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ABSTRACT

The effect of the soil parameters dry density, mass absorption and mass scattering coefficients on the
neutron flux at the detector of a neutron moisture probe has been described previously by a set of polynomial
equations. The partial derivatives of these equations have been used to determine the deviation introduced
into the water density calculation by a one per cent inaccuracy in each of the parameters. Accuracy of
measurement of the soil parameters is discussed and applied to a typical soil at various water densities.

The accuracy to which soil parameters can be measured is examined and found to be approximately +
2% for the dry soil density, + 1% for the mass absorption coefficient and + 2% for the mass scattering
coefficient. Using these data, together with a statistical accuracy of + 1% in the probe count rate, the

minimum error achievable for the water density varies between + 3.5% at a water density of 0.06 g cm™ and
+ 1.556% at a water density of 0.41 g cm™.
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1. INTRODUCTION

A previous report [Ritchie and Wilson 1984] described the effect of the soil parameters density, mass
absorption and mass scattering coefficients on the count rate obtained from the detector of a neutron
moisture probe inserted in a borehole. A set of empirical equations was developed which enabled the probe
count rate to be interpreted as a soil moisture density over a wide range of soil types and water densities.
These equations may be expressed as

R(p,S2Ss,00) = 90(p.Sa Se)a™* %), (1

where R is the response (e.g. count rate), ¢, and m are constants derived by solving in sequence the
equations listed in the left hand column of appendix A, p is the dry soil density (g cm™) and o the water
density (g cm™>) ie. the welght of water In each cm?® of soil. S, and S, are the mass absorption and mass
scattering coefficlents of the soil and are defined respectively as I /p and X/p where X, and X, are
respectively the macroscopic absorption and scattering cross sections of the soil.

These empirical curves wereg fitted by the method of least squares and therefore introduce a fitting error.

By differentiating these curves (right hand column of appendix A) the errors caused by inaccuracies in the
soil parameters can be determined. All of these errors, together with the counting statistics, are summed to
determine the error in the water density.

2. ERRORS DUE TO THE FITTED CURVES

Initially, the thermal neutron flux at a moisture probe detector, arising from the fast flux emitted by its
source, was calculated using a muitigroup, two-dimensional diffusion code, for a range of soil parameters
and water densities. These series of points were fitted to empirical curves using the least squares fitting
code SUPERFIT [Clancy 1977]. The coefficients of these curves are functions of the soil parameters also
found using SUPERFIT. By solving equations 1-37 of appendix A, coefficients are derived in a sequence
which eventually results in the correct version of equation 1 above which relates water density to count rate
(R) for the particular soil parameters in use.

This procedure is conveniently processed by a simple computer code. The difference between the
calculated water density and the water density used in the original multigroup calculation is the error
introduced at that point by inaccuracies in the curve-fitting.

Although it would be possible to achieve a closer fit to the multigroup resulis by using more complex
fitting curves, the precision of the soil parameters does not justify this and the fit was considered to be
sufticiently close when the predicted moisture content was nowhere greater than five per cent different from
the original calculated points. With this restriction, the variation in the errors cannot have a normal
distribution as there will be no tails to the curve. However, a plot of the distribution (figure 1) suggests that
the distribution of the errors is as close to normal as would be obtained from a set of experiments.

The precision constant, h, determined by the two methods of Sokolnikoff and Sokolnikoff [1941] are
h = _1 = 0422
[X| ¥rt
1
= 0.415 .
X2 2
As these values are so similar it may be assumed that the mean error on the fits will have similar
properties to a standard deviation and therefore can be added in quadrature to the errors described later.

It can be shown [ibid] that

h

H

hE = 0.4769 |,
where E is the probable error. Therefore the standard deviation, g, is given by
_ 0.4789
"~ 0.6745h

1.7% for this data set.
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3. ERRORS IN THE THERMAL NEUTRON CROSS SECTIONS

The neutron absorption and scattering cross sections can be obtained by chemical analysis of soil and
the published microscoplc (atomic) cross sections [Mughabghab et al. 1981].

The main problem with this approach is to ensure that the sample analysed is representative of the
volume of soll seen by the neutrons and that all of the elements contributing significantly to the macroscopic
cross section are included in the analysis. About half of the elemental material is oxygen occurring as oxides
and this, apart from hydrogen, is the main contributor to the scattering component. The errors arising in this
method stem from the analysis which determines the elemental fractions in the soil; the ensured inclusion of
all the significant elemenis (i.e. those contributing to the total cross section); the accuracy to which the
microscopic absorption cross sections are known (typically one to five per cent); and the degree io which the
small soil sample analysed Is representative of the volume seen by the neutron probe. In particular, the
fraction of the most significant element boron must be suspect at these low levels. it is interesting to note the
improvement In the accuracy of these cross sectlons over the years 1973-1981. Tables 1 and 2 show the
mass absorption and mass scattering coefficients obtained in this way for the Parafield clay soil analysis of
Greacen and Schrale [1976], in which the errors are determined from the published accuracies in the cross

sections and by assuming the error in the fractions 10 be + one digit in the last figure which is considerably
—smaller than-the-true-error:

Another technique is to introduce a sample of soil into the centre of a critical nuclear reactor, The
subsequent power transient is a function of the absorption and scattering cross sections and can be analysed
using inverse Kinetic techniques [e.9. Harries 1978] or by measuring the asymptotic doubling or halving time
of the transient [McCulloch and Wall 1876). These are not absolute methods and the reactor transient
analysis must be compared to that obtained when using standards of known cross section.

