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l.Introduction
A series of transmission measurements of a collimated X or gamma
ray beam through various and moving parts of a sample,obtained
by translating and rotating the sample itself (Figure 1) give ri-
se, after a mathematical process called reconstruction, to a map
of distribution of physical densities in the section crossed by
the incident beam. This map is called computer assisted tomogra-
Pk (CAT) and the relative equipment, CAT-scanner.
A CAT-scanner is composed of different parts:
—an X or gamma-ray source and detector;
~a system for translating and rotating the sample;
~a computer for the reconstruction and visualization of the
image.
The image is constituted by a map showing,in terms of darkness
levels, the distribution of the attenuation coefficients in all
pixels of the crossed section. The characteristics of the image
is then depending on the difference between the attenuation
coefficients of the components of the sample versus energy.
In Section 2 there are descriptions of the main interaction pro-
cesses of X-rays with matter, in Section 3 the physicsl princi-
Ples of CAT and in Section 4 the experimental apparatus realized
in Rome. In Sectioms 5 and 6 two recent developments are descri-

bed concerning differential tomography and Fluorescence X-Ray To-

mography.
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Figure 1 - Principles of the computer assisted tomography (CAT).




2. Interaction of radiation with matter.

Although a large number of possible interaction mechanisms are
known, when monoenergetic X or Y-rays from about 10 to 500 keV
are attenuated in matter, only three major effects are impor-
tant: elastic or Rayleigh scattering, Compton effect and photo-
electric effect.

These processes are dominant in different ranges of incident
pﬁoton energy Eo as a function of mean atomic number of the sam-
ple. For example, the total attenuation of 10 to 500 keV ener-
gy radiation in water or equivalent material is shown in Fi-
gure 1. This figure gives the contribution in percentage of
these three interaction effects as a function of energy.
Compton effect is dominant from about 50 keV, while photoelec-
tric effect is more prominent at energies below 25 keV. Com-
pared with the other two effects, elastic scattering contribu=-
tes very little to the total attenuation, reaching a maximum of
10% of the total. However, E.S. may dominate in the forward di-
rection{see Figure 5).
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Figure 1' - Interaction of low energy radiation (10-600 keV)

with matter. Relative contribution of photoelectric,

Compton and elastic scattering effects are shown.



2.1 COMPTON EFFECT

The Compton scattering takes place between the incident X or
Y-rays with energy EO and an electron in the scattering mate-
rial. This effect gives rise to a secondary electron and a pho-
ton with energy EC; scattered through an angle & with respect
to its original direction. A scheme of this interaction:isgiv-
en in Figure 2,

The energy Eo of the incident Photon is shared between the re-
coil electron and the scattered photon Ec' The energy of the
scattered photon as a function of scattering angle 9 is given
by:

Eo

E = (1)
1+ (1-cosd)
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Figure 2 - Compton scattering of an X or gamma photon in which part of the
incident photon energy is transferred to an electron of an ab-
sorbing atom. The remainder of the incident energy is retained
by the scattered photon.




where ol = E,/mo c2 is the reduced energy of the incident photons
and mﬂc2 = 511 keV is the rest mass energy of the electron. The
scattering angle can take on values anywhere between O and 180
degrees. Figure 3 shows the energy dependence of Compton scatter-
ed radiation Ec as a function of the scattering angle for two
different incident photon energies. In case the Compton electron
is absorbed in the material, there is no much interest from the
analytical point of view, while the scattered photon can be used
to obtain information .about the nature of the absorbing material,
The differential cross section for Compton scattering iswell-de-
scribed by the product of the Klein-Nishina free electron - di-
stribution and the incoherent scatter function S, which accounts
for electron binding effects. The differential cross-section for
Compton scattering by unpolarized photons and per electron of

scattering material is then given by:

2 2
2 . o (l-cos®)

?‘n - 1 [1+cosz-5+ S(X,2)  (2)
P*—a(l-cos%ﬂ 1+d(l~cos9

2
e

= 2.8x10 cm and S(X,Z) is the in-
m, 2
(xS

coherent scattering function in which X represents the momentum

2
vhere o = E_/m,c”; r, =

transfer parameter:

5in%/2 ‘ 12398
A =
A Eo(eV)

