
The graphite ball detector 

A new device for the measurement of the nuclear 

Doppler effect and integral neutron absorption 

cross-sections in intermediate and fast neutron spectra 

P.W. Renaud 

/ '5 2. !>" 2 . 



BIBLIOTHEEK TU Delft 

P 1826 2252 

559886 



erratum 

p. Ill The first line has unfortunately been omitted. The first 

two lines should read : 

individual neutron track from the target to the source is equal to 

the probability density of selecting the same neutron track from 
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1. GENERAL INTRODUCTION 

1.1. Motivation and saope of the work 

Although many problems of the fast breeder reactor have to be solved 

yet, it is generally accepted that this type of reactor has the best 

possibilities for the future. The approx. 30 times more economical use 

the reactor makes of the natural uranium resources enables the poor 

ores and the uranium contents of the sea to be exploited at a price 

which would be unacceptable in the case of using these in the present 

thermal nuclear reactors. The economically applicable nuclear energy 

deposits may increase by a factor 1000 or more by the use of fast 

and thermal breeder reactors. 

Among the problems of the fast breeder reactor the requirement of 

inherent safety of the nuclear system is probably the most obvious. 

Not only the fast breeder reactor but any nuclear reactor must have 

a negative temperature coefficient of reactivity. 

In a thermal reactor the contribution to the negative temperature 

coefficient of the change of the moderator/fuel ratio and the neutron 

leakage due to the thermal expansion of the fuel elements is 

considerable, even at rather fast temperature changes. However, in 

a fast reactor, in view of the extremely short generation time 

(10 to 10 s) between the fission events, the nuclear Doppler effect 

is the only physical phenomenon to furnish the necessarily prompt 

decrease in reactivity at a sudden temperature rise. 

The nuclear Doppler effect is caused by the complicated resonance 

structure of the cross-sections of the heavy isotopes in the energy 

range of 1 eV to 50 keV (Fig. 1.1). An apparent change in the peaks of 

these cross-sections is induced by the change of the atom vibrations 

at a temperature change. The resulting change in selfshielding of the 

heavy materials causes a change in the reaction rates. A rising 

temperature causes an increase in the reaction rates of neutron capture 

and of scattering but also of fission of the fissile isotopes. The 

balance between the increase in neutron capture and neutron induced 
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Fig. 1.1 Total cross-section of 238 U 

fission at a temperature rise determines the prompt temperature 

behaviour of the fast reactor. 

Considering the neutron spectra of some possible fast reactor types 

(Fig. 1.2) with different reactor coolant or core construction, it 

appears that the major differences are in the lower energy range 

(< 100 keV), which defines the Doppler effect. For the reasons mentioned 

above a detailed knowledge of the nuclear Doppler effect as a function 

of the neutron spectrum gradient in the various fissile and fertile 

materials will be of great advantage when designing an inherently safe 

reactor system. 

Research institutions all over the world have paid attention to the 

study of the nuclear Doppler effect both in theory and by experiment 

(ly2,2,4,S,6,7,8y9,10) , A common point in the main Doppler programs 

of the most prominent institutions is that practically all the 

observations have been made in low power critical assemblies by 

measuring the reactivity change resuling from the heating of a 

measurement sample. Intercomparison of the experimental results is 

often very difficult owing to variations in the neutron spectrum, the 

core construction and other experimental facilities. Therefore, it is 

necessary to compare Che ^-T'erimental results of each author with 
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Fig. 1.2 Examples of fast reactor neutron spectra 

his own calculations. The interpretation of the reactivity measurements 

is often very complicated. Probably the major difficulty in the 

theoretical treatment of such an experiment is (8) that the flux dips 

due to the resonances are different in the sample from those in the 

core, because their temperatures differ. At and near the boundary 

(very often the sample diameter is less than one mean free path, so 

that all of the sample volume is near the boundary) these fluxes 

overlap, and for the calculation of reaction rates in both regions 

one has to take account of this overlap. 

Although this type of Doppler measurements is now looked upon as a 

standard technique and the uncertainties associated with its use 

are felt to be not different from those for other types of reactivity 

measurement (11), discrepancies of 10 to 50% between measurement and 

calculation are still quite normal (12,15,14,15,16,17). 

For this reason it seems very useful to investigate other methods of 

Doppler measurement with perhaps a less sensitive detecting system, 

but with an easier interpretation. 

A good second seems to be the Doppler activation measurement method 

used in thermal and fast reactor spectra. Sher (18,19), Pflasterer 

(19,20), Tiren (21), Davey (22), and others mentioned by Hellstrand 

(2Z) have performed activation Doppler measurements, comparing the 

activation of warm and cold irradiated foils of several materials. 
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Foell (24) utilizes a pulsed reactor to heat the enriched activation 

sample by fission. Measurements up to 2560 K have been performed (25). 

The inaccuracy of the activation method is reported to be less than 

10% (26). Discrepancies between measurement and calculation of 10 to 

100% are reported. 

Only few investigators make mention of other Doppler measurement 

methods. 

Seufert and Stegemann (27) make use of the "slowing down time spectro

meter technique". Pulsed 14 MeV neutrons are produced in a block of 

lead. The comparitively well-known relation between slowing down time 

and mean neutron energy in the block of lead makes it possible to 

measure the hot-to-cold neutron capture ratio of a sample, positioned 

in the block of lead, as a function of the neutron energy (< 30 keV). 

Thin samples of various materials were heated and the capture y^ays 

were detected by proportional counters. The advantage of the method 

is the energy dependence of the information. The accuracy of the 

method is rather poor. 

Beller and Heneveld (28) are using essentially the reactivity method. 

However, by cycling the sample temperature, the temperature derivative 

of the resonance integral is measured directly. The precision of the 

method is comparable to that obtained by standard reactivity methods. 

Schoenig (29) determines separately the numbers of neutron induced 
235 

captures and fissions in UO. samples, using mass spectrometry for 
n'^f. 235 

the U contents and Y~ray spectrometry for the U fission products. 

Banharnsupavat (SO) mentions a new technique, comprising the use of 

a piezo-electric transducer coupled to a target foil to induce motion 

in the target atoms. 

Dekker (31,22) measures the direct flux depression with an annular 

ionisation chamber around the heated sample in a TT flux. Using a 

dynamic oscillation technique, the measurement uncertainty is 10 to 

20%. The discrepancy between calculation and measurement is within the 

error margin, as has also been found by other investigators in a TT flux 

Making a conclusion about the state of affairs at the moment, it may 

be said that the reactivity method is the most sensitive. 

Very complicated problems about the interpretation of the reactivity 
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signal reduce the reliability of the comparison between measurement 

and calculation. Other methods are less sensitive, but the easier 

interpretation of the observations often makes possible a better 

comparison with calculation results. The discrepancy between Doppler 
TOO 

measurement and calculation of the most important isotope, U, in 
2 

the case of a — spectrum, is within experimental error. In the case 

of fast neutron spectra most discrepancies reported are in the range 
239 

of 10 to 50%. In the case of other isotopes such as Pu, larger 

discrepancies are no exception. 

This work presents the design and the practical testing of a com

paratively cheap measuring system for the nuclear Doppler effect 

in an easily variable neutron spectrum. Samples of any kind of 

material can be measured and even a very simple thermal nuclear 

reactor with irradiation facilities will be a good neutron source, 

the gradient of the spectrum of which can be adapted by filtering 

techniques. Without experiments to confirm this, it may be stated, 

however, that the system can also be applied when a fast reactor 

system or other powerful neutron source (e.g. a strong Am-Be source) 

is used. 

When starting the design, the two points of departure were: 

- The system has to be cheap and flexible. 

- Only simple geometries and neutron-physically well-known materials 

are to be applied to make the qualitative and quantitative calcu

lations of the system sufficiently reliable even without very precise 

verifying measurements. 

The system was tested by measuring a series of natural U0„ samples and 

a smaller series of ThO„ samples at temperatures of up to 1400 K. Three 

different neutron spectra were used: a pure thermal reactor spectrum, 

a moderately fast spectrum, and a fast spectrum resembling that of a 

steam-cooled fast reactor. 
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In addition to the results in the thermal spectrum, those in the faster 

spectra have also been compared with their corresponding calculations. 

This Doppler measurement method, which can also be used for integral 

neutron absorption cross-section measurements, is presented because of 

the great importance of the nuclear Doppler effect and it is meant to 

contribute to a greater trust in the cross-sections to be used in 

reactor design. 

1.2. Outline of the following chapters 

Chapter 2 gives the motivation of the choice of the method in comparison 

with other possibilities and the determination of the dimensions of the 

detector system. Section 2.1.3. describes the principles of the chosen 

system. 

Chapter 3 fills up the gap between theory and practice. Besides a 

description of the experimental equipment, all troubling qualities and 

adventitious properties of the system pass in review. 

Chapter 4 contains the models of the computer codes applied and gives 

the results of the calculations of the detector efficiency and the 

neutron spectra needed for the calculations and measurements of chapter 3 

Chapter 5 compares the measurements and the calculations of the detector 

integrals of a series of natural UO samples and ThO„ samples. Some 

conclusions are made. 
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2. CHOICE AND DESIGN OF THE MEASURING SYSTEM 

2.1. Choice of the system 

2.1.1. Introduction 

The chief fissile and fertile reactor materials to be considered in 

^ A • ^u 1 n 1 ff ^ 232„. 233,, 234,, 235,, 238,, 
studying the nuclear Doppler effect are Th, U, U, U, U, 
239_ J .^ u • -D • .. iT-.v, 232.,, 234,, , 238,, , Pu and the heavier Pu-isotopes. With Th, U and U only 

233 235 
resonance capture of the neutrons is important. With U, U and 
239 . . . 

Pu resonance fission is also a phenomenon of interest. The influence 

of resonance scattering upon the reactivity of the reactor core is 

negligible and will not be studied in this work. The possible phenomena 

to be measured are quite different in the case of resonance capture 

and resonance fission. Because of the important part played by the 
T q "1 9 "̂ ft 

fertile materials Th and U, attention has been focussed on the 

measurable phenomena of resonance capture. 

As already stated in the general introduction of chapter 1, there were 

two points of departure when choosing and starting the design of the 

system, which are repeated here for convenience : 

- The system has to be cheap and flexible. 

- Only simple geometries and neutron-physically well-known materials 

are to be applied to make the quantitative and qualitative 

calculations of the system sufficiently reliable, even without very 

precise verifying measurements. 

For a clear insight into the possibilities of a Doppler measurement 

method, the measurable phenomena are presented in the following section 

(3Z). 

2.1.2. Phenomena giving rise to measurements 

O O Q 

The neutron capture reaction in U may serve as an example to enable 

a list of the measurable phenomena to be offered. 
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238„ , „ ^ 239^,n + B +Y 
23.5 min 

239,p^ | B _ ^ 239pu(24.3 10^ y) 

(2.1) 

The reasonably measurable phenomena are 

(a) the decrease in the neutron flux by the neutron capture reaction; 

(b) the prompt Y~ray associated with the neutron capture reaction; 

(a) the delayed 6 or Y~radiation of the daughter products; 

(d) the growth of the Pu content of the sample. 

(a) The decrease in the neutron flux in consequence of the neutron 
O T Q 

capture reactions in a U sample can be measured in different 

ways: 

Direct measurement of the changes in the neutron flux. 

This method was adopted for the present work because possibilities 

of this direct flux depression measurement seem reasonable. Thus 

far only Dekker (SI,32) has used it. 

Indirect measurement of the changes in the neutron flux. 

The reactivity method relies on it. Not being consistent with the 

second point of departure, it will not be discussed here. 
238 

(b) The neutron capture reaction in a U nucleus causes the binding 

energy of the neutron to be released by emission of one or more 

Y-rays with a joint energy of about 8 MeV. The greatest problem in 

measuring the phenomenon lies in separating these Y~tays from 

background Y radiation. A pulsed neutron source and a time-of-

flight system are indispensable. Only Seufert (27) utilized the 
phenomenon. The accuracy of the measurements was rather poor. 

239 

(c) The Np contents of an irradiated sample can be measured by its 

delayed g or Y radiation. Because of the space dependence of the 

Np concentration and the strong self-shielding properties of the 

heavy materials, particularly for the 6 radiation, only very thin 

slices or foils of the irradiated sample may be examined, unless 

the whole sample is dissolved. A contingent difficulty is the 
238 

activity of the U fission products. IVhen irradiated in a reactor 

core, the problems of resonance overlap are essentially the same 

as in the case of the reactivity method. Several investigators have 

(18 to 24) used the system. Accuracy is reasonable within certain 
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239 . 3 
limits. The half life of Pu is 24.3 10 y. So it may be 

239 
considered a stable isotope m this kind of experiment. The Pu 

contents of an irradiated sample can be examined by chemical 

analysis or, better still, by mass spectrography. Both methods have 

the disadvantage of the necessarily intensive irradiation of the 

sample to generate a measurable Pu concentration. Nevertheless 

Schoenig (29) reports the use of mass spectrography to measure U 
235 

contents in a U0„ sample. 

2.1.3. Principles of the graphite ball detector 

As stated in sec. 2.1.2., the principle of the graphite ball detector 

is based on measurement of the absorption rate by the direct change of 

the neutron flux caused by the sample. 

The idea is to measure the transmission of neutrons through a target 

sample. Comparison of the absorption rates of a target sample at 

various temperatures gives the required information about the nuclear 

Doppler effect in the sample. 

To avoid the influence of scattered neutrons and of changes in the 

scattering properties of the sample, a 47r neutron detection system 

around the sample may be constructed, the so called graphite ball 

detector.Using BF. tubes, the detection efficiency of the neutrons of 

the fast spectrum will be very poor and a shell of moderating material 

between the sample and the detectors will be of advantage to the 

detection efficiency. To combine a minimum direction dependence in the 

detection efficency of a limited number of detector tubes and a 

maximum signal to background ratio (see sec. 2.2.2.), a hollow 

graphite ball appears to be the best solution. 