The errors introduced with this technigue are systematic, due to inaccuracies in the standards used, and
statistical, due to instabilities In the reactor resulting mainly from ambient temperature variations. In the
present state of ANSTO’s 10 kW research reactor Moata, the error in the measured soll mass absorption
coefficient is about + 0.4 x 102 em? g™, but if temperature variations could be compensated for, this figure
could be reduced to about + 0.1 x 103 cm? g~'. The size of the sample used in the measurement is 200 g
and is a reasonable fraction of the volume seen by the probe.

A comparison of results from these analyses is given in table 3. Aithough the chemical analysis
technique appears 1o be more accurate, it must be remembered that the error quoted does not include a
realistic error for the elemental fraction determined by chemical analysis. Also the lower values for three of
the chemical analysis results suggest that some significant elements have been missed. This, of course,

cannot happen In the reactor analysis but the reactor neutron spectrum must be considered when assessing
the absomtion coefficient.

The effect of the absorption coefficient can be demonstrated by using the data for Parafield clay and
making best fits to the measurements of Greacen and Schrale [1976]. The calibration curves are developed
using the mass absorption and mass scattering coefficients obtained from chemical analysis or by reactor

measurement. After subtracting the effect of bound hydrogen in each case (1.471 x 1072 ¢cm? g™"), the values
are

S, (1) {chemical)

8.337x10%em? g™ |

S, (2) (reactor) 10.43 x 102 cm? g

n

w, and w, are the water densities calculated for various count rates at these two mass absorption
coefficients and are given in table 4. Both sets of figures are normalised to the experimental points at a
water density around 0.285 g cm2. This illustrates the errors which occur if the calibration curve is
normalised at a single point, say in a drum of the moist soil, and the wrong value for S, is used. In this
particutar case the maximum error is only about three per cent,

If the calibration point relies on normalisation in a different soll for which S, = 8.337 x 10° cm? g and the
measurements are made in a soil for which S, = 10.45 x 1072 cm? g™ but is thought to be 8.337 x 10~ cm?
g™, the results will be as for s, the errors being up to 12 per cent. It can be seen from this that missing a

significant soil constituent can introduce substantial errors unless a single point calibration is made in each
soll.



4. DRY SOIL DENSITY AND ITS ERRORS

As the thermal neutron flux at the detector is a function of the dry soil density, this must be measured and
its error estimated. The error may be due to variations in the soil structure or to shortcomings in the
measuring device.

The density may be obtained by sampling the soil in the neighbourhood of the bore, or even from the core
of the bore hole. A convenient method is to use a gamma density probe as this can be used to scan the hole
or move from hole to hole. The shape of the calibration curve of a gamma backscattering density probe
depends upon the geometry of the probe and the electron density of the soil [Christensen 1973a, 1973b]. As
the geometry factors such as the source/detector separation, the length of the gamma shield and its diameter
relative to the detector dlameter are fixed for a particular probe, the main source of error is probably the
change in electron density in the soil, particularly when moisture is present. The correction for the presence
of water requires an iterative procedure between the neutron probe analysis, which requires the dry soil
density, and the gamma probe analysis which requires the water content.

Rawls and Brooks [1975] measured samples of dried soils from a field survey using a gamma probe, but
found that the bulk densities obtained resulted in some unrealistic water densities (up to 117 per cent
saturated). Subsequent assessment suggested that the dry soil density was in error by about 25 per cent

and correcting this reduced the water density to 76 per cent saturation. This illustrates the necessity for
accurate density measurements.

Ciftcioglu and Taylor [1971], using a gamma backscatter density gauge with differential mode counting,
stated that this technique is capable of an accuracy of +2%.
5. THE ERRORS INTRODUCED INTO THE WATER DENSITY MEASUREMENT BY THE ERRORS IN
THE SOIL PARAMETERS

Equation 1 can be used to estimate the uncertainty in the water density, , arising from uncertainties in
the response, R, which arise as a result of uncertainties in the dry soil density, p, and the mass absorption
and scattering coefficients, S; and S at particular values of these parameters.

The following conditions are sought [Wilson and Ritchie 1986]:

aa:a pSg B g_s 825 =0 ggs p.S, =0, @
which, from equation 1, yie:lds

o 05, _:¢:m ' gg g gg'] AS; (3)

%—sa.ss=__¢:m'% _r:ng_%_r;l_}% ' 4)

o S0 | ¢:m ' gg: * r:nm" ggj 4Sa - (5)

The partial derivatives are obtained from the original fitted curves and are given in appendix A.

