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ABSTRACT

A multigroup diffusion code has been used to predict the count rate from a ncutron moeisture meter for
a range of values of soil water content w, thermal neutron absorption cross section S, (defined as %,/p) of
the soil matrix and soil matrix density p that encompasses most of the practical range of interest. Two
dimensions adequately approximated the geometry of the source, detector and soil surrounding the
detector.  Seven energy groups, the data for which were condensed from 128 group data set over the
neutron energy spectrum appropriate to the soil-water mixture under study. proved adequate to describe
ncution slowing-down and diffusion. The soil-water mixture was an SiOs-water mixture. with the
absorption cross section of SiO, increased to cover the range of %, required. The size of the system was
chasen large enough to be effectively infinite at the lowest values of w, S; and p.

The effect of resonance capture was investigated by adding a group in the resonance energy range. wiih
capture data appropriate to 1/v and non-1/v capture. The effect of any variation in scattering cross section
of the matrix S (defined as Z;/p) was investigated by adding varying amounts of carbon to the soil-water
mixture.

lgnoring the effect of resonance capture leads to errors in estimates of the soil-water content of up to a
few per cent but only at concentrations of resonant absorbers which could be inferred from the
mincralisation of the region or from the high S, of the soil. Changes of about 5 per cent in S; cun
produce changes of up to about 10 per cent in apparent water content.

The response to changes in matrix density is, in general, lincar but the response to changes in water
content is not linear over the range of parameter values investigated. Tabular results are presented which
allow interpolation of the response for a particular w. S, and p. It is shown that R(w. S,. p) = p M(S,) -+
C (w) is a crude representation of the response over a very limited range of variation of w, and S,. As the
response is a slowly varying function of p, S, and w, a polynomial fit will provide a better estimate of the
response for values of p, S; and w not tabulated.
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1. INTRODUCTION

The spatial dependence of the neutron flux about a point source of thermal neutrons in an infinitely

Torse system s given by

j— S —Kr
o(ry = ED—,r e , (1
where 1/k = the diffusion length.
D, = the thermal ncutron diffusion coefticient = (3%,,)7!
X, = the macroscopic thermal ncutron transport cross section.
S = source strength (neutrons ')
r = distance from the source.

If xr is small then the flux is approximated by

s o
(r) = _ ¥ , (2)
b dmp T
and. if the medium surrounding the neutron source is soil with water density w and mauwix density p.
cquation 2 can be written as
3S - L
o(r) = = (X7 + p¥)) ()
dar
where XY and X7 are the thermal necutron transport rmacroscopic cross section of water and soil
respectively.  The count rate in a thermal neutron detector at a distance r {rom the source then has a
simple lincar relationship with the water density in the soil. Morcover. since the thermal neutron
macroscopic transport cross section of water (~ 233 em™Y) is much larger than that of most soil
. —1 . . - —3 . . .
constitucats (e.g. 0.109 ecm™' for SiO- at a density of 1 g em™). the count rate is approximately proportional
to the water density.

This then is the basis of the design of neutron moisture meters that have been used for a number of
years to determine the moisture fevels in soils [Honig ¢t al. 1971; Zuber and Camceron 1966} and in some
other applications. for example the moisture levels in cercals [Ballard and Elv 1961]. The technique has
the advantages that measurements can be done quickly and casily in the ficld. no great skill is required in
operating the ficld equipment and repeat measurements can be made at the same point in the soil over a
period of time with no perturbation to the mediun. apart from the initial introduction of the probe hole.

Unfortunately. since thermal neutron sources as such do not exist. a practical neutron moisture meter
consists of a fast neutron (~ 1 McV) source with an associated thermal neutron detector. the surrounding
medium being used to slow the fast neutrons down to thermal energies. The simplest approacl. in this
situation is to use age theory to describe neutron slowing down. and diffusion theory to describe the
transport of the thermal ncutrons. Such an approach [Jakeman 1966] predicts the thermal flux to be

S

B(r) = Y e* le T* |1—erf(kt?—r/ 27%)| —e*|i—erf(kT+r/ 277))) 4)
¢
where v = the age from the source energy E, to thermal energies E,,

o _DE)  dE

Bn Zgz(E) E

wherz D(E) is the diffusion coeflicient at energy E. and other quantities are defined in standard texts on
neutron transport (sce. for example. Weinberg and Wigner 1958). It is a reasonable approximation to take
the scattering cross sections and the diffusion cross section D(E) as constant over the range E, < E =<
E,. and writc

r = —2— log(E,/ En)

g‘ :izi
Even with this simplifying assumption, it is clear that the lincar relationship that exists between the
thermal flux and the water density in equation (3) is not apparent in equation (4).

Several authors [c.g. Gardner and Kirkham 1952; Holmes 1936: Andricux ct al. 1962: Semmler 1963]
have used age thcory methods. While this theory is very uscful in providing a qualitative picture using
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cssentially hand caleulations and good quantitative answers when the scattering medium is composed of
licavy naclels it is not adequate to deserbe a svstem with a high hydrogen content where there are
significant anisotropic scatter and energy exchange during the slowing down process. Olgaard {1963] has
veed three-group diffusion theory to improve on carlier age-theory caleulations and achieved good
agreement with some experimental measurements i vanous sotl Bypes. i, llowever surprising. in view
of the muny ncutron transport codes and data sets available from the field of reactor physics. that apart
from some calculations appropriate to special geometrics [Hearst 1968, 1974, there is little evidence in the
open literature of more accurate caleulations than those of Olgaard.

