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Abstract. 

A calibration method for the determination of the thermal neutron macroscopic mass 
absorption cross section for rock samples is presented. The standard deviation of the final 
result is discussed in detail. 

High correlation existing between a physical property (the time decay of thermal 
neutrons in the fixed sample-moderator system) and the absorption rate of the sample gives a 
possibility to calculate the calibration curves which are used to determine the absorption rate of 
an unknown composed sample on the basis of only one measured decay constant. The 
composed sample consists of the crushed rock matrix saturated with absorbing fluid, and a 
simple calculation gives the corresponding macroscopic mass absorption cross section of the 
rock matrix itself. A big advantage of the presented method is that the calibration curves have 
been found using the results obtained for a variety of natural rock samples of different 
stratigraphies and lithologies measured by Czubek's method. 

An important part of the paper is a thorough analysis of the standard deviation of the 
final result. This has been estimated taking into account both the standard deviation of the 
decay constant measured for the investigated sample and the statistical uncertainty of the 
particular calibration curve. A computer simulation method has been used to calculate the 
standard deviation of the absorption rate of the unknown composed sample which later affects 
the standard deviation of the absorption cross section of the rock matrix. Two different types 
of the standard deviation of the result (the same as in Czubek's method) are calculated within 
the calibration method. The overall standard deviation of the calibration method is lower than 
or comparable with the standard deviation in Czubek's method. 
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List of main symbols. 

H height of the sample, defining the "inner sample size", 

W external height of the outer moderator, defining the "size of the moderator", 

/ number of independent experimental points {A.,vT.} taken for the fit of the 

regression line (for the fixed size of the moderator), 

R radius of the sample, 

к symbolic geometric dimensions of the sample, 

/L symbolic geometric dimensions of the moderator, 

v thermal neutron velocity, 

vZ absorption rate of the inner sample, 

absorption rate of the investigated sample obtained from the calibration method, 

calibration line for a given size of the moderator, 

Л time fundamental decay constant of the thermal neutron flux, 

A. decay constant measured for a sample at a fixed size tf. of the moderator, 

К decay constant measured in the sample-moderator system for an unknown rack 

sample for a fixed size of the moderator, 

A(//_) experimental curve for cylindrical geometry, 

A(#2) experimental curve, 

Л (/L) theoretical curve, 

p(A,vI) correlation coefficient between the decay constant A and the absorption rate vT, 

p(A,vE) estimator of the correlation coefficient p(A,uE), 

t^y£) standard deviation of the absorption rate vZ, 

oA(yZ) overall standard deviation of the method, 

O*E(KE) standard deviations of the experimental assay, 

о{Л) standard deviation of the decay constant Л, 

S n thermal neutron linear macroscopic absorption cross section of the rock matrix, 

X thermal neutron macroscopic mass absorption cross section of the rock matrix. 



1. Introduction. 

Czutek's sscihod of measurement of the thermal neutron macroscopic absorption cross 

section £ on small rock samples has been elaborated at The Henryk Niewodniczański m 

Institute of Nuclear Physics. Theoretical principles of the method have been given by CZUBEK 

(1981), WOŹNICKA (1981), DROZDOWICZ (1981) and DROZDOWICZ and WOŹNICKA (1983). 

An application of the method to measurements on small rock samples has been described by 

CZUBEK et al. (1983) and CZUBEK et al. (1991). 

The method is based on the measurement of the time fundamental decay constant A of 

the thermal neutron flux in an investigated system. The system is irradiated by a burst of 

14-MeV neutrons which are slowed down and the thermal neutrons escaping from the system 

are measured. A cylindrical sample of well-defined, fixed geometric dimensions k. is 

surrounded by a cylindrical Plexiglass moderator of dimensions /L covered with a cadmium 

shield. For the fixed dimensions R. of the sample the experimental curve A(/L) is obtained 

from a series of measurements with different /L values (i.e. for different thicknesses of the 

outer moderator). A so-called theoretical curve Л (ЛЛ which is independent of the neutron 

parameters of the samples, is calculated for the system where the values of thermal neutron 

parameters of the outer moderator are known. The ordinate of the intersection point of th« two 

curves, Л (/f2) and A(/L), determines the absorption rate v£ of the inner sample: 

, (1) 

where X is the macroscopic absorption cross section of the inner sample and v is the thermal 

neutron velocity. In the existing experimental set-up the inner sample is a crushed rock matrix 

saturated with a highly absorbing fluid. The macroscopic mass absorption cross section X м 

of the rock matrix is calculated on the basis of measured absorption rate vZ of the total 

sample, of well-known mass contributions of the sample components, and of the macroscopic 

absorption cross section of the saturating fluid. 