Equations to calculate these errors are incorporated into a computer program and the error due to each
parameter is printed out separately, together with the addition in quadrature. This allows the adequacy of the
data to be considered. Typical introduced errors are presented in figures 2a-c, 3a-c, 4a-c. A more
complete set, together with tables of errors, is given in table 5. The correciness of the differentials has been
checked by comparing the calculated error with the differences produced by changing each parameter
separately by one per cent.

5.1 Error in the Water Density Introduced by a 1% Error in Dry Soil Density

If the density is overestimated by one per cent, the water density will be underestimated by about the
same amount, as shown in figures 2a-¢. Figure 2a shows the effect at different densities but at fixed mass
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absorption and scattering coefficlents. The maximum effect occurs at a density of about 1.8 g cm™. Figure
2b shows that errors in the density are greatest for solls with a low mass absorption coefficient and flgure 2¢
shows the error to have most effect for soils with high mass scattering coefficient. The figures show that for
all soil types the effect is greatest at low water densities.

5.2 Error in the Water Density Introduced by a 1% Error in the Mass Absorption Coefficient

Figures 3a-¢ are typical results; figure 3a shows the error in the water density introduced by a one per
cent error in the absorption coefficient at various dry soil densities but with fixed absorption and scattering
coefficlents. The error is greatest at high dry soil densities. Figure 3b shows the effect at various soil
absorption coefficients. The effect changes with the water density and soil parameters in a complex manner,
peaking at a mass absorption coefficient value which is a function of all the other soil parameters. Figure 3¢
Is rather misleading as it suggests the change in the water density introduced by a one per cent change in
the mass absorption coefficient is the same over a range of mass scattering coefhcnents An exammatnon of
table 5 shows that this is true only at the chosen values of S, (6.305 x 10° cm? g™ and p(1.33 g cm™). For
other values of these parameters the error due to an error in the mass absorption coefficient is more
dependent on the magnitude of the mass scauermg coefficient and their curves equivalent to those of figure
3¢ would be more divergent.

— 5.3 Errorinthe Water Density Introduced-by-a-t3s Errorinrthe Mass Scattering Coefficient

Figures 4a-c illustrate the fact that at fow water densities an error in the mass scattering coefficient can
introduce errors in the water density up to three times those due 10 a similar percentage error in S, orp. The
mass scattering coefficient must be determined accurately, otherwise a single point normalisation in the soil
with a known water density is necessary. Apart from bound hydrogen, over 95 per cent of the mass
scattering coefficient is likely to be due to the elements Si, Al, Fe, O and C.

6. OVERALL ACCURACY LIMITS

~ Clearly, the accuracy of the derived water density will depend on the magnitude and uncertainties of the
parameters describing the soil and the absolute value of the water density.

At first glance it appsears that chemical analysis and microscopic cross sections will result in an extremely
accurate value for S; and S,. This is not necessarily the case, for the soil may contain unexpected elements.
It is quite common to find 50-100 parts per million of boron which is not only difficult to measure accurately at
these levels, but may contribute half the total mass absorption coefficient. Chemical analysis is usually
carried out for the elements requested, and a highly absorbing trace element may be missed.

Reactor analyses of cross sections have the advantage that the overall cross section of the sample is
measured regardless of constituents. There is however a fairly constant lower limit of detectable signal due
to noise and the lower values of mass absorption coefficient can only be measured to ~+ 0.4 x 103 em? g,
This lower limit is expected to be reduced to ~ 0.1 x 10~ cm? g~' which represents about + 1%.

Mass scattering coefficients can probably be measured to £+ 2% by chemical methods as the presence of
trace elements will not affect the value and with care the density can be determined to + 2%.

Using the above values of the inaccuracies in the soil parameters, say

p=15+003gcm™ ,
S. = (10.0£0.1)x 103 cm2 g™
S, = 0.12+0.0024cm? g™

and including a statistical error of £ 1% in the count rate, the standard deviation in the water density varies
between + 3.5% and + 1.55% according to the water density. Full details of the deviation introduced by each
of the above Inaccuracies and the sum in quadrature are given in table 7. Note how the error in the mass
scattering coefficient deminates.

7. COMMENTS

These results represent what is probably the highest accuracy obtainable using current methods, for the
measurement of water density in a drum of homogeneous soil of sufficient size to be considered infinitely
large to neutrons from the probe source. No effect of the bore hole lining material or the possible

inaccuracies or variations in the equivalence of water in the gamma density measurement has been
considered.
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Having produced a calibration curve such as that from table 7, measurements in the same homogeneous
soll elsewhere would be subject to the added extra count rate and denslty devlation (in quadrature).
Measurements in a differant homogeneous soil with approximately the same parameters arising from
different analysis but using the same normalisation, would have minimum standard deviation approximately
+vZ x those of table 5.
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TABLE 1
DERIVATION OF THE MASS ABSORPTION COEFFICIENT OF PARAFIELD CLAY
FROM THE CHEMICAL ANALYSIS OF GREACEN AND SCHRALE [1976)