In this study. we have used a multigroup ditfusion theory code to calculate the effect of such
parameters as soilwater density. matriy density. matiix thermal absorption cross section and matrix
scattering cross section on the thermal flux at a distance from a fast source. typical of the source-detector
separation used in neutron moisture meters. We assunme that the neutron moisture meter probe requires a
neutron source and a neutron detector to be lowered down a 0.05 to 0.1 m borchole into soil or some other
material. and do not consider moisture meters which are designed to measure near-surface moisture using
a probe placed at the surtace of the material. We have ignored the effect of self-absorption in the detector
and ncutron source. the effect of streaming in the probe hole and the effect of the thickness and material
composition of the liner of the probe hole. Although all these will influence the detailed response of the
neutron moisture meter. they are effects which cannot be adeguately accounted for using a ditfusion theory
code.  Morcover, with the geometries typical of ncutron moistire meters under consideration it s
reasonable to expect that these effects will not alter the neutron energy spectrum significanty in the region
of the detector. but will appear rather as a sculing factor on the neutron flux. Such a factor will vanish
when the count rate is considered relative to the count rate with the probe in a standard assembly, such as
an infinitely large water system.

The effect of resonance absorption in the epithermal region on the thermal flux has also been studied.
I such an effect is significant then we must find out whether or not there are strong resonance absorbers
in the soil under study and the energies at which the resonances occur. This implies the need for detailed
and expensive chemical analysis. 1L however, only the thermal absorption cross section is of signilicance.
the absorption can be characterised by a I/v absorption term, with no need to know in detail the nuclei
that contribute to the absorption.

2. CALCULATIONAL METHOD
2.1 Parameters and Their Range of Variation

The thermal flux in a thermal neutron detector placed some distance from o fast neutron source
surrounded by a water-soil medium was aken o be a function of the following parameters:

¥
N

(1) The total water density, w in g em™. This is the total water density. irrespective ol whether
the water is classified as free water. or as water bound in water of crystallation or in some
other semi-chemical bond.

(i1} The matrix density, . in g em ™ e, the denasity of material. other than water. that comprises
the soil. In practice. it is the density of oven-dried soil less the density of bound water.

(itt) The thermal neutron mass absorption cross section of the soil matrix. defined as §, = 2, /p.
em® ¢~ owhere ¥, is the thermal neutron macroscopic absorption cross section.  The

absorption cross section is that for oven-dried soil corrected for the absorption cross section
of bound water.

(iv) The mass scattering coefficient of the soil matrix S; = ¥/p cm” g7\, where ¥, is the
macroscopic scattering cross section of the soil matrix.  As with the absorpton cross section
this is the cross scction for oven-dricd soil corrected for any bound water content.

The total water density and matrix density were varied respectively trom 0.1 10 0.4 ¢ em™ and from 0.3
t0 2.0 g em ™ ranges of considerable practical interest in soil and water measurements. The thermal mass
absorption cocfficient was varied from 1.70 X 107 ¢m” g7% the value for pure SiO.. to 1891 X 1074 cm?®
¢~ a range which covers the soils investigated by Graccan and Schrale [1976]. Olgaard {1963] and our
own investigations in mine overburden dumps [Daniel ot al. 1980]. The matrix mass scattering coefficient
was varied from 0,109 em® g7 the cross section of SiOa. to 0.13 em? g7' again a range typical of the
composition of many soils.
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The mass absorption and scattering coefticients were used. rather than the more familiar macroscopic
ahsoarption and scattering cross sections, {or two easons: it is frequently casier to measure soil parameters
per unit mass than per unit volume: manipulation o} the scatlering and absorption parameters to provide
input data to the nuclear codes used for the vanous soil-water mintures investigated was considerably
stmplitied.

2.2 System Geometry

The source. probe and scattering medium were modelled in evlindrical gcometry with the source and
detector on the axis of the evlinder (see Figure 1), Such a geometry is a reasonable representation of the
physical arrangement of most ncutron moistiure meters. in particular. those that usc a Li-glass scintillator
as the thermal neutron detector such as the one shown in Figure 2. The geometry also allows the souree-
detector separation to be treated as variable. In principle. such a representation also allows the detailed
material composition of such items as the ncutron source and the v shicld between the source und
detector. and of the detector itself o be included. and their effects caleulated. However, the large change in
neutron mein tree path in crossing the boundaries of these entities and the size of these entities which s
small compared to the mean free paths, would provide a severe test ot the ditfusion theory used in the
caleulitions. Any such caleulation would need to be checked against other caleulational wols, such as w
wransport theory code or a Monte Carlo code. or against experimental results,

In the present series of cafeulations, the thermal tux @t the centre of the detector position was tithen as
a measure of the probe count rite and the source of ncutrons assumed situated at the centre of the
avlindrical volume delincating the actual neutron source volume. No specific account was taken ol am
perturbing effect of the detector or of the source material. Such effects will be considered in o later series
ol caleulations,