For a description of the detecting system, see Fig. 2.1. 

A beam of neutrons with a proper energy spectrum hits the target 

sample S. at the centre of the graphite ball. To minimize the influence 

of fluctuations in the neutron source and other physical circumstances, 

the sample S. is periodically compared with the reference sample S„. 

Coming from the sample, the neutrons are slowed down and dispersed by 

9 
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Fig, 2.1 Principles of the detecting 
sys tem 

the graphite ball before causing a signal in the twenty BF neutron 

detectors. The amplified signal of the BF. tubes is analysed and 

recorded by the process computer, which produces the data for comparing 

the accumulated results of S, and S-, and controls the pneumatic 

oscillator drive. If either the oven temperature or the sample changes, 

the reaction rates in the sample and hence the signal of the BF, 

detectors, also change. Because of the wavy character of the efficiency 
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isotropic start 
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Fig. 2.2 Schematic detecting efficiency diagram 
of the graphite ball detector 

diagram (Fig. 2.2) the twenty BF, tubes are mounted at the twenty 

angular points of a regular dodecahedron. The latter is so positioned 

with respect to the neutron beam that the neutrons scattered by the 

target sample are detected with an efficiency equal to that of the 

neutrons passing through it in the beam direction without any inter

action. 

To understand the way of choosing the right position of the BF 

detectors, see Fig. 2.2. In this efficiency diagram the relative 

detection efficiency of the neutrons coming from the centre of the 

ball is represented by the distance from the centre of the ball as 

a function of the direction of departure of the neutrons. Presuming 

that the scattering of neutrons in the sample is isotropic, it is 

easily seen that the right position of the tubes is found when the 

efficiency of the neutrons in the beam direction is equal to the 

overall mean efficency of the neutrons scattered isotropically from 

the centre of the ball. 
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Now changing the direction of the neutrons in the sample does not 

change their mean detection efficiency. So changes in the scattering 

properties of the sample do not affect the detector signal. Only 

changes in the number of neutrons leaving the sample do change the 

signal. 

2.2. Design of the dimensions of the detector and other system 

components 

2.2.1. The sample diameter 

Before being able to determine the detector dimensions some of the 

boundary conditions of the experiment have to be considered. It 

appears that a criterion of the diameter of the disk-shaped target 

samples can be found from the boundary conditions. Starting from the 

sample diameter, the inner radius of the ball can be chosen and 

finally the outer radius of the ball can be determined. 

The relevant conditions are given below: 

(a) The neutron source in the experiment is the thermal ATHENE reactor 

of the Eindhoven University of Technology. See Fig. 2.3. The 

neutron scatterer 

concrete reflector 

r-'J 

I 

N 
\ 

N \ 
I I 

y I 
/ 

wd 
neutron collimator 

Fig.2.3 Configuration of the ATHENE reactor (top view) 
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neutrons are generated in the two core boxes containing water and 

fuel elements. A neutron scatterer of lead is mounted in an empty 

space between the two core boxes. The maximum integrated neutron 
1 1 2 

flux density at the Pb scatterer is about 2.10 n/cm s. 

(b) Knowing the thickness of the concrete shield of the reactor and 

keeping the boron carbide of the neutron collimator far enough 

away from the reactor core for criticality reasons, a reasonable 

length of the neutron collimator is 170 cm. The opening of the 

collimator is positioned at 60 cm from the centre of the reactor 

core. 

(a) To keep the background-to-signal ratio as low as possible, the 

diameter of the target sample has to be greater than that of the 

neutron beam where this hits the sample. 

(d) The changes in the detector signal induced by the nuclear Doppler 

effect may be expected to lie in the range of 0 to 1%. To prevent 

unacceptable measuring times, the counting rate of the measurements 

should be of the order of thousands per second. 

From a and b it follows that the neutron flux density at the end of 

the collimator tube i: , can be expected to be: 
col 

5 2 
i) ^ f^ S.IO n/cm s 
^eol ^ 

The maximum acceptable counting rate of the detector, allowing for an 

insensitive time of more than 30 ys per pulse, is of the order of 

5000 c/s (see sec. 3.4.).To achieve this counting rate at a mean 

detector efficiency (i.e. counts per neutron entering the detector) of 

about 0.5 % (see Fig. 2.6), the diameter of the collimator opening 

should be about 2 cm. r 
£1 
o 
CM* 

170 cm 65 \cm 

\ 

Fig. 2.4 The dimensions of the neutron beam 
(not to scale) 

/ 
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Starting from a collimator opening of 2 cm and a distance of 65 cm 

between the collimator opening and the centre of the graphite ball, it 

easily follows that the diameter of the neutron beam at the centre of 

the ball is about 3.5 cm. See Fig. 2.4. To satisfy c and to have some 

play to frame the sample in the oven, a suitable sample diameter is 

4 cm. 

2.2.2. The graphite ball 

Starting from the 4-cm sample diameter, the material and the dimensions 

of the neutron moderating shell between the sample and the BF 

detectors can be determined. 

The demands to be made on the shell are the following: 

(a) Without having the disposal of a set of well-known mono-energetic 

neutron sources, it is very difficult to measure the energy-

dependent detector efficiency with any degree of precision. 

Therefore,the material of the shell should have neutron-physically 

well-known properties in order that the results of the calculations 

of the detector efficiency as a function of neutron energy, may 

be relied upon. 

(b) To keep small the influence of deviations from the correct position 

of the BF, tubes with regard to the direction of the neutron beam, 

the amplitude of the efficiency wave in the efficiency diagram 

(see Fig. 2.2) should be as small as possible. 

(a) The slowing down of the neutrons has to be such that the uncer

tainty of the absorption measurement is minimal. 

(d) The outer dimensions of the ball should be as small as possible 

to combine maximum efficiency with a minimum number of BF, 

detectors. 

(e) The inner diameter of the shell should be as large as possible to 

keep small the influence of secondary absorption of neutrons 

reentering the sample from the shell. 

14 



In order to provide for enough space for housing the oven and the 

oscillator tube, given the sample diameter of 4 cm, the inner diameter 

of the shell was established at 20 cm. The probability that secondary 

neutrons isotropically starting from the inner wall of the shell will 

hit the sample is now as small as 1%. 

N.B. The influence upon the absorption signal of the secondary neutron 

absorption, however, can be considerably greater than 1% owing to the 

slowing down of fast neutrons and the long residence time of therma-

lized neutrons in the ball. See sec. 3.7. 

When choosing the material for the shell, the demands a, a and d have 

led to calculations for polyethylene, deuteriumoxide and graphite. In 

Table 2.1 are compared the efficiency waves concerning the three 

materials when 12 and 20 BF, detectors, respectively, are used around 

the ball. The ratio min/max indicates the quotient of the minimum and 

maximum of the detector efficiency at one configuration and can be used 

as a measure of the amplitude of the efficiency wave. The inner radius 

of the ball has been fixed at 10 cm, while the outer radii of the ball 

were so chosen as to satisfy demand c reasonably well. 

Because of the great difference of the efficiency waves in the case of 

graphite on the one hand and D,0 and CH. on the other, the combination 

of graphite and 20 BF. detectors seemed the best choice. 

Table 2.1 

Comparison of the ef

ficiency waves of the 

ball detector consisting 

of different slowing 

down materials 

mat. 

C 

D̂ O 

™2 

r . cm 
•2-

10 

10 

10 

r cm 
a 

23 

14 + 

11 

min 
12 det. 

0.82 

0.23 

0.26 

/max 
20 det. 

0.88 

0.33 

0.37 

It is to be noticed that in the case of D.O the outer radius should 

have been 17 cm for the sake of the comparison. This, however, 

would not have affected the conclusion. 
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with graphite as slowing down material, the inner radius of the ball 

r. = 10 cm, and demand a, the outer radius r of the ball can now be % o 

determined. 

Let the signal of the ball detector in the presence of the non-absorbing 

reference sample S„ (see Fig. 2.1) be i?, and in the presence of the 

unknown sample S, be iv'. Now i? - (/ is a measure of the neutron absorption 

in sample S.. Let f(R-W) be the standard deviation of (R-V). Demand o 

can now be written as: 

d f(R-W) 
R-W 

(2.2) 

When measuringjan estimate of the standard deviation of R and W can be 

made by taking the square root of the total number of counted detector 

pulses: //f and /W respectively, (24). And for f(R-W) can be written: 

f(R-W) _ /(R+W) , 
R-W R-W ^ -^^ 

With 

abs = -H- (2.4) 
R 

follows 

f(R-W) _ 1 , 2-abs ,, ,, 

With the boundary condition of sec. 2.2.1. of a fixed, maximum supply 

of neutrons ^(^), limited by the maximum permissible power of the 

ATHENE reactor, R and W can be written as: 

R = \ i(E).B(E).eff(r^,E) dE (2.6) 

and 

W = i(E).B(E).(l-abs(E)).eff(r ,E) dE (2.7) 
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B(E) is the energy-dependent transmission function of the neutron 

filter between the reactor core and the collimator opening used to 

shape the neutron spectrum; 

effir ,E) is the energy-dependent detector efficiency for an outer 

radius r of the ball; 

abs(E) is the energy-dependent neutron absorption in sample S.. 

With (2.4) follows: 

f 
^(E) .B(E) .abs(E) .eff(r.E) dE 

° (2.8) 
'i(E).B(E).eff(r^,E) dE 

The expressions (2.6) and (2.8) for R and abs cannot easily be solved 

analytically. For this reason a 26-group approach of the integrals 

has been made. 

The neutron spectrum 9(E) in the centre of the reactor core has been 

calculated with the computer code FAST ZOOM DELFT (see sec. 4.3.2.). 

Knowing 9(E), the transmission spectra <p(E) .3(E) of the three neutron 

filters used in the measurements of chapter 5 have been calculated 

by the computer code MCREVERSE (see sec. 4.3.3.). The efficiency of 

the ball detector at five different values of r has been calculated 
o 

using the computer codes MCLAAG, TREFKANS and MCBUIS (see sec. 4.2.). 

In Fig. 2.5 and Fig. 2.6 smooth curves have been drawn through the 

26 calculated points of the neutron spectra and the detector 

efficiencies, respectively. 

Finally, knowing the neutron spectra and the detector efficiencies, 

R and abs of formulae (2.6) and (2.8) have been calculated using the 

computer code MCTRANS (see sec. 4.4.), and the associated values of 

-—„ ,, have been determined for a 5-nim UO, sample. The results of 

the calculations are listed in Table 2.2. 

It appears from this table that the minimum uncertainty in the 

measurements can be expected at r - 21 cm for each of the neutron 

spectra. With samples of other thicknesses the optimum of the outer 
radius of the ball r also turns out to be 21 cm. 

o 
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Fig. 2.5 The neutron spectra behind the filters 

10 10^ 10" 10' 

Fig. 2.6 Detector efficiency for various outer 
radii (cm) of the graphite ball 

As discussed in sec. 3.5.2., the influence of the beam and of the 

oscillator passages through the graphite shell is considerably 

stronger upon fast-neutron than slow-neutron detection efficiency. 

As the detector efficiency calculations have not been corrected 

for the influence of the passages, the absolute values of the 

gradient of the curves of Fig. 2.6 are consequently somewhat too 

small. 
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Table 2.2 

A comparison of the expected 

uncertainties in the measurements 

at various outer radii of the 

graphite ball 

"o 
cm 

19 

21 

23 

25 

27 

abs 

0.0441 

0.0376 

0.0314 

0.0272 

0.0233 

R 

counts/s 

2370 

3340 

4350 

5310 

6360 

f(R-W) 
R-W 

0.0651 

0.0644 

0.0676 

0.0708 

0.0756 

cm 

19 

21 

23 

25 

27 

abs 

0.0454 

0.0425 

0.0385 

0.0352 

0.0315 

R 

counts/s 

4416 

5436 

6358 

7147 

8045 

f(R-W) 
R-W 

0.0463 

0.0446 

0.0456 

0.0470 

0.0496 

(a) filter 0 B^C 

TbT filter 4 Br 
4 

"o 
cm 

19 

21 

23 

25 

27 

(c) 

abs 

0.0256 

0.0206 

0.0163 

0.0139 

0.0117 

filter J 

R 

counts/s 

1280 

2080 

3030 

3970 

5060 

2Bn 

f(R-W) 
R-W 

0.154 

0.150 

0.156 

0.161 

0.170 

The outer radius of the ball has been fixed at 23 cm, which seems 

to be a fair choice. 

N.B. If the reactor power is not given as a boundary condition, the 

counting rate in each measurement should be raised to the highest 

level that is permissible from the electronic standpoint. When 

optimizing r ,the value of R can now be kept constant. The optimum 

value of r will be smaller in this case. 
0 
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Top view of the graphite ball detector 



3. THE PRACTICAL PERFORMANCE OF THE GRAPHITE BALL DETECTOR 

3.1. Introduction 

Between the principles of the design and the effectuation of the 

measuring system there is the difference of practice. 

To be able to produce reliable measurements, numerous problems had 

to be solved and various components had to be optimized. 

Especially the required accuracy of the measurements makes it in

evitable to study even the rather small disturbing effects. This 

chapter gives a review of the practical problems of the graphite 

ball detector. 

The corrections to be applied can be divided into a temperature 

independent group and a temperature dependent group. 

The temperature independent corrections are : the background signal 

(sec. 3.3.), the insensitive time of the electronic equipment 

(sec. 3.4.), the slowing down of the neutrons in the sample in 

combination with the deviation from the correct position of the 

dodecahedron with the BF, tubes (sec. 3.5.). 