The samples and the moderators are always of a regular cylindrical shape, i.e. the 

diameter 2Д is equal to the height H . For every measured sample several (4 to 5) 
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experimental points A(//, ) have to be obtained to determine the absorption rate vT. Every 

decay constant Л is measured at least twice for each chosen height H2 of the moderator in 

order to obtain a required accuracy of the experimental curve MH ). 

Thus, the method described above requires several measurements of the decay constants 

A for the determination of the macroscopic mass absorption cross section 2 for a single 

rock sample. The method gives very good results and does not require any calibration samples 

but is time-consuming and expensive. 

Up till now about a hundred rock samples of different lithology (limestones, sandstones, 

dolomites, shales, mudstones, conglomerates, coal, anhydrite, granites) and stratigraphy 

(Jurassic, Devonian, Cretaceous, Carboniferous, Cambrian, Miocene, Triassic, Eocene, 

Pre-cambrian, Permian) have been measured by Czubek's method. Information about the 

lithology and stratigraphy of all rock samples taken into account in calculations has been given 

in KRYNICKA (1991). Most of samples were taken from Polish deposits in the Carpatian 

Mountains. Measurements have been performed in the Neutron Transport Physics Laboratory 

in The Henryk Niewodniczański Institute of Nuclear Physics. The dimensions of the sample 

have always been 2ft, = H. = 6.00 ± 0.02 cm. The numerous experimental results available 

are sufficient to be used as the data to perform statistical calculations. They allow us to 

elaborate a faster method of determination of the vT values basing on specially made 

calibration curves. 

2. Calibration curves v£(A) for a fixed size of the external moderator. 

The decay constants Л for every sample were measured within a fixed range of the 

sizes of the moderator. Thus, for a fixed size H. of the moderator, there are many values of 

the decay constant A collected for different samples, Le. for different vX values. A scheme 

of the described situation is shown in Fig.l. Following sets of data have been created. Every 

set has been prepared for a fixed value of the height tf of the moderator. It includes pairs 



v2. 

X (H2g) THEORETICAL CURVE 

EXPERIMENTAL CURVES 

FOR DIFFERENT SAMPLES 

(H1 = const) 

Rg.l. Scheme of creating a set of {A.,vT.} values for a given size Я . of the moderator. 

of the values {A.,vT.}, ie. the decay constant A. measured for a given sample at the fixed 

height #_ of the moderator, and the vS. value for this sample obtained finally from the 

measurement by Czubek's method. 

As was shown by KRYNICKA (1991), for the fixed size Я . of the moderator, there is 

a high correlation between the decay constants A measured for different samples and the 

absorption rates vZ determined for these samples. Moreover, the regression analysis made for 

the linear model shows that a fit of the straight line to the experimental data {А..5Г.} by the 

method of least squares gives very good results. 

The estimator p of the correlation coefficient p • p(A,i£) between the decay constant 



A and the absorption rate vi, the values of the lower, pv and upper, Py, confidence limits 

of the correlation coefficient p have been calculated for all cases (KRYNICKA 1991). The 

values of the correlation coefficient p, and the lower and upper confidence limits of the 

correlation coefficient, calculated at the 95% confidence level, are given in Table 1 for all 

cases. The value / is the number of independent experimental points {A.,w?j} in the data set 

taken for calculation for a given size # 2 of the moderator. The Я values equal to 10.8 

cm, 11.2 cm, 11.6 cm, 12.0 cm, 12.4 cm, 12.8 cm, 13.2 cm, and 13.6 cm have been used to 

create the sets called H108, HI 12, etc. The calculated values of the correlation coefficient are 

higher than 0.971 for all cases and for three cases (H108, HI 12, HI 16) they are even greater 

than 0.993. 

In Fig.2 the obtained fitted straight line vT(A) for the moderator of # 2 = 10.8 cm, for 

which the correlation coefficient is very high (p = 0.994), is given. The regression line is 

plotted together with its confidence (closer to the regression line) and prediction (larger 

Table 1. Correlation coefficient p(A,vE) for various fixed sizes # 2 of the outer moderator 
(inner sample size H. = 6.00 ± 0.02 cm). 

«fclcm] 

Case name 

/ 

10.8 

H108 

30 

11.2 

H112 

67 

11.6 

H116 

99 

12.0 

H120 

105 

12.4 

H124 

120 

12.8 

H128 

107 

13.2 

H132 

76 

13.6 

H136 

54 

p(A,vX) 0.9938 0.9937 0.9953 0.9867 0.9915 0.9778 0.9781 0.9719 

PL(A,v£) 0.9867 0.9898 0.9930 0.9805 0.9878 0.9675 0.9656 0.9518 

0.9971 0.9962 0.9968 0.9910 0.9941 0.9848 0.9861 0.9836 

PV-PL 0.0102 0.0064 0.0038 0.0105 0.0063 0.0173 0.0205 0.0318 
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Fig 2. Regression line v£(k) for the moderator of size H =10.8 cm. 

The confidence and prediction intervals are calculated at the 95 % confidence level. 

