over most of this frequency range. The 
entire data set is consistent with growth of smooth Wand C layers 
which confonn successively to the roughness of the substrate over 
the range of frequencies measured. 

measured with rocking scans, together with theoretical fits to these data 
using a model developed to describe scattering from fractally rough 
surfaces. Together the specular and diffuse scattering are extremely 
sensitive to the magnitude and nature of interface roughness. 

This study demonstrates that, for high quality multilayers which form 
smooth and well~defined layers like the W Ie multilayers studied here, 
multilayer reflectance is limited by substrate roughness. This limitation 
becomes increasingly severe as the multilayer period decreases, and can be 
the dominant factor limiting multilayers from achieving their theoretical 
ideal performance as wavelengths approach the C edge and the water 
window. This study also emphasizes the need for continued substrate 
development aimed at achieving ever smoother surfaces. 
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Controlling Multilayer 
Period Variation for 
lnlaging Applications 

Figure 12, The need to control 
multilayer period (II) varlatlun on 
focusing optics arises because 
Bragg's law must be satisfied for 
each my at e.lch mlrrur at a fixed 
wavelength to have an achromatic 
Imaging system, The primary and 
secondary mirrors of the 20x 
demagnlfying SchwMzschlld 
ubjectlve at the left pl'esent a 
range of angles that prescribe the 
Ide.ll d varlatluns at tlw right, The 
tolerance needed to match this 
prescribed variation of several 
percent is set by the l11ultllllyer 
bandpass, which decreases with 
wavelength to nne percent or less 
at 68 A where nu/B.jC multilayers 
have useful reflectance, We have 
developed techniques to 
specifically t.l\lur the II variatiull 
un the curved surface of each 
mirror by introducing Ilhlsks 
between the sotlrce and substrate 
to systematically reduce 
depusltion much like dudging In 
the printing of a photograph, 
EqU.llly import.lIlt is the .lbility to 
measure and verify these II 
varl.llions using spatially· 
resolved, neM Ilurmal Incidence 
reflectollletry, The nwasured d 
v&lI'iatinns are shuwn In the pints, 
The pe.,k reflectance of the ((u/ 
B4C multllayers across e.lch minor 
Is roughly 15'';.. at 68 A, 

Multilnyl'r~('lHltl'd focusing systl'ms for XUV imaging, by tlwil' Vl'I'y 
nntUl'l', gl'ncrally I'cquirl' latl'l'nlly gmdcd multilaycr pcriod 01' thicklwss 
acl'oss tilt' cll',H n~1L'rtul'l' of mit'rOl'H to opti1l1izl' pl'I'fol'1llancl', This l'l'quir'e­
nwnt StL'I11H from till' varintion of incidl'nCl' (1I1g1l's givLln by till' optiGll 
dl'sign, and till' in/wl'pnl finitl' bnndwidth of x~t'ny mllltilaYl1rH. Tlw Idl'n/ 
pcriod (tI) variation nt l'ach mirror is pt'cscdbl'd fOl' small-fiL'ld imaging 
systcms by till' variation in incidl'J1Cl' nnglll (from grnzing) acl'oss thL' denl' 
apl'l'ttll'l' thl'Ough H'Il' Brngg condition fOl' constrllctivl' multilaYl'r inteJ'fl'r­
l'nn', A ::: 2dsin8. This is i1IUstl\ltl'd fot' n 20x dL'mngnifying SChWtl1'zschild 
objl'ctivll in Figul'l' 12, which shows till' how thl' pl"'iod should vary ilCl'OSS 
lInch mirrol' to avoid unwantL'd intensity and phnsl' vnl'iatlons ,Kross the 
cll'al' apet'ttll'l'. TIll' "ctunl d vnt'intion should conform to this pl'cscril1l'd 
idl'nl val'iation to a tolL'rnn('L' of a fraction of thl' lllultilaYl'l' bandwidth, 

Thl' bandwidth of soft x-my 1l1111tilnycl's scall'S with wavl'll'ngth, and 
hl'nl'l:' so dOl'S till' nl'ed tll prl'cisl'ly contl'ol the multilayer period v","intion, 
Mo/Si l11ultilayl'l's fOl' lISl' at > 125 A hnvL' bandwidths of 4~5 PL'I'Cl'nt or 
InrgL'I', lL'ading to l'L'hltiVL'ly gl'l1l'rOUS toll.'l'tlncl's for tIll' control of d, /hll 
B.,C 11111ltilaYl'rs havl' higl{ ,'L'fll'chlncl' at > 66 A and bandwidths of I 
Pl'l'Cl'l1t 01' k'SS, I'l'qlliring till' dl'vdopnwl1t of Ill'W tl'chniqul's to control 
i;1I1d vl'rify tl1l'd v,lriiltion on this and simllnr optics. Thl'sl' nl1l'l'ow band­
widths not only nl'Cl'ssit,ltL' improvl'd control of d variation across l'ach 
individu,ll curvl'd slIl'fi.1CC, but also inCI'l'tlSl' till' dl'mands on 111l1tchlng tl1l' 
coatings of diffl'I'l'nt mit'l'ors in a compound Imnging systl'l11. 

Wll hnvt' dl'velo~1L'd l'xpcl'inwntal tl'cllniqlll's to control nnd Vl'I'lfy tl1l' 
d variation of nal'l'ow bandwidth nHlltilnYl'l's on 11 20x dl'I11'1gnlfying 
Schwarzschlld. Two iSSlIl'S ,1I'l' kcy in tl1l'sl' dl'vl'IopnlL'nts, till' ability to 
pl'l'cisl'ly control d v,uiation dul'ing LiL'position over StllL'ply ClII'Vl'd Sllr~ 
fncl's, and tl1l' 'lhility to pl'l'cisl'Iy l11l\lSllrl' till' 111ultilnYl'r l'l'f1l'chlnl'l' 
SPl'ctl'tl with (ldl'quate spnthlll'l'solution on thl'Sl' cUl'\'l'd slIrfacl's. Wli 
obtain control OVl'r dl'position profilll by intl'Od ueing masks lwtWl'lll1 thl' 
SOlln.'l' nnd substl'atL' to ,lltl'I' the dl'position profik' in d spl'cificnlly dl'sil'l'd 
mnnnl'r. Spntinlly I'l'solvl'd l1ll'tlSlIl'l'l11l'nt of d vat'itltion ,ll'ross thl'sl' 
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curved surfaces is accomplished with at-wavl'length, near normal-inci­
dence reflechulcl' measurements using our newly developed laser-plasma 
based reflectometer. An iterative approach of deposition proffll' modifIca­
tion and spatially resolved reflectometry converges on an acceptable 
solution to the coating problem, and demonstrates unprecedented control 
of multilayer coatings on curved surfaces. These techniques are generally 
applicable to condenser and imnging optics of interest fOl' soft x-ray 
projection lithography, as well as othel' multilayerMcoated focusing sys­
tems. 