X =

The value of S(X,Z) varies between 0 and Z. When X —p 0,5 — 0,
when X —» oo , § —» 7,

The incoherent scattering functions are tabulated in ref. (1)

and are reported in Figures 4. Figures 5 show the differential

scattering (Eq. 2) as a function of the scattering angle for a

biblogical matrix (water).
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Figure 3 - Energy dependence of Compton scattering as a function of the

scattering angle for incident radiation of 32 keV and 60 keV.
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Figure 4 - Incoherent scatter function 5(X,Z) versus momentum
transfer parameter X for Z=7 (nitrogen), Z=8 {oxygen)
and Z = 7.5 (water).
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Figure 5 ~ Differential cross section of Compton, photoelectric and
Rayleigh effects versus angle for incident energies of

40 keV in water.




£.2 RAYLEIGH SCATTERING

Rayleigh or coherent scattering is described in classical terms as
the diffraction of an electromagnetic wave by the electric field
associated with the electron charge distribution (Figure 6).

Let us introduce the classical Thompson differential cross-section

for scattering from a free electron

dg r 2
_Th ..o (1+c052&) (3)
an 2

When the electromagnetic wave excites more than one electron, the
coherent scattering from different electrons shows interference
effects. The scattering effect from a free atom with Zelectrons is,
therefore, not simply Z times the free electron amplitude.The most
widely used approximation for calculating the coherent scattering
cross-section is the atomic form factor approximation which is de-

scribed in detail elsewhere.

The angular distribution Per unit solid angle of coherent scatter
for an atom is given by the product of the classical Thompson free
electron cross-section and the square of the atomic from factor F,
describing how free electron scatter is modified through inter-

electron interference:

2
. 2 2
o = I (1+coss) F(X,2) (4)

The function F(X,Z) varies from F(0,2)=Z to F(%,Z)=0. Therefore .



the coherent scattering is extremely forward peaked, and becomes
more so as the energy is increased,

The atomic form factor can be found tabulated as a function of
energy of the incident radiation E, scattering angle® , and ato-
mic number Z of the scattering material. Factors F(X,Z) are tabu-
lated in ref. ( 1 ) and reported in Figure 7.

The form-factor approximation, based on semiclassical theory can
led to appreciable errors for large Z-atoms or photon energies
comparable to the electron rest mass energy. For light atoms and
X-ray energies the form factor approximation is satisfactory,
Further, Equation (4) holds if multiple scattering effects are not
important, that is, attenuation in the target material is negligi~
ble. Figures 5 show the differential cross section for coherent
scattering, calculated from Equation (4). It can be observed that
most of the coherent scattered photons are in the forward direc-
tions, and this effect increases with the energy of incident ra-

distion and with the decreasing of the atomic number Z,
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Figure 6 - Elastic or Rayleigh scattering in which an incident photon is scatte-

red with negligible energy loss after interaction with the cloud of
electrons in an atom,




s -
5
4 -
g§3 -
x Z=6§
B
2
l —
I ) i ¥
0.2 0.4 0.6 0.8 1.0
8
7 -
6
5 —
-Z=7.5
4 -
I
z
<9
2 —
| R
1 ¥ 1 I

0.2 0.4 0.6 0.8 1.0

Figures 7 - Atomic form factor F(X,Z) versus momentum transfer

parameter X for Z=6 (carbon) and Z= 7.5 (water).



2.3 Photoelectric effect,

The photoelectric effect is the predominant X or Y-ray inter-
action, in medium and high Z absorbers, when the energy of in-
cident radiation is below 100 keV.

In this process, the incident photon is absorbed by the scatter-
ing material and an electron from one of the inner electron
shells (K or L) is ejected from the atom with the energy T = Ec-
BE, where T is the kinetic energy and BE is the binding energy
of the photoelectron. The vacancy ' in the atomic shell is filled
by an electron from a less tighly bound electronic shell of the
atom, Simultaneously, characteristic X-rays are emitted by the
atom or, by an alternative process, Auger electrons.
Schematically, the photoelectric process is showm in Figure 8