The correlation coefficient p(A,v2) = 0.994. 
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Fig3. Regression line vT(A) for the moderator of size A/. =13.6 cm. 

The confidence and prediction intervals are calculated at the 95 % confidence level. 

The correlation coefficient p(A,vT) = 0.972. 
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confidence belt) intervals calculated at the 95 % confidence level (KRYNICKA 1991). 

Another result for the moderator of //,_ = 13.6 cm, for which the correlation 

coefficient is the lowest (p = 0.972) one, is shown in Fig.3. 

For all these initial calculations the standard deviations of experimental data have been 

neglected. To be more realistic the uncertainty of each experimental point A.,vS., i.e. the 

standard deviations о(Л.) and o(v£.), have to be taken into account, because they contribute 

to the uncertainty of the regression line. This problem will be discussed later on. 

The high linear correlation existing between the A and the vT for a fixed # 2 value 

can be used as a calibration line to estimate the vT value when the A value is measured for a 

sample in the system with that size of the moderator. Thus, the calibration lines vT(A) are 

obtained for sizes Щ of the moderator equal to 10.8 cm, 11.2 cm, 11.6 cm, 12.0 cm, 12.4 

cm, 12.8 cm, 13.2 cm, and 13.6 cm. They are collected in Fig.4 together with the 

experimental points {А..ЙГ.}. 

3. Determination of the cross section 2 using the calibration lines vT(A). 

Taking into account the correlation described above, the calculated regression lines 

vT(A) can be used as the calibration lines for a measurement of the macroscopic mass 
M 

absorption cross section of the rock matrix, 2 . An idea for a simple and quick method of 

determining the 2 is as follows. For an unknown composed sample (i.e. the crushed rock 

matrix saturated with a highly absorbing fluid) only one decay constant A has to be 

measured in a sample-moderator system for a fixed size H. of the moderator. The 

absorption rate vSr for the investigated composed sample is determined from the respective 

calibration line. Next, a simple calculation is performed (the same as in Czubek's method) to 

obtain the mass absorption cross section 2 of the investigated rock matrix itself. 

The problem is, how to determine the standard deviation о(\^) of the absorption rate 

vz obtained from a calibration line for the investigated composed sample. Standard 

12 
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Fig.4. Calibfation lines Щк) for all investigated cases. 



deviations of the points (A.,vZ.) contribute to the uncertainty of the calibration line. The 

standard deviation of each point (k.,vE.) is caused by the standard deviation o(A.) of the 

decay constant A. and by the standard deviation o(uS.) of the absorption rate vT.. 

Moreover, the decay constant Л for an unknown sample is also measured with the 

standard deviation, о(Л ). The question is how to take into account all these standard 

deviations to find the standard deviation O(VŁ) of the measured absorption rate v2r\ The 

described situation is shown in Fig.5. Methods used so far by various authors in such cases 

neglect most of standard deviations and the uncertainty of the calibration line is not taken into 

account. Thus, the standard deviations of the results obtained are always underestimated. 

A method described below takes into account all the standard deviations. The method 

is based on a computer simulation procedure. 

CALIBRATION UNE 

Fig.5. Scheme of 72 determination by calibration line v2(k). 
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4. Standard deviation o(v2N) by a computer simulation method. 

4.1. Outline of the method 

A computer simulation method was earlier used by KRYNICKA-DROZDOWICZ (1983) for 

estimating the standard deviation of the intersection point of two curves characterized by a 

statistical uncertainty. An elaboration of the method for the present problem is shown below. 

Let some physical phenomenon is described by the curve rfa). The yi values are 

measured at points x.. A fit can be performed to determine the estimator y(x) of the curve 

y(x) = K * ; ( V i » • i = W- (2) 

where {x.,y.} is a set of the x., y.(x.) values. Both x. and y . are the subject of standard 

deviations O(JC.) and o(y.J, respectively. 

A new value x is measured with the standard deviation o(x ) and the 

corresponding value у can be determined using the estimated curve y(x). The following 

procedure makes it possible to estimate the standard deviation a(y ) of the determined value 

Let us assume that the total measurement determining the set {x.y.} is repeated К 

times and the set {*;>У;}к
 IS obtained in the *-th repetition (k = l,...,K). Then the Jfc-th 

curve у (x) can be found from Eq.(2). The measurement of the x N is also repeated К 

times, the x k value with the standard deviation <к£) is obtained in the £-th repetition. For 

every curve yk(x) and every дс̂  value a new y ^ value is determined. Thus, a set {y*S of 

the new values >£ is created. The estimators e(yN) of the expected value £(yN) and sfy1*) 

of the standard deviation o(vN) of the y S value can be calculated within the set {/?}. 

In reality it is imposible to perform К experiments even if К is not very large. 