Multilayer x-ray mirrors of molybdenum and silicon operating ilt 
normill incidence ilt wavelengths just longwtud of the 5i LII ,1I1 absorption 
edges nre a key component in the dl'veloplnent of extt'eme ultraviolet 
projection lithography. Becousl' till' ochievcl11cnt and tl10intenance of high 
reflectivity surfilces are vital, it is important to know if Mo/Si multilayers 
chnnge reflectivity with time, and a series of expl'riments was carried out 
to investignte this possibility. Mo/Si multilayer mirrors Wet'e prepared to 
reflect 148 A rildlation at normal incidence with 50 layer pilirs, i.lnd If = 70.2 
A. The reflectors were prepared both with rnolybdenum as the terminat­
ing layer (Mo on top) ilnd with 51 ilS the terminating layer (5i on top). The 
reflectivity of thesl~ multilayers on silicon w,1fl,t's WilS n1l'asured immedi­
ately after deposition using the laser plasma reflectometer and then at 
intervals of a few days. Between measurements the sampil's werL' stored in 
laboratory air. Tlw results i.1t'l' shown in figure 13. immedintl'lyaftl'r 
deposition both sets of mirror sampll..'s had a rl'tll'ctivity of between 61 and 
63%, but over a period of months the reflectivity of the Mo-on-top samples 
decayed l'xponentially to an asymptotic valul' of about 4H%, while the Si­
on-top mirrors maintained their originall'etll'ctivity. Chemical tUhllysis of 
the surface of the aged Mo-on-top mirrors showed that tl1l' topmost 
molybdenum l"yer had hl'come oxidized to MO()l and Mo02, and compu­
tational modeling showed that such oxidation clluld eXpltlin the drop in 
reflectivity. Since the observcd decrease in rl'flectivity fol' the Mo-on-top 
mirror would let1d to a decrl'tlSe in throughput by a factor of 4 for tl seven­
element projection lithography system, it is cll'i.1I'Iy preferable to fabricatl' 
the mirrors with silicon as the topmost surface. 
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Tarnishing and 
Restoration of Mo/Si 
Multilayer X-Ray 
Mirrors 

Figure 13. '-'1t: Reflectivity as a 
function of wavelength for a Mol 
51 multilayer mirror designed to 
reflect 148 A at Ilormallncldence . 
This mirror had Mo as the top 
layer; the two curves show the 
reflectivity just after deposition 
(triangles) and after storage In air 
for 244 days (squares), Rig"t: 
peak reflectivity VII. time for the 
same multilayer compared with 
the peak reflectivity "s. time for 
an identical multilayer having 
silicon as the top layer. The 
silicon protects the molybdenum 
against oxidation, which Is the 
cause of its degraded reflectivity. 



Electron Ben nl 
Microanalysis of Light 
Ell'111l'l1 ts 

f:IMure 14. The Klllhll' or IlllwRen 
(.l) with .1 CUlllltlerci.llly av,lllabll' 
1,'Yl'red dINpl'rslonl'h.·l1llmts 
UJ)Es) with I.,yer pairs (If 
tUIlMsten and sllil'Un, ,11ld (h) with 
., Ill'W hlMh reflectivity U>l~ 
dl'vl'lnpl'd .It CXIU). TIll' pl'.lk 
slRIMI IN apprmdmately to tlml'!! 
Mfl'all.'f fOf Ihl' CXIH)·dl.'vl.'l(I~wd 
dl·vlcl.'. 

UUV / Soft X-r'ly 
Refl C(t()1l1l1 tl1 1' 

I l !\'!' ", III \ 1.1\ 1\l'III'lllllllt'll'l 

l'XR() is dl'\,l'loping 111 lIltiItlYl'J'S tlhlt can Lll' Wil,d in l'Il'ciron I)"oill' 
mirroilnnlysl'rs to do qUill1titlltivl' iltMlysis of IiHht l'll'l1wnts such ns 
fluorinl', oxygl'I1, l1itrllgl'I1, l'tlI'bol1, and lithium. In till' p"st this hIlS bl'l'I1 
difficult dul' to ,1 I'lrk of rrystills with i1 Illtticl' pl'riod d largl1 l'IHHIHh to 
diffr,'ri till' long wllVl'Il'I1Hth rhnl't1ril't'istil' X-I't1ys from tl1l'Sl' 1'Il'l1ll'lltS. 
Mil',l, for l'xnmplll, with ,1 ~1l'riod (d) of Ill.H A, C,lntlOt Lw lIsl'd for ,lI1111ysb 
of OXygl'Il, \vhosl' Ku l'mission is ilt 21.4 A, or Ilitl'ogl'n (11.2 A), or cdl'hon 
(·n.H A). ()11 till' otlll'r hlll1d, lllultilnYl'r l'l'fll'rtOI'S l'tll1i1l' I1hldl' with till' 
l'l'lllliJ'('d d-spl1dng ,1Ild h,1\'ll bl'lll1 lI~l'd as lHUfidlll l'ryst,lls fot' tnil'l'oproL'll' 
III 111 lysis. Must hllVl' \'l'I'y low l'Hiril'ncy (1 II" 01' tl'SS). Wl' h,1\'l' dl'Vl1IoPl'd 
impw\,l'd IllYl'rl·d dis~"Il'rsion l'Il'l1ll'nts (I,DEs) with l'ffidl'l1l'il'S of r,n;, 01' 
11101'l' fot' tlll'Sl' w,lvl'll'ngths. TIll'y Illlow till' dl'tl'Ctiollof till' lighll'Il'Illl'nts 
with lWltl1f' sign"l 10 noisl' rtHins 1ll1d tWlll'l' imprllvl'd sl'nsitivity, Figlll'l' 14 
shows dl'tl'ction of till' Kef. linl' of Ilitrogl'll (11) with ,ll'Olllnll'l'ri.,lly 11\'1111-