The ratio between the probabilities of emission of characteristic
X-rays to Auger electrons is called fluorescence yield. This is
nearly zero for low-Z elements and nearly 1 for high-z elements,
The detection of these secondary X-rays, which are characteristie

for each element, is the basis for the analytical technique known

as X-Ray Fluorescence (XRF) analysis,
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Figure 8 - Photoelectric effect, in which the energy of an incident photon is
transferred completely to an electron. The electron is ejected from
the atom with a kinetic energy T = E - BE where BE is the binding
energy of the electron, The vacancy th the atomic shell (K-shell in
the Figure) is filled by an electron from an outer shell (L-shell in the
Figure) and X-reys are emitted having energy BEy - BE; .
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from the scattering angle, is shown in Figure 5.
The P.E. mass-attenuation coefficient for photons with incident

energies below 100 keV, show characteristic discontinuous jumps
known as absorption edges corresponding to the minimum energy for
the ejection of electrons from its shells. For example, consider-
ing the photoelectric cross-section of iodine versus energy (see
Figure9 ), L~discontinuities are at 4.56 keV (Llll)’ 4.86 keV
(Lll) and 5.19 keV (Ll)’ while the K-discontinuity is at 33.164
keV.
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Figure 9 - Attenuation coefficient of Iodine (in cm_l) versus
energy showing the L-discontinuities and the K

discontinuity of the photoelectric component,
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When a narrow beam of monoenergetic photons with energy Eo and pho-

ton flux density (number of photons per unit area and time) No
Crosses a homogeneous absorber of thickness X, the emerging photon

flux density N is given by:

N = N exp [_-u(p,Z,Eo)x:] (5)

where wu(in cm-l) is the linear attenuation coefficient for ma-~

terial of physical density p(g/cm3) and atomic number Z.

For energy values greater than about 10 keV, when molecular bind~

ing energies are small, it is reasonable approximation to assume

that y is directly proportional to the physical density and write:

N = Noexp [LM(Z,EO)/Q] ex (6)

where u(Z,E) is the mass attenuation coefficient (in cmzlg). If the

absorber is a chemical compound or a mixture, its mass attenuation

coefficient u/p can be approximately evaluated from the coefficients

for the constituent elements

ule =Zwi( Hy 0;) (7)

in which v, is the proportion by weight of the i~th constituent,

The mass attenuation coefficient is also Proportional to the total

. . . a . 2
photon interaction Cross-section per atom Utotal (in ca®/atom)

that is the sum of the Cross sections for a

11 the elementary scatter-
ing processes cited in Section 1.

The correlation between attenuation coefficient and
section is the following:

atomic cross-

wie = o2 (n/a) (8)

where Na is the Avogadro's number and A the atomic mass of the ab-

sorber. Since there are Z electrons per atom




N Z
a

e _ e
ule otot.( A)' %tot. Ce (9

where U:ot. (cm2/electron) is the total cross section per electron
and the term -A_ represents the electron density (number of elec~
trons per gramA).

For all elements except hydrogen, 6e approximately equals Na/2=3x1023
(Table 1.). This indicates that atomic composition dependence of u/p
is principally related to that of o°

tot.
approximate dependence of W on Z in ¢ and an expressed dependence

. There is, in Eq. (9) an

on 2 in & .
e
Considering now the three effects contributing to the attenuation

coefficient, from Eq. (9):

e e e
u pée(cR to_+ Uph) (10)

It should be observed that, at a fixed energy, Ui is approximately
constant versus atomic number Z (Table 2 ) and the contribution
of elastic scattering is lower than 10% of the total attenuation.
Therefore, from Eq. (10):

v os (K + K25 (11)

when K and K are constant and B 3 =+ 4,
In Eq. (11) are now explicitely separated the contributions of
physical density and atomic number. In the energy region where the

Compton effect is prevailing:

e p (12)



TABLE 1 - Electron density Se of various elements, compounds

and mixtures.

Element Atomic Number Z Electron density
- or formula (el/cm3)
Hydrogen 1 6 x 1023
Carbon 6 3 X 1023
Nitrogen 7 3.01 "
Sulfur 16 2.89 "
Potassium 19 2.93 "
Chromium 24 2.78 "
Iron 26 2.8 "
Zinc 30 2.6 "
Arsenic 33 2.65 "
Silver 47 2.63 "
Iodine 53 2.515 ®
Lead 82 2.38 "

Compounds or mixtures

Muscle - 3.47 "
Blood - 3.48 "
Fat - 3.15 "
Polyethilene (CHz)n 3.17 "
Water H,0 3.35 "
Nylon 3.8 "
Lucite (CSHSOz)n '3.87 "
Bakelite (045H3807) 4.27 "

Teflon 6.33 "




TABLE 2 - Compton cross section per electron o§ at 100 kevV.