Analysis Mass Absorption Coefficiant S, (em? g-T)
Partial Partial
Weight S, (1) Abs. Error S, (& Abs, Error
Element  Fraction oy (1) bamns x10% 9 Erop x 108 Oy (2) barns x 108 o Errop x 108
S| 0.2688 017 *0.02 980 11.76 115 0171 +0.003 086 1.75 17
Al 0.09630 0.235 +0.005 505 2.13 11 0.231 +0.003 497 1.30 6
Fe 0.05850 255 10.05 1639 1.86 32 256 +0.03 1646 1.17 19
Ti 0.00530 61 02 407 3.28 13 6.09 1013 406 214 9
Mn 0.00037 13.3 +0.1 54 281 2 133 +0.2 84 3.09 2
Ca 0.00350 0.43 +0.02 23 4.66 1 043 +0.02 23 4.66 1
Mg 0.01060 0.063+0.005 17 7.94 1 0.063 +0.003 17 4.76 1
K 0.02260 21 *0.1 731 4.76 35 21 £0.1 Pl 4.76 35
Na 0.0050 0.527 +0.010 69 2.76 2 0.530 +0.0007 69 2.00 1
H 0.00740 0.332 10.0021 1468 0.62 9 0.3326 +0.0007 1471 0.25 4
(o} 0.514 27 x 1075 5 3N 0 (28.0+2.0)x10°5 4 10.53 0
P 0.00044 0.18 10,02 2 11.34 0 0172 +0.008 1 4.16 0
N 0.00040 1.90 +0.03 a3 296 1 1.9 +0.03 33 2.98 1
o] 0.00400 0.0034 +0.0002 1 5.89 0 0.0035 +0.0001 1 2,87 0
B 0.000090 75942 3806 1.14 43 767 +8 3846 1.52 59
Cl 0.00004 332 105 23 25.08 6 331 103 23 25.02 6

S, (1) = 0.009763 + 0.000133** = (1 -38%); S, (2) = 0.009808 + 0.000074* (0.75%).

Microscopic absorplion cross seation @, (1) from BNL 325 [1973]; o, (2} fram Mughabghab et af, [1981],
O, for oxygen includes the {n,o} cross section,

* Assumes an error or + 1 in the last figure of the weight fraction together with the error in g,

** Addition in quadrature.

THisa spaclal case bscause of the way lts scatlering cross seslion behaves when the hydrogen is bound, It Is beter to considar
hydrogen bound In soll as part of the water, calculate tota) water and remove bound hydrogen after. Without the bound hydrogen,
Sa (1) becomes 0.008295 + 0.000133 (1.80%) and S, (2) = 0.008337 + 0.000074 {1.60%).
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TABLE 2
DERIVATION OF THE MASS SCATTERING COEFFICIENT OF PARAFIELD CLAY
FROM THE CHEMICAL ANALYSIS OF GREACEN AND SCHRALE [1976]

Analysis Mass Scattering Coefficient Sg (em? g™
Partial Partial
Welght S, (1) Abs, Error S, (2) Abs. Error
Element  Fraction  os(1) bans  x 108 % Error = 108 o, (2) barns x 108 % Error” % 108
sl 0.2688 22 02 12682 0.08 11538 20437 £ 0.0017 11781 0.09 11
Al 0.09630 1.40+0.03 3010 214 65 1.4134 £ 0.0010 3039 0.07 2
Fe 0.05960 1130+ 0.04 7321 0.35 26 1135 £0.03 7205 0.26 19
Ti 0.00503 42 0.2 266 477 13 400 003 259 0.76 2
Mn 0.00037 19 +01 8 5.92 0 22 102 9 9.48 1
Ca 0.00350 30 £03 158 10.00 16 203 £0.04 154 1.39 2
Mg 0.01060 341TX010 896 2.03 26 3.4140 £ 0.0024 897 0.12 1
K 0.02260 21 +£0.1 737 476 35 204 1010 710 490 35
Na 0.0050 3.1 02 406 6.75 27 3.025 +£0.020 396 2.11 8
Ht 0.00740 204 +0.1 00211 0.51 a7 20.401 +0.014 00624 0.15 137
o] 0514 3.76 £0.02 72755 0.57 412 a.761 £0.008 72774 0.25 183
P 0.00044 3.4 £0.30 20 9.1 3 3134 £0.010 27 2.30 i
N 0.00040 106 05 182 5.34 10 10.03 1008 173 262 5
C 0.00400 4711004 945 0.89 8 4.740 £0.005 951 0.27 3
B 0.000090 37 t0.2 19 5.52 1 427 £007 21 2.00 0
Cl 0.00004 15.0 £0.2 10 25.04 -8 158 02 1 25.03 3

S (1) = 0.189635 + 0.001282"* (0.67%): S, (2) = 0.18911 £ 0.000233" (0.12%).
Microscopic scafttering cross section g (1) from BNL 325 [1973]; 0 (2) from Mughabghab et al. [1981].
+ Assumes an error of & 1 in the last figure of the weight fraction togsther with the error in Cg.

