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USING A COMPUTED TOMOGRAPHY MINISCANNER IN SOIL SCIENCE
8. CRESTANA,' R. CESAREO? anp §. MASCARENHAS'

In a previous paper {(Crestana ot gl
1885) we demonstrated the possibility of
using computed tomographic (CT) scan-
ning for investigations in soil science, One
of the main limitations was the complexity
and high cost of medical CT scanners. In
this paper we report on the characteristics
and use of a very inexpensive, homemade
CT miniscanner dedicated to soil science
analysis. This new apparatus was applied
1o carrying out tomographies of soil wilh
Various water conlents and also to obtain-
ing the beat conditions and adequate phys-
ical parameters for optimized attenuation
measurements in soil. Qur results demon-
strate that it is now possible (o bave a CT
miniscanner, without the limitations of the
medical CT scanner, that should be inval-
uable for advanced studies in soil science,

The ideal technique for monitoring bulk den-
sity and water content in aoil should be nondes-
tructive, sensitive, rapid, and able to resclve
small differences in buik density and water con-
tent over distances of a few millimeters.

A quite similar problem was solved in diag-
nostic radiology by using the technique of com-
puter-agsisted tomography (CAT) (Newton and
Pouts 1981).

In this method the map of linear attenuation
coefficients for x raya in a scanned section of the
sample is obtained. For bielogical objects, at the
energy values usually employed in CAT (ap-
proximately 70 to 80 keV mean ENergy) atten-
uation coefficients are due, at mare than 90%,
to the Compton effect, which ig proportional to
the electronic deneity 5, of materials (Mc-
Cullough 1975), where

Z
b, = NAVK‘ '1)
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Nav ie Avogadro's number, Z and A are the
atomic number and the atomic weight, respec-
tively, of elements constituting the sample, and
& 18 the physica) density.

Except for materials containing hydrogen, the
electronic density 4, is with good approximation
proportional to the physical density.

The situation is not very different for analyz-
ing noil samples. For soils the contribution of
the Compton efiect is approximately 80% at 80
keV, the remaining contribution being mainly
due to the photoelectric effect. ‘Therefore, a to-
mographic map of soil at 60 to 100 keV istoa
first approximation proportional to the distrj-
bution of the physical density, while a tomo-
graphic map at lower energy (20 to 30 keV)
would be mainly proportional to a high power of
the atomic number Z {photoelectric effect).

Commercially available CAT scanners are
therefore suited 10 measure epatial changes in
80l bulk density and water content (Crestana et
8l. 1985). However, CAT scanners are extremely
expensive and not very flexible in the energy
output to be employed routinely for studies of
s0il and plant systems.

In this paper we discuss the applications to
s0il science of a very inexpensive and dedicated
CAT miniscanner, which we used (o carry out
tomographies of soil with various water con-
tents, and also attenuation measurements, Lo
deduce the best conditions for the tomography
and other important physical parsmeters.

MATERIALS AND METHODS

The apparatus for messuring  attenuation
coefficients of soil samples ja achematically
shown in Fig. 1 (Cesarea and Giannini 1980). It
consiets of a radivisotopic source of YAm (45
and 300 mCi), an x-ray tube with secondary
targess, and an Nal{T1)-x-ray detector. When
the Bremsulrahlung radiation of the tube inter-
acts with the secondary target, quasi-monoener-
gelic X rays are emilted, churacterized by K, and

Ky radiation of the element constituting the

target. By varying the secondary target, one cap

therefore have radiation VaTying over a large

interval of energy (Cesureo and Viezzoli 1983).
The source-detector solid sngle was very small
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Fic. 1. Apparatus for Medsuting atlenuation coefficients of woil.

{diameter of both collimators: ¢ = | to 4 mm;
distance source-collimator: about 20 cm) 1w
avoid the contribution of undesired Compton
scattered radiation in the detector. As an alter-
native to the Nal(T1)-detector, an HP-Ge-de-
tector was employed, characterized by an energy
resolution of 250 eV at 6.4 keV. The attenuation
coefficient of water, measured with this appa-
ratus at 60 keV was

4o = 0.203 e (2)

in good accord with the best reported valueas
{see, for instance, Gardner et al. 1972).