,1bll' I.DE with 1,1Yl'!' pairs of tlll1gsll'n ,lnd silicon, 11l1d (b) with 11 Ill'W high 
I'l'f1l'l'tiVity I,DI': dl'Vl'IO~ll'd III CXl{O. TIll' ~"Il'llk siglltllllPPl'llXillltltl'ly 10 
tinll's grl',ltl'l' for till' CXI{O dpVit'l'. Similtll' I'l'slllts hilVl' lWl'l1 obt.1i111'd in 
till' anillysis of OXygl'l1. This impl'O\ll'llll'l1t in light l'It'Il1l'nt 111111lysis 
rHpllhility hilS importlll1t llpplil'lltiolls in, for l'xllmpll', m,ltl'ri,lls Sril'l1l'l' 
(11)(1 gl'lKIll'llllstI'Y, nnd I1My pl'ovldl' FhH'ticliltlI'ly impol'tnnt OPPOl'tUl1itil'S 
fol' indllstrhll dl'Vl'lopl1ll'nt. 
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TIll' ability to mtlkl' tllTllI'c1tl' illld I'l'li,lbll' l'cllibl'tltion ml'll!-lUl'l'IlWllts in 
till' l'xtrl'I1W ultl'llVioll't/sllft X-I'lly I'l'gion b I'l'lillit'l'd 10 l'n,lbll' sdl'ntists 
,1I1d l'nginl'l'l's to nWllSUl'l' till' pl'rfnrm,lI1l'l' of optil'clll'll'l1ll'nts ,1nd pl'l'dkt 
till' ~ll'l'fllnnlll1n' of n sysh'm. This IWl,d is drivl'n by till' elll't'l'nt tll'tivlty in 
Pl'ojl'l'tion Iithogr,'phy ,1S wl'lI as 11 v,lril'ty of studil's lIsinH synchrotron 
1',1di,ltion. OUt' prl'sl'l1t c,lptlbility for mIlking such 111l'41Sllrl'IlWnts l'l'ntl'rs 
tlI'Olll1d our rl'fll'riol11l'tl'l' lIsing 11 ItlSl'r-prodllrl'd pl"sma EUV SOUI'l'l', cllld 
shown in Figurt, I r,. It USl'S 11 lInilllll' high thr'ollghput monoChrOIl1,ltl'I' 
dl'siglll'd and built 11t eXRO th,H v,wiL's till' W,wl'll'nglh to till' optic'll 
l'll'l11l'nts Lwing tl'stl'd. SOI11l' I'l'n'nt stlidil'S, which indlldl' invl'stig,ltions 
of till' st,lbility of Mo/Si 1ll1lltil"yl'l' minol's, ,1Ild till' dl'Vl'loPIl1l'l1t of 
ll1ultil,lYl'l' nhltings for imllging optics III short wtlvl'll'ngth Ill'l' dl'sl'l'iLll'd \n 
tl1l.' multil,1Yl'l' sl'ction of this ,lI1:llhll rl'port. 
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There is also f.l continuing need for Improvl'd ml'aSUren1l'nts of till' 
optical constants of mi.lterlals in order to bc ablt' to prl'dict and undl'rstand 
thl' performann' of optics. Particularly, in the soft x-ray /l'xtreme ultrnvio­
let spl'ctral rangl' tl1l' optictll constants ,)fl' poorly known bl'causl' of till' 
difficulties involved In thl~ir ml'asurt'ml'nt. We havl' obtalnl'd the optkal 
constants for i.1 vtulety of mntl'rlals using both transmission and rl'fk'ction 
mCaSUrl'l11l'nt. Our recent nwaSUrl'ml'l1ts of both ttw imagilHuy (nbsorp· 
tive) and rl'al (displ'rsivl') parts of tlw indl'x of rL'fradion of pliltinum arl' 
shown In Figure 16/ In which tl1l' dnhl shown Wl'rl' obhlinl'd from tlll' angk' 
dcpcndl'ncc of the rl'flectivity of a smooth platinum mil'l'or. Thl' nll'asurl'­
ml'nts are comparl'd to till' indices of rcfrnction ns cl1lculated from our 
compilation of ntoll1ic scattering ftlctors dl'scribl'd in ,1 1,1il'r Slll'lion of thiS 
l1nnual rl1port. 
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Figure 15. The CXltO extreme 
ultraviolet/soft ,,-ray reflectumetl'r 
uses a laRer-plasma sourcl'; the 
desired wavelength Is selected 
from ItH broadband output with a 
unique hlgh-thrnushput mono­
chromator delfigned and built at 
l.Ol. (Cunventlonal reflectu­
meter8 UHe an l(-ray tube of fixed 
wavelength,' The wavelt1ngth 
extend8 from abuut 30 til 1111) A. 

lilgur", 16. The measured Indices 
uf refraction uf platinum (sulld 
lines) and the Indices of refractlun 
as calculated frum uur recent 
tabulatlun uf atomic HcaU",rlng 
factorlt (dashed lines). The 
measurem",nt were ubtalned hy 
angular dependent reflectivity 
using the reflectumeter described 
abuve. 



Photocnl ission 
M icroscopy with 
Reflective Optics 

HKUrl! 17. MAXIMUM 
l'hutnemiHsiun MIcf(HifUJll! as 
Installed at the UnlverHlty uf 
WI!,fonliln'foj Synchrntrun 
(tadlatlu" Center (SI(C). 

Chtlrnctl'rlz"1Uons surh ,1S tht'Sl' willl1l' Pl'I'fornll'd with improvl'd 
spl'dml and spntiill rl'solutions tlnd (}Vl'l' i.l brondl'r photon l'nt.'rgy mnHt' at 
il bl'miing magnet l1l'nmlit1l' undl'l' rtll1strurtion ilt till' ALS. Thl'l,t11phtlSis 
of thl'Sl' hl't1mlinl's will bl' i.lbsolutl' nll'tlSUfl'l1ll'nts with 1ll0dl'l'lltt' spl'dml 
(AlA')... x 2(00) ,lI1d spi.1Unll'l'soiution (Ax too JJm). 

A Collilbori.ltion betwl'l'n thl' Cl'nter fol' X-Ray Optics tllh.i thl'Synrhro­
tron l~adlt1tlon Cl'ntl'r at thl' Unlvl'rsity of Wisconsin tMs prodUCl'd thl' first 
scanning soft x-my mkroscopl' using rl'fll'ctive optics, WOl'king at ,1 

wllvl'll'ngth of 1.10 A, till' l1l'W microscopl', shown in Figure 17, hilS lit'mon­
strntt'd n spcltlnl rl'snlutiOll of Il'SS them O. t JJ m ,mu slmulhltll'Olisly nil 
l'Il'dron enl'rgy rl'solutilln of .150 millll'lt'dron volts (l11l'V). This pl'rfor­
ll1i.lIKl' Is signlfk"ntly bl'ttl'r thcm nny tll'hil'Vl'd so fnr by altl'rntltlvt' 
l'Il'dron Sdll'fl1l'S. Thl'st' ul'vl'l0pl1ll'nts afl' Il'tldlng to" tWW Hl'tll'mtion of 
high spathll resolution SUrfi,ll'l' nt1t11ytk411 cnpnbilitit's th,lt will bl' Important 
In lIndcrsttll1ding thl' hetl'rogl'I1l'OliS n.lhlfl' of tt'chnologkally ,md selt'ntifl­
Ctlily important surfnn's on siZt' sl'i.lll'S mnglng from sl'vl'ral hundt'lld 
.lngstroms upwl1rd. Thl'Sl' ft'nhll'l's will ht'col11l' importilnt as till' 
Adv,lfln'd Light SOlirCl' bl'gins opl'rtltion. 

Tlll~ t'l'ntl'r fOl' X-Rny Optks dl'siglwd ,1l1d fnbrir.ltl'd tht' nitknl 
rt'fll'ctiVl' 1l1111t1lllYl'r intt'rfl'rl'I1Ct' l'llntings th,lt tlllow norl11al inddl'lll'l' 
foclIsin~ tlt vllry soft X-I\lY wtlVl'll'ngths. Molybdl'nul11/silinm lllultll,'Yl'rs 
IMVillH individu,ll film thkknt'SSl'S of 10*40 A Wl'rl' dl'positl'd onto till' 
splll'rk,,1 SUrfi:ll'l'S of hiHhly polislwd Sd,W,uzsd,i1d objt'divl's to providt' 
I'l'f1l'rtivitil's of 6()"{, pl'r slIrf.ll'll tlt 110 A wavl'length. S~Wcl'll tl'chniqut's 
wl'l't'dl'\'l'IOpt'd to control till' thickl1l'sS of tlw l11ultll"Yl'r Clhltings to 
l.'llslIrll "l'l't'ptnbll' ~"ll'rfOl'm,lt"""' llVl'l' till' l'nUn' Cll'M "P"'t'tllt'l' of till' optic.ll 
system. TIll' Cl1nh.'1' fot' X-I{"y Optics .,Iso pl'ovidl'd lll'lIstom dt'siglll'd 
Illonorhronhltol' ,md otl1l'1' lwamlit1l' l'ompot1l'nts to llh1tch till' output of 
t1w 1II1dul"tor x·r,lY sOllrn' to thll mkrosropt' objt'divt'. 