The temperature dependent corrections are: the reference factor 

(sec. 3.6.), the secondary neutron absorption (sec. 3.7.), and the 

thermal expansion of the sample (sec. 3.8.). 

It is evident that to determine the temperature induced nuclear 

Doppler effect, the temperature dependent group of corrections is 

essential. To determine the resonance integral of the samples with 

the different neutron spectra, however, the temperature independent 

corrections are likewise indispensable. 

The chapter starts with a review of the equipment used in the 

experiments. 
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Fig. 3.1 Schematic top view of the experimental facilities 



3.2. Description of the experimental facilities and their main 

properties 

Fig. 3.1 is a schematic view of the experimental facilities. 

In the following the main components are described and briefly 

discussed. 

Optimizing the position of the neutron scatterer of lead, fixes at the 

same time the distance between the scatterer and the neutron filter 

in front of the collimator opening. The Pb scatterer is held in a 

tubular holder part of which has been removed to receive the neutron 

filter (see Fig. 3.2). The holder can be pulled out of the reactor 

core at the south side to change the neutron filter, which operation 

takes only a few seconds. 

To generate a well-defined neutron beam,a neutron collimator has been 

designed with several annular disks of boron carbide and conical 

cylinders of polyethylene between the disks (see Fig. 3.3). It has 

been so constructed that from the detector side of the collimator 

only the boron carbide disks and the Pb scatterer in the centre of 

the reactor can be seen. 

The graphite ball is positioned in front of the collimator opening. 

To give the neutron beam access to the ball there is a cylindrical 

beam hole in the graphite shell. See Fig. 3.4. An aluminium vacuum 

tube to reduce the background neutron scattering by the air is 

mounted in the beam hole. At the back of the graphite shell another 

neutron scatterer 
(1 1 cm lead S^Ucra) 

•//, B4C in 

g araldi te 

Fig. 3.2 Holder with neutron scatterer and neutron filter 
(no t to scale) 
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opening has been provided to make possible the measurement of only the 

neutrons scattered in the sample (See also sec. 3.5.). 

Neutrons not having interacted with the target sample just leave the 

ball. A graphite cylinder can be put into the hole at the back. 

On one end of the graphite cylinder a bismuth cylinder has been 

provided to reduce the influence of the deviation from the correct 

position of the BF tubes (Henceforth the Bi and C cylinders together 

will be referred to as the Bi-C scatterer). Sone relevant properties 

of the graphite have been measured: 
3 

density : 1.813 g/cm ± < 0.5% 

water content and volatile impurities : < 400 ppm by weight 

(normal hydrogen content of nuclear graphites is about 300 ppm by 

weight (35)) , ^ 

T. 



Impurity data as obtained from manufacturer (Anglo Great Lakes ' • 

Corporation Ltd., Nevjburn Haugh, England): 

graphite : nuclear grade A, type im2 

impurities : 

ash 300 ppm 

iron 50 ppm 

titanium 25 ppm 

vanadium 10 ppm 

boron 0.8 ppm 

thermal neutron absorption cross-section 4.15 mbarn 

Other properties of graphite have been extensively studied especially 

in the English literature. See for example (36,37). 

Around the ball a regular dodecahedron has been constructed to hold 

the 20 BF tubes. See Fig. 3.5. The dodecahedron can be rotated about 

a vertical axis to give the correct position to the BF, tubes in 

relation to the beam direction. When the oscillator tube is put through 

the ball, the free turn of the dodecahedron is rather small. To ensure 

controlling of the detector efficiency, it is also possible to vary 

the distance from each of the BF tubes to the surface of the ball. 

For a better signal/background ratio the BF tubes have been mounted 

tangentially to the ball. See sec. 3.3.2. 

To reduce the background signal, the ball detector has been surrounded 

by a wheelable cadmium box. Holes at the sides of the box permit 

passage of the oscillator tube, while a hole at the back makes possible 

easy handling of the Bi-C scatterer. 

The sample oscillator has been made of aluminium to reduce its 

influence upon the neutron beam. See Fig. 3.6. The oscillator tube 

consists of two sample ovens (or open sample holders) and several 

aluminium tubes with screw connections. The stroke of the pneumatic 

oscillator drive is about 80 cm. The oscillator drive has been fixed 

to the ground and the distance between it and the first oven as well 

as that between the two ovens can be controlled. 
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Fig. 3.6 The sample oscillator 

To reduce the neutron leakage through the oscillator holes in the 

graphite ball, graphite plugs have been mounted at both sides of the 

sample ovens in the oscillator tube. 

The construction of the sample ovens can be seen in Fig. 3.7. 

A cylindrical aluminium oxide sample holder has been fixed to the lid 

of the oven. The sample is heated electrically by means of a niobium 

wire wound around the sample holder. The oven is kept at a vacuum of 
-3 -2 

10 to 10 Torr to reduce heat transport by convection and to 

prevent oxidation of the samples. Between the sample and the aluminium 

wall of the oven tube four heat shields are provided to reduce heat 

transport by radiation. The sample temperature can be raised easily 

and rather fast up to 1200°C (10°C/min), while the temperature at the 

Fig. 3.7 The sample oven 
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outer wall of the oven does not exceed about 150 C. To prevent damage 

from thermal stress at the thermocouple and current leads through the 

oven lid, air cooling can be applied. Local perforations have been 

made in the oscillator wall for ventilation purposes, thus providing 

air cooling of the graphite ball as well. 

Some disadvantages of the ovens should be mentioned. 

The niobium wire becomes very brittle through heating and evaporates 

rather rapidly at elevated temperatures (> 900 C), which reduces the 

useful life of the ovens considerably (10-40 hours). 

At a breakdown of the heating current at temperatures over 800 C the 

temperature of the sample and the A1„0, holder decreases so rapidly 

that holder or sample or both often break. 

The 20 BF tubes (L.M.T. 15 Ne 14/ 5) are divided into four groups of 

five detectors, each group being connected to one of four pre-amplifiers. 

After passing through the main amplifier and the threshold discriminator 

of the Y pulses, the neutron signal is recorded by a PDP-9 (DEC) 

computer, which is programmed to eliminate most of the electronic noise 

pulses, to control the oscillator position, and to apply the corrections 

and formulae of sec. 3.10. 

3.3. Maximizing the signal/background ratio 

To maximize the signal/background ratio, the signal should be maximized 

and the background should be minimized. 

To maximize the signal, the material and the position of the scatterer 

in the centre of the reactor have been optimized. 

To minimize the background, several measures have been taken to reduce 

the influence of the reactor hall background and the influence of 

neutrons from the beam not hitting the sample. ' 

f 
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3.3.1. The neutron beam 

3.3.1.1. The neutron scatterer 

To maximize the intensity of the neutron beam at a constant reactor 

power, a neutron scatterer has been put in the centre of the reactor 

core. See Fig. 3.1. 

A good neutron scatterer should consist of a material with: 

- large l^ 

- Z (E) constant 1 eV < E" < 50 keV 
s 

- small Z 
a 

- heavy nuclei 

Nickel, iron and lead have been compared as scattering materials. 

See Fig. 3.8. 10 
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F i g . 3 . 8 S e v e r a l s c a t t e r e r m a t e r i a l s i n t h e c e n t r e 
of t h e r e a c t o r 

Lead giving a t l e a s t as much de tec tor s ignal as iron or n i c k e l , the 

other p rope r t i e s indicated i t as being the be s t choice of s c a t t e r i n g 

m a t e r i a l . 

The pos i t i on of the lead s c a t t e r e r has been optimized by a s e r i e s of 

measurements with the s c a t t e r e r in d i f f e r e n t pos i t ions in the 
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i r r a d i a t i o n tube. From Fig . 3.9 i t appears t ha t the optimum pos i t i on 

i s found between 5-20 cm north of the cent re p o s i t i o n . 

The neutron s c a t t e r e r used in a l l de t ec to r measurements i s a cyl inder 

of lead: diameter 40 mm; length 110 mm; p o s i t i o n 9-20 cm north of the 

centre p o s i t i o n . 

3 . 3 .1 .2 . The neutron beam profile 

To be sure tha t a l l neutrons coming from the col l imator do h i t the 

sample, a check has been made on the beam p r o f i l e . 
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Fig. 3.10 The neutron beam profile 
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The effective length of the neutron collimator is 1690 mm. At 3380 mm 

behind the collimator a scan of the beam profile has been carried out 

with a detecting opening of 4 mm diameter. See Fig. 3.10. 

No significant deviation from the expected beam profile has been 

observed. 

3.3.1.3. The neutron filters 

The position of the neutron filters has been chosen right in front of 

the collimator opening at the reactor side (see Fig. 3.1) to prevent 

as much as possible that the neutrons scattered by the air between the 

filter and the detector, should disturb the filtered neutron spectrum. 

To generate fast neutron spectra with a low energy tail as shown in 

1 1 

Fig. 1.2, a pure — absorber (or better E /v —) seems a good possibility. 

Three spectra have been used in the neutron absorption measurements of 

chapter 5. See Fig. 2.5. 

0 B.C: No filter has been applied. The thermal reactor spectrum 

scattered from the lead scatterer hits the sample. The cadmium foil at 

the detector side of the collimator (see Fig. 3.4) absorbs the thermal 

neutrons. 

4 B.C: A boron carbide disk of 4 mm in thickness generates an inter

mediate neutron spectrum. The cadmium foil at the detector side of the 

collimator absorbs the thermal neutrons that have passed the B.C 

filter and the thermal neutrons generated by scattering by the air 

inside the collimator. 

12 B.C: A boron carbide disk of 12 mm in thickness generates a fast 

neutron spectrum resembling the steam cooled fast reactor spectrum of 

Fig. 1.2. The cadmium foil at the detector side of the collimator 

absorbs the few thermal neutrons scattered by the air inside the 

collimator. 

In view of the maximization of the signal/background ratio, pure B 

filters would have been a better choice. 
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3.3.2. Improvements of the detector 

To maximize the signal/background ratio some improvements at the detector 

side have been made. 

To reduce the background neutrons from the reactor hall, a wheelable 

cadmium box has been constructed around the detector. 

The signal of the reactor hall background has been reduced by a factor 

35 by using the cadmium box. 

To stabilize the influence of neutrons scattering from the beam before 

hitting the sample, an aluminium vacuum tube has been fitted between 

the collimator opening and the centre of the graphite ball. See Fig. 3.4. 

It appears that the influence of the neutrons scattered by the aluminium 

front and end plates (thickness 0.5 mm) is about the same as that 

exercised by the neutrons scattered by the replaced air column. 

Changing the position of the BF, tubes with respect to the graphite ball 

from radial to tangential raised the detector signal by a factor 2.4, 

while the background signal remained about the same. The main cause of 

this improvement is found to be the neutron absorption by the heads of 

the BF tubes. 

3.3.3. The background signal 

Measurements of the background signal have shown the linearity of the 

dependence of the background on the reactor power. 

As a consequence it is possible to express the background signal as a 

constant fraction of the total reference detector signal, which makes 

it easy to correct for it by means of the computer. 

The results of the background measurements for the three different 

neutron spectra are listed in Table 3.1. 

bg is the cumulative background fraction of the reference signal 
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Table 3.1 

The measured background fractions of the reference signal 

hg 

bg(without 

Bi-C scatterer) 

wac 

0 Br 
4 

0.0872 

±0.0008 

0.0857 

±0.0008 

0.0534 

±0.0006 

4 B^C 

0.1134 

±0.0010 

0.1 117 

±0.0010 

0.0537 

±0.0008 

12 B^C 

0.1562 

±0,0012 

0.1530 

±0.0012 

0.0578 

±0.0010 

•ff̂ ĝ(see sec. 3.10.), caused by the reactor hall background and by the 

neutron scattering from the aluminium vacuum tube and the oven wall 

in front of the target sample. 

bg (without Bi-C scatterer) has the same origin as bg but is slightly 

smaller than bg because of the absence of the Bi-C scatterer. It is 

used when measuring the fraction of the detector signal due to neutron 

scattering in the sample (see sec. 3.5. and sec. 3.10.). In the 

computer corrections of the measurements of ch. 5, bg (without Bi-C 

scatterer) has been replaced by bg because of the very slight importance 

of the difference. 

wac is the background signal expressed as a fraction of the reference 

signal -S , (see sec. 3.10.), caused by the neutron scattering from the 

oven wall behind the sample and the air column behind the oven wall. 

wac is also used in the determination of the scattered fraction of the 

detector signal. 

3.4. The intensitive time of the detector 

Owing to the coupling of five BF tubes to one preamplifier, a rather 

long insensitive time of the detector after the recording of a pulse 

can be expected. This will lead to considerable counting loss, even at 
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moderate counting rates. So a correction for the insensitive time of 

the detector will be necessary. 

Let R, (R ) and W. (W ) be the true (measured) pulse rates of the 
t m t m "̂  

detector using the oscillator with a non-absorbing reference sample 

and an absorbing sample with about 0.5 x the reference signal, 

respectively. As the neutron spectrum does not change, the quotient 
D 

^ is independent of the reactor power. 
»t 
The counting rates Rm and P/;j, have been determined in a series of 1 1 

measurements at 11 different reactor power levels. 

The true pulses having a Poisson distribution, the relation between the 

measured and the true pulse rates is known (38): 
^t^ 

" "" Wr (3.1) 

W,=W e t m 

The insensitive time T of the detector which occurs after a pulse, has 

been determined with a least-squares fit: 

^ I (qi -q)^=0 (3.2) 
i 

with 

H - 1^. (3.3) 

and 

- 7 ^ r^fi 

t=l ^ t'v 

At q = 2.0595 ± 0.0022 the insensitive time is found to be 

T = 33.4 ys. 