* Addition in quadrature.

t H Is a spedal case because of the way ils scattering cross section behaves when the hydrogen is bound. It is betler to consider
hydrogen bound In soll as part of the water, calculate total water and remove bound hydrogen after. Without the bound hydrogen, the
scattering cross secllons are S (1) = 0.009424 £ 0.001228 (& 1.29%), S (&) = 0.098487 £ 0.000188 (x 0.19%).
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TABLE 3
COMPARISON OF SOIL MASS ABSORPTION COEFFICIENTS

Mass Absorption Coefficients (cm2 g'1 X1 0“3)

Soil Type Chemleal Chemical Reactor
Analysis Analysis Analysis
1 2 3

Parafield loam 8.91 9.0940.07 8.8410.38
Long Flat clay 8.98 9.09+0.06 9.0810.44
Parafield clay 9.66 9.8110.07 11.80+0.43
Narayan sand 443 5.0440.09 4.9910.32
Konetta soil 4.34 4.3510.10 6.03+0.33
Sturt River aluvium 6.21 6.3410.06 B.86+0.47

Uslng £ﬁe@hemica¥ana!ysisofﬁn7amsalv_alin§76] (see for example table 2

for Parafield clay) and using the microscepic absorption cross sections from BNL 325 {1973}
As for 1 but using the later croes section evaluations from Mughabghab et al. [1981].

Measured value using the technique of McGulloch and Wall [1976] independsnt of chemical analysls.

TABLE 4
CALIBRATION CURVE FOR PARAFIELD CLAY
THE EFFECT OF DIFFERENT MASS ABSORPTION COEFFICIENTS

Count % Difference % Difference
Rate Wy @2 100 (0 - wp)f® w3 100 (o - mg)/ﬁ
0.05 0.089 0.092 -3.3 0.1G0 1186
01 0.147 0.150 2.0 0162 9.7
0.15 0.197 0.199 -1.0 0.215 8.7
0.2 0.242 0.243 0.4 0.263 8.3
0.25 0.285 0.285 0.0 0.308 78
0.3 0325 0.324 0.3 0.350 7.4
0.35 0.363 0.380 0.8 0.330 7.2
0.4 0.400 0,306 1.0 0.428 6.8

o S, =8337 x 107 cm? 9" ) Normalised so that the count rate Is 0.25

wy S;=1043x 1073 ¢m? g'1 at a waler density of 0.285 g em™,

w3 Sp=10.43x 1073 om? g”'  with same normalising factor as .
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TABLE 5
PER CENT ERROR IN SOIL MOISTURE » DUE TO A

S, = 0.10cm? g

w{gem™) 0.1 0.2 0.3 0.4

S,x10°  p A0 Aw Ae A0 B0 Aa A0 Ao Ae Ao An A0

2 5 bp AS, AS, Ap AS, AS, Ap AS, AS, Ap AS, AS,
cmeg gcm

0.5 0392 01401 -0.520 -0.284 0073 -0376 -0.220 0057 -0291 -0.176 0.045 -0.230

1.0 0752 0184 -0776 -0551 0.145 0575 -0.435 0.122 -0458 -0.351 0.106 -0.373

1.708 133 -0010 0237 -0965 -0677 0194 0728 -0541 0.169 -0589 -0.445 0.151 -0.491

1667 -0.945 0.289 .-1.184 -0.721 0.244 -0894 -0.590 0.218 -0738 -0.497 0199 -0.624

20 .0.804 0341 -1.557 -0.643 0205 -1.060 -0549 0288 -0.886 -0.482 0.249 -0762

05 0232 0262 -0464 -0.151 0180 -0.344 -0.105 0.147 -0274 0072 0.117 -0.224

1.0 .0515 0409 -0.747 -0.346 0317 0560 0244 0261 -0447 -0.172 0222 -0.868

6305 133  -0657 0484 -0921 -0.443 0385 -0895 -0.318 0327 -0562 .0.228 0.286 -0.468

1667° -0678 0546 -1083 -0.463 0445 0827 -0337 0385 -0677 -0.247 0343 -0570

2.0 .0.400 0801 -1.228 0343 0497 -0.950 -0.257 0436 -0.787 -0.196 0383 -0.672

05 0114 0335 -0.414 -0.053 0256 -0305 -0.018 0209 -0241 0008 0177 -0.196

1.00 0369 0477 -0717 -0.208 0.390 -0539 -0.114 0.339 -0435 -0.047 0304 -0.360

12.61 133 -0513 0551 -0913 -0.300 0468 -0701 -0.474 0420 -0577 -0.085 0.386 -0489

1667 -0520 0622 -1.119 -0.3068 0544 -0.881 -0180 0499 -0742 -0.091 0467 -0643

2.0 0258 0701 -1.337 -0.141 0619 -1078 0072 0571 -0925 -0.024 08537 -0817

05 0088 0285 -0358 -0.000 0249 -0.239 0.025 0227 -0.1862 0050 0211 -0.118

100  -0.333 0.324 -0592 -0.156 0.317 0420 -0053 0313 0319 0020 0311 -0.248

18.91 133  -0480 02336 -0772 -0.242 0357 -0576 -0.103 0370 0460 -0.004 0379 -0379