Figul'l' I Ii shows ,111 "'Xllll1pll' of till' m.ll1t1l'r in whkh till' mil'l'OSl'OPl' 
rn.1Y bl' uSl'd to stlldy SUt'f,ll'l'S with hl'tl'rogl'llll11llS d1l'1l1icilI strllrtllrll. Tlw 

[OJ -
S'can' 

control-

Electron 
", analyzor Schwarlschlld, . .ill 

V
/·,~,~~.~",.MA) objecti~~ ~:. f·· Pinhole 

_ (/.~rl.'.'·. •. army 

) 
... ".,j s. 

)J. ,,': 
"-w..("~e Jj 

Undulator , . 

y~ ~ ... p 
i, scan 

i Entrance alit 

,. , Sample 
)( 

M" 
M~, '. :':1 

t\~/:~ ~" 
.ill \~. Refocusing 

mirrors 
'"Ill I :j: Pinhole 

array 

M (~ / .. :"1 ... r;' . Spherical 

p .". grating 
I Mirror 

Exit silt 

XBl 9;111 5644 

17 



CENTEN FOJ~ X·I~A Y OPTICS 

., 5000 

~ 4000 

~ 3000 

2000 

1000 

o 

Ga3d 
hv l1li 95 eV 

68 69 70 71 72 
Kinetic energy (eV) 

13 74 

~r"ph shows till' llnllr~y distribution I'UrVl' of tlw l'ltl('trons l'mlttlld dllrin~ 
,l SCill' OVl!r tlw G" Jd ('orll It'vl'l t,'Kl'n on il dlll\\'lld ~"llium MSl'nldl' 
surf,l('l'. Thl! surf,lC .. , of till' G,lAs W,lS m,lsk,,'d with " 25·~t m nwsh whill' 
50() A of gold W,ls l'v,'por,'h.'d onto it, produdng " ptlttl'rn of ~uld sqUMl's, 
Ttll' irlSl't im,t~l'S sho\\' Sp.,tiit) S('i1IUi O\'l'r HO ~(m x HO ~tm ,lrtl,lS of thll 
splldnwll, us!n.,; ,1 0,5 ~.m spot, with thl~ llIl'ctron an.llyzl!r SLIt ,ll till'thrllli 

l'nl!r~il's indi(\\tlld by tlll'MI'OWS, Tt1l' Cllntral illl"~l" SLit at tlw G,l Jd Pll,'K, 
is l'ssl'ntially ,1 m"p of till' ~,'llium distribution, Thl' Idt-h.lnd Sl'an shows 
tIll' Jl'hlP nt tIll' sl!COnd.lfY l'1L'ctrons from thl! gold "nd is l'ssl'nti41Ily " ~old 
in'hlKl!, whill' till' ri~ht-hM\d In1i\~ll is l'omposl'd of ,\ combitl,ltiol1 of ttll' 
two, 

Thl' Center for X-r,,>, Optics hIls alw"ys blll'I' involvl!d in till' dl'sl~n, 
construction tlnd impll!n1l'nt .. ltion of nl'W tYPllS of x-r,lY ,1nd I'xtt'l'tlW 
lIltr,l\'ink,t spectroscopk Instrunwnt"tioJ), both fur !'I~lnd1rotron rndi"tilln 
rllst.',ud, ,1I1d for otl1l'I' (lpplk"tions. Wl' havl' cllntimwd our .,'Horts to 
dl'vdop nl'\\' Spl'CtroSCllpic instl'lHlll'nt"tion with dl'sjr,.bll! prop"'rti."s slIch 
,1S high rl!sulutiol1, hl~h thl'Oll~hput, simplicity ",)d low cost. 

lH 

FIMurf 18. The tH\frgy dlsh'lbuUon 
curve of thf ,I,c'ron" emitted 
durin". a scan over the Cit 3d core 
level taken on it ch,Mved MAlllum 
",.,umld, lIurfllce, ten In!tertl 
lu?cond.ry electrun!l fron, Mold 
square •. Center Ins,rh 3d electruns 
from gallium wire Mrld. Right 
I",u~rh photoelectrons from both 
Ca .nd gold, MAXIMUM photo­
,minion mlcru.cope, Unlvel'llity 
of Whtcon!lln, M.dilmn, 

Spectroscopy \evilh 
Soft X·I{,l ys 



MunOl~hrOlllfltol'S ond 
Spl'(.~h·onll'tl'rS 

Sp,lti"lly"nd 
Tl'"'P(lI\,lly Cuhl'rl'nt 
lil'" Illl i Ill'!' 

Tlllh:hh.'\'l' hi~h s~wdr'll fl'solutlOI1 without "'llmprol1lisl"~ throu~h­
put, Wl' hlH'l' l'onthlul'd nul' itl,,"'stig.ltions intnIl10nlll'hrOll1,lhlrS, Spl'l'~ 
tronwtl'rs, "nd spl'drU~r,'phl'l usitlM pl,ltlt.' Krill'nMs with V,lrll'd linl' Sptll'~ 
ing, SUdl gr,llings Illlnw ,1 n.lt (or l'rl'et) fortll pl.ltw t1Ild cllil thus btl 
!'KlltUwd in WtlVl'Il'ngth without thl' l'nll1pll" sl'llnnltlg IlWdltltllsms rt.'­
quirl'd hy tnllrt.'-l'unvl'ntioll.,l dl'signs, slIl'h tlS sphl'rh.'lll gr'lting mnllol'hrll~ 
flMtors, Onl' proliLld of this work hilS bt'l'11 till' High (~l'snlutlun Strl',lkl'd 
Sp"'l'tn1gr,'ph in USt' l1l1 till' Nuv" I,lsl'r .,t L\\\,rl'lll'l' UVl'rmllfl' Ntltlun,,1 
L,lbllrtltur\" In tlddltioll, \\'l' h,n'l' ('unthlul'd our StUc.iil'S uf ,ldvtltll'l'd 
nHlllUl'hn;m"tor ,1nd Spl'l~trnnwtl'r dl'siMns fnr synduntJ'tlfl mdi,ltiun 
,'ppllc •. lthllls, 

r{lll'l'ntly Wl' hll\'l' dl'Vl'lup"',.i l'umputl'r (ud,!!' th,'t USl' r.'y-trtl('itlg 
tl,"'hniqul'!' to !'imultltl' synl'luotron rth.iltltion Mld l'~UIl"'h.' Mr,ttinM l'ffI· 
dl'nl'\', In 11 tfWUl'l'tll\\1 stud\' uf sud, ., l1l(inol'hron1tltnr in .1 U!\.O bl'tlmlhw 
_,l thl; ALS, Wl' l'unflrn1l'd th~\t it would pro"h,il' hiMh ~pl\drtll rl'li(lluthll\, 
high thruuMhput, llllli slll.lll liput sill'. To put thl'!'l' rl'sults to till' tl'st of 
l"p"'I'inWIll, Wl' Ml' pl,mninM to build ,l Ill'W \'tuil,d-lIlll.'-sp,'l'II1M pl.lIW­
Mr,ttit'M nlOnUdullm.ttur fur USl' .,t IU~SSY, 