Element

Hydrogen
Carbon
Nitrogen
Sulfur
Potassium
Iron

Zinc

Tin
Iodine

Lead

For E <¢ 100 keV

0% =~ 0.5 barn.
c

. e
Compton cross section cc (barn)

0.493
0.493
0.493
0.492
0.493
0.492
0.492
0.492
0.492

0.493



and the Compton linear attenuation coefficient is linearly pro-
portional to the mass bulk density of the absorber,
In the low energy region, where the Photoelectric effect is

pPrevailing:

z(3?4)

H o (13

and the attenuation coefficient critically depends on the atomic
number of the absorber. For biological samples, E:—7e8, and for
low energy values (EO=10+30 keV), U me 23'5; for bone (Z ~13)
u-:ZB'z. Since a tomography is based.on many narrow beam X-ray
attenuation meéasurements, and gives rise to a map of attenuation
coefficient, the qualitative and quantitative characteristics of
the image should reflect the dependence of total attenuation coef-
ficient on density and atomic number of the absorber. Therefore,
in the energy region in which the Compton effect is prevailing

(Eo R 50 keV for biological materials) the linear attenuation

coefficient (and therefore the tomography as map of attenuation

coefficient) is proportional to the physical density of the ab-
sorber, and in the energy range in which the photoelectric effect
is prevailing (E0 < 20 keV for biological materials) the linear
attenuation coefficient is Proportional to a power of the atomic
number Z of the absorber (i oc 23?4).

One of the most important parameter of CAT is the “contrast re-
solution", which can be defined as the ability of the CT-scanner
to reveal differences in the transmission of X-Rays through an
object containing structures which differ only slightly. The con-
trast resolution depends on the difference in the attenuation
coefficients of the different Structures, which, on the other hand,
depends on the energy of the incident monoenergetic X-Rays or on

the distribution of X-Rays if bremsstrahlung radiation is employed.




For bettering the contrast resolution the difference in the
attenuation coefficient should be improved, which mainly de-
pends (see Eq. 11) on the Compten effect and on the photoelec-
tric effect (Fig. 10). The first term varies siightly for ele-
ments or materials with contiguous atomie number Z as a function
of energy, so that, for example for biological samples, the con-
trast resolution is almost the same at 60 or 100 or 500 keV,
where the Compton effect is largely prevailing.

The photoelectric effect, on the other hand, is very critically
dependent on the atomic number 2 of the samples and on the inci-
dent energy Eo’ so that, theoreticaliy, the con-
trast resolution will improve by reducing Eo' But, when Eo is
reduced, the attenuation coefficient increases, and therefore,
the useful dimension of the object to be scanned will be reduced

too, according to the practical rule

uX

¢
—
+
o

(14)

Further, the radiation absorbed in the object will also increase,

50 as the absorbed dose. That limits the usefulness of employing
radiation of reduced energy, for "in viveo" tomographs. The sugge-
stion of using radiation of energy in the photoelectric effect '
region is therefore very useful for "in vitro" tomographs of ob-
jects of dimensioms in accord with Eq. (14).

In a more generat treatment, the contrast resolution is connected
with: geometrical resolution (capacity to distinguish small structu-
res); source intensity and source energy; total run-time T (in s);
beam collimation.

When the contrast resolution is expressed in terms of Au/u (rela-
tive accuracy of the measured attenuation coefficients) it can be

shown that (ref. 2):
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(15)

when Eq. (14) is valid. In Eq. (15) NxN= number of pixels and
N, = photons/s emitted by the source.
If for example N = 50, T = 3600 s, 4i/y = 1072, N, = 109ph/s.3y

defining Ntot = NI'T as the total mmber of photons emitted

by the source, Eq. (15) can be written as:

(16)

For a given total photon flux Ntot.’ an improvement in the con-
trast resolution can only be obtained by a reduction of the
number of projection N, which is connected with the thickness
of the beam.

