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ABSTRACT

Pilot measurements were performed to explore the possibilities of neutron radiation
transmission measurements in the quantitative determination of the amount of extra water in
porous concrete. The experiments were performed by using the 14 MeV neutron generator
of the Department as a neutron source and plastic scintillation detectors. To expedite the
interpretation and quantification of the results, a regular geometry was chosen for the sample
with two rectangular concrete blocks above each other and a layer of water in between in a
tray. The water content in the concrete was simulated by using different water heights in the
tray between the concrete blocks. The measurements were compared with a simple first-
flight analytical model of radiation attenuation as well as with more involved, advanced
Monte-Carlo calculations with MCNP. With these latter calculations, a number of effects
could be investigated separately, namely the contribution of multiply scattered neutrons (by
simulating different energy cut-off in the detector), and the difference between having the
water in the tray or distributed evenly in the concrete block. A noticeable difference was
found between the measurements and the various calculations. The main trends are well
understood in a qualitative way, but the quantitative differences require more experimental
work and measurements.

1. Introduction

There are a number of interesting questions in the geological sciences, and in particular
in petrophysics, where a non-intrusive measurement has large advantages over an intrusive
type measurement. These questions are related to the grain and porosity structure and
porosity volume of the rocks, and especially the transport properties of the fluid in the porous
rock such as velocity, relative fluid saturation, permeability etc. The advantage of the non-
intrusive investigation is that, besides of not destroying the sample, it does not interfere with
the process under investigation. In many cases intrusive type of measurements interfere with
the process under investigation so much that the results obtained are not relevant for the
description of the phenomenon under study. Also, a non-intrusive method is often much
faster than its traditional counterpart, and makes processing of a large number of samples
possible. A last advantage is that it can also be employed in field measurements, with the
double advantages of getting fast results in natural size samples without the need of verifying
the scaling laws relating measurement on small size samples to the real size processes.

Radiation based measurements constitute the largest class of non-intrusive methods
that can be used for studying the problems listed above. Methods using charged particles

- 1 -



such as electrons and positrons have a very good spatial resolution but also a small
penetration ability, thus they can only be used to test the surface of materials. Lasers and
especially X-rays are somewhat more suitable for probing the material to larger depths, but
they are still attenuated too much to test dynamic processes such as fluid flow that require
some minimum sample size. Therefore neutral particle based methods, neutron and gamma
particles in particular with large penetration depths, are the most suitable to test macroscopic
size samples.

There are several different principles one can use especially with neutron based
methods, such as activation, transmission, elastic scattering (slowing down effects), small
angle scattering etc. Out of these, transmission experiments with simple measurements of the
attenuation in intensity have been used over a very long period of time in many scientific,
technical and industrial problems. Lately, dynamic neutron radiography has been developed
to a level where high resolution pictures of fast processes could be recorded and analysed [1],
Dynamic neutron radiography was used with success in several current petrophysics
applications [2], [3].

In most applications so far, and especially regarding dynamic neutron radiography,
thermal neutrons from an experimental reactor were used. The reason for this is the high
thermal neutron flux that can be obtained from a reactor as well as the large reaction cross
sections that make both the imaging of the sample for a relatively small size and the
conversion of neutrons to visible light quite effective. This is a requirement for a good image
contrast and high speed of recording.

There are however incentives to develop transmission and imaging techniques also
with fast neutrons. The main advantage of using fast neutrons is that all known passive
neutron sources such as radioactive ones, but especially neutron generators of the accelerator
type, supply fast neutrons. They are the only possible choice when one wants to do field
measurements. Besides, many university departments such as ours, do not have access to a
reactor but have a stationary or portable neutron generator. Another advantage is that due to
the smaller cross sections of fast neutrons in general, larger samples can be illuminated,
whether for simple transmission attenuation or for radiography. However, fast neutron
detection and conversion is also much more difficult due to the same reason, and so far this
has been the main stumbling block for the development of fast neutron based transmission
and radiography methods.