III .lnuttwr ,'pplil'"tlllll-uril'l1h,'d pruMr.lm, Wli Ml' In\'l'slig,ltitlM dl'sign 
option~ fut' dl\'idinM " soft '·r,,~' bl',llll ,Hll~lIlM Sl'\'l'MI "","'rs, This Is • .:h"l· 
Il'nMillM bl'l',HISl' ,m ulldul.ltm' snUI'C\1 In ., mudl'rn, 1,)W*l'll1itt,lIll'l' slot"'M"' 
,'Ing puts ,'ut d \'t'rY thin, 'l\lt\sl-m"mh.'hronllltk bll,l", ttltlt dUllS not hmd 
it!oidf rl'.,dilv to t.1itlwr sp.,ti.,1 ur Sp"ll'tr.,1 splittll1M, Tlw posl'tibilitll'~ ttMt \\'l' 
M~' ~",ltnlning lndud~' w,l\'t,t'runt ~plittinHI high .. tl'l'''lUl'IWY tlnw!'oit"'I'in~1 
,1Ild splittll1g ,\n:tlrdin~ to dltfr,'dk"'·~t','t"\M "nil.' I' , Till' findinHs wllllw 
"'~Pl'"'I,'lly rl'll'v,mt tur lW.\lnllaws .ll third'~l'lwr,'tI'm syn,:hrutt·un·li~ht 
St)LI",'",,,,; tlw P"Upt'Sl,tt ALS Lif,,' ~kl,,!n,,·,'s C,lnt,'r iN ,l !oipl'l'itk ll,.u"plll, 

An undul.ltnr h,l\'ln~ .\ IUI1M ~Wri\ldh: tlh'Mlu'th: Stl'Ul'tUt'l' illl'tt.,lIl'd .ll ,1 

low l'mItMnl'l' Shll"\Ml' l'itlM M"'nl'I'.,tl'S 'luM,i·lllonut:hroIlMtk, ll4\rrowl~' 
~'ollillltltl'd, llnd pMtI'llly t'uln-rl."t r.ltti,Hion, t lowl'\'l'r, 1IIldul,\tur!ol (lit'· 
nmtl~' OPl'I','tl'd .1Ild ",\'l'll thusl' pl.lIl1wd .ll thlrd·~llnl·t\ltillll syndll'otl'on 
!oIOUI\','S stili do not pr'\wldl' " n,\I'row b.lndwldth ,,,,d .\ low 1.11"HI~h limit· 

t"')L'l' to I1w"H sp,ltl.ll ,1I1d tl'lllpur.,1 ,,'oIWI'l'IWl' r""lu1r"'llwnts tur ""P"'l'j· 
IlWllts !'\ltd, .'s soft '~r"y illh~rtl'r\lnwtl·\'. h"h)~r,'phy, .\lld l'tc,\Ilnlll~ Illkr\,,,,· 
n,py. \V"I IM\'l\ l"plorl'd hll,unlilw dllsi~ns tlMt comprl",,' ,l \lll'i"bltl¥ 
~p.',,'ln~ Sphl'I'k,,1 ~I"'tlll~ numorhronMtot' with ,1 Kir"p,ttrkk-U.wl (I<B) 
pn,'t'ot'la"inM S~'stl'm to d"Ii\'l'l' " sp,'ti,'ll~' Imd tl'IllPt'l\llly l'tllwrl'llt fh" into 
,1Ill'ndst,lthm without s,lrrHidn~ throughput tUI' till' (olll'I'l'nt tlu, r,1lti.ltl'd 
trulll till' lIndul,ltol', 11"" dl'si~lwd !"I\'st,'m is !"I\'lwll"'til\lll~' sh"wn in H~Ul'l' 
t \), nw first minor Is ., pOp~lIP pl.\lw minot' hH' SWltl hlll~ till' in.:omill~ 
bl',ltn tll till' otlw .. stillion ,'s W""lll!o1 tor ",,'dudll).; tWllt Inlld un tlw "ptks to 
toll"\\,, TIll' Kit pl'lltnnls s~'stl'ml'tlnsists ot till' \'l'I'tk,'I'hJldln~ (KB1) ,md 
hOl'il.ont'll·hlldin~ (KHJ ) sphl'rk,d mit't'ol'!oI j whkh tOt'lIS till' !'tOlll\'l' im"~l' 
\'l.l rtk.,lIv 011 tlw t'Iltl\Ull't.' !'lIlt ot till' IlH\I,orhnH,,,,h,1' .lnd hori/,mt,\II\' on 
till' t',it ~1it (pinhoh.') 1·l.ls~·wrti\,\II~', l'Iw p'nholl' slhhltl'd ,lt thl.' pllllll,'"f till' 
ll\1t slit Imd till' ,'p\'l'hll'l' in till' t'nd!'lt,ltioll dl'filw ttll' thl'o\l~h*I"l\'''' ill tlw 
",.'.,1 ,1Ild pl"''''"' "'pll"'ll~. r~'!oIpt'dln'l\. (n~· thl'ou~h I\\\'~ \\',,' Illl',Ul tlw I\'YS 

tlMt PI''''S tllI'uu~h both tlw pinhut..1 ,1Ild till' ,1P"'l'hll'l',) IIll' pH,dUd ot 
I..'ttl'l'tln' Si/\'!ot in ttl\' 1'l1,\1 ,U\d plhlSt l "'P"""'''' \.'ump.ltiblt' with tlw thnHI~h 
r,\y~ 111'll t,lid\' dO!'!t' to tlH)!'tl' "f tlw SP,\lI"lrolwl't'IW\1 aih.'l'iun. 



CENTEI~ FOR X-RA Y OPTICS 

MonOChromator with a 
varlable·apaclng 
spherlca' grating 

Wlllr-cooted I ! Zone plate 
beam defining Pop-up tf 

/-~~r~~~_J8-~/---tp--~:-~p-l·nhO-I.J'· e E5 
ALSU8.0·" ~ V 
undulator", Klrkpatrlck-Baez EUV 

pr.focullng IIVI,em Interferometor 

PllUff 19. (ohfr,nt r.dlatlon b,.mlln, ton,IIUnl of • pop-up mirror, klrkpi,rlck.O.,a 
U(lt prtfocullnl mlrron, • v.rl.blt ,plcln.lJphtrh:.1 If.tinl monorhron"tor, • plnhol,. 
1',,1 ,pIU.1 ml"l .nd.n Indt,.Ueln. at.mlln •• tuch '1 ,hi. will be uII.d for telnnln. 
'-r.y mlrrulcopy, ''It.wav,I,nlth ff Inter',re,m.'ry, lind other .ppllcation. "quI,'nl 
(oh.,.nt EUV or lOft.".,.)' ,.dl.Uun. 