The total number of photons (Ntot) emitted by the source versus
the number of projections N, which gives rise to a fixed contrast
resolution AF'/}‘ is shown in Figure 11.

4. Experimental set-up

The CAT-scanmer developed at the Centro per 1'Ingegneria Bio-
medica and employed for carrying out tomographs with monoener-
getic radiationm, differential tomographs and, see Par. § s

fluorescence X-ray tomographs, is schematically shown in Figu-

re 12 , 1t is characterized by;

= monoenergetic sources obtained both with radioisotopes and

with X-ray tubes with secondary targets

NaI (T1)} - X-ray detectors or a HP-Ge detector (for diffe-
rential tomography)

= & translation-rotation system

= an electronic chain with a multiscaler

= a PC-Apple II E with reconstruction programmes working in
Pascal,
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Figure 12 -~ Schematic set-up of the CAT-scanner developed in Rome at the
"Centro per 1'Ingegneria Biomedica" (top) and arrangement for
converting the bremsstrahlung radiation from an X-ray tube in
quasi monoenergetic radiation, by using secondary targets

(bottom).



For testing the theoreticgl considerations of Section 3, and for

carrying out differential tomographs (see Section 5), monoenerge-

tic sources are required of high intensity. They can be obtained

with:

1. radioactive sources
2. X-ray tubes with secondary targets

3. synchrotron radiation,

Only few radioisotopes emit one or more X or v lines of proper
half-1ife valyes:

Am-241, which emits 60 keV Y-rays with a half-life of 433y,
Gd~153, which emits 97 keV and 103 kéV Y-rays with a half-
life of 2114, Cs~137, which emits 667 keV Y-rays with a half-
life of 30y and Co-60 which emits 1170 and 1330 kev Y-rays
with a half-1ife 5.3y. Radioisotopes are needed emitting more
than 108ph/s.

X-ray tubes with external, in:erchangeable secondary targets,
are very useful for generating quasi monoenergetic radiation
(K and KB-rays emitted by the target) of various energy va-
lues and intensities, & scheme of the apparatus is shown in
Figure 12,

Synchrotron radiation, when at disposal, offers a very good
solution in the generation of high—intensity menoenergetic
X-rays in the range 5-50 kev. Unfortunately, synchrotrons are

men, expensive and not so easy to manage,

uncom-



Reconstruction of the tomographic image

As observed in Section 1, in a toemography hundreds or thousands

of measurements are carried out of the transmission of X-rays

through the sample. From these transmission measurements,a ma-

trix of numbers is obtained related to linear attenuation coefficients.
If a fine beam of X-rays of intensity IO is incident on a

sample and the emerging intensity is I, then the quantity
1
b (o -
g ) pds
L

is obtained, when f is the variable absorption coefficient along
the line L (figure 13 ),

Figure 13

Hence, if g is known for all lines intefsecting the sample, and
Px,y)} is a function in twb dimensions, the question is: can rLbe
determined if g is known? The ansver is yes, it can, and a simi-
lar mathematical problem was first solved by Radon in 1917 (ref. 3 )
Only a conceptual explaination of the possible solutions is offer-
ed here. Three mathematical methods have been employed for recon-
struction of medical images from X-ray transmission data. These me-

thods are: 1) back-projection; 2) filtered back-projection and 3)

iterative reconstruction.



A

1) back-projection

Suppose that the

transmission of X-rays through an homogeneous

cylindrical object is measured along two rays from two views

at right angles to each other. X-ray transmission profiles are

shown in Figures

X~RAY TRANSMISSION

14 .

DENSITY OF
POINTS

SAMPLE

b LT T

Figures 14 =~ Back-projection of a cylindrical homogeneous sample.

After the X-ray

Process can be reversed, to form a crude image of the two rays

transmission profiles have been obtained, the

(homogeneous density of points).

Let us suppose now that the object has a spherical volume of lar-

ger attenuation in the center; the X-ray transmission and the den-

sity profile are shown in Figures 15.
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Figures 15 - Back-projection of a cylindrical inhomogeneous sample,
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Simple back-projection can be explained in another way. Suppose
that a series of X-ray transmission measurements are made at x
and y orientations across a single plane through a cube (figu-
re 16 ), resulting in the X-ray transmission data reported in
the axes (14 measurements along the y axis and 10 measurements

along the x axisg).