Instead, one can use a possibility offered by a computer. Let the basic, experimental set of 

values Ц,у . } 0 with their standard deviations {o(*.),o(y.)}0 and the x^ value with the 

standard deviation <<Хд) be known from the really performed experiment. The y ^ value is 

15 



determined using the estimated curve Уо(*)- '• is reasonably to assume that the variables x., 

y., JTN have the normal distribution with the expected values £(*.), £(y.), E(x ), and the 

standard deviations <Ч*(к)» °(yA)' с1(хк)' respectively. Thus, one can simulate other sets 

{x.,y.} and other x^ values К times as follows: 

(3a) 

( 3 b ) 

(3c) 

where e* e?., e\* are the random errors of the variables *., у., х in the *-th repetition. 
it v N 

When the normal distribution of the errors e , e | . , с is assumed (with the means equal to 

zero and the standard deviations equal to a(x ), a(y• ), o(x.), respectivey), they can be 

simulated as: 

• <4b> 

> 

where G*, <7y, </ are the random numbers having the normal distribution with the mean 

equal to zero and the standard deviation equal to unity. 

True values of the expected values in Eqs (3) and of the standard deviations in Eqs (4) 

are unknown. Even their estimators are not known because real experiments giving the 

consecutive *-th values jcjk> y.fc, x£ with their errors have not been performed. One 

possibility is to assume the realizations known from the basic experiment to be the most 

probable values of the expectations and of the standard deviations. Therefore, the model used 

in the simulation procedure assumes: 

16 



(5а) 

<5Ь) 

(5с) 

(5d) 

( 5 е ) 

(50 

i.e. the distributions of the errors are constructed around the values given in the basic sets. 

Thus, Eqs (3) in our case can be finally written as: 

*ik = хю 

When the A-th generation of the values x.fc, yjk> JK^ is obtained, the curve y(x)k can be 
N obuined, and the *-th value y" becomes available. 

The estimators e(vN) of the expected value £(yN) and s(yN) of the sundard 

deviation o(y ) of the y N value for К generations of the sets {v^} are calculated from 

the usual formulae: 

k- l 

K 1/2 
^ ) (8) 

k - l 

The confidence interval for o(vN): 

17 



is estimated by .v(V'N) [HlMMELBLAU (147(1), NATRW.LA (1966)] as: 

L * <i(yN) s s(y*l)Bu , (W) 

where 

l-u/2 

at the confidence level (1 - a) for (Aw - I) degrees of freedom, where x /2
 i s t n e value in 

the x distribution when the probability corresponds to the required confidence level. 

Assuming the value of the confidence belt 

) • 

'mm 

at the 95 % ainfidence level, the number К of necessary simulations is obtained from Eqs (11). 

4.2. The standard deviation о(у2?*). 

The simulation procedure presented above has been used to determine the standard 

deviation a(v£*) of the absorption rate \>ZN obtained from the calibration line vT(A) for 

the investigated unknown sample. 

Every experimental data set, which includes pairs of the values (A.,i£.) obtained for 

the fixed size / / . of the moderator, has been treated as the basic data set {Л.,п£.}0. Every 

calibration line vT(k) calculated for fixed dimensions of the moderator has been treated as the 



basic least square fit of the straight line vE0(A). Let assume that the decay constant Л has 

been measured for an unknown sample and in consequence is treated as the basic one, AQ. 

Then the corresponding absorption rate vT^ of the sample is determined using the respective 

calibration line vSJX). 

A repetition of the complete experiment would give new values {Л.,РГ.}1 of the 

experimental points and a new value A" of the decay constant measured for the unknown 

sample. Thus, a new calibration line vT.(A) and a new absorption rate vEy would be 

calculated. This is depicted in Fig.6. 

If the experiment can be repeated К times, К new values of the absorption rate can 

be obtained. Then the estimators of the expected value of the absorption rate and of its 

standard deviation can be determined. 

Fig.6. The basic experiment (0) and its first repetition (1). 
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Following the idea of the computer simulation method outlined in the preceding 

paragraph the new data set {A.,vEj)k and the A^ value are calculated for the ft-th 

simulation (k = \,...,K) according to Eqs (6): 

(14) 

(15) 

The random numbers Gk, GV1, GN having the standardized normal distribution can be 

generated by any known algorithm. It can be obtained, for example, starting with computing 

the random numbers uniformly distributed in the interval [0,1] using the congruential method. 

Next, a "shutling" algorithm described by BAYS and SHARP (1992) can be used. The process 

eliminates any weakness of local non-randomness even when the generator is a very poor one 

and increases the period of the random number sequence to the point where real simulations 

are possible even with a base generator of small periodicity. After shuffling the random 

numbers having the normal N(0,1) distribution can be generated using the method reported by 

BOX and MULLER (1958), 

Therefore the calibration line vT.(A) can be calculated for every 4-th generation and 

the k-th value vTy(A) can be determined in the same way as for the basic case. 