The uncertainty in T, corresponding to the uncertainty in q depends 

on the counting rate of the detector and varies from 1 ys at 1000 p/s 

to 0.2 ys at 5000 p/s. 
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In all the detector measurements in the following chapters the counting 

rates to be mentioned have been corrected for the insensitive time. 

3.5. The position of the dodecahedron and the slowing down effect of 

neutrons in the target sample 

3.5.1. Introduction 

In the explanation of the principles of the graphite ball detector in 

sec. 2.1.3. some simplifications and omissions have been accepted 

implicitly. The main points are: 

(a) The amplitude of the efficiency wave diminishes with increasing 

neutron energy, so the correct position of the dodecahedron depends 

on the energy. 

(b) Neutrons scattered in a target sample do not only change their 

direction, but are also slowed down in their energy, which increases 

their detection efficiency. 

As the independence of neutron scattering in the sample is essential 

to the accuracy of the detector principle, the gradient of the 

efficiency wave in the beam direction and hence the energy dependence 

of the correct position of the dodecahedron should be minimal. 

For practical reasons described in sec. 3.5.2., a roughly correct 

position of the dodecahedron and the BF, tubes is chosen, so that a 

correction factor, cl2, has to be determined for each neutron spectrum. 

To obtain a good interpretation of the detector signal with a target 

sample in the ball, the fraction of the signal caused by the scattered 

neutrons must be corrected by the factor ol2 and by a factor cmod for 

the increase in efficiency due to the slowing down of the neutrons in 

the sample. 

The required accuracy of the corrections depends on the purpose of the 

measurements. 

If the detector is used to determine the nuclear Doppler effect of a 
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target sample, the quantity of interest D is the relative change of 

the absorption signal (for a more accurate definition of D, see sec. 

3.10). 

abs , - abs 

^- lbs ° <3.5) 
a 

abs (abs ) is the change of the detector signal caused by the neutron 

absorption of the warm (cold) sample. Both corrections do not depend 

on the sample temperature. 

Because abs -abs is a rather small quantity, the accuracy of D is of 

the order of 10% (see sec. 5.3.). So an absolute error of 1-5% of abs 

due to the temperature independent corrections can be accepted and a 

simple estimate of both corrections will be sufficient. If, however, 

the detector is used to determine the absolute value of the absorption 

signal abs , the corrections should be as accurate as possible. 

In the following sections two distinct ways to determine the corrections 

are described. The rather obvious experimental determination by means 

of sample substitution of sec. 3.5.4. gives a coarse approach of the 

combined corrections, which may, however, easily, lead to unacceptable 

errors. The mixed experimental and calculated determination of sec. 

3.5.5. gives a more accurate estimate of cmod and cl2. 

Both methods require the determination of the scattered fraction of 

the detector signal described in sec. 3.5.3. 

3.5.2. The position of the dodecahedron 

Before fixing the position of the dodecahedron the influence of the 

holes at the beam entrance and at the oscillator passage on both sides 

of the ball has to be considered. 

Measurements have been performed regarding the influence of a hole 

42 mm in dia. at the east side of the ball (Fig. 3.11), which can be 
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Fig. 3.11 

Measurement of 
the influence of a hole 
(dia. 42 mm) in the wall 
of the graphite ball 

compared with the hole of the beam entrance (dia. 40 mm). Assuming 

the scattering of the neutrons in a rather thin (3 mm) sample of 

lead is isotropic from the centre of the ball, the quotients of the 

detector signals (without hole)/(with hole) have been determined in 

the three standard spectra. See Table 3.2. 

Measurements carried out with an isotropic americium-beryllium neutron 

source in various polyethylene balls with diameters up to 13.6 cm in 

the centre of the graphite ball, have confirmed the energy dependence 

as well as the order of magnitude of the influence of the hole. 

On the basis of these measurements the influence of the oscillator 

Table 3.2 

The quotients of the detector signals (without hole)/ 

(with hole) in different neutron spectra 

spectrum 

0 Bf 

4 B£ 

12 B^C 

without hole 
with hole 

1.016 

1.017 

1.030 

statistical 
error (%) 

0.2 

0.3 

0.4 
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passage hole has been estimated at about 2-4% depending on the energy. 

Therefore, the influence of the beam entrance hole and the two 

oscillator passage holes together upon the overall mean detector 

efficiency of isotropically scattered neutrons varies from about 5 to 

10% depending on the energy spectrum. 

The majority of the neutrons in beam direction hitting the(closed) 

north side of the ball are detected at this side where there are no 

holes, and where, consequently, the influence is less than the above 

mentioned 5-10%. 

To reduce the difference between the influence of the holes upon the 

isotropically scattered neutrons and upon the neutrons flying in the 

beam direction, the bismuth cylinder (dia. 40 mm; thickness 40 mm) 

mentioned in sec. 3.2., has been mounted on top of the graphite plug 

(see Fig. 3.4). Part of the neutrons in the beam direction is now 

scattered in the bismuth cylinder, which has a more central position 

and which hardly changes the neutron energy. 

Fig. 3.12 shows the detection pattern around the ball, obtained from 
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successive measurements of the several BF, tubes in the case of the 

12 B.C spectrum. 

From this pattern an estimate can be made of the maximum and the 

minimum counting rates that are capable of being obtained as a function 

of the position of the dodecahedron (i.e. the amplitude of the 

efficiency wave in the beam direction). The maximum counting rate is 

found when a BF, tube is positioned just in the centre of the beam 

direction. The minimum is found when the beam points to the centre of 

a pentagon of the dodecahedron. With resp(a) as the response of a 

BF, tube in direction a, relative to the beam direction, the maximum 

counting rate, with an estimate of resp(O) = 75 (85) c/s, is: 

resp(O) + 2 resp(2.79Sj^) + 6 resp(4.70j^) + 6 resp(7.20j^) + 

+ 2 resp(9.21-j^) + resp(Tj) = 1056 (1066) c/s 

and the minimum counting rate is: 

5 resp(2.49j^) + 5 resp(5.29j^) + 5 resp(6.71-^) + 

TT I 
+ 5 resp(9.51-jj) = 1055 c/s 

So the order of magnitude of the amplitude is 1% or less in the 

12 B.C spectrum and with the Bi-C scatterer in the ball. 

As the difference between the influence of the holes upon the iso

tropically scattered neutrons and upon the neutrons flying in the beam 

direction is still more than about 1%, the BF, tubes in the positions 

closest to the neutron beam at the north side of the ball have to be 

lifted up some centimeters from the ball in order to reduce the 

efficiency in the beam direction and to compensate the stronger in

fluence of the holes at the other sides of the ball. 

Assuming the absorption and moderation by a 25-mm lead (trade quality) 

sample can be neglected, the correct position of the dodecahedron and 

the BF, tubes is found when the detector signal is not changed by the 

presence of the sample. 
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As the accurate experimental determination of the correct position 

takes a great deal of time, it is practical to choose a reasonable 

position by using the lead sample and to determine a correction factor 

ol2 afterwards for each energy spectrum. 

3.5.3. The scattered fraction 

Let W •, be the detector signal, corrected for the background, 

without a target sample: 

''abs,o = ] K(E).effj,(E)dE 

0 

(3.6) 

$ (E) is the quantity of neutrons per second at energy E incident 

to the sample holder. 

eff-,(E) is the detector efficiency of neutrons with energy E in the 

beam direction. 

Now put a sample into the sample holder. Let W , be the detector 

signal, corrected for the background: 

'^ bs ~ \ '^o^'^^-'^^^^-^fft,^^^ <i^ + i!^(E)\l-t(E)-abs(E) 

00 ^TT 

mod(E-^E',a).eff(E',n) dUdE' dE (3.7) 

0 0 

t(E) is the fraction of $ (E) passing through the sample without 

any interaction. 

abs(E) is the fraction of $ (E) absorbed in the sample. 
o 

mod(E-*EjU) is the probability density of neutrons with energy E of 

changing their energy to E" in the direction f! at the 

interaction in the sample. 

eff(E',Q) is the detector efficiency of neutrons with energy E' flying 

in the direction fl from the sample. 
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with the definition 
CO 4i^ 

I mod(E*E',n).eff(E',Q) diidE' 

eff^(E) 
mod(E) = — (3.8) 

(3.7) becomes: 

"abs " \^jE).t(E).eff^(E)dE + \'i^(E)\l-t(E)-abs(E) .mod(E) .eff^(E)dE 

0 0 (3.9) 

mod(E) can be seen as an apparent change in the number of neutrons 

leaving the sample after a scattering event. 

Now the scattered fraction sofv can be defined: 

'i^(E) l-t(E)-abs(E)\.mod(E).eff^(E) dE 

scfr = (3.10) 

abs,o 

and W , can be expressed as: 

oo 

''abs = \ %(E)^t(E).eff^(E) dE * scfr.W^^^^^ (3.11) 

0 

The quantity of interest in the Doppler or absorption measurements is 

the integral neutron absorption signal abs: 

$ (E).abs(E).eff.(E) dE 
O D 

abs =: (3.12) 

abs,o 

To be able to determine abs from the detector signals W , and 

W , , the part of the signal from the scattered neutrons, scfr.W , , 

must be corrected for the apparent change in the number of neutrons, 

due to the change in energy and the change in detection efficiency in 

other directions than that of the beam. 
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with the combined correction factors amod.al2: 

^^(E)[ l-t(E)-abs(E) •eff^(E) dE 

amod.ol2 = 

<ijE)\l-t(E)-abs(E)\.mod(E).eff^(E) dE 

0 
and with (3.6),(3.11) and (3.12) follows: 

(3.13) 

^u =^u .{l-abs+(l-cmod.ol2) .safr) abs abs,o ^ (3.14) 

abs - 7 -
abs 

+ (l-amod.ol2).scfr 
abs,o 

(3.15) 

Neglecting the influence of the new hole in the ball and' neglecting 

the signal from the neutrons scattered in the back wall of the oven 

and in the air column behind the sample, scfr can be measured by 

removing the Bi-C scatterer from the ball. The detector signal W , 

after correction for the background, is now: 

^^(E) l-t(E)-abs(E) .mod(E).effj^(E) dE 

0 

and scfr can be found from: 

(3.16) 

safr = 
W abs,o 

After determination of amod.al2, equation (3.15) can be solved. 

(3.17) 
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3.5.4. An experimental determination of the correction for the 

slowing down effect in the sample and for the position of 

the dodecahedron (amod.ol2) by means of sample substitution 

In the absorption measurements of chapter 5 the nuclear Doppler 

effect of U0„ and ThO. has been examined. 

Knowing that the temperature independent error of the absolute 

absorption may be several per cent (see sec. 3.5.1.), it is rather 

obvious to replace the UO. and ThO. samples by the non-absorbing PbO. 

to determine the combined correction cmod.cl2, neglecting the 

differences in the cross-sections and the molecule densities. As the 

neutron absorption cross-section of PbO„ is very small, the absorption 

signal abs may be taken zero. After measuring W , , W and W -, , 
^ •' ^ ab3,o sc abs 

the scattered fraction scfr and omod.al2 can be determined from (3.17) 

and (3.14). 

To get an impression of the accuracy of this substitution method, the 

values of amod for a series of PbO. samples and the UO. and ThO. 

samples of chapter 5 have been calculated with the Monte Carlo computer 

program MCTRANS (see sec. 4.4.). 

The results of these calculations are shown in Fig. 3.13. 

Now amod for UO. and ThO. turns out to be 1-4% smaller than amod for 

PbO., or, what is more relevant to formula (3.14), (1 - cmod) for U0„ 

and ThO. is 1.5 to almost 3 times as large as for PbO . 

In the calculations of MCTRANS the mean lethargy step of the elastically 

scattered neutrons has been recorded as well. Using the relations (4.8) 

and (4.9) it is easy to calculate amod in the case of elastic scattering 

only. Table 3.3 gives the results of the thin and the thick samples 

and shows the small differences due to elastic scattering. The great 

difference between the curves of Fig. 3.13 is apparently due to the 

difference in the inelastic scattering cross-sections. 

The influence of this great difference on abs of formula (3.15) varies 

from about 3% in the case of the thin UO, and ThO. samples, using the 

(7 B.C spectrum, to about 40% in the case of the thick samples and the 

fast 12 B.C spectrum. 
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Fig. 3.13 Intercomparison of the calculated slowing-down 
corrections amod for PbO., ThO. and UO. 
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Table 3.3 

Calculations of cmod in the case of elastic scattering only 

sample 

Pb02(thin) 

Pb02(thick) 

U02(thin) 

U02(thick) 

Th02(thin) 

Th02(thick) 

leth.step -AlnE 

0.0653 

0.0679 

0.0533 

0.0926 

0.0516 

0.0681 

amod 

(elastic sc.) 

0.9855 

0.9849 

0.9882 

0.9795 

0.9886 

0.9849 

The conclusion of this rather obvious substitution method must be that 

when testing heavy material samples, the differences in the influence 

of the slowing down due to inelastic scattering may easily become 

unacceptable and will not be used in the measurements of chapter 5. 

3.5.5. A mixed experimental and calculatory determination of amod.al2. 

A more accurate way to determine amod separately has already been 

indicated in sec. 3.5.4. 

If only the inelastic scattering cross-section of a sample material 

and its chemical composition and density are rather well known, the 

slowing down correction amod can be calculated by the Monte Carlo 

computer code MCTRANS. The way in which amod is calculated by MCTRANS 

will be described in sec. 4.4. 

amod has been calculated for the UO. samples used in the measurements 

of chapter 5. The results are shown in Fig. 3.13. The accuracy of the 
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calculations is mainly determined by the accuracy of the inelastic 

scattering cross-sections. 