Apart from the question of modelling the geometry of the system. there are the guestions of how large
the system must be to make it effectively infinite and what mesh interval 1o choose. The size is determined
by the water density of the soil-water mixture - the greater the water density, the smalier the phyvsical size
need be to make the svstem appear infinite. To avoid continual changes in the size chosen for the system,
calculations were done with water densities at 001 g ¢em © o find the size where any increase in size
produced Jess than 0.1 per cent changes in the thermal Tux at the probe, This sizes 300 ¢m long and 130
em radius was used for all soil-water mixtures considered. Cheek caleulations further showed that
sutficient aecuracy could be maintained using 29 radial and 76 axial mesh points.

2.3 Necutronics Codes Used

Ancillary 1o the problem of carrving out o multigroup diffusion calculation are the questions of
choosing data appropriate to the nuclei present in the soil-water mixture and ol producing murss
coetlicients that are averaged over the appropriate neutron energy spectrum. The AUS modular system
[Robinson 1975 of nuclear reactor neutronics codes was used Tor this task. The library of the system
contains cross section datae derived in the main from the ENDIE/B dibrary {Honek 1964]. for a large
number of nuclei in the form of cross sections averaged over 128 groups spanning the energy range 15
McV 1o L3S X 10 7 eV. The MIRANDA code [Robinson 1977] ol the AUS svstem was used in the bulk
of the calculaions to condense the 128 group cross sections Tor the nuclel taken to torm o particular soil-
Waler mixture, 1o a4 7-group cross seclion set using a neutron cnergy spectrum appropriate to that soil-water
mixture.  Seven groups. whose boundaries are given in Tuaole 1. were found sufficiently accurate over the
range ol soil-water mixtures covered.

POW [Pollard 1974]. another module of the AUS system. is o three-dimensional multigroup diffusion
theory code which. in the present case. was used 1o caleulate the {lux distribution in the two-dimensional
representation of the system shown in Figure 1. In particular. the code was used 1o caleulate the thermal
flux at the detector position 1o investigate chunges in the response of the probe as such purameters as
water density and matrix density were varied.

To estimate the ctfects of resonance capture, an clement with resonance capture was added to the soil-
water mixture and @ further energy group added 1o the 7-group set 10 accommodate the resonance region
of the celement. The non-Iv resonance absorption in this group was caleulated using the code RESIN
[Robinson 1980). which modified the resonance integral for the element at infinite dilution 1o account for
both the coacentration of resonance absorber in the soil-water mixture and the scattering propertics ol the
soil-water mixture. A further caleulation evaluated the appropriate group average mass coetficient lor the
soil-water-absorber mixture but with the assumption of I/v behaviour for absorption in the resonance
absorber over the whole energy range. The absorption cross section in the “resonance” group of this latter



data set was then increased by the tactor required to account for the total of I/v and resonance absorption.
2.4 System Specification

Most systems studied were composed of mixtures of Si0, and water. the respective proportions being
deicimined by the paramotors o and e The cross cections of silicon. oxveen and water were combined by
the code MIRANDA to give a cross section set for cach mixture. 1t should be stressed that the cross
sections in the thermal region Tor waler were those appropriate 10 water and took proper account of the
chemical bonding in the water molcecule.

The thermal absorption cross scction ol the matrix was varied by multiplying the absorption cross
section in the thermal group by a suitable factor. Except when the (uestion of resonance absorption was
being specitically cxamined. the mass absorption cocfficient was assumed to have a /v dependence and
hence the mass absorption coelfficient in all other groups was scaled by the same factor as that of the
thermal group. The thermal absorption coefficients gquoted in this paper are the absorption cocfficients for
neutrons of velocity 2200 m s ™' and not in fact the average absorption coefficients for the “thermal” group.
These average values will change as the neutron energy spectrum changes with changes in the riatios of
soil. water and absorber concentration.

The scattering coefficient was varied by adding differing amounts of carbon to the mixture. This was a
simpic thing o do using the MIRANDA data sct and has the advantage that since carbon has a very
small mass absorption coefficient (1.7 X 1077 em® g7") but quite a large mass scattering coeflicient (0.2725
ent g7, compared to SiOs at 1.7 X 107 em® g7 and 0.109 ¢m” g7 respectively. small additions of carbon
change the scattering coceflicient of the mixture significantly but alier the absorption cocelficient by only a
small amount. 1t also represents in a reasonable fashion. the variation in the scattering coefficient ol most
soils since this is due to the variation in the amount of light nuclei present. primarily oxygen but also
carbon and. to a lesser extent nitrogen. 1t is these nuclei rather than the heavier ones such as silicon.
aluminium. iron. cte. which will affect the slowing down properties of the soil and hence the thermal {flux
at the detector.

The spectrum used for the fast source was that reported by Medveczky [1961] for a radium-bervilium
source. This should be similitr 10 other an sources. but some differences must be expected sinee the
spectrum depends not only on the a source but. to some extent on the size of the source itself |Anderson
and Bond 1963: Thompson and Tayler 1965 Anderson and Neff 1972]. 1t is also rcasonable to expect
that the dependence of the thermal {lux on the parameters w. p. S, and S; would be little changed if the
source were a fission neutron source such as =-Cf. The source energy spectrum condensed over the top
five energy groups used is shown in Figure 3.