Due to the assumptions made, the simulated absorption rate values are not distributed 

around the real (unknown) expected value £(v£N) . However, a variance of the distribution is 

close to the true one. Thus, the estimator sty!?*) for the simulated set {wE?4} can be used as 

the estimator o(vI N ) of the standard deviatioon o(vZN) for the true distribution 

(16) 

An example of the mutual positions of the mentioned distributions is given in Fig.7. 

20 



Fig.7. Example of the mutual positions of the true and simulated distributions. 

; £; a) - true distribution, unknown; 

; £; a) - distribution estimated from real experiment, unavailable; 

'; e; s) • simulated distribution; 

- basic value of the abstvption rate. 
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The estimators of the absorption rate e(vZ ) and of its standard deviation .*(vT) are 

calculated according to Eqs (7) and (8): 

1 К К 
1 V 5 £ N , (17) 
* k = l k 

к l/2 

with 

I im «(й*1) = vT? . (19) 

Therefore, the standard deviation o ( i£ N ) of the absorption rate ЕЕ*", obtained by the 

calibration line vT(A) for the investigated unknown sample, is found by the simulation 

procedure leading to Eqs (16) and (18). 

A sufficient number of generations in the simulation procedure should be used to apply 

Eq.(18) for the estimator of the standard deviation a(vTN). Let the relative confidence belt, 

given by Eq.(12), is 0.2 at the 95% confidence level. Then the value К = 200 is obtained 

from Eqs (11). This minimum value is not large enough to obtain a satisfactory shape of 

histogram made for the distribution of the generated vZv values. An improvement :*n the 

shape of the histogram is observed with an increasing number К of generations. 

An example of the histogram as a function of increasing number К is shown in Fig.8 

for the case H108 (AT = 100, 300, 600 and 800). Simulations have been performed under 

assumptions that the standard deviations a(yZ.) of the absorption rate and o(A.) of the decay 

constant have been taken into account for / = 30 of the independent experimental points 

(AJ.VEJ). The value AN has been assumed equal to 19 000 s"1 with a zero standard deviation. 

The shape of the histogram has been settled at К = 600 and any increase of the К value does 

not improved the accuracy. 

22 
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4 3 . Different types of the standard deviation 

The value of the standard deviation о ( п £ ; depends on the kind of standard deviations 

taken into account during the calculation described above. Every value of the absorption rate 

vZ. of the inner sample is given with two different standard deviations o(v£.): the overall 

standard deviation of Czubek's method, а
А ( ^ ) > a n d 'he standard deviation of the 

experimental assay, &JyZ)- This is because in Czubek's method the two different types of 

statistical uncertainty can be distinguish. One is the absolute uncertainty resulting from the 

limited knowledge of the Plexiglass moderator neutron parameters (used for the calculation of 

the theoretical curve A ) and from the uncertainty in the experimental determination of the Л 

values obtained for the investigated sample surrounded by consecutive thicknesses of the 

moderator. In that case the overall standard deviation is called o*(vT). The second is the 

relative uncertainty when the neutron parameters of the external moderator are assumed to be 

known with zero standard deviation. In that case, only the o(A) values have an influence on 

the resulting standard deviation. This corresponds to a stable theoretical curve, which is the 

case when the same set of Plexiglass moderators is always used. The standard deviation of the 

experimental assay oJyZ) is then obtained. The value of the oJyS^ can be applied when 

different results obtained by this method are compared to each other. The standard deviation 

a ( iS) is needed as a measure of error while comparing our results with results obtained by 

other methods. 

As it has been told above, the calibration lines vT(A) have been calculated for sizes 

H- of the moderator equal to 10.8 cm, 11.2 cm, 11.6 cm, 12.0 cm, 12.4 cm, 12.8 cm, 13.2 

cm, and 13.6 cm and the cases are called H108, HI 12, and so on, respectively. The data sets 

{X.,vZ.} obtained for all sizes H2 of the moderator are given in KRYNICKA (1991) together 

with the standard deviations o(A.) of the decay constants A. and with the two types of the 

standard deviation of the absorption rate vT.: «^(vl.) and <*E(yZ)- The overall standard 

deviation o'A(vSN) and the standard deviation of the experimental assay о^НуЕ**) can be 

obtained from Eq.(18). To do this, the ОдС^д) or ^(yS.^ have to be introduced into 

24 



Eq.(14) to calculate {v£^} values. 

The influence of aA(vZj0), oE(vS.^) and CJ(AN) on the determination of {32^} and 

its o(vSN) value is shown in Fig.9. The displays of the simulated E££ values are given for 

the case HI08 in Fig. 10. The number of generations is always К = 600. The decay constant 

measured for unknown investigated sample is AN = 19 000 s"1 with o(A ) = 100 s*1 or zero. 

The symbol e in this figure means e(vZ ). 