Schmidt (29) gives an extensive comparison of the inelastic scattering 

cross-section measurements carried out by several authors and referring 

to different materials; a typical value of the inaccuracy ^'^^^^1'^'^i^el 

appears to be 10-20%. 

To get an idea of the influence of this inaccuracy, the calculations 

of cmod for ThO (thin and thick samples) have been repeated,supposing 

a reduction of the inelastic scattering cross-sections by 10% and 20% 

respectively. Table 3.4 gives the comparison of these calculations. 

Table 3.4 

The influence upon amod of the inaccuracy of the 

inelastic scattering cross-section of ThO^ 

amod of ThO samples in 12 B C spectrum 

sample 
thickness 
mm 

2.6 

15 

a. ,- 0% 
vnel 

0.9596 

0.9457 

a. , - 10% 
vnel 

0.9621 

0.9490 

a. ^,- 20% %nel 

0.9646 

0.9526 

After calculating amod, the correction factor al2 has yet to be 

determined. 

The mean detector efficiency for neutrons leaving the sample after one 

or more collisions in the sample is further influenced by the slowing 

down in the furnace sample holder (Al.O,), by the holes in the graphite 

ball (see sec. 3.5.2.) and by the deviation from the correct position 

of the dodecahedron and the BF, tubes. The correction for these 

influences is taken together in the correction factor al2. 

Therefore a detailed calculation of cl2 would be very complicated. 

Assuming the influence of the sample material on ol2 is small, cl2 can 

be determined experimentally by means of a reference material with 

very well-known properties. 
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Fig. 3.14 Comparison of amod as calculated and cmod.cl2 
as measured for several graphite samples 
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As the inelastic scattering cross-section at energies below 5 MeV is 

known and since the absorption cross-section of carbon can be neglected, 

while the scattering cross-section is nearly constant up to 200 keV, 

al2 has been determined for several graphite samples (nuclear grade A, 

type im2, see sec. 3.2.) by calculating cmod and measuring omod.al2. 

The results are shown in Fig. 3.14. 

The values of al2 in the three different neutron spectra can be seen 

as a measure of the energy dependence of the accuracy of the graphite 

ball measurements. The values of cl2 will be rather accurate for 

measurements with other sample materials than carbon, if only the 

spectrum of the scattered neutrons is not very different from the 

incident spectrum on the sample. 

If the scattered neutron spectrum is faster than the incident spectrum, 

as is the case with strongly absorbing samples, cl2 from Fig. 3.14 

tends to be too low. If the scattered neutron spectrum is softer than 

the incident spectrum, as is the case with hydrogen, cl2 will be too 

high. 

3.6. The reference factor 

3.6.1. General 

To be able to reduce the influence of short-term and long-term changes 

in the reactor power, the air humidity, the graphite ball temperature 

and other circumstances, the graphite ball detector has been equipped 

with a sample oscillator having two sample ovens, which can be 

positioned in the graphite ball alternatively (see Fig. 3.1). 

The east side oven contains a reference sample consisting of 25-mm lead 

and is not heated. The west side oven contains the unknown sample. 

The detector signal /? , , with the east side oven and the reference 

sample in position and with the Bi-C scatterer in the ball, can be 

used as a reference signal. The detector signal R , with the east side 

oven and the reference sample in position but without the Bi-C scatterer, 

being related to R •, by 
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biaratio = •= (3.18) 
sc 

can be used as a reference signal in the measurements without the 

Bi-C scatterer. 

With 

(3.19) 

re 

ref^ 

lation 

abs 

-

(3 

= 

abs 
W 
abs,o 

. 15) becomes: 

^ "abs-^'fb 

abs 
+ (l-amod.al2).safr (3.20) 

and with (3.18) and (3.19), relation (3.17) becomes: 

"sa-^^h 
"̂ ^̂ "fl .biaratio (3-2'> 

so 

When the west side oven is heated, the aluminium oven wall, and hence 

the west side of the oscillator tube, is heated also. The temperature 

of the outer oven wall may reach about 150 C at a sample temperature 

of 1200°C. 

The counting rate of the graphite ball detector is now influenced by 

two effects: 

- Owing to the expansion of the aluminium oscillator tube, the graphite 

plugs at both sides of the west side oven are moved westward from 

their cold position 0.5-1 mm (at 1200 C sample temperature). So the 

influence of the oscillator passage holes, as discussed in sec. 

3.5.2., is changed. 

- The temperature of the graphite plugs at both sides of the west side 

oven is also raised to about 80 C (at 1200 C sample temperature). 

The peak of the "Maxwell-Botlzmann spectrum" of the thermalized 

neutrons in the plugs shifts towards higher energy, which reduces 

their detection efficiency in the BF, tubes. 

The influence of these temperature dependent effects may be expected 
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to be different (i.e. stronger) for the scattered neutrons from that 

for the neutrons in beam direction. 

Formula (3.20) may now be written as: 

"abs-^^h^^"^^ 
abs = 1 5 + {l-amod.al2.ref (exp)}.safr i.i.11) 

^abs ^ ^ 

ref-, (exp) is ̂ e A as a function of the oscillator expansion exp which 

is used as a measure of the effects mentioned above. 

ref (exp) is the additional correction needed for the scattered 

neutrons as a function of the oscillator expansion exp and formula 

(3.21) becomes: 

W 
so 

.ref-^(exp) 

''f" = g, .biaratio ^3.23) 

so 

Sec. 3.6.2. gives the measurements of biaratio, ref-, (exp) and 

Pef^^(exp). 

3.6.2. Measurement of the temperature dependent reference factor 

The ratios of the reference signals R , and R have been measured 

for the three standard spectra by repeated measurement by turns of 

R -, and /? . abs sc 
The results are shown in Table 3.5. 

The temperature dependent reference factor for neutrons in the beam 

direction has been measured by heating the empty west side oven and 

measuring the detector signals and the total oscillator expansion 

simultaneously. With abs = 0 and safr = 0 it follows from formula 

(3.22) that 

refj^(exp) = ^-^ = jf^ (3.24) 
abs abs,o 

As a matter of fact, ol2.ref (exp) may be looked upon as a temperature 

dependent (expansion dependent) value of al2. 
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spectrum 

0 B^C 

4 B^C 

12 B^C 

biaratio 

1.7151 

1.7493 

1.7952 

statistical 
error 
% 

0.05 

0.07 

0.10 

Table 3.5 

The biaratio values 

corresponding to the 

standard neutron 
spectra 

The results are shown in Fig. 3.15. The expansion (temperature) 

dependence of ref-, turns out to be so weak that ref-, (exp) can be 

kept constant without grave errors. 

The relation between the total oscillator expansion and the sample 

temperature depends on the air cooling which is applied to the inner 

surface of the oscillator tube. The temperature values on the abscissa 

of Fig. 3.15 correspond with the normal performance of the equipment 

in the measurements of chapter 5. 

The temperature dependent additional reference factor for the scattered 

neutrons has been measured with several graphite samples in the west 

side oven. After measurement of W and R without Bi-C scatterer , 

safr is found from (3.23). With abs = 0 and using amod.cl2 from Fig. 

3.14, ref (exp) can be found from (3.22): 

^efgjexp) 
'abs-^'^'^'f''^ -"abs-^'^h 

R , .safr.amod.al2 abs •' 
(3.25) 

The results are shown in Fig. 3.16. 

Because of the fixed point at ref^J.exp=0) = 1.000, the inaccuracy of 

ref decreases with decreasing exp and is of the order of 0.002 at 
•̂  sc 

exp — 1.5 mm. 
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3.7 . Secondary neutron absorption 

3 . 7 . 1 . General 

Up to here the tacit assumption has been made that neutrons, after 

leaving the sample do not reenter it. 

With the Monte Carlo computer code MCLAAG (see sec. 4.2.) the number 

and the spectrum of the neutrons reentering the sample after one or 

more collisions in the graphite shell have been calculated. 

Although the geometrical probability of hitting the sample from any point 

of the graphite shell is smaller than 1%, the joint probability of 

the secondary neutrons hitting the sample turns out to be 2.4-4.8% 

for sample thicknesses varying from 1 to 20 mm. 

In Fig. 3.17 the primary and secondary neutron spectra incident to the 

sample are shown. 

Owing to the much slower secondary neutron spectrum and the rather 

great probability of secondary neutrons hitting the sample, the effect 

of the secondary neutron absorption may not be neglected. 

For the Doppler measurements it is important to distinguish between 

secondary neutron absorption inside and outside the resonance region, 

as only the secondary neutron absorption in the resonance region will 

contribute to the Doppler effect. 

In sec. 3.7.2. the total secondary absorption of the UO. and ThO 

samples of chapter 5 will be measured, while the resonance region 

contribution will be calculated separately. 

The measurements of chapter 5 will be corrected only for the "cold" 

secondary neutron absorption. As a consequence, the resulting Doppler 

effect will be somewhat too high. See also sec. 5.3. 

3.7.2. Measurement of the secondary neutron absorption 

To be able to measure the secondary neutron absorption, a special 

frame has been constructed in the open sample holder (the sample oven 

can be replaced by an open sample holder) in which it is possible to 
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mount two t a r g e t samples a t a time. The primary sample i s held in the 

usual c e n t r a l p o s i t i o n . The secondary sample i s pos i t ioned a t the west 

s ide of the primary sample, outside the primary neutron beam. The 

secondary sample only cont r ibutes to the absorpt ion s igna l by means of 

secondary neutron absorpt ion . Thus, using two i d e n t i c a l samples, the 

secondary neutron absorpt ion can be found from the d i f fe rence between 

the absorp t ion s igna ls with and without the secondary sample. 

Neglecting the neutron sh ie ld ing from each other and the inf luence of 

neutrons d i r e c t l y h i t t i n g the secondary sample a f t e r s c a t t e r i n g from 

the primary sample, the secondary neutron absorpt ion s igna l s of the 

UO. and ThO. samples of chapter 5 have been measured. The r e s u l t s are 

shown in Fig. 3 .18. 
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To get an impression of the resonance part of the secondary absorption 

signals, calculations of the contribution of the secondary resonance 

absorption of the UO. samples have been made using the Monte Carlo 

computer code MCTRANS with changed source routine (see sec. 4.4.). 

The results are also shown in Fig. 3.18. 

The measurements of chapter 5 will not be corrected for the secondary 

part of the Doppler effect. A possibility of correcting for the 

secondary part of the Doppler effect would be the construction of an 

oven with a double sample holder and carrying out two series of 

measurements, one with and one without secondary sample. 

A much more attractive way to get rid of the secondary neutron 

absorption would be to so reduce the ratio of the sample size to the 

ball diameter that the effect could be neglected. See also chapter 6. 

3.8. The thermal expansion of the target sample 

When heating the oven, the molecule density of the sample decreases 

owing to its thermal expansion. Both neutron absorption and neutron 

scattering in the target sample will decrease as well, which may 

influence the Doppler effect to be measured. 

The change in the number of neutrons scattered in the sample is found 

at each temperature by the separate measurement of safr. No special 

corrections need to be applied. 

With n(T) as the temperature dependent molecule density of the target 

sample and a,(E,T) and a , (E,T)as the temperature dependent neutron 

total and absorption cross-section at energy E respectively, the 

probability density of an absorption interaction in the sample of a 

neutron with energy E, flying in any direction with coordinate x, is: 

-m(T).a (E,T).x 
n(T).a , (E,T) e (3.26) 
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with a maximum available track length L in the sample, the integral 

probability of an absorption interaction is: 

!• -n(T).a (E,T).x 
n(T).a^^^(E,T) e ^ dx (3.27) 

Assuming an isotropic expansion, with linear expansion coefficient a, 

the molecule density at temperature T.. can be found from n(T ) : 

n(T ) 
n(T)= (3.28)-

(1 + aM)^ 

with tiT = T^ - Tg (T^ > TJ 

The maximum available track length after expansion, at temperature T.., 

is L(l+aAT) and the integral probability of an absorption interaction 

becomes: 
n(TJ 

:3\bs^^'^i^^ '^ = 
(1 + aArr 

n(T ) 
•o (E,TJ.L 

'abs^^'^1^ f, (l..^T)' ^ ' ^ 
a^(E,T^) '•' ^ (3.29) 

which would be the integral absorption probability in a sample without 

thermal expansion, but with the same cross-sections and the same 

dimensions, at a maximum available track length L and molecule density 

n(T) o 

(1+aM)^ 

Measuring a series of samples with varying sample thicknesses, as will 

be done with the UO. and ThO. samples in chapter 5, there is a possibility 

of correcting graphically for the thermal expansion. In the curve abs = f 

(sample mass), the observed values abs(T^) are noted down at the sample 
g -' 

mass i-i+Kw))) in stead of at the true sample mass g . The resulting 
curve through these points is now corrected for the thermal sample 
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expansion. The corrected value of the absorption signal, Cexp.abs, at 

the true sample mass g can be calculated. 

With Cexp.abs = abs + Aafos (3.30) 

and Aafcs = [A^I X ̂ * i (3.31) 

and knowing — 3 — from the graph, Cexp can be found: 

^^-P-'^^-^^^^^'-h-^ <3.33) 
(1 + aM)'^ °-^^ ^^ 

^o 
The importance of the correction at a given AT depends on —7— and 

— 1 — . The strongest effect is found at the 0 B .0 spectrum and the 

biggest sample. 

At Ay = 1200 C and using the expression for the linear expansion of UO. 

(40): 

% expansion = 2.1481 x 10~''(M)^ + 8.4217 x 10~^t.T + 3.0289 x io~^ 

(AT in ^C) (3.34) 

the value of Cexp for the 20-mm UO. sample (^g = 262.67 g ) , i s : 

Cexp - 1.014 . 

