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A very fast method of co-p- ten ze: c r i t i c a l absorption tonography 

featuring "*-!0 yn spatial resolution and high chemical sens i t i v i t y i s 

described. Synchrotron radiation is used and the method is especial ly suited 

that layers of neighboring elements only .2 \m thick can be distinguished at 

medium atomic numbers. 

INTRODUCTION 

In recent years, computerized tomography (CT) [1 ] has gained increased 

in te res t , mainly because s igni f icant improvements have been made in detectors, 

sources and computers. At the same time, CT has been more frequently applied 

in non-medical f ie lds such as general materials research [Z,3] or even 

forestry [ 4 ] . For the part icu lar case of CT of small samples, Grodzins [5 ,6] 

has investigated how, wi th a minimum of measuring time, a maximum of spatial 

resolut ion and/or chemical sens i t i v i ty is obtained. In agreement with some 

general expectation i t follows from Grodzins' study that synchrotron 

x-radiat ion (SR) wou^d be best suited to CT of small samples. , i , V 
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r a d i a t i o n fo r p e r f o r m n g to-pgrapny wi th c r i t i c a " aDSprpp-on i d e n t i f i c a t i o n of 

s i n g l e e len rn t s and s o a t i a l r e s o l u t i o n of "L one m ic ron . Witn a p p r o p r i a t e 

p e r f e c t c r y s t a l op t i c s conf ined wi tn a two-dime'-sional p o s i t i o n s e n s i t i v e 

d e t e c t o r , f a s t , h i c h r e s o l u t i o n CT of s^a l l sa-.r^es w i tn good s p a t i a . and 

p n i - d p a 1 rest 1 . i i t i c " • e ; " - s feas i ' ^H 2* s^p^t E - P P S J * ^ ' . F r example, at a 

s:-rcc- i u e nc :.;S :pp-2 t?p at ? Ge. . I J - m-.. b-:r~:r>2 m?. g 'et f " f l " i a t i p n , a r n - " 

specimen o f 3 mr: diameter a n ; 25 nr lengtn wo^ld requ i re a t t u t s i x minutes to 

image at a 25 micron cube voxel s ize . 

PARALLEL BEAK METHOD OF COMPUTERIZED TOMOGRAPHY 

Using nota t ions o f f i g . 1 , an ord inary CT sample i s scanned a long x and 2 

and r o t a t e d about the x - a x i s . Let the number o f steps per scan i n each 

d i r e c t i o n be m = A/a = C/c and the angular increments o f the r o t a t i o n be 180/n 

degrees. The voxel s ize i s then of the order a ( i f a=c nay be assumed} and 

t h e r e are roughly m"' voxe ls w i t h i n the sample [ 5 j . At any f i x e d x - p o s i t i o n 

( " x - s l i c e " ) , m i n t e n s i t i e s are measured, each determined by the m voxels 

l i n e d up behind each other f o r a f i x e d combinat ion of angular and z - p c s i t i o n 

2 
o f t h a t s l i c e . Any set of m voxels i s a subset o f the m voxels present i n 

the p a r t i c u l a r x - s l i c e . Computer recons t ruc t i on o f a s l i c e thus requ i res 

2 2 

s o l u t i o n o f a set of m l i n e a r equations w i t h m v a r i a b l e s . For the whole 

sample cons i s t i ng of m s l i c e s , m so lu t ions have to be c a l c u l a t e d , a l l 

independent o f each o the r . 
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small diveraence ccibinerf w ' t h 5 * v r - i - - : n d c ^ ; array c <• rViirciv cc-'j:"if. d 

diodes (CCD) i s used. Eacr, CCD def ines a penc i l bea:- tne i n t e n s i t y 0* wm'cn 

i t measures. I f the t o t a l measuring time i n convent ional CT i s T, t h i s time 

w i l l be reduced d r a s t i c a l l y to T/r- . 

fc bea~ wi t ' ' th-: r e a ^ r v : p r e r c t i e s i s ob ta ined by combining a-, asyr r -e t r ic 

w i t h a s v ! m - : t r i : E r a " re *~ 1 e : * ' i r r zr. sh-.*n i r • • c . ?. ~nc- a s v m e f v of thr-

f i r s t r e f l e c t i o n matches bean h e i ' : h t to the he ign t of the sample and a t the 

same t ime reduces beam divergence, according t c the law? of dynamical pe r fec t 

c r y s t a l d i f f r a c t i o n [ 7 ] . Tne symmetric r e f l e c t i o n downstream does not 

increase beam divergence although the i n t r i n s i c acceptance angle o f the second 

c r y s t a l i s la rger than the divergence of the beam i n c i d e n t onto i t . The 

second c r y s t a l simply passes the divergence i t r e c e i v e s , t y p i c a l l y o f the 

o rder o f 10 ' rad . Thus, w i th a sample- to-detec tor distance o f 10 mm, the 

b l u r due to beam divergence i s 1 un. 

