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Measurement of Water Content and Density of Soil Using

Photon Multiplescattering

C. Ertek and N. Haselberger

The multiple scattering of photons is considered for the simultaneous

measurement of water content of soil and its density. The counting

rate of the multiple scattered photons after n times scattering is shown to be

(l - 12) proportional to the factor (z/A)n. For the common elements

of soil, z/A = 0.475 + 0.025, while it is unity for hydrogen. If we

take two different media of the same ecjuivalent atomic number (Zeff) and

the same density, one of which contains hydrogen and the one does not,

after n times scattering, the ratio of the counting rates obtained in

two different mediums can approximately be considered proportional to

f t'7JA ̂ii *i n
)JiA I , where (Z/AK denotes the (Z/A) ratio of the medium
\&/A) J

which contains hydrogen. The difference between the counting rates, due

to the multiple scattering enables us to establish a new method for the

measurement of the moisture content of soil (l,5f6,7)»

The usual gamma backscatter gauge comprises a radioactive source

(S) and a (photon) radiation detector (B),a distance d apart and well

shielded from one another, so that direct radiation from S to D is negligibly

small. When placed on the soil surface, gamma photons pass downwards into

the soil and are backscattered upwards to the detector; the output counting

rate is a function of the bulk density ( 0 ) of the soil. The counting rate (i)

has been shown by Devlin et al. (13) to be given by

I • k| mfmm exp. (-k2yd)

where k, is z/A times a function of geometrical efficiency and the

detection efficiency and k2 is the mean mass absorption coefficient of the soil*
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Both k, and k^ a r e constants for dry soils, but the presence of water

causes "both factors to increase due to the hydrogen in water, however

increase of hydrogen content causes I simultaneously to increase because

of increase of k^ (directly proportional to effective z/A ratio) and

to decrease, because exp (-k2<?d) decreases with the increase of k2 •

These two opposing factors balanoe to some extent. Taylor and Kansara (3)

have shown that the effect of change of k^ on I is greater than the effect

of change of k2 and so there is a residual effect due to the k, factor.

Although small this is observable but not sufficiently Large to be of any

practical application. However, if we observe the counting rate (lm)as the

magnitude of I at an Idn-maxima (where n is greater than unity) we have (14)

If n is maintained constant in any series of measurements,

C» a constant.

Under these circumstances, increase of both ki and k2 by virtue of an

increase of the hydrogen content, increases the counting rate (lm) and

therefore the effect of the hydrogen content is now more apparent in

the measured counting rate. Nevertheless, the sensitivity of such a

system is still insufficient for measuring the moisture content of soils.

Therefore we used the differential mode.

The radiation arriving at the detector of backscatter gauge may be

the result of a single Gompton scattering event, or a number of such events.

If the source is 137Cs (as we used) emitting gamma-photons of 0.661 HeV

and the pulse amplitude discriminator in the associated counting circuit

is set at 0.400 MeV for integral counting, i.e. counting photons of all

energies y 0.400 NeV, then, on the average, single scattering conditions

must apply. However, if differential-mode counting is employed with the

window set at 0.08 MeV with a very narrow window, only photons which, on

the average, have undergone at least eight Compton interactions will be

detected, and for this type of measurement, multiple Compton scattering

conditions are realized (12). Calculations have been made by Kuehn (1967)

and Ciftcioglu (1970), wkich show a successive energy decrease per Compton

event as a function of the previous energy and are the basis for the

discrimination levels.
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Water contains l/o, by weight of hydrogen with z/A = 1.0 and 8/Q

weight of oxygen with z/A = 0.5. The effective z/A of water is

1/9 + (8/9) (l/2) = 0.555.

If a mixture contains N per cent water, there will be (lOO-N)

per cent ordinary elements of z/A = 0.9. Hence z/A for the mixture

will be:

-2-
100

100-N 1
100 X<2*

N 1
1800 2

The response from such a mixture divided by the response from

ordinary atoms

—2-
900

-2— +i)/i
1800 2// 2

If, on average, there are eight such Compton in te rac t ions , the f inal

response as compared with dry material of the same density

= [ l + (N/900) I 8 .