At the Department of Reactor Physics at Chalmers a project was started up, in co-
operation with the Department of Geology, and now with support from the Swedish Council
for Engineering Sciences, for the development of fast neutron based imaging methods in the
geophysical sciences. As the first stage of this method, simple pilot measurements were
made in a simplified measurement setup for the investigation of the possibility of
determining the content of extra water infiltrated into a dry block of concrete with
transmission attenuation of fast neutrons. The experiment is the prototype of determining the
amount of hydrogenous fluids, or the porosity, in rocks and concrete.

High accuracy radiation attenuation experiments for determining different quantities
or thicknesses of materials have been routinely performed for some time in several industrial
applications. However, none of them are based on fast neutrons from neutron generators. The
large thermal and epithermal neutron cross sections, and the stable intensity and known
spectrum of radioactive sources that are used in most industrial measurements, make this
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accuracy attainable. Much less have been tested with neutron generators, which inevitably
have a more limited stability and stationarity, and a quantitatively lesser known radiation
field (gamma radiation) accompanying the neutron generation. Thus the present
measurements, although they are not conclusive on the accuracy of the method, are among
the first of their kind.

It became clear soon during the first runs that a simple first collision model of the
attenuation (which will be referred to as the "theoretical" model in the forthcoming) is not
applicable to the process and thus cannot be used for the evaluation of water content from
the measurements. The measured attenuation values deviated quite significantly from the
simple theoretical estimates. The measured attenuation as a function of water height in the
measurement was slower than expected from a first collision method, indicating that buildup
effects from multiply scattered neutrons play a significant role. Although, due to the simple
geometry of the arrangement, analytical or direct numerical calculations would also have
been possible, in order to reconstruct energy effects it was much more reasonable to use a
Monte Carlo code with a full cross section library. Thus, simulations of the experiment were
made with the code MCNP [4]. They showed that indeed the attenuation is weaker than from
a first collision analytical estimate. However, even the MCNP calculations also predicted a
faster attenuation with water depth than the measurements. With the MCNP calculations it
was also possible to investigate the difference between having all water in a tray between the
two concrete blocks and having the same amount of water evenly distributed in the concrete
blocks, respectively.

The deviation between measurements and MCNP calculations, as well as the
deviations between different experimental runs, show the insufficient quality of the
measurement. The most significant reason for the poor quality of the experimental data is an
erroneous floating of the discrimination level of the monitor, whose function is described in
the next Section. This introduced and error into the calibration of the measurements. This
was only discovered a long time after the measurements [5]. Thus the experiment will be
repeated under controlled circumstances with the above mentioned hardware error
eliminated. The present report was mostly written to report on the calculational results and
for an archiving of the first experiments and the experimental setup, to help future work.

2. Experimental

The layout of the experiments is shown in Fig. 1. A concrete block cube of 30 x 30 x
30 cm was cut into two in the middle horizontally and placed above each other vertically 6
cm apart. In between an aluminium tray was placed which was filled with water to various
heights. The whole set was placed above the target of the neutron generator. The neutron
source was the stationary neutron generator of the Department using a 300 keV deuterium
beam with a tritium target producing neutrons with an energy of approximately 14 MeV. The
neutron yield with 2 mA current is approximately 7x10 neutrons/sec in 4K. The
deuterium beam enters horizontally. The experiment was hence made by neutrons leaving
the target in the direction of the lower concrete block, and those neutrons have an energy of
14.1 MeV. A plastic scintillator was placed immediately on the top of the upper concrete
block (Fig. 1).

To correct for the possible variations of the beam current and thus for the neutron yield,
a monitor (a plastic scintillation detector) was placed close to the target. The measurement
lime was preset to 300 s per measurement point. The water height was successively
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Fig. 1. The layout of the experiments. The same geometry was used in the MCNP
calculations.

decreased in each successive measurement of the same run, from 5.0 to zero cm in steps. The
logarithm of the detector counts was then plotted as a function of the water height.

A number of experimental series were made partly to check the reproducibility of the
measurements. Some runs were performed under identical circumstances, and some runs
differed from each other by the choice of the discrimination level. In most measurements the
discrimination level was set to a level corresponding to 7 MeV neutron energy.