Figs 9a and 10a show a situation when the calibration line has no uncertainty (i.e. all 

standard deviations o(A.) and o(yZ) have been assumed equal to zero). Only the decay 

constant AN has been measured with a standard deviation o(A ). Then the a^y&) value is 

obtained as the standard deviation of the measured absorption rate. The values aJvZ ) can 

be used as a measure of error only in the case when different results obtained by the same 

calibration line are compared to each other. 

A statistically uncertain calibration line is obtained when the standard deviations o(A.) 

and о(пГ.) of the measured points (A.,vZ.) are taken into account. Such a line is presented 

in Fig.9b. The A and o(A ) values are the same as in the case presented in Fig.9a. The 

confidence belt situated closer to the calibration line shows statistical uncertainty when the 

standard deviations of the experimental assay ас(У^) n a v e been used. The standard 

deviations of the experimental assay oJyjF) can be used as a measure of the error of the 

absorption rate v2/ while comparing results obtained by using different calibration lines or 

when the results obtained by the calibration method in question are compared with those 

obtained by Czubek's method (on the condition that the same set of Plexiglass moderators is 

always used). 

The greatest uncertainty of the calibration line is observed when the overall standard 

deviations <*д(»5!|) are used in the fit. It is indicated by the external pair of the curves in 

Fig.9b. The corresponding distribution of the data is presented in Fig. 10b. The obtained 

absolute standard deviation o^JyZ ) should be used when our results are compared with 

results obtained by other methods. 

Next, two cases in Figs 9c and 10c and in Figs 9d and lOd show an influence of the 
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w 
uncertainty of the calibration line only. The standard deviation (Ąk ) of the measured 

decay constant is assumed to be zero in both cases. The first one takes into account the 

standard deviations of the experimental assays oJyZ.^. The second one shows an influence 

the overall standard deviations a (vZ.) and its histogram has been given in Fig.8c. 

The described cases are summarized in Table 2. An influence of the statistical 

uncertainty of the calibration line on the final standard deviation о(у2Г) is visible when the 

standard deviations o(A.) and o(vE.) of the measured points (k.,vZ.) are taken into account. 

However, this influence is irrelevant (because of the high value of the correlation coefficient) 

in comparison with the influence of the о(Л ) value on the final standard deviation o(v& ). 

The total uncertainty of the calibration line has been obtained when the standard 

deviations о(Л.) and о (vT.) of the measured points (A.,i5T.) has been taken into account. 

An example is shown for the case HI 08. To obtain the standard deviation o(wi ) along the 

calibration line the following procedure has been applied. The basic A. has been varied from 

Table 2. Influence of particular standard deviations on the final accuracy a(yZ ). 

Standard 

o(AN) 
o(A.) 

A V 

a 

100 
0 

0 

0 

333 

Case (as in 

h 

100 
- 7 0 

— 

- 3 5 0 

363 

Figs 9 and 10) 

с 

0 
- 7 0 

- 9 0 

— 

96 

d 

0 
- 7 0 

— 

- 3 5 0 

164 

The results have been obtained for: H. = 10.8 cm, К = 600, 

AN = 19 000 s~\ й N = 16 670 s-1. 
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19 000 s"1 to 21 000 s'1 with the step Л^ = 20 s"1. The absorption rate has been 

obtained for each step and the overall standard deviation а д ( Л М ) has been calculated each 

time by the simulation method. Next, for each AJJ value the interval [K£Q ± »aA(Et )] has 

been determined twice: first, when the standard deviations <KKQ) =0 and second, when o(A-) 

= 100 s"1. The t value of the Student's distribution has been obtained for the 95% 

confidence level. The result of the calculation is shown in Fig. 11. The lines which have been 

calculated with o(A") = 0 are closer to the calibration line and represent the confidence 

limits. The prediction limits appear as the external pair of lines, calculated when o (Ap = 100 

s"1. From Figs 2 and 11 is visible that the confidence and prediction limits obtained while 

taking into account the standard deviations o(A.), a (vZ.) and o(A ) are wider than while 

neglecting them. 

25000 r-r-r-,--r-r-T-T--r-r-r-r-, 

23000 

21000 

19000 

17000 -------
19000 

HI OR 
.'.-/ — 

20000 
•. I-,_A 1 1 L 

/0600 21000 

Fig.ll . Confidence and prediction limits obtained by the computer simulation method for 

the calibration line H108. 
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5. Accuracy of the determination of the macroscopic mass absorption « o n sectioa 2 ^ of the 

rock matrix. 