Owing to this correction the Doppler effect D (see sec. 3.10.) rises 

from 0.060 to 0.075. The corresponding values for the 1-mm UO. sample 

(S'„ ~ 14.11 g) in the 0 B ,C spectrum are : 

Cexp = 1.0094, and D rises from 0.358 to 0.371. 

The measurements of chapter 5 will be corrected for the thermal 

expansion effect on the absorption signal. The linear expanion 

coefficient of UO. is found from expression (3.34), while the linear 

expansion coefficient of Th02 will be put to 9.67 ^ 10~^/°C (41). 

58 



3.9. The sample temperature distribi^tion and position 

The temperature distribution of a 6-mm Al.O, sample has been measured 

at several temperatures up to about 1250 C. Three thermocouples 

Pt to Pt(10%Rh) were attached to the sample as indicated in Fig. 3.19, 

while a fourth , used as a reference, was fixed at the Al 0, sample 

holder. 

sample sample holder V 
lid, 

Fig. 3.19 

Thermocouple position on 
the sample in the 
temperature distribution 
measurements 

From Table 3.6 it appears that the temperature differences over the 

sample are so small that the temperature in the sample may be considered 

constant. Less extensive measurements of a 7.5-mm UO sample have 

confirmed the flat temperature distribution. In view of the small Doppler 

induced changes in absorption rate at temperature changes of even 50 C, 

the influence of the temperature distribution over the sample will be 

neglected in the neutron absorption measurements. 

Table 3.6 

Temperature distribution 

over a 6-mm Al.O, sample 

temp 1 

Oc 

575 

920 

1095 

1245 

temp 2 

Oc 

550 

900 

1070 

1220 

temp 3 

"c 

575 

915 

1080 

1235 

temp 4 

"c 

590 

940 

1190 

1375 
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Table 3.7 

Sample position at 

different temperatures 

T 

"c 

20 

800 

1200 

As (mm) 

± 0.1 mm 

0 

- 0 . 5 

- 0 . 0 5 

M 1 
mm 

0 

0 . 6 3 

1.80 1 

The influence of the sample position upon the detector signal has been 

measured. 

(a) Even when a 10-mm UO. sample was removed 1.5 mm from the centre 

position in the direction of the oscillator axis, no significant 

change in the detector signal was perceived with or without Bi-C 

scatterer. 

(b) Changing the sample position in the direction of the axis of the 

neutron beam within the limits of the sample holder caused no 

perceptible signal change. 

(a) Even a 2° rotation of the sample about the oscillator axis caused 

no significant signal change, while the normal play of the oscillator 

tube around its axis is < 30'. 

(a) The reproducibility of the position of the cold sample has been 

measured during oscillator operation, and it appeared to be within 

about 0.01 mm. 

The reproducibility of the "cold" position of the sample, after being 

heated, appeared to be of the order of 0.1 mm. 

The sample position was measured at several temperatures, using a 

Y source and a very narrow line-shaped Y collimator. 

In Table 3.7 As indicates the change of the sample position, while AZ-

is the observed total expansion of the oscillator tube. Al and As are 

opposite in direction. The maximum sample displacement of 0.5 mm was 

perceived at about 800 C. 

Conclusion: In the neutron absorption measurements no corrections due 

to the sample position need to be applied. 
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3.10. Review of the applied correction factors, definitions and 

relations 

After the description of the separate corrections to be applied to the 

detector signals, it may be useful to give a review of the defined 

quantities and their relations: 

R -, (R -, ) is the detector signal when the east-side sample oven with 

a 25-mm lead sample and the Bi-C scatterer are inside the graphite ball 

corrected for the insensitive time of the detector and (not) corrected 

for the background signal. 

W , : ditto without a sample. abs,o ^ 

W (W ) : as W -, but without Bi-C scatterer. se sc abs 

abs expressed as a fraction of W , is the absorption signal, 

disappeared owing to neutron absorption in the unknown sample. 

primabs (primabs and primabs respectively): ditto owing only to 

primary neutron absorption in the unknown (cold and warm respectively) 

sample. 

seaabs: ditto owing to secondary neutron absorption only. 

D is the relative change in the primary absorption signal, caused by 

the temperature induced nuclear Doppler effect. 

bg is the fraction of R •, caused by the background neutrons from 

outside the detector and scattered from the neutron beam on all the 

matter in front of the sample. 

Wac expressed as a fraction of i? , is the portion of the signal caused 

by background neutron scattering from the beam on all the matter behind 

the sample holder, without a sample in the ball and the Bi-C scatterer 

being removed. 

scfr expressed as a fraction of W , is the fraction of the signal 

caused by neutrons scattered from the sample. 

al2 is the correction to be applied to safr, necessitated by the 

influence of the holes in the graphite ball and by the deviation from 

the correct position of the dodecahedron and the BF, tubes. 

amod is the correction to be applied to safr, owing to the change in 

the detector efficiency of the neutrons after being slowed down in 

the scattering process in the sample. 
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biaratio = 
abs 

sa 

ref, 
abs 

b W , 
abs,o 

ref (exp) i s the add i t iona l cor rec t ion to be applied to scfr owing to 

the o s c i l l a t o r expansion exp and the r i s e in temperature of the graphi te 

plugs in the o s c i l l a t o r tube around the heated west-s ide oven. 

Cexp i s the co r r ec t i on to be applied to the absorpt ion s i g n a l , owing 

to the thermal expansion of the sample. 

The following r e l a t i o n s are used for the background c o r r e c t i o n , which 

i s almost independent of the presence of the Bi-C s c a t t e r e r and the 

d i f fe rence between the e a s t - s i d e and the wes t - s ide oven: 

'abs = 'abs'' - ^^^ (3.35) 

R = IT - bg.lt sc sa " ' 
,0 
aba 

W abs abs €,,. - bg-RZ abs 

W = {f - bg.R°-, 
sa so ^ abs 

(3.36) 

(3.37) 

(3.38) 

The s igna l s R , and R ( i . e . when the e a s t - s i d e oven is in the b a l l ) 

a re used as reference s i g n a l s . The r e l a t i o n s between the e a s t - s i d e 

and the wes t - s ide s igna ls a r e : 

abs 1 - abs + safr{l-omod.al2.ref (exp)] 
sa ""^fh 

(3.39) 

and 

H ^ + {1 - abs - amod.cl2.ref^Jexp).safr}waa 
b l̂ ef, ' sc 

.biaratio.R sa 
(3.40) 

The absorption signal abs can be found from (3.39): 

'abs - "'^h-^abs ^ ^<'M^-<^od.ol2.ref^^'^^'Kbs 
abs (3.41) 

abs 
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The scattered fraction signal scfr can be found from (3.40): 

W - (1-abs).wac.biaratio.R 
safr = - ^ (3.42) 

{ . - amod.al2.ref (exp).wac}.biaratio.R 

The secondary absorption signal secabs is found from separate 

measurements and the primary absorption signal primabs is now: 

primabs - abs - seaabs (3.43) 

After measuring the hot and cold absorption signals, the 

nuclear Doppler effect D is found from: 

Cexp.primabs - primabs 

primabs 

No correction is applied to D for the temperature dependent part of 

secabs. 

No correction is applied to safr for the hole of the Bi-C scatterer. 

» 
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4. THE CALCULATION PROGRAMS 

4.1. Introduction 

To verify well-known sample measurements of the graphite ball 

detector on the one hand, and to be able to evaluate unknown sample 

measurements on the other, calculations have been made. A detector 

counting result, or detector integral, DI may be represented by 

DI = I •i(E).tr(l,l(E)).eff(E)dE (4.1) 

'i(E) is the total amount of neutrons per unit energy incident to 

the sample. 

tr(l,T.(E)) is the transmission function of the sample with thickness 

I and macroscopic cross-section Y.(E). 

eff(E) is the mean detector efficiency for neutrons with energy E. 

After calculation of i(E), eff(E) and tr(l,T,(E)) of a well-known 

sample, a check on DI can be made. When, however, i(E) and eff(E) 

are known by calculation, and dl is a reliable measurement result, 

the mean value of tr(l,Z(E)), and hence a mean value of T.(E) 

of an unknown sample can be determined. Solving Z(E) from tr(l,l.(E)), 

however, is beyond the scope of this work. 

This chapter gives a review of the programs and models used to 

calculate 9(E), tr(l,T.(E)) and eff(E) , starting from literature 

cross-section data. 

For the practical performance of the calculations formula (4.1) has 

been approached by the discrete representation: 

DI=l9^.tr(l,,^).eff^.^^ (4.2) 

where 9 , Z and eff are the constant values of 9(E), Z(E) and 

eff(E) on the energy interval AE , with g as the index of the group 

number. 
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Section 4.2. gives the calculation of the mean detector efficiency 

eff J for the different energy groups. The computer codes MCLAAG, 

TREFKANS and MCBUIS have been designed especially for this purpose. 

Section 4.3. shows the calculation models of the programs used to 

determine the different neutron spectra. The computer code FAST 

ZOOM DELFT for the calculation of the neutron spectrum in the 

ATHENE 2-core system has been copied from existing work. Special 

attention is requested for the computer program MCREVERSE for the 

calculation of the neutron spectra resulting from the filter system 

and the neutron collimator. A new technique is introduced, which may 

be indicated as "backward Monte Carlo game", the theory of which 

is to be found in the Appendix. 

Section 4.4. gives the model and the special features of MCTRANS, 

which is a computer code especially designed to calculate the 

transmission tr(l,Z ) and other properties of the sample. 
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4.2. The detector efficiency 

The mean detector efficiency eff for the neutrons with energy E 
9 y 

incident to the inner wall of the graphite ball, is found by 

calculating the mean probability of being detected by the 20 BF, 

detectors, which are mounted around the ball. 

When designing the calculations, the possibility of a polyethylene 

socket with variable wall thickness around each of the BF, tubes 

was included . The sockets provide the possibility of an easy 

variation of the detector efficiency function. The experiments 

with the sockets are not yet finished and so will not be 

mentioned in the following. The calculation scheme, however, takes 

account of the possibility. Therefore the calculations have been 

divided into two main programs MCLAAG and MCBUIS and an auxiliary 

program TREFKANS. See Fig. 4.1. 

properties 
BF tube 

ball d imens ions 
cross-sections 

E 
s 

V-MCLAAG K(E E_a .) 
-o-ir 

TREFKANS 

MCBUIS ^eff(E^) 

T(<^j^e^aJ 

U(^^,^a.) 

Fig. 4.1 Calculation scheme of detector efficiency 

MCLAAG describes the neutron transport in the graphite ball. 

TREFKANS determines the probability of hitting a BF, tube of a neutron 

leaving the graphite ball. MCBUIS calculates the detection probability 

of a neutron hitting a BF, tube. 

To solve the neutron transport equation, the programs MCLAAG and 

MCBUIS utilize the standard Monte Carlo technique, as described by 

Cashwell (42) and Spanier (43). Both programs take account of neutron 

absorption and elastic scattering reactions. The collision kernel is 

based on the principle of isotropy in the centre-of-mass system for 
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all energy groups, except for the thermal group, in which isotropy 

in the laboratory system is used. The techniques of "particle 

splitting" and "Russian roulette" are used to improve the speed of 

variance reduction. 

The Monte Carlo computer code MCLAAG describes the neutron transport 

in the graphite ball. The model of the ball is simplified by 

neglecting the holes of the beam entrance and the oscillator passage. 

Fig. 4.2 The calculation model 
of the graphite ball 
in MCLAAG 

See Fig. 4.2. The Monte Carlo neutrons are started from the centre 

of the ball, in energy group s, with energy E . By repeated 
s 

selection of neutron tracks, like A (see Fig. 4.2),MCLAAG determines 
the distribution of the energies E (< E ) and the directions a . 

o - s J 
of the neutrons leaving the ball. The output is recorded in the 
three-dimensional array K(E ,E ,a .). In most calculations E and E are 

s o J s o 

discretized in the 26-group ABBN set (44) and a . is discretized by 

the relation of the lower limits of the groups of solid angle: 
cos a . + (1 - sin a .; j 

5 — = 1 - -. (4.3) 

2 jmax 

where jmax is the total number of groups of solid angle. 

If requested, MCLAAG also furnishes the two dimensional array 
K(E ,E„ ) , which gives the probabilities of the neutrons reentering 
the sample at energy E„ (< E ) after being started from the centre 

of the ball with energy E and after being scattered once or more 

times in the graphite, like track B in Fig. 4.2. The neutrons 
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reentering the sample from the graphite are called the 'secondary 

neutrons'. See also sec. 3.7. 

The computer code TREFKANS gives the probability of hitting a BF tube 

of a neutron leaving the graphite ball. TREFKANS uses a network of 

meshes on the surface of the graphite ball, each of which is deter

mined by the angle coordinates ({>, and 6-, for mesh (k,l). See Fig. 4.3. 

( EF3 _ (J 

Fig. 4.3 The calculation model 
of TREFKANS 

The output of TREFKANS consists of the three-dimensional arrays 

T(<ii.,6.j,a .) and U('l>,,By,a.). The elements of T give the probability of 

hitting a BF tube, fixed at ;, of a neutron which has left 

the ball at mesh (k,l) with a. (see MCLAAG) as the angle of departure 
J 

from the surface of the ball. The elements of U are the corresponding 

limits of the azimuth for a neutron to hit the BF, tube. 

The mean probability T(a •) of hitting the BF, tube of any neutron 
d ^ 

leaving the ball at the angle of departure a ., is found from: 
(7 T(a.) 

J 
1 

K.L 
II T(^^,6y,a.) 
Ik ^ '• •• 

(4.4) 
'k'^i' r 

where K and L are the total number of meshes in the direction of 

(|> and 0 respectively. 

