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A very fast mzthod of comiuterize? c-itical absorption tomosraphy

featuring ~ 12 sm spatial resclution and high chemical sensitivity is

described. Synchrotron radiation s used and the method is especially suited
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that layers of neighboring elements only .2 ym thick can be distinguished at

medium atomic numbers.
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In recent vears, computerized tomography (CT) [1] has gained increased

interest, mainly because significant improvements have been made in detectors,
sources and computers. At the same time, C7 has bzen more freguently anpplied
in non-medical fields such as general materials research [2,3] or even

forestry [41. For the particular case of CT of small samples, Grodzins [5,6]

has investigated how, with a minimum of measuring time, a maximum of spatial

resolution and/or chemical sensitivity is obtained. In agreement with some

gerieral expectation it follows from Grodzins' study that synchrotron

x-radiation {SR) would be best suited to CT of small sam:-les.
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radiation for performing tomograpny with criticat aosorciion identificatior of
single elencnts and spatial resclution of ~ one micron, Witn anpropriate
perfect crystal ontics comzined witn a two-dimsmsional position sensitive
detector ) fast

, hizh resoiution 07 of sm31l sa—ries witn good spatia. ang

a2l reclyticr

N

Sourcs iike DOEIS cpo-zted @t P oGev, 121 mb, harcina maztet radizlion, a2 noas]
snpecimen of 3 mm diameter ant Z5 m 1en3in would regquire a-sut six minutes to

image at a 25 micron cube voxel size,
PAPALLEL BEAM METHOZ OF COMPJTERIZED TOMOGRAPHY

Using notations of fig. 1, an ordinary CT sample is scanned along x and z
and rotated about the x-axis. Let the number of steps per scan in each
direction be m = Afa = C/c and the angular increments of the rotation be 180/m
degrees. The voxel size is then of the order a3 (if a=c may be assumed) and
there are roughly m3 voxels within the sample [S). At any fixed x-position
("x-sTice"), ml intensities are measured, each determined by the m voxels
lined up behind each other for a fixed combination of anzular and z-pesition
of that slice. Any set of m voxels is a subset of the m2 voxels present in
the particular x-siice. Computer reconstruction of a slice thus requires

2

solution of a set of m” linear equations with m2 variables. For the whole

sample consisting of m slices, m solutions have to be calculated, all

independent of each other.
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small divergence comhinad with a swo-dimensicnal array of charas cour?
diodes (L{0) is used. Eacn {CD defines a poncil bear tne intensity of whnicn
it measures. If the total measuring time in convention3) LT is T, this time

will be reduced drastically to T/nz_

L b3~ with the requirss propocties s obtained by comdining an asymmetric
with 2 symmetric Brazg reficrticr zc ghnwn ir fig, 2. Tne gsymmziry of the
first reflection matches beam heizht to the heignt of the sample and 3t the
same time reduces beam divergence, according toc the laws of dynamical perfect
crystal diffraction [7]. Tne sym=tric reflection downstream does not
increase beam divergence although the intrinsic acceptance angle of the second
crystal is larger than the divergence of the beam incident onto it. The
second crystal simply passes the divergence it receives, typically of the

-4
order of 10 ° rad. Thus, with a sample-to-detector distance of 10 mm, the
blur due tn beam divergence is 1 m.

Presently two-dimensional CCD detectors with pixel size 10 X 10 m
appear feasible [8]. For such a detector, we give the following estimate of
total measurins time needec to obtsin a two-wavelength (7 image of the asove

model specimen of cylindrical shape.

Behind a double monochromator of the type shown in fig. 2, sources like
DORIS or SPEAR, which are not especially optimized for this application, yield
an intensity of the order of 1010 photons/s mm2 at roughly 10-3 relative

bandwidth. Thus, for a 10 X 10 m pixel, photon fluxes of 106 per seconc



are not unres sl Aecum )t ED oantertinr cfficiancy
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measurements 3t 300 different ana.las setting: are reciired. Assuming 13

statistical error we need 30T seconts mezsyring time fcv one energv, or 10

minutes for two energies. Allowing an additional 330 seconds for performing

the 300 angular settings per enérg., the sanctle may be imaged at 10

resolytion witnin 20 minutes. It sheuld be noted trh2t the huge number
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\ * 1071 of individoal drtensity measy-ements are pericrmed in 20

rinutes, thit the ¢a=:le 5 im239° 47 as mar. inadiyvidual picture points
(voxels), ans that this result is ohtaines witn no special sephistication with
respect to the SP source, Furthermizre, this estimate s conservative as

regards detection efficiency and, mareover, does not outline the ultimate

imits of the method.