&

A soil-water mixture with resonance absorption  propertics  was  achieved by adding  varying
concentrations of cither cobalt or molybdenum to a specified SiOs-water mixture. Cobalt has marked
resonance absorption in the cnergy range 30 to 300 ¢V, while the major part of the resonance absorption
cross section for molybdenum spans the wider range of about 30 to 800 ¢V and has smaller and somewhat
more widcely spaced resonance peaks than has cobalt. The positon of the lowest energy resonance in
molybdenum at 45 ¢V is lower than that in cobalt which is at 132 ¢V, while its ratio of resonance to
thermal absorption is larger than that for cobalt which has. at 37.2 barns. a comparatively high thermal
mass  absorption coefficient. The behaviour of the resonance absorption and thermal absorption
cocfficients of these two clements spans. in a reasonable way. the behaviour of the absorption cocfticients
of other resonance absorbers likely to be tound in soils in appreciable concentrations and hence are
rcasonable clements to choose when investigating the effect of resonance absorption on the performance of
a neutron moisture meter. Moreover, the cocfficients for these two clements are well documented in
nuclear data libraries.



3. RESULTS AND DISCUSSION

The variation of the thermal flux at the detector position as the water content the density and the
thermul absorption coeflicients of the “soi)” vary is shown in Table 3 for three ditTerent values of the matrix
miss seattenng coetticient. Note that this thermal Tus, which is proportional to the count rate trom a
neutron moisture meter. is specified within an arbitrary scale factor. The way in which the probe response
vacios with those paramoters ic diccuesed in some detail below, together with some discussion on the
response of the probe to both the presence of resonance capture and variations in the source-detector
separdation.

3.1 The Effect of Source-detector Separation

As expected. the highest count rate in the detector occurs with the source and detector coincident
(Figure 4a). However. while some types of neutron moisture meter are constructed with source and
detector coincident or nearly so. others (sce. for example. Figure 2) have the detector separated from the
source. Although an increase in this separation clearly decreases the count rate in the detector. and henee
the sensitivity of the probe. it does, as discussed below. improve some other properties of the probe.

Figures 4b.e and d show the count rate in the detector as a function ol water concentration. {or various
source-detector separations and a variety ol S, values. 1t can be scen that as noted previously [Wozniak
1973: Olgaard and Haahr 1967). there are significant chunges in the slopes and shapes of the curves as the
source-detector separation varies.  Examination of these relationships enables a separation to be chosen
which resulis in @ closely lincar respense for the ncutron moisture meter. While it is clear that such
lincarity does not hold for all mass absorption coefficients. Figures dbe and d show clearly that it a
separation of 9.39 em were used. the assumption of lincarity would not introduce signilicant crrors as long
as S, is between 000171 and G.006305 cm® g7k even with S, as farge as 0.0189 cm” ¢ 'L the maximum crror
introduced would be only £ 3 per cent. A source-detector separation of 3.74 ¢cm was used in all other
calculations. this being close 1o the source-detector separation in the probe used by Danicel et al. [1980].

3.2 The Importance of Resonance Capture

Table 2 presents values of the non-I/v resonance mass absorption coctticients for cobalt appropriate 1o
the energy group that spaas its resonance region. and shows how the magnitude of the resonance mass
absorption cocfficient is modificd by changes in both cobalt concentration and water density for soils ol
representative matrix density and thermal neutron mass absorption coetlicient. The table also shows the
factor by which the group cocelticient had 10 be multiplicd to vicld the correct value for the total /v and
non-l/v absorption in the resonance group.

Figure Sa shows the extent to which the flux at the detector positon decreases with increasing
concentrations of cobalt in the soil-water-cobalt mixture when proper sccount is taken of resonance
absorption in the cobalt. while Figure Sb shows the percentage error that would arise in an estimation ol
the water density i resonance absorption were ignored. In these caleulations the thermal mass absorption
coellicient of the matrix S, prior 1o addition of the cobalt was the same as that for the caleulations
presented in Table 2. Figure Sbh shows that the error in the water content is less than 2 per cento even al
cobalt densities as high as 107 g ecm™. Apart from the fact that such levels would constitute significant
mincralisation, such @ cobalt concentration would add appreciably 1o the thermal mass absorption
coctlicient of the soil. For cexample. a cobalt concentration of 1 mg g™ adds about 10 per cent 1o the
magnitude of S, for a dry Si0> matrix.

Table 3 and Figure 6 present the results of similar caleulations for molybdenum as the resonance
absorber. The concentrstions chosen for molybdenum were those that gave the same S, for the sotl
molybdenum mixtures as for the soil-cobalt mixtures. The fact that the molybdenum concentrations are
higher than the cobalt concentrations largely reflects (he fact that the thermal ncutron microscope
absorption cross section for molybdenum is smaller than that for cobalt (sce Table 4). Tiigure 6b shows
that the crror in the water content. which results from ignoring resonance capture when molybdenum is
the resonance absorber, is £ 1.2 per cent compared to < 0.3 per cent in the case of cobalt when they are
present in concentrations that would increase S, for a dry. SiO> matrix by about 10 per cent. The cerror at
the concentration. which would correspond 1o an approximate doubling of S, for a dry. SiO> matrix. is at
most about 3.5 per cent.