The surface areas of all meshes have been chosen equal and the 

number of meshes has been so chosen (K = 20, L = 40 on an octant 

of the ball) that T(a .) varies less than 1% at a further increase 
J 

of K and L. 
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The Monte Carlo computer code MCBUIS calculates the detection probabil

ity of a neutron hitting the BF, tube. 

The input of MCBUIS consists of the physical properties of the BF 

tube and the output arrays K(E ,E ,a .) of MCLAAG and T(^-,,Q-.,a.) and 
S O J K u J 

l^(i>y,^-j,^ •) of TREFKANS. To calculate eff(E ) , the starting energy E 
K L Q S O 

and the angle of departure from the surface of the ball a . are 

selected from the distribution of the two-dimensional section of 

K(E ,E ,a .) in the case of the fixed group of interest s. The mesh of 
s' o' 3 e. 1-

departure is now selected from the normalized distribution 

T(^.,,6y,a.)/(K.L.T(a.)) and the corresponding azimuth to hit the BF 

tube is found from U(<^.,,8..,a.). 

Finally, eff(E ) for the 20 BF tubes together is found from: 
S J 

^ff(E) =1111 K(E E ,a.). "_ ^ K.L.f(a ) . 
I k 3 o s o j K.L.T(a.) ^ 

V 

D(E^,o..,if^,8^) X 20 (4.5) 

where D(E ,a •,<i>-j^,B.j) is the mean detection efficiency for neutrons 

leaving the surface of the ball under the conditions E .a.,(j 

o' 3 

The detector efficiency has been calculated in the 26-group ABBN 

cross-section set (44). The results are shown in Fig. 4.4. See also 
Fig. 2.6 for the comparison of eff(E ) for different ball diameters. 

The accuracy of the joint calculations of the detector efficiency 

has been estimated by repeating the calculations with different 

random generators in the Monte Carlo programs. The estimated 

statistical errors of the individual group values are indicated 

in Fig. 4.4. 

To check the influence of cross-section errors on the calculated 

detector efficiency, the cross-sections of the graphite have all 

been multiplied by 1.04. The calculation results are shown in Fig. 

4.4. To be able to evaluate these calculations, some remarks of 

Schmidt (45) concerning the total cross-section of graphite are 

quoted: 
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10 ' • A' • • —-Y • •—'T^^ • '; • ' ' ' 
10° 10^ 10^ 10^ 

Fig. 4.4 The calculated efficiency of 
the graphite ball detector 

- "The recommended a (thermal) value of 4.71 b may, at worst, be a 

few % too small". 

- "The overall accuracy of the recommended a values below 1.4 MeV 

is estimated to be between ± 5% and ± 10%". 

Owing to the influence of the holes in the ball, the real overall mean 

detector efficiency will be 5 to 10% lower than the calculated value, 

depending on the neutron spectrum (see sec. 3.5.2.). 

For further error discussion see sec. 5.3. 

4.3. Calculations of the neutron spectra 

4.3.1. Introduction 

For the purpose of valuable calculations of the detector integrals, 
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as represented by formula (4.1), in the case of resonance absorption 

samples, like UO. and ThO,, the neutron spectrum should satisfy the 

following conditions: 

- The gradient of the spectrum in the resonance area (3 eV < £" < 

50 keV) should be known. 

- There should be neither coincidence nor overlap of flux dips or flux 

peaks with the resonance peaks of the sample material. 

The gradient of the reactor spectrum has been calculated by means of 

the computer code FAST ZOOM DELFT, which is based on one-dimensional 

neutron diffusion theory. See sec. 4.3.2. An experimental check 

on the calculations of FAST ZOOM DELFT has been made with proton 

recoil measurements of the high-energy range and a series of 

B.C measurements of the lower energy range. See sec. 5.1. 

The gradients of the B.C-filtered collimator beam spectra have been 

calculated with the specially designed "backward Monte Carlo" 

program MCREVERSE (sec. 4.3.3.), the theory of which is given 

in the Appendix. No experimental check has been carried out on the 

gradients of the filtered spectra. 

As for coincidence and overlap of flux peaks or dips with resonance 

peaks of the sample, no special calculations or measurements have 

been carried out, as they are very complicated and too far beyond 

the scope of this work. However, the assumption of the absence of 

coincidence or overlap is reasonable on account of the following 

arguments. 

- Each neutron of the collimator beam has been scattered once at 

least, which smooths down possible spectral irregularities. 
235 

- The ATHENE fissile fuel is composed of 95%-enriched U and 
o T o 9 "̂ R 

about 5% U, so the influence of U resonance is rather 

limited in this case. 

- Accidental overlap is not very likely, as the widths of the 

resonance peaks is only of the order of tenths eV. 
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4.3.2. The neutron spectrum in the ATHENE 2-oore system 

The computer code FAST ZOOM DELFT utilizes one dimensional, multi-

group neutron diffusion theory and is described by Van Dam {46). 

Fig. 4.5a gives a schematic view of the real ATHENE-core con

figuration. It is composed of two water-filled core boxes, each of 

which contains 6 MTR type fuel elements. Between the two core boxes 

there is an air chamber, and a graphite reflector is mounted around 

the boxes. In view of the central position of the neutron scatterer 

in the reactor core, the neutron spectrum in the centre of the two 

boxes has been calculated. Because FAST ZOOM DELFT is a one-di

mensional code, the model of the reactor has been made cylindrical. 

See Fig. 4.5b . 

The cylindrical model has been divided into 5 cylindrical zones. 

(l)air 

(2)the inner aluminium wall of the core box 
...̂  . • . . . . • 1- 235,. 238„ 

(3) a homogeneous mixture in the right proportions of U, U, 

Al, H.O in the core boxes 

(4)the outer aluminium wall of the core box 

(5)the graphite reflector 

The calculation results are presented in the 26-group ABBN set 

distribution. See Fig. 5.1. 

72 



As for the accuracy of the diffusion theory neutron spectra, it can 

be stated (47) that the calculated spectrum near (within a few mean 

free paths) an external source, turns out too soft and farther from 

the source it turns out too fast. In the case of the ATHENE core, 

the mean distance from the core to the neutron scatterer is of the 

order of a few mean free paths. So the ratio of fast (> 1 MeV) to 

slow (< 1 MeV) neutrons will be accepted to be the right one. The 

gradient of the low-energy tail (< 50 keV) can be accepted to be 

rather accurate, as there are no strong absorbers or important 

material boundaries neat the centre of the core. 

4.3.3. MCREVERSE. A backward Monte Carlo program for the calculation 

of the filtered neutron beam spectra 

To calculate the neutron spectrum in the collimator resulting from 

a known reactor spectrum and a composite neutron filter, the trans

mission of the filter has to be calculated as a function of 

neutron energy. 

An obvious way to solve the transmission problem is a Monte Carlo 

calculation of the neutron transport through the filter tube. See 

Fig. 4.6. Using a normal forward Monte Carlo integration of the 

reflector 

collimator 

^W//A fjm. requi r e d 

^ ^ _ _ _ _ ^ neutron 

f ilter tube spec trum 

Fig. 4.6 The calculation model in MCREVERSE 
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neutron transport equation, the variance of the transmission probabil

ity to be calculated will decrease very slowly, owing to the very 

slight geometrical probability of leaving the filter via the collimator 

opening. 

To avoid this slight probability, a new technique of selecting 

possible neutron tracks will be introduced, starting from the end of 

the track and choosing backwards possible points of origin of the 

neutron. 

Using Bayes's rule for the probability of causes, it will be shown that 

the probability density of finding in phase point B of the source the 

origin of a neutron, perceived in phase point A of the target is 

equal to the probability density of the forward transition from B to A. 

Just as it is possible to derive the standard forward Monte Carlo 

transport and collision kernels, starting from a physical point of 

view, so it is possible to derive backward transport and collision 

kernels, from which previous neutron events can be selected. As a 

result it will turn out, that the backward kernels are the same as the 

kernels to be used in a Monte Carlo integration of the adjoint neutron 

transport equation. See the Appendix. 

The unknown forward transition probability will be found from the 

backward Monte Carlo program. Using MCREVERSE, the reactor can be 

divided into three neutron source areas: (1) the reactor core boxes, 

(2) the reflector, (3) the beam holes. With the spectra and the 

relative strengths of the source areas given, it is possible to 

find the unknown collimator beam spectrum. 

The calculation results of MCREVERSE for the^ B.C and theJ2B C 

filters, carried out with the 25-group ABBN cross-section set (44), 

are shown in Fig. 2.5: the middle and the lower curve respectively. 

The accuracy of the calculated filtered spectra is determined by 

the accuracy of the reactor spectrum (see sec. 4.3.2.) and the 

accuracy of the transition probability. The accuracy of the transi

tion probability is determined by the statistical error (which has 

been put at 5% standard deviation for each group element) and the 

errors due to the approximation of the reactor model. 
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The influence of these errors on the gradient of the curve through 

the calculated group values is estimated to be rather small. More

over, the influence of the spectrum upon the absorption and Doppler 

values is not very strong (see sec. 5.2.). Therefore the calculated 

values of the neutron spectra will be accepted to be correct. 

4.4. MCTRANS. Calculations of the sample properties 

MCTRANS is a Monte Carlo program for the calculation of single, 

disk-shaped, sample properties. Therefore the geometrical calculation 

model is a simple disk. See Fig. 4.7. The input-output scheme is 

shown in Fig. 4.8. 

\ t 
neutron 

beam F i g . 4 . 7 The c a l c u l a t i o n mode l 
of MCTRANS 

The source neutrons are se lec ted from a p a r a l l e l beam, inc ident to 

one side of the d i sk . Except for absorpt ion and e l a s t i c s c a t t e r i n g , 

the program also takes in to account f i s s i o n and i n e l a s t i c s c a t t e r i n g 

p r o p e r t i e s . 

With MCTRANS i t i s poss ib l e to c a l c u l a t e severa l samples a t a t ime, 

beam s p e c t r u m 

n x s a m p l e g e o m e t r y 

n x s a m p l e c o m p o s i t i o n 

i x c r o s s - s e c t i o n s 

d e t e c t o r e f f i c i e n c y . 

.- MCTRANS 

nX transmission 
spec trum 

nx capture spectrum 

Imean lethargy step 
o ther phys ical 

properties 
nx detector counting 

rate 
n X cmod 

Fig. 4.8 Input-output scheme of MCTRANS 
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in such a way that each neutron is shot to each of the samples with 

the same start parameters and the same position of the random 

generator of the Monte Carlo mechanism. Owing to this feature the 

program is very efficient in parameter studies. 

The input of either group cross-sections or point cross-sections for 

the different isotopes enables the program to deal with resonance 

absorbers as well as more simple materials. 

The accuracy of the transmission spectra and the detector signals 

is determined mainly by the accuracy of the input cross-section 

data. The error due to statistics can be made smaller than 0.1% in 

acceptable computing time. 

One of the most important quantities to be calculated by MCTRANS is 

the correction of the measurements for the slowing-down effect in 

the target sample, cmod. Seesec. 3.5. Supposing al2 = 1, amod is 

defined by formula (3.13) as: 

9a(E)\l-t(E)-abs(E) 
0 

.eff(E) dE 

cmod = (4.6) 
j 9ti(E)\l-t(E)-abs(E)\.mod(E).eff(E)dE 

or in words 

signal of spattered neutrons without energy change 
signal of scattered neutrons with energy change 

The numerator of formula (4.6) can be found with MCTRANS by storing 

the weight of the scattered particles, after leaving the sample, in 

an array with indication of the starting energy. The denominator of 

formula (4.6) can be found by storing the same particles with in

dication of their leaving energy. However, to prevent systematic 

errors due to the group structure of eff(E), it is more advisable 

to calculate the denominator of formula (4.6) by storing the 

lethargy step between starting and leaving energy of the particles. 

For each starting energy group g an apparent efficiency value eff 
y 

be defined by : 
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9a(E)\l-t(E)-abs(E) .mod(E).eff(E) dE 

eff = -^^— (4.7) 

9a(E)\l-t(E)-ab8(E) 
g 

dE 

eff can be found from the logarithmic interpolation between the 

efficiency group values eff of Fig. 4.4: 

(hlnE) 
In eff = In eff + y „ ^-•'•' g •'•' g InE 

9+1 g 
^ (^^ '^ffg+J-^^ ^ffg' (̂ -8) 

(in the case of CKTnE) \ < I InE ,, - InE I) 

' g' ' g+1 g' 

where E is the mean energy of group g, and (hlnE) is the mean 

lethargy step of the scattered neutrons in starting group g. 

Approaching the integrals of formula (4.6) by the sums over all 

energy groups, with indication g, cmod can be found from: 

\ $o_. 
. ^ ^ 

1-t-ahs •eff„ 

1-t-abs •efi ./n 
(4.9) 

where $o is the group flux of group g. 

The accuracy of the interpolation is good in the range of 1 eV to 

100 keV, since the efficiency curve on the bilogarithmic scale of Fig. 

4.4 is almost a straight line on this interval. The error in amod 

due to statistics and interpolation is estimated to be < 0.2%, and may 

be neglected with respect to the inaccuracy due to the uncertainty of 

the inelastic scattering cross-sections in the case of the UO and 

ThO, calculations. See also sec. 3.5.5. 
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5. EXPERIMENTAL RESULTS AND COMPARISON WITH CALCULATIONS 

5.1. The neutron spectrum 

Two measuring methods have been used to verify the calculations of the 

unfiltered neutron beam spectrum. 