In the experiment the decay constant AN is measured for the unknown compound 

sample consisting of the crushed rock matrix saturated with a highly absorbing fluid. The 

absorption rate vTN of the sample is determined using a respective calibration line vS = 

vT(A). Next, a simple calculation, the same as in Czubek's method, can be performed to 

achieve the corresponding macroscopic mass absorption cross section Z of the investigated 

rock matrix itself: 

m - m 
1 < m ИГ 

m m 

where 

V - internal volume of the sample container, i.e. volume of the investigated 

sample of the size R , 

m - mass of the dry sample 
111 

m - mass of the tightened container with the dry sample inside, 

m - mass of the container with the entire sample (i.e. the rock matrix and the the 

absorbing fluid saturating it), 
M Zw - mass absorption cross section of the saturating solution. 

The standard deviation, o(2M), is given by: 

(m - md)2 ofoj) + (ty2 J(mj\ Ш , (21) 

An evaluation of Eqs (20) and (21) is given in CZUBEK et al. (1986). 

The results obtained for one of the rock samples (labelled as WMU42) are presented in 
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the Table 3. Several decay constants Л have been measured for this particular sample at 

different sizes H of the moderator. The absorption rate vZ for the sample has been 

determined each time using respective calibration line and the mass absorption cross section 

ZM of the investigated rock matrix has been calculated. They are compared with the result m 
obtained for the same sample by Czubek's method. 

The results show that the value of the standard deviation iĄk ) of the measured decay 
M constant strongly influences the final standard deviation <K%m) °f the macroscopic mass 

absorption cross section of the rock matrix. There is an almost linear dependence between 

Table 3. Comparison of results obtained for the same rock sample (labelled as WMU42) by 
Czubek's and calibration methods. 

Results 

o(AN) 
Is"1] 

Czubek's 
method 

20 267 
98 

a) 
20 060 

83 

20 262 
279 

Simulation 

b) 
19 018 

115 

20 707 
403 

method 

b) 
18 925 

50 

20 372 
198 

17 852 
79 

20 375 
306 

vZ 
aE(yZ) 

Is"'] 396 296 412 212 321 

[c.u./(g cm"3)] 7.238 7.226 

[c.uV(g cm"3)] 0.305 0.746 

[c.u./(g cm"3)] 1.045 0.789 

8.278 7.486 7.493 

1.063 0.543 0.814 

1.086 0.577 0.853 

a) measured at ft. = 10.8 cm, 

b) measured at # =11.2 cm, 

c) measured at H. =11.6 cm. 
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these two standard deviations. 

Both standard deviations о (vZ) and «» (vT) of the absorption rate have been found 

in each measurement by means of the computer simulations. In the calibration method the 

standard deviations a^ of the experimental assay are always a few times higher than those in 

Czubek's method. This is quite obvious because the result is obtained from a single 

measurement of the decay constant V while in Czubek's method the experimental curve is 

obtained from several independent points. On the other hand, the overall standard deviations 

aA in the calibration method are usually lower than those obtained by Czubek's method. This 

is probably due to the fact that in Czubek's method the deviation о (resulting from the 

standard deviations of the neutron parameters of the external moderator) is calculated at one 

point (intersecting point of the two curves) only, for a particular H size. In the calibration 

method the deviation a is based on the calibration curve which has been obtained using a 
A 

number of calibration points and an influence of the standard deviations of the neutron 

parameters is averaged which can result in lower a value. 
A 

6. Final remarks. 

For every calibration line one can determine lit- boundary values of the decay constant 

A and of the absorption rate vT within which the most calibrating points (A.,vT.) can be 

found. These boundaries indicate preferred intervals of the A, vS values for applying the 

calibration line. The A and vE limits for all determined calibration lines are listed in Table 

4. A few examples of the influence of the measured A value on the accuracy of the vSr 

determination are given in Table S for two calibration lines. The information given in Tables 

4 and 5 can help to choose the best calibration line (that means, the size H. of the 

moderator) to measure with a high precision the absorption rate vZ** of the sample. The 

absorption of the sample is, of course, not known a priori. Therefore, it is recommended to 

perform a preliminary experiment and then a second one in the best conditions. 
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Table 4. Intervals of the best applicability of particular calibration lines. 

Case 

H108 
H112 
H116 
H120 
H124 
H128 
H132 
Ы36 

Measured 
range 
[ms->] 

19.0 . . . 
17.5 . . . 
16.2 . . . 
15.0 . . . 
14.3 . . . 
13.5 . . . 
13.0 . . . 
1 2 . 2 . . . 

A 

21.0 
19.0 
18.0 
16.5 
15.3 
14.5 
13.5 
12.8 

Corresponding vZ 

17.0 
15.0 
13.0 
13.0 
13.0 
12.5 
12.5 
12.0 

range 
[ms-'] 

. . . 23.0 

. . . 21.0 

. . . 21.0 

. . . 19.0 

. . . 17.0 

. . . 17.0 

. . . 15.0 

. . . 15.0 

Table 5. Influence of the value of the measured decay constant A on the accuracy of the 
VIм determination. 