The maximum value of N = 100 per cent accurs when the material

is wholly water. Then we have J"l + (100/900) 1° = 2.32 time3. The

water gives the increased response as expected theoretically, and

a source-detector separation of 20 cm corresponds to about eight Compton

events.

This method that we are using is called differential counting mode

method and it is much more superior to the other methods like neutron gauge

method within 0 — 4-0 cm depth of soil.

As indicated in our previous Interoffice Memorandum (12 Dec. 1979)t O1ir

qualitative and quantitative results in Seibersdorf Laboratory based upon

the request from Agriculture Division, show that the method is a quick and

a promising one for the study of water content of soil between 0 - 40 cm depth,

in the field as well as in the laboratory. It gives a continuous scanning

possibility for the field water distribution by means of recorders for any
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depth between zero and 40 cm* The method has another advantage of

being able to measure density and water content at the same time using

the same portable instrument. The method is found to be extremely

sensitive to inhomogeneous water distribution and evaporation.

First preliminary experiments using the above-mentioned principle

have been completed first with temporary geometrical conditions. After

redesigning, our experimental set-up consists now af a mechanical facility

to change the detector-source distance reproducibly. It has a very practical

and portable design. The detector- amplifier system consists of a l/2

l/2 x 2W Nal (Tf ) ciystal with build in Am-241 source for gain stabilization

and a modified Eberline Stabilized Assay Meter (SAM-2, Hark 2). As a

gamma-source we use 700 ACi Cs-137* Source and detector are well shielded

in order to measure only backscattered radiation.

The measurements were done with a plastic container of known volume

(34 x 40 x 15 cm) filled with soil to the top. The soil was taken from

the field, stones removed and sieved (biggest diameter of particles ^ 5 mm).

The density of the soil was determined by weighting, soil moisture was

measured by taking five samples and drying at 110°C. Density changes were

achieved by pressure on the soil. Window set at 80 keV. The aim of the

experiment was to establish calibration curves^rater content versus countrate,

at different soil densities. Our first experiments are suffering from the

fact that the detector system that we were using showed a considerable

countrate dependent gainehift, but nevertheless showed the previously

obtained results (l - 4)* Recent measurements performed in Seibersdorf

Laboratory are more reliable and free from this systematical error which

may be a problem for all differential measurements.^ Rather large fluctuation

of results in literature has been found and it may very well be that this

systematic error really affects the results.

Results:

Using the movale-source method, measurements were made s£ 5 energy

ranges (70 - 90 keV, 100-*C400 fceV, 200-500 keV, 300-600 keV and starting

from 70 keV integral) in order to find an energy range where the influence of

specific weight on the water content response would be negligible* It is

* (using the gain stabilized equipment).
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found that at all the energy intervals investigated the influence of density

changes on the countrate when wetting the soil masked the water effect. On

the other hand it was possible to establish a k-value (using the relationship

Ox d = (n-l)/k, where d is the source detector distance at the maximum of
1 m m

a Id visa-versa d curve n^l) for all energy ranges used, which enabled us to

calculate the specific weight of soil without the use of calibration curve.

The k values were found to be fairly independent from water content, but change

their value with energy range. The response of countrate on water content can

only be investigated if the specific weight is kept constant when changing the

water content. Since this condition cannot be easily achievable, another way

was tried.

Kuehn (4» 10) postulated the theoretical relationship between countrate

and density, i.e.

I = k l

Using this relationship, it was possible to construct the i/o characteristics

for different humidity, i.e 2.6$, 7»0$, 10.6$ and 16.1$ water content as shown in

Pig. 1. The four curves clearly showed a strong increase on the countrate in the

density range of 0.5 - 1.5 g/an for the soil under investigation if the water

content increases. At about a density of 1.5 g/cm the four curves have a cross

over point meaning that from here on no relationship between I and water content

could be seen. This last result can only be taken as preliminary because of a

limited number of measuring points which could be used for calculation.

