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X- and y-Rays Computerized Minitomograph Scanner
for Soil Science

PAULO ESTEVAO CRUVINEL, ROBERTO CESAREO, SILVIO CRESTANA, AND
SERGIO MASCARENHAS

Abstract—A computerized tomograph scanner system using X- and
y-rays has been developed for applications in soil science. Previous re-
sults were obtained using a miniature X-ray tomograph scanner de-
signed for biomedical analysis [1].

As a new methodology of instrumentation and in soil research [2],
this apparatus has proven to be useful for measuring volumetric water
content 6 to an accuracy of +3% and soil bulk density p + 2% (in
grams /centimeters’).

The system features translation and rotation scanning modes, a 200-
mm effective field of view, signal processing by pulse counting and 1.0-
mm spatial resolution. The performance of the system has been dem-
onstrated by experimentally measuring water content and the bulk
density of soil samples.

I. INTRODUCTION

RANSMISSION and emission tomography are widely

recognized in medicine as methods of obtaining in-
formation about body structure and physiological func-
tion.

In a transmission computed tomography (CT) scan, a
number of profiles of narrow-beam transmission are made
at different orientations to the subject. A cross-sectional
reconstruction is generated from these measurements for
subsequent analysis. Computerized tomography, as a new
method for investigation in soil science physics, has been
introduced in [3]-[5]. It has proven to be of great advan-
tage when compared to other classical methods such as
gravimetry [6] or y-ray direct transmission [7]. However,
medical CT-scanners are very costly and do not provide
sufficient energy output range for studies of soil and plant
systems.

This paper describes a compact low-cost (approxi-
mately US$ 50 000) CT-scanner (minitomograph) de-
signed for soil science.

In comparison with classical methods such as direct +y-
ray transmission or gravimetric tests, the minitomograph
has the following advantages.

1) It is possible to measure local heterogeneities within
the soil at pixel resolution.
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2) It is possible to measure soil bulk density and water
content pixel by pixel.

3) It is possible to non-invasively obtain two- and three-
dimensional images of soil samples independent of
the geometry and shape of each sample.

4) It is possible to use several different beam energies
and radioactive sources as well as X-ray fluorescent
targets [8].

Two- and three-dimensional measurement of soil physical
parameters such as bulk density and water content is an
important task in modeling and analyzing soil science
problems. There is a need for nondestructive experimen-
tal techniques having millimeter or submillimeter resolu-
tion capable of investigating the intricacies present in the
variety of processes that occur in soils. Some examples
of coupled and time dependent soil processes are com-
paction, root penetration, crusting, seedling cracking and
swelling, wetting/drying or thawing/freezing cycles, mis-
cible and unmiscible displacement of nutrients in the pres-
ence of roots, and preferential flow of pollutants in frac-
tured porous media. X- and +y-rays computerized
tomography is becoming a powerful and exciting tool for
studying such soil phenomena [9], [10].

1. THE TOMOGRAPHIC METHOD AND PHYSICAL
CONSIDERATIONS

A. Principles of the Tomographic Method

Let f(x, y) be a two-dimensional cross-sectional image
of a three-dimensional object. The image reconstruction
theorem states that f(x, y) can be reconstructed from
many one-dimensional measurements (which when plot-
ted are termed projections) made in the x, y
plane.

The image reconstruction theorem can be described
mathematically with the help of the Fourier transform.
Thus if f(x, y) represents a two-dimensional image to be
reconstructed in the (x, y) spatial domain it can be trans-
formed to the frequency domain (u, v), and if F (u, v)
is given f (x, y) can be obtained by using the inverse Fou-
rier transform:

o= [T

—oo

F(u,v)

exp [i2n(ux + vy)| dudv. (1)
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Fig. 1. The principle of Fourier projection theorem used for image recon-

struction from projections.

Fig. 1 shows the principle of image reconstruction from
projections [11]. Let p(x) be the one-dimensional exper-
imentally measured zero degree projection of y = p(x)
onto the x axis. It is then possible to demonstrate that the
one-dimensional Fourier transform ( 1-DFT) of a one-di-
mensional projection of a two-dimensional image is iden-
tical to the corresponding central section of the two-di-
mensional Fourier transform (2-DFT) of the object. If 30
projections at 6 deg. increments are accumulated and their
1-DFT’s are performed, then each of these 30 one-dimen-
sional Fourier transformed projections would represent a
corresponding central line of the 2-DFT’s of the X-ray or
y-ray cross-sectional image. The collection of all these
transformed projections is the 2-DFT of f(x, y).