It is clear from the above that systematic crrors of a few per cent could arise in the value of the water
content estimated from neutron moisture meter data if the effects of high concentrations of resonance
absorbers were ignored. It is useful, then. o have some means of assessing whether or not resonance
absorbers are present in high concentrations and some recipe for estimating the crrors likely to arise if the
presence ol a particular absorber is ignored.
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Table 4 indicates that most of the elements with high resonance absorption cross sections are ‘minerals’
and. hence, their presence in concentrations high enough to warrant concern would correspond 1o
mineralisation of the region in which the neutron moisture meter measurements were made. Furthermore,
Table 4 shows that clements with high resonance absorption also tend to have high thermal neutron
absorption cross sections and so their presence in high concentrations leads to a high value of S,. As
rointed out below, the soil &, is an important parameter which must be known if absolute water content
values are to be derived from neutron moisture meter readings.

Figurcs 3b and 6b and the ratios of RI/g,(th) from Table 4 suggest that the error in the water content.
conscquent on ignoring the effect of resonance absorption. is approximately proportional to Rl/g,(th).
This provides « rough guide for estimating the effect of ignoring resonance absorption. For example. i we
suspect the presence of caesium (RI/g,(th) ~ 14) in quantitics which would contribute the same amount to
S, as 245 mg em ™ of molybdenum, then the expected error in the water content would be 5.5 X 14/8 ~ 10
per cent compared to ~ 5.5 per cent for molybdenum with an Ri/g, (th) of ~ 8.

3.3 Variation of Probe Response as a Function of Water Density w

As expected ¢n the basis of both age diffusion theory and Olgaard’s [1965] three-group diffusion theory
calculations. the probe response is not in general a linear function of the water density.  Examination of
Figures 7 1o 11, however. shows that, at cach matrix density. the curves are more nearly straight lines as the
water density increases. This trend is more pronounced as the matrix density increases and as the mass
absorption coefficient decrrases.

A systematic error in the estimate of the water content of the soil obtained from the moisture meter
reading will result if a lincar response is assumed. The magnitude of this error clearly depends on the
magnitudes of the matrix density. the soil water content and the thermal neutron mass absorption
ocfficients of the soil. but for p between 1.0 and 1.667 g em™. S, between 6.3 X 107 and 189 X 1074 cm?®

¢
g ! and w between 0.2 and 0.3 g em ™, it varies between about 2 per cent and 10 per cent.

&

3.4 Probe Response as a Function of the Mass Absorption Coefficient S,

Figures 12 10 16 show that the change in the probe response as a function of the thermal neuiron mass
absorption coefficient is quite marked and aiso non-lincar. The curves in Figures 12 to 16 also show that
the fractional decrcase in the count rate with increasing absorption increases as water density decreases.
This is to be expected because the comparatively large thermal neutron mass absorption coefticient of
water, 22.2 X 107 em® g~ will mask the effect of increasing matrix absorption when the water density is
high.

Increasing water density in the matrix surrounding the detector also modifies the neutron cncrgy
spectrum and hence the effective neutron mass absorption coefficient. At a matrix density of 1.0 g em ™,
the neutron mass absorption coefficient in the thermal group increases by 2 per cent at the lowest S, and
by less than I per cent at the highest S, as the water density increases from 0.1 to 0.4 g em ™, while at the
highest matrix density the increases are 1.5 and 2 per centt These small changes indicate that aithough
there is a spectrum shift as the water density changes. the shift has a comparatively smalil cffect on the
group-averaged coefficients.

3.5 The Effect of Changes in the Matrix Mass Scattering Coefficient S,

From Figures 17 and 18 it can be secn that the flux at the detector increases with increasing matrix
mass scattering cocefficient. This is to be expected. as increases in the scattering cocfficient will have a
similar effect on neutron transport processes as smalt changes in the water content. As with changes in S,.
changes in the mass scattering coefficient S; lead to the greatest fractional changes in the estimated water
content when the water content is lowest. This fractional change is also greater the lower is S;. A S per
cent change in the mass scattering coefficient Ieads to an apparent change in the water content that varics
from about | to I1 per cent as S,. p and o vary from 1L71 X 107 cm? g7 1.0 g em™ and 0.4 g em™ to
189 cm? g7!, 20 g em™ and 0.1 g cm™. As the variation in the mass scattering coefficient of soils is
typically about 10 per cent. an uncertainty of about 1 to 11 per cent would be introduced into the value of
the water content estimated from a neutron moisture meter reading if the effect of changes in this
parameter were completely neglected.