The results found by i.e. Ciftcioglu and D. Taylor (Ref 7) is applicable

to soil under well-controlled conditions. It needs much more effort and it has

its pequuliarities.There are large fluctuations on the structure of soil for

different moisture content. The gain stabilized differential-mode counting

method that we used is a very powerful tool for absolute density measurements

without touching the substance. For example we applied this method to aluminium

and we found 2.66 g/cm + 1.8$ (is*) in 3 minutes. It is applicable to any samples

like soil, concrete, organic matter etc. Simultaneously the method also gives the

hydrogen content of the substance under well defined conditions. Fig. 2 shows

the theoretical results and Fig. 3 indicates the experimental trend going to high

moisture content. It seems experimental points tend to agree better with higher

values of number of collision, n^8.

Dead-time corrections due to the 700 vCi source is found to be negligible
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1. A satisfactorily working gamma-backscatter gauge for field and labora-

tory applications was set up and it is very practical and portable for the

measurements of density and water content of soil at the same time with one

instrument (which is not possible up to now to our knowledge).

2. The method works successfully over the 0 - 40 cm depth

on the soil;

3. Water content and the density could be measured continously in

the field if the necessary last efforts are made;

4» System is extremely simple and practical and it can be installed

on a tractor during ploughing.

5. Soil density can be estimated with an accuracy of 1 -

counting statistics);

(depending on

6. It seems that a calibration curve I v.s. water content can be

constructed with reasonable accuracy;

7. The method is superior to the neutron gauge between 0 - 30 cm depth

region in the soil;

8. Since many of the conclusions are based on theoretical considerations,

further experimental work should be done in collaboration with Agriculture

Division if they keep their original interest;

9« A systematical error source has been discovered during the measurements

in differential mode counting and this may be a very common feature of the

previously and recently performed experiments and may cause real complications.

A large experimental effort is needed to correct or to eliminate this error

source. In this respect we are grateful to Safeguards Department in supplying to

us the Am doped gain controlled system;

10. The studies should be continued in order to optimize the measuring

time;

11. The developed method also works for absolute values of densities and
moisture content.;

12. Ey this method it is possible to distinguish the bulk density changes due

to vacancies in the soil or the water content taken inside the soil grains.



What needs to be done further?

a. calibration curves must be completed for different kinds of soil

b. Other density gauges must be intercompared with this new method using

the same kind of soil for the same moisture content.Different depths of the

soil must be used.

c. Intercomparison between this method and neutron gauge must be done

for a series of kinds of soil under the comparable conditions.

d. Existing and the newly implemented method must be Gverlap for certain

conditions and applicability and practical uses must be discussed together

with Agriculture Division experts.

e. Agreement with the same physical units must be established.

f. Field measurements must be performed using continous recording techniques.

g. The best combination of methods must be established for the practical

use of the Developing Countries.

h. A series of precautions and recommendations must be established in

more detailed fashion than previously existing procedures,

i. The method may very well be extented for the application of hydrogen

content determinations in other areas.

Further improvement on the method greatly depends on the interest and the

possibility of application of the Agriculture Division with the Electronics

and Measurement Techniques Section of the Seibersdorf Laboratory.
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Fig.1 Counts vs. density (g/cm ) at different water-
content of soil.
Distance source-detector: 2o cm.
Water content: x 2,6 $>, o 7,o ft,

& 1o,6 #, + 16,1 i<>.
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Fig. 2 Calculated ratios of count-rates (wet soil/dry soil)
= (N/900 + 1) vs. water content for different n.
(N = water content in percent).
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Fig. 3 Measured ratios of count-rates (wet soil/dry soil) vs.
water content of soil at constant density (1,3 g/om ).
Source - detector distance: 2o cm.
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