16867 -0.448 0361 -1.016 -0223 0403 -0797 -0.081 0428 -0869 0.003 0446 -0578

2.0 00581 0425 -1337 0.012 0461 -1030 0054 0481 -0946 0084 0496 -0.843
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TABLE 5 (cont’d)

S, = 0.11 cm2 g1

o {g em™9) 0.1 0.2 0.3 0.4
Sax10% e Ao Ao dw Ao Ao 4o Aw A A9 Aw Ao

Ap AS, AS, Ap AS, AS, Ap AS, AS, Ap AS, AS,
emZgl  gom™®

0.5 0417 0105 -0524 0.301 0076 -0372 -0.234 0059 -0.282 -0.186 0.047 -0.219
1.00 -0.804 0192 -0815 -0582 0.153 -0597 -0.468 0129 -0460 -0.380 0.113 -0.378
1.708 1.33 -0.883 0.253 -1.023 -0.736 0.209 0763 -0.592 0.184 -0611 -0.480 0166 -0.502
1.67 -1.034 0316 -1.226 -0.795 0270 -0920 -0655 0244 -.0755 -0.556 0.225 -0832
20 0.898 0379 -1.396 0725 0333 -1076 0624 0305 -0889 -0552 02088 -0.755

0.5 -0.250 0.269 -0483 -0.171 0193 -0345 -0.119 0149 -0.284 -0.082 0.117 0206
6.305 1.33 0.708 0400 -0971 -0.481 0389 -0727 -0.347 0330 -0584 -0.252 0.288 -0.482
1.67 0.728 0555 -1.168 0501 0451 -0881 -0.368 0391 -0.719 -0.273 0348 -0.604
2.0 -0.530 0.612 -1.308 -0.375 0.505 -1.012 0284 0443 -0.830 -0.210 0339 -0.716

0.5 0.142 0349 -0443 0072 0268 0312 0032 0.220 -0235 -0.003 0.186 -0.181
1.00 0413 0408 -0741 0233 0409 -0548 -0137 0357 -0435 -0.085 0.320 -0.355
12.61 1.33 0.564 0576 -0965 -0.337 0491 -0.735 -0.203 0442 -0800 -0.100 0.406 -0.504
167 0573 0649 -1.200 -0.347 0568 -0.940 -0.214 0521 -0.787 -0.120 0.488 -0679
2.00 0.309 0725 -1413 0183 0640 -1.136 -0.109 0591 -0.974 -0.057 0555 -0.859

0.5 0.030 0311 -0394 0023 0278 -0260 -0.016 0.258 -0.181 0043 0.244 -0.126
1.00 -0.368 0389 -0645 0180 0381 0458 -0.060 0376 -0.348 0.009 0373 -0.271
18.91 1.33 0.524 0425 -0.867 -0.274 0443 0646 0128 0.454 -0517 -0.024 6.461 -0.425
1.67 -0.508 0466 -1.135 0271 0504 -0.885 -0.132 0526 -0.740 -0.033 0542 -0.636
2.0 0.142 0527 -1.413 -0057 0560 -1.136 -0.007 0579 -0974 0.029 0592 -0877

(continued)
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TABLE 5 (cont’d)

S, = 0.12emé g™

o (g om™) 0.1 0.2 0.3 0.4
8, x 107 p Aw Aw Aw dw  A® bw 40 A an Aw Aw Ao
. . op AS, AS, Ap AS, A, ap AS, A4S, Ap AS, A5,

cm?g gem

050 0442 0108 -0492 -0.321 0078 0335 -0.250 0060 -0.243 -0.200 0.048 -0.178

100 -0.858 0200 -0810 -0.635 0160 -0.585 -0504 0.136 -0.448 -0411 0.120 -0.351

1.708 183 -1.056 0267 -10456 -0.794 0.223 -0762 -0.641 0.197 -0597 0532 0178 -0479

567 -1.115 0338 -1.250 -0.882 0.264 -0927 0714 0.264 -0.738 -0609 0245 -0.604

200 0970 0412 -1397 -0789 0364 -1.053 -0.683 0335 -0852 -0.608 0315 -0.708

050 -0.280 0272 -0.483 -0.187 0.185 -0326 -0.132 0.151 -0.235 -0.093 0.419 -0.170