Unlike the mass absorption coefficient, where small fractions of large absorbers can have a
considerable effect on the macroscopic cross scction. the main contribution to the mass scattering
cocfficient comes from the major components in the matrix. This means that, if the proportions of the
major constituents can be determined. e.g. by chemical analysis (in particular oxygen, silicon. iron.
magnesium, aluminium and carbon), the uncertainty in the probe response duc to uncertainty in the mass



scattering coefficient can be reduced to insignificant levels.
3.6 Probe Response as a Function of Matrix Density

It can be scen from Figures 19 to 23 that over almost the whole range of parameters considered. the
probe response increases linearly with matrix density, but that the slope of the line decreases as the matrix
absorption increases. However. at the highest absorptions the relationship between probe response and
matrix density 1s no longer lincar.

Therefore. over most of the runge of the parameters the response can be represented as
R(p,S,, w) = pM(v,S;) + C(wS,) (5)

Figures 24a and b show the slope M and the intercept C as functions of the absorption S, for fixed water
density w. and Figures 23a and b show the slope and intercept as functions of water density for fixed
absorption. 1t can be seen from IMgure 24a that the slope decrcases monotonically with increasing
absorption and that the slopes at different water content get closer together and intercept as absorption
increases.  FFigure 25a shows that although at the lower absorptions the slope increases with increasing
water density, it decreases with increasing water density at higher absorptions. It is also clear from Figures
24 and 23b that. for S, and o greater than about § X 107 em® g7 and 0.1 g em™ respectively. a crude
representation of the probe response would be

R(pS, w) = pM(S,) + C(w) . (6)

4

The range of applicability of this expression is not too restrictive with respect 1o w. But soils with S
greater than 8 X 107 cm® g7 " are relatively uncommon.

¥
[

[

Using experimental measurements. other workers have found that reasonable corrections for density
variation can be made by an empirical rule. For example Olgaard [1965] derived

I¢

ap

where ¢ is the count rate. w the concentration of water, k and C are constants which are slightly different

for different »oils: while Greacen and Schrale [1976] derived

_ P '

b, = & dp,/ p) (¥)

where ¢, is the count rate which would be obtained with a standard density pg calculated from the

obscrved count rate ¢, in soil density p. The index P is a constant which varies (rom soil to soil but using

P = 0.5 for all soils did not produce a value which was significantly different from that obtained using the
optimum value of P,

= kw+ C (7)

Neither of the cmpirical expressions (7) and (8) are consistent with approximate expression (6) or with
the results presented in Figures 7 to 11 In particular. the fractional index that appears in expression (8) is
a surprise and hard to understand when the way ncutrons interact with matter is considered.

4. CONCLUSIONS

Resonance capture atfects the response of a ncutron moisture meter only when elements. having
significant resonance capture. such as the rare carths. cobalt manganese. zinc. cte. are present in the soil
in concentrations which would be rellected in a high thermal mass absorption cocefficient or in signficant
mineral content of the soil. The implication is that apart from a few exceptions. the neutron capture
propertics of a soil can be charactensed by a thermal neutron mass absorption coefficient which nced not
be identified with any particular nuclcus. Such a cross section s best mceasured by some nuclear
technique [for example, McCulloch and Wall 1976]. as the mass absorption coefticient can be influenced
by smalil proportions of high ncutron absorbers, such as boron, which are expensive and inaccurate to
determine by chemical analysis.

Even when neutron moisture meters are used to determine the water content of mine overburden heaps
foi example. Daniet et all 1980 materials with high resonance capture are unlikely to be present in
concentrations great enough to warrant taking resonance capture effects into account. Such effects cannot
always be neglected. I attempts were made to measure the water content in and around a uranium ore
body containing the mincral xenotime which contains the clements Sm. Eu, Gd. Dy. Ho. Er. Yb. Th and
U. the concentration of Gd alone would make it impossible to analyse sensibly any ncutron moisture
meter data.



The diftering composition of soils can lead o a variability of about = 3 per cent in the mass scattering
coefficient of the matrix. This. in turn, can lead to apparent changes of water content by up to about 10
per cent depending on ihe magnitude »f such parameters as matrix densitv. thermal neutron muss
absorption coefficients and the waier content itself. Fortunately. the mass scattering coeflficients of most
clements are of similar magnitude and the bulk of the matrix mass scattering cocfficient is made up by a
few clements. 1t is therefore possible to reduce the uncertainty in the mass scattering cocfficient. and hence
in the estimated water content to the extent required. by resort to comparatively inexpensive chemical
analysis.

This leaves the water density. matrix density and thermal neutron mass absorption coefficient as the
main variables on which the response of the neutron moisture meter depends. Over much of the runge the
responsc depends linearly on the matrix density p and can be written as

R(p S, w) = pM(w,§,) + C{w,S§,)

As the dependence of M on S, and C on w is much less marked than their dependences on @ and S,. a
. ~ —_ hl p— -3
crude representation of the response for S, > 8§ X 107 em® g "'and 0 > 0.1 g cm™ is