There are other methods that can also be used to recon-
struct a two-dimensional image from its projections. Each
different reconstruction method will give a slightly differ-
ent version of the original image.

The filtered back-projection method, known as the con-
volution method, is widely used as a reconstruction tool
because of its speed, accuracy, and versatility. A polar
coordinate system is used and the projection is repre-
sented by the integral of the product of the image and the
delta function. Fig. 2 shows one projection m (¢, ¢) of the
object at angle £ and displacement ¢

m(e, £) = S”Sfm, £)

0
(2)

where f (I, £) is the pixel value of the object at (I, £')
and 6 is the delta function. From the shifting property of
the delta function, the 1-DFT of m(¢, £), M(Q, £), is

- 8[t = lcos (¢ — &) L dl dE’

2T poo
M(Q, £) = SD SO f,8)
“exp [—i27Ql cos (¢ — ¢')] L dldE'. (3)

The 2-DFT of f (I, £), F(Q, &) is given by

27 poo

F(Q, &) = S SO AL, &) exp [ —i2nU

0

< cos (& — &")] 1dldlg. (4)

Fig. 2. One projection of the object at angle &, m(¢, £).

Comparing (3) and (4), it is found that M(Q, £) = F (Q,
£).

The 1-DFT of the projections of an object at angle £ is
the central section at the same angle £ of the 2-DFT of
the object. This is the central slice theorem [12]. In order
to completely reconstruct the object in continuous space,
an infinite number of projections are required to fill the
whole Fourier space.

Let G(Q, &) = |Q| M(Q, &), it is then possible to
obtain

[

gt ) = Sim || M(Q, £) exp (i270Q¢) dQ  (5)

where t = x cos £ + ysin £ and g(¢, &) is the inverse
Fourier transform of G({, £). The convolution theorem
states that the Fourier transform of two multiplicative
functions is equal to the convolution of the transform of
the function

g(t, &) = h(1) =m(s, £) (6)

where h(t) = %, | Q| exp (i27Qt) 49, is the inverse
Fourier transform of | 2|, and

h(t) *m(t, £) = S_m h(t — t)ym(r, £)dr  (7)

is the convolution integral.

The inverse Fourier transform of |Q|, which is A(?),
means that for any point (x, y) in the object, the recon-
struction is the summation of g (¢, £) for all &, which is
exactly the same as the filtered [h(¢)] back-projection
[m(¢, £)]. The procedure of reconstruction is thus the
back-projection of the convolution of the projection and
the filter, thus

o= | meme o @)

In the present paper, the images have been recon-
structed by using the filtered back-projection algorithm
with a Ram-Lak filter [13].
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B. Physical Considerations

Linear attenuation coefficients are convenient for en-
gineering applications, they are proportional to the atten-
uation density, p, which depends on the physical state of
the material.

A narrow beam of monoenergetic photons with energy
E and incident photon flux density /, on passing through
a non-homogeneous absorber of thickness x, will have an
emerging photon intensity I given by

w2230

where s is any direction across the absorber and p is the
linear attenuation coefficient (in units of length™') for
material of physical density p, atomic number Z and p/p
is the mass attenuation coefficient.

Even though one can identify an approximate propor-
tionality of p to the atomic number Z for a given physical
state, the error in this approximation can for certain ma-
terials exceed the typical resolution capabilities of CT-
scanners.

If the absorber is a chemical compound or mixture, its
mass attenuation coefficient u/p can be approximately
evaluated from the coefficients for its constituent elements
according to the sum

ﬁ=2wi—p’—i
p i Pi

(9)

(10)

where wi is the proportion by weight of the ith constitu-
ent.

The mass attenuation coefficient u/p is also propor-
tional to the total photon interaction cross section per
atom, og,; that is, the sum of the cross sections for all the
elementary scattering and absorption processes. The ap-
propriate relation is

(n/p)[em’/g] = oi[cm’ /atom] - (N/A)[atoms /g]
(11)

where N is Avogadro’s number and A is the atomic mass
of the absorber.