Present ly two-dimensional CCD detectors w i t h p i xe l s ize 10 X 10 un 

appear f e a s i b l e [ 8 ] . For such a de tec to r , we g ive the f o l l ow ing est imate o f 

t o t a l measuring t ime needed to obta in a two-wavelength CT image o f the aDove 

model specimen of c y l i n d r i c a l shape. 

Behind a double monochromator o f the type shown in f i g . 2 , sources l i k e 

DORIS or SPEAR, which are not espec ia l l y opt imized fo r t h i s a p p l i c a t i o n , y i e l d 

an i n t e n s i t y of the order o f 10 photons/s mm a t roughly 10" r e l a t i v e 

bandwidth. Thus, f o r a 10 X 10 un p i x e l , photon f l uxes of 10 per second 
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measurements at 300 d i f •? e* e " t anp- la " s e t t i n g : &<-e r equ i red . Assuminc ]". 

s t a t i s t i c a l e r ro r we need 300 seconds measuring t i n e f c " one energy , or 10 

minutes f o r two energ ies . A l low ing an a d d i t i o n a l 300 seconds f o r per fo rming 

the 300 angular se t t i ngs per energ.., the sa~:0e nay be imaged a t 10 I F 

r e s o l u t i o n w i t n i n 20 minutes. I t should be noted t h = t the huge number 

xt.Zl * 101""} of i n d i v i d u a l i r t e n s u y measu-e-erts a r t r e f o r m e d i n 20 

minutes , t h a i the sa~: le i s inaac" a* as ri 3 •".. i n . j ; vidu? 1 p i c t u r e p o i n t s 

( v o x e l s ) , an'-4 t ha t t h i s r e s u l t is ootainea w i t n no special s o p h i s t i c a t i o n w i t h 

respect to the SP. source. F u r t h e m c r e , t h l " s es t imate i s conserva t i ve as 

regards de tec t ion e f f i c i e n c y and, moreover, does not o u t l i n e the u l t i m a t e 

i m i t s of the method. 

REDUCTION OF FLUORESCENT AND SCATTERED RADIATION 

An op t ion of the above method y i e l d i n g reduc t ion of r a d i a t i o n t h a * 

o therwise might cause b l u r i n the imaging process i s i l l u s t r a t e d i n f i g . 3. 

The essen t ia l feature i s a t h i r d d i f f r a c t i n g , p e r f e c t c rys ta l i n te rposed 

between sample and d e t e c t o r . Deviated and/or i n e l a s t i c a l l y s c a t t e r e d 

r a d i a t i o n on t rave rs ing the sample w i l l no longer be r e f l e c t e d by the t h i r d 

c r y s t a l and thus be e l i m i n a t e d . This w i l l apply to Raylsigh s c a t t e r i n g at 

inhomogeneit ies w i t h i n the sample, Compton sca t te red r a d i a t i o n , and 

f l u o r e s c e n t r a d i a t i o n . To what extent the dev iated ( b l u r r i n g ) r a d i a t i o n 

a r i ses depends on the homogeneity and atomic number of the sample ma te r i a l and 

the energy of the imaging r a d i a t i o n in a more or less complex way and w i l l 

vary cons iderab ly . With the t h i r d c r y s t a l , the same le - to -de tec to r d is tance 
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As i nd i ca ted in f i g . 3 , i n p rac t i ce in o^der to s imp l i f y the a l i gnmen t , 

second and t h i r d c r y s t a l s would be manufactured as par ts of a s i n g l e 

m o n o l i t h i c c r y s t a l . An a l t e r n a t i v e fc- r r e j e c t i o n : f unwanted r a d i a t i o n i s to 

p lace the sa~: le between the f i r s t anc second c r y s t a l s 3nd p o s i t i o n the 

de tec to r c lcse tc t r - s r ~ : r ^ c r . ; - : = l . 

I t i s c lea r tha t r e i e c t i o n of unwanted r a d i a t i o n i s not comple te . F i r s t , 

3 ray t h a t i s scat tered normal to the plane con ta i n i ng inc iden t and d i f f r a c t e d 

beams by an angle of the order of one minute or less i s not prevented from 

being d i f f r a c t e d . Second, ine l a s t i c a l l y s c a t t e r e d rad ia t i on may s t i l l be 

d i f f r a c t e d at i t s appropr ia te Bragg angle which i s d i f f e r e n t from the Bragg 

angle o f the main beam. However, since Compton and f luorescent r a d i a t i o n are 

em i t t ed i n t o a large s o l i d ang le , only a small f r a c t i o n w i l l be Bragg 

r e f l e c t e d at the t h i r d c r y s t a l . 