The miniscanner, constructed at the Univer.
aity of Rome, Centre for Biocengineering (Cesa-
reo et al. 1983), is characterized by (Fig. 2)

monuenergetic sources obtained both with ra-

divisutopes and an x-ray tube with secondary
target ay described previousiy

un Nal{T1)-x-ray-detector

A rotation-translation system

a multichannel analyzer employed as multi-

scaler or a quad counter-timer

a personal computer— Appie 1I-Europlua with

& reconstruction  algorithm  working  in

PASCAL?

The cost of the miniscanner with the radio-
active source is approximalely $2 x 10*, which
is & factor of 10° lower than the commercial
apparatus. With the x-ray tube the cost in-
creases Lo about $6 x 10

Another CT acanner with similar character-
iatics, dedicated Lo s0il science analysis, was also
buiit at the UAPDIA-EMBRAPA {Empresa
Brasileira de Pesquisa Agropecuaria, Sao Carios,
Brazil) and is now being used for seil research
in Brazil, proving the general feasibility of Lhe
use of this new method (Crestuna 1985).

To prepare Tubles 1 and 2 and Figa. 3 and 4,
we wied soil samples collected from the Ap ho-
rizon of & Barretos, Brazil, fine sandy loam soil,
The soil (air-dried) was passed through a 1.0-
mm sieve and packed into thin-wall Plexiglas
boxes.

The thickness of these samples containing soil
ranged from 2 to 3 cm. Fo pack the soil samples
we used the methodology usually adupted in soil
physica (Hillel 1971). To obtain samples with
differenl water contents, ranging from 0 to 0%,
we used several samples of soil equilibrated with
waler. This was obtained adding a known vol-
ume of wates W a known volume of soil previ-
ously air-dried.

? The complete program can perform as follows: 1o
vimulate the matriz of expecied numbers, it requires
the number of angle steps, Lhe total translation, the
number of linear steps, the ungle step and the linear
step, the number and dimensions of simulated bodies,

and their stienuation coefficient (TAC-Simulator and
Matnyx Edtitar). It can also give the mulrix of messured
numbegs, the matrix of lineur attenustion coellicients,
the matrix of Hounsficld numbers, and the imuge in
various dimensions, in black and white or color.
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FiG. 2. Complete diagram of the CT miniscanner used to obtain tomographies of soil samples,

The values plotted in Fig. 4 {tomography lin-
ear curve) were obtained from the mean absorp-
tion values (HU) over the entire sample cross
sections.

MEASUREMENTS OF ATTENUATION
COEFPICIENTS OF SOIL

The physical principles of a tomographic im-
age consist in a series of attenuation measure-
ments, where the “spatial contrast® of the image
is simply correlated to the difference in the
attenuation coefficients of the various materials
constituting the sample.

The main problem in x-ray tomography of
water in the soil is to obtain the mazimum
contrast beiween soil and water, Accurate meas-
urements of attenuation coefficients of soil sam-
ples from Barretos, Brazil, versus energy were
therefore carried out and compared with the
well-known attenuation coefficients of water,
Measurements were carried out by employing a
radioactive source of *'Am and an x-ray tube
with various secondary targets in order to obtain
quasi-monoenergetic X-lines (K, and Ky—lines
of the element constituting the secondary tar-
get).

The results are shown in Fig. 3 and summa-
rized in Table 1. Only the value at 60 keV can

be compared with similar measurements re-
ported in the litersture and carried out at the
same energy. Values ranging from about 0.3 to
about 0.5 cm® g are reported for 21 brazilian
soils (Ferraz 1974). For these measurements an
HP-Ge detector was employed, characterized by
an energy resolution of about 250 eV at 6.4 keV.
A very sharp collimation was employed, both for
the source and for the detector, to limit undesir-
able scattered photons in the detector {Daviasson
and Evans 1952),

From Fig. 3, it is clearly visible thet the dif-
ference in attenuation coefficient between soil
and water increases with decreasing energy.
Otherwise, the optimum thickness of the crossed
s0il sample decreases, requiring more and more
intensity for samples of constant thickness.

Errors are on the order of 2 to 5% and are
also due to the difficulty of having a reproducible
and homogeneous soil sample.

Measurements were then carried out on wet
soil, at different percentages of water content
and at energy values of Ba-x raya (32 keV}, Ce-
x-rays (345 keV), and 60 keV (*'Am), The
resuits are summarized in Table 2.

Deviations from a linear dependence are high
and probably due to the inhomogeneous distri-
bution of water in the soil sample.