Therefore, the total mass attenuation coefficient u/p
can be decomposed into contributions from each mode of
photon interaction as

w/o =uR/o + uF/p + uC/p (12)

where R, F, and C designate Rayleigh scattering, photo-
electric effect, and Compton scattering, respectively.

The electronic cross section, og,, is also the sum of
contributions from those of the individual photon inter-
action mechanisms

gy = 0k + 0F + 0C. (13)

The terms on the right-hand side of (13) explicitly deter-
mine the energy and atomic composition dependence of
.

747
Equations (11)-(13) combine to yield

NZ

w/p =—r(ok + ok + 0¢). (14)
The CT-scanner obtains a map of the linear attenuation
coefficients for X- or y-rays in the scanned section of the
sample. For biological objects, at the energy values usu-
ally employed in CT-scanners (70-80 keV mean energy)
attenuation coefficients are mostly due to the Compton ef-
fect, which is proportional to the electronic density (u/p)
of the materials. Except for hydrogen, the electronic den-
sity is with good approximation proportional to the phys-
ical density.

The situation is not different for analyzing soil samples.
For soils the contribution of the Compton effect is ap-
proximately 80% at 80 keV, the remaining contribution
is mainly due to the photoelectric effect. Therefore, a
tomographic map of soil at 60-100 keV is to a first ap-
proximation proportional to the distribution of the physi-
cal density, while a tomographic map at lower energy
(20-30 keV) would be mainly proportional to a power of
the atomic number Z, and the photoelectric effect would
be dominant.

III. SysteM DESIGN

Fig. 3 shows the block diagram of the system configu-
ration. The hardware comprises a mechanical table with
two stepper motors (one for rotation and one for transla-
tion), a radiation source, collimators, a scintillator detec-
tor (Nal(7!) crystal), an electronic pulse counting and
processing system, a microcomputer, a high resolution
video monitor and a graphic printer. We have used an
8-b microcomputer based on a Motorola 6502 micropro-
Ccessor.

The scanning mechanism of the minitomograph con-
sists of an X-ray tube (60 kVp, 60 mA) or a y-ray radio-
active source (**'A m, 60 keV, 300 mCi), a detector sys-
tem and two stepper motors which control the relative
position of the tomographic table. The stepper motors
control cards have been designed as a four-phase motor
drive that needs a clock or microprocessor pulse to deter-
mine the stepping rate, which is 180 steps per second.
The accuracy of each 1.8° step angle is 2.5%. This error
is noncumulative and averages to zero in 360°. The con-
trols for the rotation and translation of the tomographic
table have been designed using stepper motors. Fig. 4
shows the schematic diagram and the time sequence of the
stepper motor controls. These signals are generated to op-
erate the stepper motors and to control the rotation sense.

Optoelectronic devices and comparator circuits were
used to define and initialize coordinate positions of the
tomographic table. Fig. 5 shows the schematic diagram
and the time sequence of the tomographic table position
controls.

The interface has been designed using two Motorola
6821 peripheral interface adapter integrated circuits.
These 1/0 ports are used to interface the stepper motors
control cards, the control cards for the tomographic table
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Fig. 3. Block diagram of the minitomograph.
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Fig. 4. Schematic diagram and the time sequence of the stepper motor
controls.

as well as the pulse handling system with the microcom-
puter. Fig. 6 shows the schematic diagram and the time
sequence of the interface. To improve the fan-out and fan-
in conditions of the interface CD4050 integrated circuits
are used as line buffers. The electronic pulse counting and
processing system has been assembled using a scintillator
detector, an amplifier, a single channel analyzer, a timer
and a six-digit counter. Both source and detector have
been collimated in order to avoid the contributions of un-
desired radiation and to improve spatial resolution.

The software has all been developed in Pascal lan-
guage. It is used for control and data acquisition, image
reconstruction and for quantitative analysis of the water
content and soil bulk density at any chosen region of the
processed image.
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Fig. 5. Schematic diagram and the time sequence of the tomographic table
position controls.
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Fig. 6. Schematic diagram and the time sequence of the interface. The
amplitude of each step is 5 V.

IV. APPLICATIONS TO SOIL SCIENCE

The minitomograph has been used to measure water
content and bulk density. The range of volumetric water
content studied was 0.14-0.35 and soil bulk densities
ranged from 0.96 to 1.5 g/cm®.