N x-Ray

TRANSMISSION

SAMPLE

L LY T bareint

v

Figure 16 - Example for explaining back-projection.

Each transmission ray in the x-axis is divided into 10 parts and
each ray in the y-axis into 14 parts (an area of 10 x 14 pixels
is then delimited) and along the axis each ray reveals 5, 20, 50
and 100 percent transmission, corresponding to 95, 80, 50 and 0
percent attenuation, respectively.

Each part of the ray is assumed to contribute equallg to the ab-




2)

3)

sorption. For example the ray transmitted along the x axis with
8 value of 5 is attenuated by 957, and each of the 10 cells in the
X axis contributed 9,5 peércent. In Figure 16 these attenuation
figures are added along the two axis, giving rise to the numbers

shown in Figure 17 and to the image shown in Figure 18 .

The image would be not satisfactory, because the projected
attenuations are averaged along the entire transmission ray

and are not confined in the object of interest.

Filtered back~projection

To reduce spoke-pattern artifacts in back projected image,
the X-ray transmission data can be modified (filtered)
before they are analyzed to form an image. The filtering
process adds negative components to the back projected data,

so that the spokes are eliminated to a reasonable degree.

Iterative reconstruction

In this method,values initially are assumed for the matrix
of attenuation coefficients used to form the image. As the
transmission data are examined, corrections are made in the
coefficients to achieve better agreement with the transmig-
sion data. This process is repeated many times in an itera-
tive manner, with the corrections becoming smaller and smal-
ler.

The iterative approach to image reconstruction is shown in

Figure 19 .
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5 86 107 107 118 11.8 10.7 10.7 8.6
0 3.6 5.7 57 6.8 6.8 5.7 5.7 3.6
0 3.6 5.7 57 6.8 6.8 5.7 5.7 3.6
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Figure 17 ~ Application of back-projection on the sample of Figure 16.
An homogeneous attenuation by each pixel along the ray is

supposed,
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Figure 18 - Image of the sample shown in Figure 16 based on the numbers
of Figure 17, Example of application of back-projection



18 4() 300 > b
¥ 3
b4 1 2 2 1.5 1.75 1.5
304 24
4(bq 3 1 2 1.5 2 1.75
M
c d e
1.375 1.5 1.375 1.75 1.375 2.125
2 1.375 2.5 1.375 2.5 1.375
¢
1.18 2.125
2.5 1.18
Figure 19

-Iterative approach to image reconstruction in a very

simple case of a 2 x 2
of steps

0

elements matrix.Below,the images
s@8,b,c,d and f.

a



Attenuation coefficient of every element exhibits sharp discon-
tinuities (K,L...) in correspondence with the minimum energy
values for the ejection of the electrons from its shells (see
Fig 20 ). For quantitative evaluation, values of attenuation
coefficients of Fe, Ag, I and Pb near K and L-edges are shown
in Table 3 . As can be observed, the difference in the atte-
nuation coefficient above and below the edges varies between
large values.

The discontinuities in the attenuation coefficient of an element
can be employed for "amplifying" it presence in any sample, where
attenuation measvrements or tomographs are carried out with mb-
noenergetic radiation having an energy value just above the
energy of the edge(references 4 and 5).

Further, when two attenuation measurements are carried out with

a pair of monoenergetic radiation which energy close brackets
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Figure 20 - Attenuation coefficient of Iodine, showing the K-disconti~
nuity, and position of X-rays of Barium, Lanthanum and

Cerium, useful for the differential tomography of Iodine.



TABLE 3 - Attenuation coefficient (cmZ/g) for Cu, Ag,

Element

Cu

Ag

Pb

close to the discontinuities.

Energy of the !

edge (keV}

8.98 (X) 28
25,52 (K) 9.7
33.164(K) 7.5
13.04(LIII) 73
15.21(LII) 112
15.87(11) 136
88.0 (K) 1.8

285

52

32.5

153

143

141
6.6

Ay

257

42

25

80

30

5
4.8

215

1050

5000

400

I and Pb
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the energy of the discontinuity, then the difference between
the two measurements is only sensitive to the presence of the
given element. This effect is well known since long time in
radiology for the visualization of iodinated vessels (energy-
dependent substraction angiography). In this case, no mono-
energetic radiation is employed, but bremsstrahlung radiation

at different HV-values.