()ur df.'!\i.,;n ""fort" havl' lWtin l'xtl'n\.il'd tu" hl~h rlt~ulutinn VUV 
mUntlChrum,ltor ,lnd its bt~t'mlhl\l tu h .. , dl'\'ut\'d tu ch .. 'm"." dvnMnkt' 
!\tud'~!\. Thl'lt)(pl'fim,mtal s,v-.h,'nl ~·"n"ist!'i of ,1 VUV hi.,;h fl'S(;luUon 
munochwtlli1tnr bl'tlmlh'l" lnfrtlfl'd Itlf'tl'r~, ,1nd nloll'ful.lf blt,lm d'",mh"trs 
(Sl'l' FlKlm.- 20). Th", sdltntifk nt!tt.'orl'h pWKrMn will fn(lI~ un ~,""in~ .l 
ri.,;orullM Olull'l·ulllr·ll·vl"lllnd~r!d.'ndin~~ uf cumbusthm .m"! utt1l'r l'l1l'rKt~tk 
pr(,":,,,sSll~. An intl'nSl' unduhltur r"dl.ltiull fUl'l'Sl'd un tl tl'llUUUS mUll'l~ulM 
bl'i1l1ll?tltlblt.'s UIW to ubsl'r\'l' tr.lnsll'Ilt mull'nall's h.",lnK vllry "hurt lif .. , .. 
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~ ~ 10,e photonll'eo 

High Rl'slliution VUV 
Munoch"omntor fut the 
Chl'n1kal Dynnnlks 
i'l'tlmlb\ll 

fllU" 20. L.yout of thl hiah 
1' .. oluUon norma' 'ndd.n(. 
month rom. tor fur the (h.mh:.1 
dynlmln b"mlln, It th. AUt 



JUHh I{l'snlution 
MOful,,'hrOlllt,tor for 
(',Hholl-l{l'l,ltl,d Studh.'s 

11,1 I'd .. X .. I~ ,1 V 

1\:1 il'ruprubl' 

tinw!';, ,1Ild till' hlglll'l' !';pl'rtl'tll n'~tlilltlo" I~ rll'l)ult'l'd to ubt.,!" n""'l' ,l(l'1I. 
ttlh' Intlll'l1"ltlnn Olll'lwrgy IPHlls Involving surh pl'\lrlIS~l'S. To ml'l't till'st l 

IWlld"" ,1 h.h!i·m nU-plcllll' hl~ll' lllolloduonMtor, "'\P"'l'tl'd to .1tMln ., 
",'sol\'i"~ pOW"I' of O\'ll" ·'n,noo. willlw illsttllll'lt In tlw LWtunlh1l'. l'ow­
l'\'l'I', .1 hm~ for'llll,"~th is only nlll' of till' t,ldol'S ""lIUlt'l'd toobt.lln hl~h 
t'l'soluthlll with high tlun\l~hpllt. l 1tlwI' fjll'hm~ Indudl' lISl' of .1 grtltln~ 
hll\'jll~ hi~h ~I'OU\'l' dl'Ilsllv ,1I1d low l,bl'IT"tjUI1S, TIll'l'l"'''"'', dl'si~lll'ftot·t 
hIlS hl"'1l plth'l'd Oil nllnptltlhllit~, lwt\\'l'l'll till' v,lriolls killd!-l of gl'tltlll~s 
,1I\d ttll' I1lUnOdll'lll1MtOl', In till' pl'"lIlllh,.u'v lil'sign Wl' h,Wl' ilWl'stl~lltltd 
till' ~1l'I·tormtlllr\' ot l1ll'dMnir.lll\' tmd holn~r,'phktll1y I'uh,'d Ht .. \tin~s 
hllVlnH \'Mi,lhll' sp.\dn~ ,md rLlI'\'l'd HI'O"\'l'S, llll' t'l'sults Shl"\' tlMt llll' 
'wwl~' d,'siglwd ~I'IHinH O\'l'l'rOllll'S till' sh(lt·tro1llin~ dllt' to tlw ,l!-ltl~lllel" 
tism of " ,'on\'l'ntinIMI gl',ltitlH ,m,", Hi\'l's ,t l1linlltHl1ll For,ll point Sill' III till' 
whnll' VlIV sr,lIilll",.; \\',wl'It'fl~th r,lIlH" ",lthulI' "',h:l'itldIlH tl'" l'l'sul\'It'~ 
powt'r, 

1\ hl~h thnlllHhpllt, hi~h tt'..,,,lutlon "pl'rlt'oH''tlph h"","'d on .1 \ Mi,'d 
Iinll. ... J','n· ~1·I'tlll~ h" ... hl'\'11 Illst.lll,'d Oil till' 1\\'0-1'It',\l11 "1\1\ 1,\s"l'rh.ulll.,"I' 
Ilt tlw I" NI No\\, l.ls,'1' Lldlit\', Ihi'" illstl'lll1Wllt drllw.., nil uur t"lwrl"nn' 
with " sJwdroH",'pll th.H uht"jlwd I' s~Wd,,,'II'l'!'!uh'ill~ PO\\'t'l' A',\A ut 
'''.0001'' till' I1\l','SUl'l'I1Wllt ot tlw Iilw width of ,til ,.,..1\ 1,'!'!l'l' ,lt W,,,,"'" 
Il'IlHthsllt 2llh tlIhl21N ,\, It nmUml,·' tol'll u~,'d for ... urh hi~h ",'solutiun 
sp"rln)~I"'l'h\' prolt, ... t., .\S h\'pl'I'tlIW ... ll'ul'lw',', IH"lllIl ... l'll'nmll' ill\ ,lhh,hll' 
fol' .,tlld\'ln~ ph~',kl" pron'",,""'s 1ft ,·, .. tV '11 ... ",. ... ,'I'd oth"I' hl~h hmlp"/\Ihll'l' 
pl" ... nltls, I hi ... I\pt' UIIlHHlorh"lltn.llol' will h,lH' hl~lw ... t I'l',",ol\,jng PU\\'l'!' 
(.,b,,"t 17,OUtI) ,H'Ulllld It", "l'd~ll ot \'I",bon, I.t' .•• ,holll ·t!'\ {\, .md th\l ... \\'ill 
ill' tlsl'f,,1 ttlJ' ill\l·sti:~,'tipn ... I't'ltlh·d In tlw ph\'sk ... ,md dwmi ... trv of fMhon 
,llld \'j\rhOIl~nlllt,'il1ing n)Jllpound ... , In .".Iditiol\ h, It!'! hi~h H' ... oluthm 
t "l'"biliti,· ... tilt' IIhll'\lIlWllt \\'ill bt' "1"",1,,, I,hl\, 10 Ill,l"'" ,lh ... "llIh' '·I"I\, 

\\',lg\,!t'llgth I'IW,ISlln'I1Wllh b\' 1I"'1Il~ II", gr,lti"~ "'p.ldllg " .... 1 Il'll~th st.m-
d.ll'd, I Ill' r"oto"Jw \\'111 tw ", ... t"II,'d Oil ,I h"ndil\~ 11"'~IWt bl',lmlilw lIt till' 
HI~S' ,tPI"W' rlll~ ill Ut'rllIl, (;Pl'l1hll\\, .lI,d ,\ ""''''"HI will bll inst"lIt'd "t 
till' /\d\ ,1I1\l'd light ~Olll'U.', 