1
1
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F1G. 3. Mass soil attenuation coefficients of soil, water, and silica as a function of incident energy. The

mesan error ranges from 2 to 4%.

TABLE 1

Masa ottenuation coefficient values of Brazilian soil
from Barretos versus incident energy E

E, keV u,em® g
14.9 3.1
174 2.5
220 2.15
24.1 21
25.1 2.0
320 1.25
M5 0.86
36.7 0.79
398 0.65
60.0 0.37

MEASUREMENTS WITH THE TOMOGRAPH
MINISCANNER

One of the main advantages of the miniscan-
ner is the possibility of varying the monoener-
getic incident energy by varying the secondary
target coupled to the x-ray tube. Jt ia thereforg
important to select the optimal energy of the
radiation to obtain the best conditions. Follow-
ing Fig. 2, and considering that to a first ap-
proximation water mainly substitutes for the air

contained in the soil sample, we can write the
mass altenuation coefficient of the soil plus
water sample aa

s lem¥/g) = pd, + . C. (3)

where g, u,, and u, are, respectively, the total
masa attenuation coefficients of the sample (soil
+ water) and of soil and water, 3, is the dry bulk
density of the soil sample, C, is the concentra-
tion of water, and the volumetric density of pure
water is 1 g/fem?,

From Eq. (3), substituting the values of u,, u_,
o, and C._, one can deduce that the best spatial
contrast, i.e., the greatest difference (in percent-
age) in the attenustion coefficient for a given
quantity of water in soil is reached at energy
values greater than about 30 keV, The 60-keV «
rays of *'Am are therefore very well suited for
tomographa of soil. One of the advantages of
using lower energy values lies in the possibility
of having at our disposal higher intensities,
which imply smaller scanning times.

Tomographs of soil samples from Barretoa,
Brazil, at various water contents have been car-
ried out at various energies, but particularly at
60 keV, and numerical data have been analyzed,
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both in terms of attenuation coefficients and
Hounsfield numbers.

In fact, with CT scanning, it is preferable to
employ the Hounsfield number H, instead of the
attenuation coefficient . The Hounsfield num-
ber ia defined with reference to water, and the
following definition is usually employed

H= (%) x 10° {4)

TABLE 2
Mass attenuation coefficient values u of Brazilian soil
from Barretos versus water content at incident
energies of 32, 34.5, and 60 keV

Water uem?g!
ot a3V B4bkeV G0 keV

0 1.196 0.865 0.395
il 14 107 0.445
175 142 11 0.485
25 1.53 1.22 0.64
28 1l.48 116 0.54

noo-
060

Fi1G. 4. Hounsfieid units as
& function of water content,
showing the goud accord be-
tween the linear calibration =
curves obtained by tomogra-
phy and by direct attenuation
coefficient measurements.

where 4, and g, are the attenuation coefficients
of soil and water, respectively.

Hounsfield numbers represent an “amplifica-
tion factor” of the difference between the atten-
uation coefficients of the sample and of water,
For a given sample the Hounsfield number de-
pends on the energy of incident radiation.

We have measured attenuation coefficients,
employing the highly collimated geometry de-
ecribed in Materials and Methoda carried out
tomographs of soil at various water contents.
The relative Hounsfield numbers are reported
in Fig. 4. The agreement is quite good. The
Hounsfield numbers deduced from attenuation
coeflicients are a certain percentage higher.
That depends on the fact that the collimation
for attenuation coefficients iy stronger and val-
ues of attenuation coefficients are higher.

From the same measurements we can consider
the minimum quantity of water in soil that can
be analyzed. Aseuming that one is actually able
to discriminate an approximate difference of 1%
in the attenuation coefficient, & sensitivity of
1% water in soil can be deduced. This quantity
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can be decreased by increasing Lhe source inten-
sity or the measuring time.

CONCLVSIONS

We have showed that it is possible to design,
build, and use a CT miniscanner dedicated to
soil science research, such s to perform bulk-
density and water-content tomographic analy-
sis, We have also showed that the C'T scanner
hae advantages over the commercial medical
scanner, particularly allowing the use of several
beam energies and different radiation sources,
such ms isotopic sources or x-ray fluorescence
targets. We also concluded that the use of 30 to
40 keV is the best energy for water-content
resolution.

Last, but not least, the cost of this homemade
equipment is 100 times lower than commercial
medical tomographs.
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