R(p, S, w) = pM(S,) + C(w)
It is possible that for some applications this relationship is sufficiently accurate.
However, the detector respense is. in general. a non-lincar function of p. S, and @ over the range of
variability that these parameters have in most practical applications. Fortunately, this function is
sufficiently slowly varying, and access to computers is now so common. that application of simple

polynomial fits to the data presented here provides a practical method of interpolation to {ind the response
for values of p, S,. S, and w that pertain to a given situation [see. for example, Wilson 1983].
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TABLE |
GROUP STRUCTURE USED IN THE POW CALCULATION
(Pollard 1974}

ool SRR 0 S e P

1 15 MeV - 6.065 McV

2 0.065 McV - 4724 MeV
3 4.724 McV - 2.865 MceV
4 2.865 MceV - 1.738 MeV

5 1.738 MeV - 302.0 keV
6 302.0 keV - 0414 eV
7 0414 eV - 0.001026 ¢V

Extra groups inscrted for resonance calculation
Cobalt SR3 ¢V -373 ¢V
Molybdenum 7485 ¢V - 2.051 ¢V

TABLE 2
RESONANCE ABSORPTION DATA IFOR COBALT

‘Resonance” group covered the energy range 383 ¢V to 373 ¢V.
Matrix used was SiO, at 1.6667 g cm ™
with S, (thermal) 6305 x 107 ¢m? g™

__Com000Fgem™  Coat00lgem'
Water Above I/v IFactor by Above /v Factor by
Content Rl which to R1 which to
(g ecm™) barns multiply S, bams multiply S,
of resonance of resonance
— e BYOUP o __gFOUp
0.1 55.5661 9.1172 40.1581 429131
0.2 569477 9.2515 44.2014 40.8570
0.3 57.6622 9.3213 46.0924 49.2901
0.4 58.1005 9.3040 48.4361 509930

Rl = Resonance integral: at infinite dilution this is 60.2273 barns
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TABLE 3
RESONANCE ABSORPTION DATA FOR MOLYBDENUM
"Resonance” group corvered ihie energy nange 7485 oV 10 2031 oV
Matrix used was SiO, at 1.6667 g cm™
with S, (thermal) = 6305 x 107 em” ¢!

Moat00245 gem™ Mo al0245 gem™
Water Above Vv Factor by Above I7/v Factor by
Content RI which to RI which to
(g cm™) barns multiply S, bams multiply S,
of resonance of resonance
e . group .. ... . group
0.1 19.8209 9.05382 10.3246 31.6291
0.2 21.2318 943152 11.8649 35.7745
0.3 22.0937 9.66289 13.0257 38.9007
04 22.6779 9.81989 13.9590 414247

RI = resonance integral: at infinite dilution this is 26.0726 barns

TABLE 4

SOME ELEMENTS HAVING SIGNIFICANT RESONANCE INTEGRALS

Element Microscopic Resonance Energy at Abundance in
Thermal Absorption Integral* First Resonance*  Earth’s Crust!
Cross Scction
a,(1h) RI

e bams  bamns (V) _____ (wtav)

Co 37.2 753 132 23

Zn 1.1 2.3 530 132

Ga 1.68 15.6 95 15

Ge 23 6.1 105 7

As 4.3 60 47 N

Br 0.8 90 35.6 16

Nb 1.15 8.5 359 24

Mo 2.65 22 45 13

Sn .63 6.1 394 40

Sb 54 175 6.24 !

Cs 29 415 59 7

Ba 1.2 7.5 24.5 250

Sm 5800 1400 0.1 0.5

Eu 4600 2430 0.327 1.1

Gd 49000 390 201 64

Dy 930 1600 272 45

Ho 66.5 700 12.8 1.2

Er 162 740 047 25

Yb 30.6 182 0.597 27

Hf 102 2000 305 4.5

W 18.5 352 4.14 69

Th 74 70 217 12

U 7.6 280 6.68 4

* Mughabghab and Garber [1973]  * Weast [1967-68]
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TABLE 3
VARIATION OF THERMAL FLUX AT THLE DETECTOR POSIHTTION
AS A FUNCTION OF MATRIX DENSITY p. WATER DENSITY w.
THERMAL MASS ABSORPTION COLFEICIENT 5,
AND MASS SCATTERING COEFFICIENT S,

Mass scattering coefficient S, = 0.10844 cmi’ g ! (no added carbon)

(cm= g™ " Density @ ~—=--7-- 7o or oo oo o e oo s m s e

Absarption S, Water
o (gem™) (1.5
L7088 x 1° 0.1 10144
0.2 2.5601
0.3 45134
o 0.4 6.9308
3418 x 1077 0.1 0.8651
0.2 23130
0.3 4.2301
o B 04 649
6305 x 107° 0.1 0.7034
0.2 20102
0.3 38021
RIURU s SRR AL A S
12613 x 107° 0.1 0.5041
0.2 [.3708
0.3 3139
o 0.4 3.0193
1I8V14 x 107° 0.1 0.3939
0.2 1.2928
0.3 26443
0.4 43488

1.7621]
3.8007
02137
88500

14011

SAH74

7.9225

10573
2.6033

43720

08184

0.6942
1.8440
3.3965

3.2569

0.5167
14293
2.7034
42504

2.3004
4.6479
7.2970
10.1097

1.7802
38201

0.2221

ENEY

13044
29889
S.0521

73480,

(.8284
2.0323
J591N

3.3901

(LOOS0
1.3379
27832

4.2565

28870
S5
83809
11344

21765
44277
6.9732
9:6074

0.9065

2.2200

(.6957
1.0497
28729

U e e AU o .S e Ao e

34971
(.3961
945379

lﬁ ﬁjﬁﬁ

282
5.0283
7.7083

104827

1.8230
3744

59325

83097

1.1073
24033
39727
3.7090

(17878
1.7612
290653

13243
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TABLE 5 (Continued)