U"llwnt,ll,lIl,ll",js ll\' 1llt',\1\'" 01" hi~h·l"WI'~V "I'Il\' Illk"up,'olw lI""illg 
IUrll","'d \'I\\\'''' Innn ., '\Iwh"otl'o" "'olll'n' i ... ,Ihll'tll'l\'ri/l·d h\' high ""'Il""ill\· 
it\', 'p,lli,lll'l· ... nlllUo" 11PI'''\I'',hill~ I pm, t""l'lIt 0Jwr,lUoll, 1111..1 til\' ,Ihilit\' 
hi "',HllirW "",I/npl,'", ill,' \ ,'rld\' of t'/1\ irO/l/1ll'llh, 11,'111"/11.., ,In' qU,lIllil.l· 
.iH·1\ .md llondt· ... trurtIH'I\ dl'lt'd,·d b\ Ill""n, pi tlw d),lI't,dl'l'i,lh. thllll'V" 
n'llt "1\1\"" l'mith'd hv til\' il'l\tdi,lh'd ... ,}mpl,', IIll' ph"ttllll'IWI'~\' itll'nlit!",., 
tl", ,,1"1\1\'111 ,Hld till' int"Il~,dt\' 1l\\'",UI'\'''' it... 'llt.lIltit\', At prt''''''IlL l'lt"lIt'IH,ll 
"""" ... ithil\, 01 Illl' mil'ropl'olw 1'\',11."1", ... tl", Il'l1lto~l\lIll 1"\"'1 tOl'l'll'llwnl'" 

tnlln put,I ...... iulll to linr in till' p"l'iodk t,lbll', t\dditiolltll dl'h'l'tion "','Il ... itl\'· 
it\' i, imp,,!'tl'd h\' till' ,tbilil\' to ,\'h'd till' "'\1\, phlltpn l'IWI'~\ 'u,woid 
",rit,ltjUIl 01 '"tl.'l'h'I'ing tluon''''n'IKl' 'rolll ,·I\'llwnt ... otlwl' th,1Il t1Hl"",'lwing 
"oll~ht. A Ill'llnl' ,Hh.lIlt.lgt' til till' '-1'11\' minnpl'ohl' jo., tlMt till' ""rwl'illwn 
dOl'''' IHlt Illl\ l' ttl Lw kl'pt in \','lUUm ur "'Ubjl'ltl'd ttl ""Jwd.ll nlllt''t'!-It· 
l'llh,mdl1~ r'l'l'P,"\ltiull. \Vlth tumngl't'phk Il'rhlli\llll'~, it i ... pu"..,lbll' to 
obtllin dl'plh dl""tl'ibution", 01 l'll'Il"''' I", within 1"IIllllpltl!'l. 
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Coronary 
Angiography 

tool for two-dll11l'nsionlll distribution of tmce lllliments with ,1 spiltit" 
t'l'solutlon of I /.un. 'n1l' microprobl' will be PtHllculilrly useful for thl' 
ChMilcil'riz'ltion of dl'fl'ds M'Id cr,lcks in Cl'r,ll11ic nMtl'rials. Of ptlrtkulilr 
intl1rt.'st Me (1) dl'tH'tlge or dudill' fr,lctUt'l' in bulk (l1t'i1mk, such tlS PM­
tinily st"billzl,d zlrconl,l, tllumlnn, silicon c,trbldl', and silicon nitridl', or in 
cl'r,lIllic composite!-i, such ,'IS silinm ctHblde in 1'I1umina, (2) ~;ubcI'ltictll crock 
growth by strl'SS corrosion or ftltigul', ,1Ild (J) frl'lcture tit the ceramic ll1l't,ll 
intl'rf,Kl' in metal-meltrix composites, sllch as SiC-AI 20,. It Is particularly 
import,'nt to dl'tl'rmit1l' whl,thl'r crnck pro(lIS!-Il'S occur In thl' bulk or only 
,'It tlw SUrfi1('ll. The mOVl1ml'nt of diffl'rl'llt l"l'nwnts dllrln~ tlnl1l'alin~, 
ll1l'dl,lllictll strl'SS, ill1d (hl'micnl pr(}cl's!-iln~ will also be studied. 

Ttll' AdvalllL'd I.ight SOllrCl' (ALS) is il nation,ll facility for scil'ntifk 
rl'sl'Meh mld dl'\'l'lopml'nt, whl'rl' work nMy bll condlld('d t1S il tlll'mbl'r of 
,1 Pllt'tiripclting n'sl'i'\t'ch tl'tUll (PI~T). Ttll' microprobl' PI{T consists of 
mell1bl'rS of thl' Mntl'ri.lls Sdllll(l'~, Applil'd Scil'ncl's, E,uth Scil'l1l'l'S, tHld 
EIl~lnl'l'ring Sdl'IKl'S divisions of LBL ,ls wl,1I ,1S nwmbl'rs from thl' O,lk 
Rh:I~l' N,ltion,ll Ltlbortltory M1d thl' L,lwrl'nCl' LiVl'rlllOrl' Niltillt1tll Lilbor,l­
tory. Bl'amlll1l' 10 . .1 will h,wl' two whitl'-mdi,ltion branchl's. (llll' l')(pl'ri­
nWl1t,11 station will bl' dl'dknted to rl1tlh'rit1Is scit'nn' l'xpl'rin1l'llts; thl' otl1l'r 
will bl' uSl,d to dl'vl'lop ad\'I1f1Cl'd x-ray optktll comporwnts tlnd instrll­
nwntlltion. 

X~ray bl'tHllS from ,1 synchrotron sOllrn'-monochromiltk, wl'll· 
r()lIitlhlt~'d, ,1nd intl'Il!-ll,-'providl' Unil)lll' opportllnitil's for n1l'dktlllnM~­
Ing. (llw of thl,t11 is ,1 nl'W n1l'thod of coronary llngiogr'lphy th,-,t W'il'S 
VlIllOUS injl'ction of rontri.lst ngllnt, as 0pposl'd to nrtl'l'i,,1 injl'dion. For 
!-tl'vl'r,ll Yl'tll'S Wl' havl' pl1rtidpnted in .1 (oll,lboriltion th,lt is working un 
this Ill'W, safl'r n'll'thod. 1\ Ill'W Stllp towMd !tugl'-seall' tl'l'Its of dink"l 
applkability was t,lkl'n in IlJlJ{) with till.' rompll'tion of il dl'dk,ltl'J n1l'di­
(tll~imaging facility on tl Spl'dill wigglL'r lWMnIi IW "t till' NSLS. EIl'\'l'n 
~'lt'tients' Iwarts I1tlVl' bl'l'n illlagl,d t11l'rt·; thl! I'l'sUIt!-l i.lI'l' not yd l'quivtl!t'nt 
to (onvl'ntiorldl angiogr~lms, but thl'Y llt't' appnMching dininllu!-Idlllrws~, 
and ttll' tl'chl1iqllt, is dnll11,1tic"lly l',lsil'r ,llld si-1fl'r for the p"til'nts. 

This yl"lI' thl' inMging systl'm at till' NSLS Wlls upgradlld in two w"Y"': 
A Ill'W LlLH' monochromator Wi.1S insttllk,d, which incrl'tlSl'd thl' ll\',lil,lbll' 
x-ray flux by ,l factor of Ii ()\'('t' thl' pl'l'violl!'ol monoChrOIl1,ltor. A IWW LBI.~ 
bUilt d('tl'(tol" with 120() l'llltnllnts W,l!'ol "Is(l inst"IIt'd that replaCl'd tht., 
prl'\'ious 60()-l,ll'll1l'nt ddl'ctor. TIll' romplItl'r Systl·f11 imd dtltll-tlcquision 
SOftW,\rl' Wl'l'l' also upgrLldl,d. TIll' Ill'W !'oIystl'll1 WllS tl'stl'J in Sllptllml1l'" 
1491, ill1d will bl' USl,d with patk'nts in l'llI'ly IlJ94. 