REDUCTION OF FLUORESCENT AND SCATTERED RADIATION

An option of the above method yielding reduction of radiation that
otherwise might cause blur in the imaging process is illustrated in fig. 3.
The essential feature is a third diffracting, perfect crystal interposed
between sample and detector. Deviated and/or inelastically scattered
radiaticn on traversing the sample will no longer be reflected by the third
crystal and thus be eliminated. This will apply to Rayleigh scattering at
inhomogeneities within the sample, Compton scattered radiaticn, and
fluorescent radiation. To what extent the deviated (blurring) radiation
arises depends on the homogeneity and atomic number of the sample material and
the energy of the imaging radiation in a more or less complex way and will

vary considerably. With the third crvstal, the samnle-to-detector distance



and thus the noem2l onige will nozessarily increase, a comIromise must be made

between blur 3ni tnz czu3i” 0y SIattereT razigtion,

As incicated in fig. 3, in rractice in order to simzlify the alignment,

second and third crystais

3

ould be manufactured as parts of a single
monalithic crystal. &= glternztive for reduition of unwanted radiation is to

PRAR S~

place the sa~;le beswsen the first 3nc ss=rond crys*tals 3nd position the

It is cleer that redfecticn of unwanted radiation is not complete. First,
a2 ray that is scattereZ normal to the plans containing incidept and diffracted
beams by an angle of the order of one minute or less is not prevented from
being diffracted. Second, inelastically scattered radiation may still be
diffracted at its appropriate Bragg angle which is different from the Bragg
angle of the main beam. However, since Compton and fluorescent radiation are
emitted into a large sclid angle, only a small fraction will be Bragg

reflected at the third crystal.

INTENSITY AND RESOLUTION ESTIMATE FOR SIX TYPICAL SR-SOURCES

It is irteresting to study how different SR sources would perform with the
parallel beam method of CT. Fig. 4 shows calculated fluxes {photons/s* mn2
at 20 m distance from the tangent puint) behind a Ge 111 double monochromator
for six typical SR-sources with electron energies rangina from 3 to 5.5 GeV
and currents from 40 to 700 mA. Some are bending magnet {BM) and athers
n-pole wigaler (nPW) sources with n ranging from 3 to 54. The photon energies

vary between 6 and 75 key. In all cases the height of the imaging beam is



normalized tz § rr.  As secc for enercies up to 10 keV, fluxes with all
sources do nat differ by more than a facter of 100, At 35 keV this factor nas
increased to almoest 134. Near 78 keY only sources with electron energies of

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

multipole wiggler sources over BM sources is also evident from fig. 4.

Fig. 5 gives the corresponding spatial resolution at 10 mm
samrle-to-datector distance in so far as it is determined by the properties of
the sgurce size and natural beam dive-gence. As is seen, a resolution betwsen
5 and 0.5 uyn is quite feasible. 1f necessary, it could be reduced by
placing the sample closer than 10 m to the detector. In most cases this is

unlikely tc be necessary.

Fig. 6 snows the pertinent relative bandwidth AE/E. 1t varies from well
below 107 at low, to roughly 721073 at high photon energies. If needed
in the chemical identification, the bandwidth can be reduced by going to
higher reflection orders and/or using $i instead of Ge as monochromator

material,

It may be noted from figs. 4 to 6 that a highly sophisticated source like
the ESRF, when used with the described method of CT, is, although distinctly
better with respect to speed and resolution, not overwhelmingly more favorable

than "ordinar;" sources 1ike DORIS and SPEAR.
EXPERIMENT

In a preliminary experiment desigred to test chemical sensitivity, we have

investigated a model sample consisting of an Al foil 100 um thick with



vacuum deposited layers of Cu and Ni. Lavers were 2.5 to 3 1m thick and had
web-shaped interruptions due to shadswoasting during vacuum depasition caused
by irregulariy structured wire webs in front of the Al foil., Wires were about
60 um thick. 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 um. From the strong

radiographic contrast, we conclude that at least 107 of tne present amount of
materials can be distinguished. Fig. 7 was obtzined with DORIS rurning at
about 5.3 GeY and 25 mA, Kodak Technical Pan 2415 film was used with exposure

times running from 1 to 20 seconds.

SUMMARY

We have shown that a very fast tomography method, capable of
distinguishing neighboring elements in the periodic table at low concentration
with spatial resolution of the ord.r of 1 to 10 ym is possible, by a
combination of the following achievements of modern technology: SR, perfect
crystal optics, high resolution two-dimensional detectors and microcomputers.
We have calculated and compared the expected performance of six typical SR
sources including one highly sophisticated source with respect to the new
method of CT. Some conclusions regarding chemical sensitivity could be drawn

from a preliminary experiment involving qualitative 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 BO P/1.
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Geometry for Ordiniry Comnuterized Tomography
Geometry for Fast, High Resolution Tomographv with SR

Geometry for High Resclution Tomography which Minimizes Undesired

Fadiation

Calculated Fluxes for Six Synchrotron Radiation Sources

Spatial Resolution for Six Synchrotron Radiation Sources

Relative Béndwidth for Six Synchrotron Radiation Sources

Web Structured Gaps in Cu + Ni Layers Imaged at 23 eV above Cu K-edge
18 eV below Cu K-edge

2¢ eY above Ni K-edge

22 eV below Ni K-edge
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