100 0604 0419 0773 0400 0323 0557 0:205 0:266 043+ —0:214—0:226——0:341

6.305 183 0761 0497 -0895 -0.521 0394 -0737 -0380 0334 -0585 -0.280 0.202 -0.478

167 0779 0563 -1200 -0.540 0458 -0915 0400 0396 -0742 -0.301 0353 -0820

200 0557 0623 -1.366 -0.397 0513 -1054 -0.303 0450 -0872 -0237 0405 -0742

050 -0.160 0356 -0.472 -0.086 0274 -0320 -0.043 0226 -0231 -0012 0.192 -0.168

100 -0.456 0513 -0.759 -0.271 0422 -0557 -0.163 0.369 -0438 -0.086 0331 -0.354

1261 133 -0617 0594 -1.019 0377 0507 0775 -0.237 0457 -0631 -0.137 0421 0530

167 -0.623 0669 -1.201 -0.386 0587 -1.012 -0247 0539 -0848 0142 0505 -0.732

200 -0.327 0747 -1501 -0.201 0660 -1.211 -0.127 0608 -1.041 -0074 0573 -0.921

050 -0.102 0327 -0453 -0.032 0.203 -0310 0009 0274 -0.226 0.038 0.259 -0.168

100 -0.402 0430 -0.737 -0.204 0420 -0541 -0088 0415 -0425 -0.006 0411 -0.344

18.91 183 -0571 0484 -1024 -0308 0501 -0781 -0.1563 05i2 -0639 -0.044 0519 -0537

167 -0550 0544 -1.338 -0.302 0582 -1.058 -0.157 0604 -0.893 -0.054 0620 -0.776

200 -0145 0623 -1568 -0.063 0655 -1.284 -0.015 0673 -1.117 0.019 0686 -0.999
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TABLE 5 (cont’d)

8, = 0.183cm2 g!

o {g em™3) 0.1 0.2 0.3 0.4

S, x 1073 p Aw Aw Aw Aw Aw Aw Aw Ao Aw Aw Aw Ao

- 4 a8, A4S, B AS,  AS, Ap AS,  AS, Ap AS, A4S,
cme g g cm

0.50 0469 0,109 -0519 -0.342 0,079 -0.360 -0.287 0062 -0267 -0.214 0050 -0.201
1.00 -0.819 0208 -0.806 -0.681 0.167 -0.648 -0.542 0.143 -0502 -0.443 0.128 -0.399
1.708 1.33 -1.128 0.279 -1.143 -0.851 0234 0838 -0.689 0.207 -0660 -0574 0.188 0533
167 -1.181 03585 -1.345 -0917 0307 -09897 -0.762 0280 -0.794 -0651 0260 -0.649
2.00 -1.001 0424 -1.442 -0821 0384 -1083 -0715 035 -0873 0640 0335 -0723

0.50 -0.208 0273 -0.511 -0.201 0.187 -0.335 -0.144 0.153 -0.233 -0.104 0,121 -0.160

-~ i - £ 231 0383 20

6.305 1.33 0828 05067 -1.084 -0571 0402 -0792 -0421 0340 -0632 -0315 0297 -0519
1.67 -0.838 0573 -1.314 -0587 0465 -1.003 -0439 0402 -0820 -0.335 0358 -0891

2.00 -0.560 0633 -1.474 -0411 0522 -1.152 -0319 0456 -0.963 -0.253 0410 -0.829

050 -0171 0360 -0500 -0085 0277 -0324 0050 0228 -0221 -0019 0.124  -0.148
100 -0501 0522 -0771 -0.306 0430 -0560 -0.192 0376 -0436 -0.111 0337 -0.348
1261 1.33 -0.683 0605 -1.075 -0.428 0517 -0817 0278 0466 -0666 -0.172 0430 -0.558
1.67 -0.681 0682 -1396 -0432 0600 -1.008 -0.287 0551 -0922 -0.183 0517 -0798

2.00 0.319 0768 -1602 -0.201 0679 -1.301 -0.131 08627 -1.124 -0.082 0580 -0.999

0.50 -0.110 0334 -0489 0,038 0205 -0336 0004 0272 -0.246 0034 0256 -0.182
1.00 -0.448 0441 -0.7¢8 -0.237 0431 -0593 0113 0425 -0473 -0.026 0421 -0.387
18.91 1.33 -0.634 0505 -1.159 -0.353 0526 -0891 0188 0.538 -0734 -0.070 0546 -0623
1.67 -0.587 0.587 -1524 -0.328 0630 -1.208 -0.176 0655 -1023 -0069 0673 -0.891
2.00 0074 0705 -1690 -0.012 0738 -1.389 0024 0757 -1.213 0050 0.771 -1.087
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THE ERRORS INTRODUCED BY THE MOST

ACCURATE SOIL PARAMETERS

Dry density

Mass absorption coefficient
Mass scattering coeflicient

Count rate : statistical error £1.0% for all counts

)]

(Sa)
{Sg)

1]

15+003gem™

10.0 £ 0.10 x 10~ cm

2

0.12 £0.0024 cm? g~

—1
9

Water Density 1% Deviation Due to
{g em™3) Counts P S, Se Total*
0.062 0.817 1.727 0682 2633 3.326
0.110 0817 1327 0607 2199 2763
0.153 0817 1082 0557 19844 2438
0.194 0817 0924 0522 1763 2214
0.232 0817 0795 0495 1623 2044
0.270 0817 0688 0472 1.507 19807
0.306 0817 0589 0453 1410 1.794
0.341 0.817 0521 0437 1326 1.689
0.376 0817 0452 0422 1251 18617
0.410 0817 0390 0409 1.184 1546

* Sum of deviations In quadrature.
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APPENDIX A
The Polynomial Fits to Multigroup Calculations and Their Partial Differentials

1 g =228987-10.3178, aa_gs =-10.317 + 74.228 S,
+37.11482

2 h=-10457+9.1333 5, ;Shs =.9.1333-96.132 S,
- 48.066 S?