Air dried soil (water content less than 0.1%) was
passed through a 1.0-mm sieve and packed into thin wall
plexiglass boxes. Sample thicknesses ranged from 1.9 to
2.1 cm. The methodology usually used in soil physics was
used for packing the soil samples [14].

The samples with different water content were obtained
by adding a known volume of water to a known volume
of previously air dried soil. Non-swelling latosol was
used. 30 x 30 pixel tomographs were programmed and
the y-ray source and the Nal ( 77) scintillator detector were
collimated. The diameter of the collimators was 1 mm and
the distance between the source and detector was 15 cm.

The temperature instability in the electronic system and
detector have been measured but no appreciable errors oc-
cur for counting rates up to 6000 counts per second. The
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Calibration curve u(cm™') versus soil water content in 0(cm3/cm3) at
incident energy of 60 keV (7 = 0.970).

statistical fluctuation error was lower than 1.5% because
the number of detected photons was larger than 10°.
Tomographs have been measured for samples with dif-
ferent mean values of water content and the results are
reported in Fig. 7. For the non-swelling soil employed,
there is a very good linear relationship between the linear
attenuation coefficient and the water content of the soil
(coefficient of linear correlation # = 0.970):

p(em™") = (0.415 + 0.009)
+ (0.254 + 0.008)0(cm’/cm?).

A set of soil bulk density values have been measured at
60 keV for air dried soil samples of non-swelling latosol.
Results are reported in Fig. 8.

Once again there is a very good linear relationship be-
tween linear attenuation coefficient and the soil bulk den-
sity (coefficient of linear correlation P = 0.997):

p(em™) = —(0.006 + 0.010)
+ (0.426 + 0.009) p(g/cm®).

The attenuation cross section of soil employed in this
experiment was 0.433 cm®/g and from the above equa-
tion the mass attenuation coefficient versus density is con-
stant, within the experimental error, showing the preva-
lent contribution of the Compton effect at 60 keV.

In these experiments the minimum acquisition time for
a tomograph with the present apparatus is about 20 min.

For quality evaluation (quantitative analysis) of the im-
ages the contrast transfer function (CTF) method of anal-
ysis has been used [15]. In this method, the CTF is plot-
ted versus the spatial frequency. The CTF for a spatial
frequency is given by the relative amplitude of the oscil-
lations observed in the attenuation profile that passes
through the set of holes. The test object was a 30-mm
diameter plexiglass disk having three sets of two holes of
various sizes. The diameters of the holes were 1.0, 3.0,
and 6.0 mm. Therefore, to obtain an indication of the
contrast resolution the standard deviation (o) from the
mean attenuation was calculated for 30 X 30 pixels oc-
cupying a region of the image. Fig. 9 shows an image
reconstructed on pixels with widths of 1.0 mm and an
attenuation profile u(cm™') versus distance d(cm) from
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Fig. 9. (a) The test object. (b) An image reconstructed on pixel with width
of 1.0 mm. (c) An attenuation profile u(cm ™) versus distance d(cm).
The profile relates to line 4-A.

the test object. A loss of spatial resolution at a pixel width
of 2.0 mm has been confirmed by the CTF shown in Fig.
10. On the other hand, the spatial resolution was not im-
proved by decreasing the pixel width to 0.5 mm.

V. CONCLUSIONS
The main results obtained are listed as follows.

i) The calibration curve (Fig. 7) of linear attenuation
coefficient u(cm™') versus the volumetric water
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Fig. 10. CTF and relative standard deviation, ¢, for pixel widths of 0.5,
1.0, and 2.0 mm.

content of the soil #(cm®/cm®) at 60 keV and r* =
0.970 shows the minitomograph capability for mea-
suring soil water content.

ii) The calibration curve (Fig. 8) of linear attenuation
coefficient u(cm™') versus the soil bulk density
p(g /em®) at 60 keV and » = 0.997 shows the
minitomograph capability for measuring the soil
bulk density.

iii) The standard deviation from the mean attenuation
did not change significantly with the beam width,
however, the counting time was adjusted so that an
equal number of photons contributed to each image.
For the images generated with the minitomograph
system, the best spatial resolution was obtained with
a pixel width of 1.0 mm.
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