INTENSITY AND RESOLUTION ESTIMATE FOR SIX TYPICAL SR-SOURCES 

I t i s i n t e r e s t i n g to study how d i f f e r e n t SR sources would per form w i t h the 
2 

p a r a l l e l beam method of CT. F i g . 4 shows c a l c u l a t e d f luxes ( pho tons / s * mm 

a t 20 m distance from the tangent p o i n t ) behind a Ge 111 double monochrcmator 

f o r s i x t y p i c a l SR-sources w i t h e l ec t r on energ ies ranging from 3 t o 5.5 GeV 

and cu r ren t s from 40 to 100 mA. Some are bending magnet (BM) and o t h e r s 

n-oole w igg le r (nPW) sources w i th n ranging f rom 3 to 54. The photon energies 

vary between 6 and 78 keV. In a l l cases the h e i g h t of the imaging beam i s 



normalized to 4 nr.. As sec- for energies up to 10 keV, fluxes with a l l 

sources do not d i f fe r by r : r e than a far ter of 100. At 35 keV th is factor nas 

increased to almost 10 . Near- 76 keV only sources with electron energies of 

5 GeV and more provide the high speed claimed above. Tne great advantage of 

mult ipole wiggler sources over BM sources is also evident from f i g . 4. 

F ig . 5 gives the corresponding spatial resolut ion at 10 mm 

san;! e-to-detector distance in so far as i t is determined by the properties of 

tne source size and natural bean dive-qence. As is seen, a resolut ion between 

5 and 0.5 vn i s quite feasible. I f necessary, i t could be reduced by 

placing the sample closer than 10 mri to the detector. In most cases th is is 

un l ike ly to be necessary. 

F i g . 6 shows the pertinent relat ive bandwidth AE/E. I t varies from well 
-3 -3 

below 10 at low, to roughly 7*10 at high photon energies. I f needed 

in the chemical i den t i f i ca t i on , the bandwidth can be reduced by going to 

higher re f lec t ion orders and/or using Si instead of Ge as monochromator 

mater ia l . 

I t may be noted from f i gs . 4 to 6 that a highly sophisticated source l i ke 

the ESRF, when used with the described method of CT, i s , although d i s t i nc t l y 

better with respect to speed and resolut ion, not overwhelmingly more favorable 

than "ordinary ! : sources l i ke DORIS and SPEAR. 

EXPERIMENT 

In a preliminary experiment designed to tes t chemical sens i t i v i t y , we have 

investigated a model sample consisting of an Al f o i l 100 yn thick with 



vacuum deposited layers of Cu and Ni. Layers we re 2.5 to 3 \m thick and had 

web-shaped interruptions due to shadow:a$ting d :J r i n g vacuum deposition caused 

by i r regu la r l y structured wire webs in f ront c f the A.1 f o i l . Wires were about 

60 yn th ick . Fig. 7 shows radiographs taken a few eV above and below the Cu 

and Ni K-edges. This sequence shows clearly the separate web structures of Cu 

and Ni although the atomic number difference is only one and respective 

material thicknesses are no more than a few yn. From the strong 

radiographic contrast, we conclude that at least 10? of the present amount of 

materials can be dist inguished. Fig. 7 was obtained with DORIS running at 

about 5.3 GeV and 25 mA. Kodak Technical Pan 2415 f i lm was used wi th exposure 

times running from 1 to 20 seconds. 

SIM-'ARY 

We have shown that a very fast tomography method, capable of 

dist inguishing neighboring elements in the periodic table at low concentration 

with spat ia l resolution of the ord-„r of 1 to 10 yn i s possible, by a 

combination of the fol lowing achievements of modern technology: SR, perfect 

crystal opt ics, high resolut ion two-dimensional detectors and microcomputers. 

We have calculated and compared the expected performance of six typ ica l SR 

sources including one highly sophisticated source with respect to the new 

method of CT, Some conclusions regarding chemical sensi t iv i ty could be drawn 

from a preliminary experiment involving qual i ta t ive photographic measurements. 

Work performed under the auspices of the U.S. Department of Energy by the 

Lawrence Livermore National Laboratory under contract number W-7405-ENG-48 and 

the Bundesminister fuer Forschung und Technologie Contract 05271 B0 P / I . 
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