Measurements in the same series where performed under identical circumstances, as
far as we could control. However, the results contain large systematic errors in form of
deviations between measurements that should have given identical results. The main reason
for this was already described in the previous Section. Possible further contributions can
arise from improper efficiency of the monitor, electronic errors or disturbances, and
uncontrolled variations of water content in the concrete. One particular circumstance is that
between measurement series 3 and 4 the PM-base of the detector was changed. This could
explain the differences between these two series.
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Fig. 2. Measurement results from two different experimental series with water level
varying between 0 and 5 cm. Discrimination level was set to approximately

- l7 MeV. Slope is in cm .

A simple first-flight model, also referred to as the "theoretical" model, assumes an
exponential attenuation of the neutron beam with an exponent -Sjjc such that

= e (1)

where the latter equality is valid if the sample is perfectly homogeneous. Here /Q is the
unattenuated intensity, x the water height, l{x) the attenuated intensity with water height x,
and 2 r the total cross section. Hence the negative slope of this attenuation curve in a
logarithmic plot is equal to the total macroscopic cross section of water for 14 MeV neutrons.
Taking the microscopic total cross sections according to Ref. [6] for hydrogen and oxygen as
0.692 and 1.611 barns, respectively, this total cross section is Z r =0.1001 cm . In a lin-
log diagram this gives a line corresponding to the transmission of the uncollided flux.
Actually this model is only applicable with thin layers where the possibility of multiple
scattering is negligible. It was used as a first estimate of the present measurements.

Results from the two measurements with the best statistics are shown in Fig. 2 together
with the theoretical line. The figure shows the logarithm of the attenuated intensity divided
with the unattenuated one. For each measurement series a line is fitted to the measurement
points and the slope, ln/(jc)/ln/0 , is determined. Ideally, the slopes should correspond to
the attenuation in water. The possible reasons for the fact that the experimental series differ
from each other was already touched upon earlier and it will not be discussed further. This
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will be improved in further experiments. The important question at this point is to see the
statistical accuracy within each run individually. In the end this is what determines the
performance of the method for a quantitative estimation of the water content in rocks or
concrete. It is seen that the statistics is acceptable in Series No. 3 but is relatively poor in
Series No. 4. From the present measurements, assuming that a unique relationship between
the slope of the curves and the water content or water level was known theoretically or from
Monte Carlo calculations, the inaccuracy of absolute determination of water content is
estimated to be between 5 to 15%. This means that in an individual measurement longer
measurement times need to be used if the accuracy is to be improved.

The figure shows that there is a significant deviation between the first flight theoretical
value and all experimental results. The latter all show a much milder relaxation with
increasing water height than the first flight estimate. This suggests that a buildup effect is
generated by the multiply scattered neutrons. In the measurement they can clearly give a
contribution since, for reasons of efficiency, the discrimination level was set to about 7 MeV.
It was thus decided that the magnitude of this effect be investigated by Monte Carlo
calculations.

3. Calculations with MCNP

In the MCNP calculations the same geometry was used as in the experiments and as
shown in Fig. 1, where the source and detector positioning is also seen. The source was
assumed to be a point source and the spectrum was assumed to consist of monoenergetic 14
MeV neutrons only. The source properties of the neutron generator will be more carefully
considered in later calculations, with a possible inclusion of a non-monoenergetic neutron
spectrum and gamma background. Regarding materials, the content of the concrete was taken
from ref. [7]. From this table we have chosen ordinary concrete, type 1, with a density of
-2.33 g/cm2. The detector is considered to be of plastic with a density of 1.032 g/cm2. The
ratio of H-atoms to C-atoms is 1.1. We have calculated the reactions due to elastic scattering
with H in the whole detector. This is assumed to correspond to the measured data.

Two types of calculations were performed. One of them corresponds to the theoretical
first collision attenuation, i.e. uncollided source neutrons only. This was made by calculating
the detector reactions of neutrons in the energy interval 13.8 - 14.2 MeV and used to check
the results for consistency. The more important part was the calculations where the energy
interval 7 - 14.2 MeV was considered for the detection process. Results from these
calculations should correspond to the experiment.