Theoretical background

By considering a matrix of thickness x containing an element
a with concentration C,> the attenuation of incident monoener-
getic radiation composed by a pair of X-rays of energy E1 and
E, respectively, which bracket the energy of the photoelectric

edge of the element 3, is given by:

N1 = NOIexp - {+ uml + ualca} X
(17)

N2 = N02eXp -1t o I HaZCa} X

if ca<x 1. In Egqs. (17} ﬁ01, NOZ’ Nl and N2 represent the in-
tensity of incident and transmitted radiation of energies El
and E2 respectively; Mol and Y2t Va1 and H,o Yepresent the
attenuation coefficients of the matrix and of ﬁlement a at

energies El and E2 respectively. The ratio R = ﬁg can be writt-
1

] . N. N.,.& exp-{Fma* Haa cm} X

NN, exp- [Faathaa] x

R=R,exp- (B + Ap, Cafx

en as:




No2
where Ro = ﬁ;; * Aum =('uml B um2)’Aua=(ua1 - ua%}
Close to the edge u o2 =y m1® Hap O»H a1’ and therefore Ap <?Au

If Au c, o> Au » then:

R
gﬂ.—ﬁq:ﬂ.uc x {19)

The ratio Ro is only dependent on the concentration of element

-._

a. The effect of the matrix is PToportional to the ratio:

(20)

For example, when iodine is considered (Ekab= 33.169 keV) and
E1 = 32 keV (Ba-secondary target) and E2=34.5 keV (Ce-secondary
target), then:

F=0.027/30 ¢ and when E1 = 33.033 keV (La-K ) line) and
= 33.44 keV (La-K 1 line), then F = o, 007/30 ¢, Equation
(19) is then valid when cI> 0.9Z in the first case and CI;

0.2%7 in the second case.




Tomographs have been carried out at energies above and below
the K-discontinuity of silver and iodine.

For silver, which has the K4discontinuity at 25.517 keV, se-
condary targets of tin (Kcl 25,15 keV) and antimony (Ka =

26.2 keV) have been employed.

In Figure 21 are shown results of differential tomographs car-
ried out on a plexiglas cylinder with two holes filled with Ag
solutions at 47 and 2% (Fig.214) anda 1% (Fig.218B).

For iodine, which has the K-discontinuity at 33,164 keV, va-
rious paifs have been examined: Ba-K, (32 keV) and Ba--KB

(36.4 kev); Ba—Ku (32 keV) and Ce—Ka (34.5 kev); La--KUL2

(33.033 keV) and La—-KQ!1 (33.44 kev), Tomographs using the last

pair are shown in Figure 22,

Figure 21-Differential tomo-
graphs on plexiglas cylinders

containing Silver.

holes containing Iodine. Tomography a was carried out
at 33.033 keV and tomography b at 33.44 KeV. The diffe-
rence b-a exalts the iodine Presence. I-concentration

was 4, 2, 1 and 0.52 respectively,



6. Fluorescent X-ray tomography

This type of tomography is based on the detection of the fluyo-
rescent X~rays emitted by a sample containing elements with
medium or high atomic number.(ref, 6).

The principle of the method is shown in Figure 23.

The output of the X~-ray tube is strongly collimated by a colli-
mator 6 cm long and 1 mm diameter which delimits in the object
to be scanned a trunk of conical volume.

The detector, which analyzes the X-rays emitted by the irra-
diated volume, (a HpGe having 900 eV resolution at the Iodine
X-rays) is placed at 90° with respect to the Primary radiation,
and is also collimated with a collimator very similar to the
other one. The crossing of the solid angles of both collima-
tors identifies a fixed volume in the object, which is appro-
ximately 2.5 x 2.6 x 2.5 mm3. By moving the object in the x-y
direction, X-ray intensity of elements present in the sample
can be mapped, and finally an image can be obtained related

to the distribution of the element or of the elements in the

sample.
Ce-K
COLLIMATOR !
DETECTOR ----[r—--- XY Xrryay-ry-
—
p E
nT
-k
T ®
N a3
&
== —>
E
B.S.
\
E

Figure 23 - Principles of the Fluorescent X~ray tomography.