/mngl's obt,lirll'd with thl' old systl·m thus f(11' dl'nrly indk,ltl' th,'t l,lI'gl' 
portions of both thl' Il'ft nntl'l'ior ,1I1d till' right (orolhll'y "rtl'ril's rllll btl 
l'Xi.llnilWd with thil'lllll'thod. VMiollS rh'lIlW I!-Illrll now undl'rw,lY to 
furtlwr impl'o\'l' thl' ill1agl.' l)lhllity. Tl1l'11 a Illl'Jk,,1 rl'!-Ie,lI'rh tl',lll1 will 
bl'gin to liSt' this tl'(hniqlll' on (\ I,ngl' group of pntil'nts, comparing thl' 
nl'W rnl,thod to st,mdnrd (oronary 'lIlgiography i.lI1J "Iso studyil1A thl' 
l'ffl'd of \,ilI'iolis Il1l'dktll trl'tltnll'nt~ on ttll' progn'ssiol1 of l'oronLlrY (uttll'y 
db('ll~l" An l'xlltnplll (If thl' in1ilgl' thus far nChl'i\'lld is shown by Hgllrl' 22. 
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An l'xtendl'd tabulation of the atomic scattering factors, which describL' 
tIll' basic interaction of x-rays with matter, hllS L1L'en cOl11pll'tl'd this past 
year, and is scheduled to be published in a special issue of the Atolllic iJllla 
Illld Nile/car Dala Tlll)les in July 1993. These tabll's represent a re\'ision of 
the 1982 compiltlUon by Henke d aI., which tHe widely used throughout 
the x-ray community. The rL'visinn is basl,d on ('xpl'ril11l'ntal l11l'tlSUl'l'­
ml'nts that have been publishl'd during the past 10 years as well as im­
pro\'ed theoretical calcultltions. The range is extended to CO\'l'r photon 
energies from 50 to 30,000 eV for till' elements Z = ., to 92. The are also 
being freely distributed on computer dH\.. 

In order to impro\'e our knowledge of the atomic scattering factors, 
better metlSUrL'ments will LX'rt'quired. Such dattl are cUITc'ntly obtained 
from I11l'asurements of the transmission through a thin film or the reflec­
tion from a sIl1 00th surface, or by x-ray interk'rometry. 1\1easurenlents 
ha\'e bel'n pen'Drnwd using our present sources (see the XUV I~eflectome­
tel' section) and will be extendl'd with till' use of beamlines now undl'r 
construction tlt the ALS. 

2-! 

Figure 22. Angiograms made with 
a standard arterial injection of 
contrast agent, an invasive and 
relatively dangerous procedure, 
Me shown at top left and right. At 
the lower right is .111 angiogram of 
the same patient taken with til(' 
synchrotron-rad iation method, 
which uses .1 much less hazardous 
venous injection. The left image 
was taken just before a balloon 
angioplasty (lpcration to clear a 
blockage (;;pe arrow in image) in 
the right cOlonary artery meA), 
The top right image was taken 
just after the oper<ltion and the 
lower right. image was taken fl 
months later. The image quality 
of the lower right image, while 
not yet as good as the uppl'r two 
images, shows clearly that 
coronary arteries can be clearly 
seen with the less invasive venous 
injection method. The signifi­
cilntly reduced hilztlfd l11ily permit 
studies of the progression of heart 
disease, and might slime day be 
useful for clinical studie'>. 

At0l11ic Scattering 
Factors 



Ila(barns/atom) = ll(cm2/gm) x 159.31 
E(keY)Il(cm 2/gm) = f2 X 438.59 

Line E(eY) ll(cm2/gm) f1 
H 10.2 9.03e + 4 
He I 21.2 1.50e + 5 
Na L2.3 30.5 5.08e + 4 
Mg L2.3 49.3 1.26e + 5 
Al L2.3 72.4 2.47e+4 17.21 

8i L2.3 91.5 7.03e + 3 14.96 
Be K 108.5 4.36e + 3 13.32 
Sr M( 114.0 4.37e + 3 12.88 
Y M( 132.8 4.94e + 3 11.87 
Zr M( 151.1 5.57e + 3 11.12 

B Ka 183.3 5.71e + 3 9.94 
Mo M( 192.6 5.60e + 3 9.45 
Ar Ll 220.1 5.70e + 3 6.86 
C Ka 277.0 2.14e + 4 4.54 
Ag M( 311.7 2.37e + 4 7.56 

N Ka 392.4 2.45e + 4 14.36 
Ti La 452.2 2.1ge + 4 20.06 
Y La 511.3 1.91e + 4 24.12 
0 Ka 524.9 1.85e + 4 25.11 
Cr La 572.8 1.5ge + 4 28.23 

Mn La 637.4 1.26e + 4 30.36 
F Ka 676.8 1.13e + 4 31.17 
Fe La 705.0 1.05e + 4 31.74 
Co La 776.2 8.77e + 3 33.11 
Ni La 851.5 7.12e + 3 34.34 

Cu La 929.7 5.80e + 3 34.90 
Zn La 1011.7 4.84e + 3 35.19 
Na Ka 1041.0 4.54e + 3 35.34 
Ge La 1188.0 3.35e + 3 35.68 
Mg Ka 1253.6 2.96e + 3 35.73 

Al Ka 1486.7 1.98e + 3 35.61 
8i Ka 1740.0 1.35e + 3 35.07 
Zr La 2042.4 9.11e +:;! 33.83 
Mo La 2293.2 6.84e + 2 31.73 
CI Ka 2622.4 2.208 + 3 27.66 

Ag La 2984.3 2.02e + 3 35.52 
Ca Ka 3691.7 1.20e + 3 40.27 
Ti Ka 4510.8 7.12e + 2 41.71 
Y Ka 4952.2 5.57e + 2 41.99 
Cr Ka 5414.7 4.3ge + 2 42.14 

Mn Ka 5898.8 3.4ge + 2 42.19 
Co Ka 6930.3 2.25e + 2 42.13 
Ni Ka 7478.2 1.83e + 2 42.07 
Cu Ka 8047.8 1.50e + 2 41.99 
Ge Ka 9886.4 8.50e + 1 41.72 

Y Ka 14988.0 2.67e + 1 40.91 
Mo Ka 17479.0 1. 74e + 1 40.36 
Pd Ka 21177.0 6.97e + 1 39.98 
8n Ka 25271.0 4.37e + 1 41.59 
Xe Ka 29779.0 2.80e + 1 42.02 

f2 A (A) 
2.10 1215 
7.27 584.3 
3.53 407.2 

14.17 251.5 
4.08 171.2 

1.47 135.5 
1.08 114.3 
1.14 108.8 
1.50 93.4 
1.92 82.1 

2.39 67.6 
2.46 64.4 
2.86 56.3 

13.50 44.8 
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8.46 9.9 

6.71 8.3 
5.36 7.1 
4.24 6.1 
3.57 5.4 

13.13 4.7 

13.78 4.2 
10.06 3.4 
7.32 2.7 
6.28 2.5 
5.42 2.3 

4.69 2.1 
3.56 1.8 
3.12 1.7 
2.75 1.5 
1.92 1.3 

0.91 0.8 
0.70 0.7 
3.37 0.6 
2.52 0.5 
1.90 0.4 
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References: 33,48, 52, 59, 76, 115, 123, 127, 131, 177, 200, 205, 223, 233. 

Figure 23. The atomic scattering factors for molybdenum as will appear in the special issue of Atomic Data alld Nile/ear Datil Table'S 
in July 1993. This tabulation covers the extended range of 50 to 30,000 eY for alI elements from hydrogen (Z = 1) to uranium (Z = 92). 
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