The results of the calculations are shown in Fig. 3. The figure shows comparisons
between MCNP, experiment No. 3, and the theoretical line. It is seen that the MCNP
calculations for source neutrons agree with the theoretical curve well, as they should. The
calculations that simulate the discrimination level in the experiment show, similarly to the
measurements, a milder attenuation with increasing water height (smaller slope). The
difference between the MCNP results for source neutrons only and for the low discrimination
threshold results is quite significant, showing that the contribution of multiply scattered
neutrons is important. At the same time this indicates that for practical quantitative
application of the method, the measurements need to be accompanied by Monte Carlo
simulations of the type shown here.
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Fig. 3. Results from MCNP calculations together with measurement results and the
theoretical first collision model

It is also seen that although the wide energy range MCNP calculations are much closer
to the measured data than the theoretical estimate, there still remains a noticeable difference
between calculations and measurement. One should also add that experiment No. 3 is the one
with the largest slope (strongest attenuation), which means that the deviations between
calculations and experiments are even larger on the whole.

Another question that can be investigated by Monte Carlo simulations is how good an
approximation of a real case of concrete filled uniformly with water is to have all water
collected in the tray from the quantitative point of view. If only uncollided neutrons were
contributing to the detector signal, then the exact distribution of the water would not play a
role, only the actual optical thickness of water along the neutron beam lines, and as long as
this is the same for the tray and the distributed water the two cases should give identical
results. However, we have now seen that contribution of the multiply collided neutrons is not
negligible, and this also suggests that the geometrical distribution of the water can play a role.

To investigate this point, calculations were made by assuming that the water quantity
corresponding to a specific water height in the tray was distributed evenly in the two concrete
blocks, and such calculations were made for the same water heights as before. The maximum
height of 5 cm water used in the experiments corresponds to about 17% volumetric water
content in the concrete.

The results are shown in Fig. 4. It is seen that there is a small, but noticeable difference.
The difference appears to be smaller than the statistical uncertainties within one experimental
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Fig. 4. Comparison of the MCNP calculations corresponding to the water in the tray
("inhomogeneous") and evenly distributed in the concrete ("homo-
geneous").

run, but the deviation is systematic and is thus judged to be real. The small magnitude of the
deviation shows nevertheless that the results of measurements with concentrated water can
be used for the estimation of the performance of the method for determination of water
content of porous materials.

It is somewhat surprizing that there is a difference between the "homogenized" and
"lumped" results even for the source neutrons. As noted earlier, for the first flight neutrons
one does not expect any difference. The reason for the difference is most likely the fact that
the lower value of the energy window used in the calculations, 13.8 MeV permits the
transmission of some multiply scattered neutrons. This way a certain self-screening effect for
buildup can be observed, which leads to the difference observed. It is also to be noted that in
the homogeneous case where this self-screening is minimum, the theoretical and Monte-
Carlo results show a perfect agreement, much better than incase of inhomogeneous water
distribution (water in the tray).

Finally, the sensitivity of the results on the choice of the discrimination level of the
detector was investigated. It is to be noted that this is not a simulation of the error caused by
the problem of the discrimination of the monitor, since in the Monte-Carlo calculations the
monitor cannot be modelled. In addition to the earlier chosen level of 7 MeV, which is also
the same as was used in the measurements, calculations were made with 5 and 3 MeV. The
results are shown in Fig. 5. As the Figure shows, the dependence on the threshold level is not
sensitive. It is also seen that using a lower threshold level brings the curve somewhat closer
to the experimental one, but still a substantial difference remains.
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Fig. 5. Investigation of the effect of different discrimination levels in the Monte-
Carlo calculations.

4. Conclusions

The results show that in order to use transmission experiments on macroscopic
samples, transport calculations are necessary to support the evaluation. Such calculations are
based on available Monte-Carlo codes and the methods are well-proven. Their feasibility and
usefulness was demonstrated in this report. The desired accuracy of, e.g. determination of
water content with fast neutron measurements, using a neutron generator as a source, require
further development of the measurements techniques and routines.
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