6.1 JITheoretical background

By irradiating a thick sample, for example a solution contain-
ing an element a with concentration C » Wwith monoenergetic ra-
diation of energy E and photon flux densxty N 0! and by detect-
ing the X-rays of element a emitted at 90° w1th respect to the
direction of the incident radiation, one can devide the section
of the sample in many viewing elements (pixels) in which the
attenuation of incident and output radiation is negligible.
For pixels of about 1-2 mm2 and elements with atomic number
larger than about 40, each pixel can be considered as an in-
finitely thin sample, and X-rays emitted at 90° are given by:
(ref. 7):

Na = NoKwauph.amOJlCa

where: N (ph/cm 8) is the incident photon flux density
N (ph/cm §) is the fluorescent photon flux density of
X~rays of element 2
K= 91 92 is the total Beometrical factor, given by the
product of source-sample solid angle 92
tua is the fluorescent yield of element a in the shell
of interest

uph a is the photoelectric absorpt1on coefficient of element
&8 at energy E

m(g/cm ) is the mass per unitary surface of the sample

Then is a linear relationship between the concentration C
and the number of X-rays of element 4, N .

Scattered counts N are given by the Equation:

N =N Ku m
sc 0 8C
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orET WV HWLLLOo Lo

given by:

coa“ph.a 0.71 Ca

Zl ]
o

8C uBC

For a given element, for example a trace element in solution

the ratio Na/Nsc can be improved only by increasing the atte-
nuation coefficient for photoelectric effect uph.a because

the attenuation coefficient of the matrix for scattering effects

is practically constant,

Experimental arrangement

The experimental arrangement emploved for the analysis of Iodine
is shown in Figure 23. The bremsstrahlung radiation from the tu-
be passes through a long collimator internally covered by cesium,
in order to partially convert the primary radiation in Cs-X-rays,
which energy lies just above the Todine K-edge. With this geome-
trical arrangement, K =J}1J12 = 1.3 x 10-8; a very strong source

is therefore needed.

The irradiated volume varies with the distance of the sample
from the source and from the detector. It is therefore ne-
cessary to keep constant the position of the volume by mov-
ing the sample in the X~y axis. Calling m the pixel number

in the x-axis and n in the y-axis, each pixel can be idenfi-
ed by a mn index. X-ray counts of element 2 have to be correct
ed for attenuation effects, both of incident radiation and of
output radiation from the irradiated pixel. Counts in the de-

tector related to the Pixel mn are then given by:

m-1 n-1

Nmn=Na exp-{ZJhn(Eo) x}exp-{ Wl (Ea) x}
b1 Ry 1

in which Na is given by Equation .

A test object has been analyzed , constituted by a plexiglas
matrix 20x20 mm2 section, with 64 cylindrical holes of diameter
@ =2 mm. The heles are empty, except those at the diagonal

of the object, which are filled with a solution containing 0,57

- Iodine, (Figure 24),




A second plexiglas test object has been employed, with the same
external dimensions and with 4 cells machined in it;2 mm wide

and 9 mm long, placed like an X figure along the diagonal of the
object. In the center, a 4x& mm2 plexiglas area remained empty.
In a second series of experiments, this sample has been analyzed,
with the cells filled with a 0.5% Todine solution. In this case,
the attenuation effects on incident and output radiation has been
considered, which depends on the position of the analyzed pixel.
The results of the image reconstruction are shown in Figures25,

before (25a) and after (25b) corrections for attenuation effects.




Figure 24 - Fluorescence X-Ray Tomography
of a test object on plexiglas with holes,
at the diagonal,filled with a solution
containing 0.5%7 Iodine. The pPresence of

Iodine in the image is evident.

Figure 25 - Fluorescence X-Ray Tomography
of a plexiglas test object with 4 cells

2 mm wide and 9 mm long, placed like an

X Figure along the diagonals of the ob-
ject, filled with a 0.5% solution. Figu-
re 3A shows the direct results of the to-

mography and Figure 3B the same image af-

ter correction for the input and output

radiation attenuation.
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