3 = 0.30622-3.5517 S, a%: = -3.5517+35.030 S,

+17.5148 82

A m = -017817+34872S, O _ 3.4a75.305358,

95,
- 15.2675 82
5 n = 0.43004-66776S, ;‘g = - 6.6777 + 58.107 S,
S
+29.0533 82
6 p=-023389+3503485, 385- - 3.5934-31.716 S,
1
- 15.858 82
7  q = 0.039424 - 0.60089 S, aig— = - 0.60089 +5.3992 S,
S
+2.6996 S2
8 r = 0.0068207-0.12652 S, a?sr = - 0.12652 +1.0953 §,
8
+0.54766 S2
9 s = -0.012359 +0.19601 S, E%S - 0.19601 - 1.6785 S,
3
- 0.83924 S2
10t = 0.0039505 - 0.062828 S, aast = - 0.062828 + 0.53968 S,
-]
+0.26984 S2
: ad  ag  ah 3
11 d = g+hp+jp? _9g  dh 3 o
g+hp+lp s, - 9S, T3S, Pt e, P
% _
as ass 0

These partials and those to follow
are all given in this table.
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- 2 a de _ am an ap > 99 3
12 e = m+np+pp°+qp 35, = 35, T 35, Pt 3, Pt 38, P
of or s at
= 2 - 2
18 f=resps+tp 38, 98, * 3s, Pt s, P
_ 2 am  od  de ot o
14 m = d+eS,; +18; 3S, = 35, + 38, S.+ 35, S
15 d = g+hp+jp? £=h+2ip
dp
2, 3 de 2
16 e = m+np+pp°+qp —55=n+2pp+3qp
17 f = r+sp+1tp? K seop
ap
_ 2 m _ 2 deg . g
18 m = d+ eS8, +15; » " 6‘p+ % S, + % 82
19 m = d+eS, +1S2 oM _ o208,
asS,
dCq 2
20 ¢4y =0.096324 - 1.5654 S, S - -1.5654 + 121.79 S
S
+40.597 ¢
5 dCy5
21 Cyp=3811.1(S,-0.11613) S5 = 7622.2(S,-0.11613)
2
+14.129
dCy3
22 c3=18.017+181.538, =5 = 181.53-1826.8,
8
-913.42 82
dCzq
23 ¢y =4.0980-22.812 S, =< = 22.8124337.425,
8
+168.7182
dCzp
24  cyp = 0.23097 - 30.776 S, 35 =-30.776+313.54,
]
+156.77 82
0Cpa
25  Cp3=-0.035523 + 1.2331 §, 3B - 1.2331 - 12.882 §,
8
-6.4412 §2
dC34
26  cg;=-10.621 + 191.62 S, 35 = 191.62-1395.4 8,
3
- 697.68 82
_ 0dCgp
27  C3»=10.248 - 259.69 S, 38, =-252.69 + 1824.7 §,
]

+912.36 82



28 gy =- 0.070231 + 0.40453 S,
- 0.79040 82

290  Cgu=-8.1071+218.12S,
-784.08 82

30 & =C11(Sa—Ci2)® +Cra

-23 -

dCa3

= 0.40453 - 1.
%5, =" 0453 - 1.5808 S,

Jc
3 _218.12-1568.2 S,

0S,
Ob _ a9y 9Cy4 N ddy  dCyp
38, =3¢, " 35, ' ac, 35,
ddy JCy3
+ .
8013 aSs

= (S, - C12)? [-1.5654+121.79 82

31 9p=Cz +C2 S+ Cx sz

C.
32 4g= g + 0o [6XP(Css Sl
a

33 Qo=+ ¢p +dap’

- 2041(S, - €12)[7622.18(S:-0.116130)]
+[181.53 - 1826.8 S}

The terms in square brackets are
derived in lines 20, 21 and 22.

ops  0Cz dC2 ., dCes
35, = 25, T e 78, 5 TS,

=-22.812+337.428,-30.776 + 313.54 5

+1.2331-12.882 S,
From lines 23, 24 and 25
dda [ 1

—] (191.617 - 1395.356 S,)
Sa

S,

+ exp (C33S,)(-259.693 + 1824.716 S)

+ Cgp Sa[eXP(Ca3S,)](0.40453 - 1.5808 S;)

+218.12-1568.2 G,
From lines 26, 27, 28 and 29

do 99y . od, \ o2 d¢a
3s, - 38, P s, TP 3s,

the partial differentials are given in
lines 30, 31, 32



34

35

36

37

-o4.

&1 =C11(Sa - C12)* + C13
2= Cpy + Cpp Sy + Cp3 S
Caq
¢z = 5 * Caz [exp (Ca3 Sy)]
a

do = d1 + bop + 03 p°

dby

35,

o0,

38,

dbg

i
dap

= 2C11 {Sa - C12)

=Coa + 2023 Sa

3, - Caz Ca3 €XP (Caz S,) -

= (g + 2003

s
82