Case 

H108 

HI 12 

AN 

[r»] 

19 000 
20000 
21000 

17500 
18 000 
19 000 

o(AN) 

[s-ij 

95 
100 
105 

88 
90 
95 

7Z» 

[rt] 

16 670 
20 059 
23 448 

15 242 
17 041 
20 640 

[s-, 

328 
333 
375 

309 
316 
343 

aA(a"> 
[s-»] 

349 
347 
430 

315 
327 
348 

The standard deviation has been assumed as o(AN)MN = 0.005. 
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iiiiilly. the absorption гни- of the unknown sample can be determined as the 

weighted mean of the two independent results vZ obtained for the same sample by means of 

the two different calibration lines, i.e. by measuring the decay constant A for the two chosen 

sizes / / f of the moderator. 

The presented calibration method allows quick and simple detennination of the thermal 

neutron macroscopic mass absorption cross section for rock samples. A big advantage of the 

method is that the calibration lines have been obtained using real rock samples. A total 

number of the investigated samples has been 77. Individual calibration lines have been 

obtained using from 20 to 60 samples. 

The overall standard deviation, о (vT), is comparable with the standard deviation in 

Czubek's method. A disadvantage of the calibration method is the standard deviation of the 

experimental assay, <>u(>X) which is much greater than in Czubek's method. However, here 

an improvement is possible when the same sample is measured twice: using two different sizes 

H- of the external moderator (i.e. using two different calibration lines). Then an average of 

the two measured absorption rates is a better estimate of the true value and the standard 

deviation is decreased. Still, the two measureinents give an advantage in comparison to 

Czubek's method when usually 8 - 1 0 measurements have to lie performed for one sample. 

Acknowledgements. 

I am greatly indebted to Professor Dr. Jan A. Czubek for his guidance during the course 
of this work and to Dr. Krzysztof Orozdowicz for valuable and stimulating discussions and 
advices for preparation of the manuscript. 

All my co-workers, Dr. Urszula Woźnicka, Eng. Jacek Burda, Dr. Krzysztof 
Drozdówicz, M.Sc. Barbara Gabańska, M.Sc. Andrzej Igielski and Mr. Władysław Kowalik, 
are thanked for their active participation in performing the measurements. 

I want also to express my gratitude to Miss Barbara Gabańska for her help during 
preparation of the paper. 

The work was partly sponsored by the State Committee for Scientific Research (Project 
No 2 0199 91 01). 

34 



References. 

Bays С. and Sharp W.E. (1992) 
Improved random numbers for your personal computer or workstation. 
Geobyle,2(No.2),25. 

Box G.E.P. and Muller M.E. (1958) 
The Annals of Mathematical Statistics. 22, 610. 

Czubek J.A. (1981) 
A method for measurement of thermal neutron absorption cross section in small 
samples. 
J.Phys.D: Appl.Phys. 1Ś, 779. 

Czubek J.A., Drozdowicz K., Igielski A., Krynicka-Drozdowicz E. and WoźnicLts U. 
(1983) 
Measurement of the thermal neutron absorption cross section of rock samples. 
IntJ.Appl.Radiat.Isot 24, 143. 

Czubek J.A., Drozdowicz K., Igielski A., Krynicka-Drozdowicz E. and Woźnicka U. 
(1986) 
Methodology of preparation of rock samples for measurement of the thermal neutron 
macroscopic absorption cross section. 
INP Rept. No 1320/AP, Institute of Nuclear Physics, Kraków. 

Czubek J.A., Drozdowicz К., Gabańska В., Igielski A., Krynicka-Drozdowicz E. and 
Woźnicka U. (1991) 
Advances in absolute determination of the rock matrix absorption cross section for 
thermal neutrons. 
Nucl.Geophys. 5, 101. 

Drozdowicz K. (1981) 

Energy corrections in pulsed neutron measurements. 
J.Phys.D: Appl.Phys. Ц , 793. 

Drozdowicz K. and Woźnicka U. (1983) 

Energy corrections in pulsed neutron measurements for cylindrical geometry. 
J.Phys.D: Appl.Phys. 1& 245. 

Himmclblau D.M. (1970) 
Process Analysis by Statistical Methods. 
John Wiley & Sons, Inc., New York, London, Sydney. 

Krynicka E. (1991) 

Correlation of the sample absorption and the time decay of thermal neutrons in 
bounded sample-moderator system. 
INP Rept. No 1541/AP, Institute of Nuclear Physics» Kraków. 

35 



Krynicka-Drozdowicz E. (1983) 
Standard deviation of the intersection point for two statistically uncertain curves. 
INP Rept. No 1212/AP, Institute of Nuclear Physics, Kraków. 

Natrella M.G. (1966) 
Experimental Statistics. 
Nat. Bureau of Standards Handbook 91, Washington, D.C., USA. 

Woźnicka U. (1981) 
Solution of the thermal neutron diffusion equation for the two-region system by 
perturbation calculation. 
J.Phys.D: Appl.Phys. 14,1167. 