VARIATION OFF THERMAL FLUX AT THE DETECTOR POSITION
AS A FUNCTION OF MATRIX DENSITY p. WATER DENSITY w.
THLERMAL MASS ABSORPTION COLITICIENT S,

AND MASS SCATTERING COEFFICIENT S,

Mass scattering coefficient §; = 0.12 ecm? g7 (0,002104 x 10* atoms C
added to cach gram of soil)

Absorption §, Water Matrix Density p (g cm ™)
(cmig™ Densily w — 7" "-TToT oo oo T o oo oo T o oo
e (gem™) 05 1000 1333 1607 2000
17088 x 10 ° 0.1 LORSS 19365 25643 3.2364 39477
0.2 2681 40589 5.0140 39932 6.9962
0.3 4.733 0.5358 17429 89522 10.1607
0470080 92244 106107 119766 133194
3418 x 107 0.1 09269 15429 19832 24463 29294
0.2 24181 34497 41316 48198 3.5079
0.3 43756 57320 6.6052 74565 8.2877
B 04 66610 82527 _ 92525 102106 _ 111276
6.305 x 107 0.1 0.7542 11663 14560 1.7573 20681
0.2 201012 27841 3.2300 3.6707 4.1056
0.3 39269 48116 53046 5.8940 0.4022
04 60933 70020 77133 82852 88213
12,613 x 107F 0.1 05411 07672 09268 1.0913 1.2591
0.2 LOA21 19737 21984 24215 2.6404
0.3 32176 35750 38151 4.0492 42747
0450450 54539 56637 58621 60598
18914 x 107% 0.1 04231 05708 0.6765 (17852 (0.8952
0.2 13508 1.5289  1.6625 1.7980 19317
0.3 27288 28435 29540 3.0708 3.1876

04 44548 44231 44036 45216 4.5855
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TABLE 5 (Continued)

VARIATION OF THERMAL FLUX AT THE DETECTOR POSITION
AS A FUNCTION OF MATRIX DENSITY p. WATER DENSITY . AND
THERMAL MASS ABSORPTION COEFFICIENT S,

AND MASS SCATTEFRING COFFFICIENT S

Mass scattering coeflicient S, = (.13 em” g ' (0.0038987 x 10 atoms C
added to cach gram of soil)

Absorption S, Water Matrix Density p (g ecm™)
(cm g™ Densily w 777 7T T T oo s oo oo m o e e e
] (gem?) 05 1000 1333 1667 2000,
1.7088 x 107° 0.1 11491 2.0934 2.7969 35538 43577
0.2 28200 42872 5.339] 64233 7.53320
0.3 4.8649 68183 81340 94309 10.78006
S L S 72034 95459 110483 125315 139915
3418 x 107 0.1 09818 1.67006 21673 2.0918 3.2404
0.2 235097 36423 44033 5.1692 39370
0.3 44971 39820 6.9420 78812 8.7990
e 04 0.8055 _ 8.3410___9.0359 __10.6857 116924
6.305 x 107° 0.1 0.7993  1.2043 1.3936 1.9371 22919
0.2 208100 29442 34443 3.9397 44288
0.3 40354 50218 5.0394 62314 6.7990
S s R 02244 73493 80323 80708 9.2088
12,613 x 107 0.1 053733 0.8319 1.0147 1.2031 1.3957
0.2 17038 2.0861 2.3436 23979 28470
0.3 33044 37287 40075 4.2775 45359
e 04 ____ 52521 50394 38929 6136 0.3012
18914 x (07F 0.1 04491 0.6204 0.7426 0.8081 0.993}
0.2 14025 16184 1.7751 1.0323 2.0865
0.3 28036 29684 31062 3.2478 3.3863

0.4 435487 4.5701 4.0476 4.73} 45174



150 cm

Material
1.

(SR S

Volume of:

Source

Scintillation Oetector

Borehole Liner

Shield

The Soil Matrix (extends
to the boundaries)

5 55 36

5 55 35
222135

2 2 213 5

2 2 2{3 5

L L L 35

L&t & 35

4 x0.95 WL 43S
L 4 L 35

1 11135

3x0.6142 |1 1 1}3 5
11103 5

g 0.0 111135

1 113 5

3x0.6142 R
55 535

150 ¢cm

— R to 150 c¢m

in this series of calculations all mesh regions are filled with soil
matrix material, the source neutrons are emitted equally from all
mesh volumes within the region labelled 1 and the detector response
is proportional to the thermal neutron flux integrated over the

volume Tabelled 2

Figure 1| ~ Geometry assumed for source detector and soil surrounding the detector in the diffusion
theory calculation
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Figure2  The construction of a typical neutron moisturc meter probe. The stainless steel
case is 390 mm long and 2.54 mm diameter.
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Figure 5  The effect of resonance capture on neutron moisture meter results in soils of different
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