Utilizing the experience of the "Reactor Centrum Nederland", the 

spectrum in the energy range between 30 keV and 1 MeV has been 

measured by Montizaan (48) by means of proton recoil technique. The 

measurements were carried out with two metal spheres (dia. 40 mm), 

filled with 4 atm ff, and 4 atm CH. gas respectively. Special 

provisions were made to avoid deviations from the usual corrections 

for wall and end-effects which have to be applied to the detector 

results in the case of a homogeneous neutron field. The results of the 

measurements have been adapted to the groups of the ABBN set (44). 

They are shown in Fig. 5.1. 

^0 
10 

t; -H 
^ C 
•«- 3 

^ IJIO 
u 

U 
to 

i 1~ calculation (FAST ZOOM DELFT) 

^ proton recoil measurements 
with accuracy in % 

10 
-2 

B,C measurements 
4 

10 10 10 
neutron energy (eV) 

10 

F i g . 5 .1 The u n f i l t e r e d n e u t r o n beam s p e c t r u m 

The accuracy of the measurement va lue s , which i s given by Montizaan, 

including a l l e f fec t s of the measurements and the unfolding technique 

i s a lso indica ted in F ig . 5 . 1 . 
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For more details of the proton recoil measurements the reader may be 

referred to the report of Montizaan (48). 

In addition to the proton recoil measurements for the higher energy 

part of the neutron spectrum, the lower energy tail of the spectrum 

has been tested in the graphite ball detector by comparing the changes 

of the measured and the calculated detector signals. For this purpose 

a series of 15 boron carbide samples of various thicknesses was used. 

Knowing the compositions of the samples and the cross-sections of 

boron and carbon, a transmission factor trf(m,g), for each sample m 

and for each energy group g (of the ABBN set(44)) can be calculated 

by MCTRANS (see sec. 4.4.). With F(g) as the total number of neutrons 

in energy group g, incident to the sample, and eff(g) as the mean 

detector efficiency for neutrons of group g, and / (m,i) as the total 

number of neutrons resulting from sample m in energy group i , trf(m,g) 

is defined by 

I f^^(m,i). eff(i) 

trf(m,g) = ̂  (5.1) 

F(g).eff(g) 

For each sample m, with rl(m) as the measured ratio of the detector 

signal with sample m and the detector signal without sample, the 

following equations can be written: 

26 26 
I F(i).eff(i).trf(m,i) = rl(m) I F(i).eff(i) (5.2) 

i=l i=l 

A system of 15 equations arises from the series of 15 different 

sample measurements, and hence 15 elements F(i) of the neutron 

spectrum can be solved, if the remaining 11 elements are put equal to 

the calculated neutron flux values. 

Unfortunately, the condition of the coefficient matrix of the system 

is rather poor and no reliable results were obtained from the direct 

solution of the system. However, neglecting the more detailed 

spectral irregularities, it is known from theory (49) that in the 

case of weak absorption or very slowly varying absorption, the 
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relation between the neutron flux density per unit energy <I>(E) and 

the energy E can be written as: 

In E <\>(E) = a In E + k (5.3) 

where a and k are constant. 

Assuming that relation (5.3) is correct for the centre of the ATHENE 

core, it is easy to find a from a least squares fit: 

, 15 rgun-1 26 
•^ I \ I F(i).eff(i) (trf(m,i)-rl(m)) + 1 FJi).eff(i). 

m=l H^l i=gun 

(trf(m,i)-rl(m))Y - 0 (5.4) 

where gun is the lowest group number of the unknown group flux 

elements F (i). F (i) is found from : a a 

E . and E., . are the upper and lower boundaries of the up,^, law,i • ^ 

energy group i . The values of F(i), for i < gun, are again put equal 

to the calculated group flux values. The constant k has been deter

mined by the normalization: 

Fjgun) = F(gun) (5.6) 

where F(gun) is the calculated value of F(i), for i = gun. 

Varying gun gives a variation of the resulting value of a. The mean 

value of a, resulting from formula (5.4) for the different values of 

gun, is : 

a = 0.023 ± 0.005 (5.7) 

In Fig. 5.1 the resulting straight line through the points F (i) is 

normalized to group 12 (4.65 keV < E < 10 keV). 
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5.2. The UO^ and ThO- Doppler measurements 

A series of temperature dependent neutron absorption measurements 

of natural UO. and ThO. samples has been carried out for the three 

neutron spectra of Fig. 2.5 (see also Fig. 3.17). The sample 

properties of UO. and ThO are listed in Table 5.1 and Table 5.2 

respectively. In Fig. 5.2 to 5.6 incl. the measuring results are shown 

in different ways. In Figs. 5.2 and 5.3 the neutron absorption signal 

is given as a function of the sample temperature. The vertical marks 

indicate the statistical errors of the individual measuring values. 

In Figs. 5.4 and 5.5 the neutron absorption is a function of the 

sample mass. In Fig. 5.6 the relative change of the neutron absorption, 

indicated as the Doppler effect D, is shown for the temperature 

interval 293-1300 K. A Monte Carlo calculation by the program MCTRANS 

of the neutron absorption in the UO. samples has been carried out 

with a set of point cross-sections of the KEDAK file, as listed by 

Schmidt (50). The cross-sections between 1 and 1000 eV were calcu

lated from the resonance parameters of the resolved resonances 

without Doppler broadening. The cross-sections in the range of 1 keV 

to 10 MeV are based on an average "eye-guide" curve drawn through 

all listed experiments available before 1962 and they were not 

corrected for energy resolution nor for Doppler broadening. In 

Fig. 5.4 these calculations are labelled with the temperature 0 K 

which is consequently not quite correct. Unfortunately, a more 

extensive set of Doppler broadened point cross-sections (with 

resolved resonances up to 4 keV), under preparation, could not be 

produced in time. 

Another comparison with calculation has been made with the program 

RICM (51), which calculates temperature dependent effective resonance 

integrals, using the Doppler broadened single level Breit-Wigner 

formulae. De Kruijf (52) has so adapted RICM that it had become 

possible to calculate the effective resonance integrals for infinite 

slabs of material. The RICM calculation results for room 

81 



Table 5.1 The properties of 

the UO samples 

uô  

general impurity 

level 

isotope composition: 
234^ 

235„ 

236„ 

238^ 

diameters 

sample 

indication 

U-l 

U-2 

U-3 

U-5 

U-7.5 

u-io 

U-l 5 

U-20 

thickness 

mm 

1.06+0.10 

2.21+^0. 10 

3.20+0.10 

5.01+0.01 

7.57+0.01 

10.03+0.01 

15.16+0.02 

!0. 17jt0.02 

<0.1 % 

0.0055% 

0.716 % 

0.001 % 

99.27 % 

-x- 40 mm 

mass 

g 

14.105 

29.345 

42.400 

65.082 

99.864 

132.912 

197.589 

262.671 

Table 5.2 The properties of 

the ThO samples 

ThO^ 

general impurity 

level 

heavy metals 

carbon 

diameters 

sample 

indication 

Th-3 

Th-6 

Th-9 

Th-15 

<0.2 % 

<0.003% 

<0.002% 

'X' 40 mm 

thickness 

mm 

2.6 + 

5.9 + 

8.8 + 

15.1 + 

0.2 

0.2 

0.2 

0.2 

mass 

g 

19 

49 

73 

122 

565 

402 

752 

720 



spectrum 0 BX 
samples UO. 
statist, error 0.07 

spectrum 4 B.C 
samples UO, 

spectrum 12 B C 
samples U0„ 
statist . error 0.11! 

1200 T(K) 
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temperature are shown in Fig. 5.4 and 5.5. The Doppler effect D, 

calculated from the RICM results, is shown in Fig. 5.6. The RICM 

temperature dependent effective resonance integrals for both UO. 

and ThO have been calculated with the ENDF/B-III resonance param

eters 

An evaluation of the error margins is given in sec. 5.3. With the 

results of this error discussion it may be stated that, partially 

in consequence of the large error margins, there is good agreement 

between measurement and calculation of the UO absorption signal 

and the UO Doppler effect in the case of the — spectrum (0 B C 

spectrum). 

The fast neutron spectrum results of UO. are compared with some 

other experiments in the literature. Table 5.3 gives a comparison of 
238 

several fast neutron spectrum U Doppler experiments. Although 

there may be important differences in the experimental circumstances 

of the various experiments, the C/E ratio of the calculated 

Doppler effect C and the experimental value E can be used as a 

measure of comparison. The second column of Table 5.3 gives a 

coarse indication of the applied neutron spectra (see also Fig. 1.2). 

The third column indicates the technique which is used in the 

experiment. The fourth column gives some information about the 

samples. In all experiments of Table 5.3 except those of the pres

ent work, the samples were irradiated in or near the centre of a 

critical reactor core. So in all these cases the neutron flux 

incident on the sample was shielded in a different way by the sur

rounding fissile and fertile materials. A good evaluation of the 

influence of the sample thickness on the Doppler effect is therefore 

very difficult. The C/E values of the seventh column are the 

quotients of the calculated and measured temperature induced 

changes of the signals. The bracketed experimental uncertainties 

of this work indicate the expected uncertainties for the improved 

version of the graphite ball detector as proposed in sec. 5.3.3. 

Till (.11) gives a compilation of the most important fast spectrum 
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238 
Table 5.3 Comparison of U fast neutron spectrum Doppler experiment results of different 

measurement techniques 

LMFBR 
SCFBR 
R.O. 
A.A. 

liquid metal fast breeder reactor spectrum 
steam cooled fast breeder reactor spectrum 
reactivity oscillation induced by Doppler sample 
activation analysis of Doppler sample 

author 

C.E. Till(ll) 

G.J. FischerfZj 

E.A. FischerfSJ 

G.R. Pflasterer 
(20) 

L.I. Tiren 
(21,26) 

this work 

spectrum 
indication 

LMFBR 
(U-fuelled) 

LMFBR 
(Pu-fuelled) 

LMFBR 
(Pu-fuelled) 

SCFBR 
(Pu-fuelled) 

SCFBR 
(U-fuelled) 

SCFBR 
(Pu-fuelled) 

LMFBR 
(U-fuelled) 

LMFBR 

SCFBR 
(12 B^C) 

measurem. 
technique 

R.O. 

R.O. 

R.O. 

R.O. 

R.O. 

R.O. 

A.A. 

A.A. 

beam 
transm. 

samples 

general 

general 

UO. rods 
length 6", dia. 0.5" 

UO. rods 
length 6", dia. 0.5" 

UO rods 
length 90 mm, dia. 35 mm 

UO2 rods 
length 90 mm, dia. 35 mm 

U-metal foils 
thick. 0.003",0.005",dia. 0.49" 

UO. disks 
0.27 g/cm 

thin (1.1 g/cm ) 
thick (22 g/cm ) 

temp.interv. 
K 

293-1100 

293-1100 

500-1100 

500-1100 

300-1000 

300-1000 

293-715 

300-1800 

293-1300 
293-1300 

experim. 
uncertainty 

2-5% 

2-5% 

< 8% . 

< 6% 

2-5% 

2-5% 

-v 10% 

10% 

45% (13) 
20% (10) 

C/E 
Doppler effect 

^ 0.8 

•^ \ .0 

0.72 

0.97 

-v 1 .0 

-^ 0.9 

'\' 0.5 

0.65-0.80 

0.63 
1.03 



(LMFBR) reactivity oscillation Doppler experiments in the U.S. up to 

1972 for several resonance absorber materials. Combining the results 
238 

of all U experiments he arrives at the conclusion of a general 
n T Q 

tendency to underpredict the U Doppler effect measured in critical 
235 238 

assemblies. For U fuelled assemblies the measured U Doppler 
n O Q 

effect has usually been underpredicted by 20% or more. The U 
235 

Doppler effect normalized to the U reactivity worth at the same 

position has been underpredicted by 30% or more. For plutonium fuelled 
O O Q 

systems, the pattern is somewhat different. The measured U Doppler 

effect has generally been matched quite well by calculation, but the 
238 239 

U Doppler effect normalized to the worth of Pu at the same 

position has usually been underpredicted by approximately 25%. Till 

also gives a comparison of C/E values for calculations using 

different cross-section data and calculation procedures. The C/E 
nop 

ratio for the U Doppler effect normalized to the reactivity worth 

of the main fuel fissile isotope varies from 0,59 to 0.69 for the 

U-fuelled assembly and from 0.69 to 0.82 for the Pu-fuelled assembly. 

From Table 5.3 and the foregoing it may be clear 

that there are still considerable discrepancies between the measured 
238 

and the calculated U Doppler effect, part of which is undoubtedly 
caused by interpretation problems and experimental uncertainties. 

238 
In contrast with the rather numerous U Doppler measurements, only 

very few authors make mention of Th Doppler measurements. Dekker(32) 

and some others mentioned by Dekker, have measured and calculated 

the resonance integral and the Doppler effect of some Th metal rods 

in a -j; flux. Within the error limits of 10-20% he found a reasonable 

agreement between measurement and calculation. ThO. Doppler measure-
2 '-

ments in a z; spectrum have also been reported - see for instance 

(53) - but no comparison with calculation has been given. 

Till (11) is the only one who mentions Th Doppler measurements in 

fast neutron spectra. However he does not give C/E values. As far as is 

known to the author no Doppler C/E values of Th or ThO. in fast 

neutron spectra are available at the moment. 
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In this work the absorption signals and the Doppler effects of 

several ThO, disks have been measured and calculated by RICM. See 

Table 5.2 and Figs. 5.3, 5.5 and 5.6. In view of the tendency of RICM 

to underpredict the absorption signals of thick samples, compared 

with the Monte Carlo calculation in the case of U0„, the agreement 
1 

between measurement and calculation m the case of ThO in the -

spectrum (0 B.C spectrum) is reasonable and is certainly within the 

error limits (see sec. 5.3.) . Although the error margins of the ThO. 

Doppler measurements are rather large, the RICM calculations with 

the ENDF/B-III resonance data seem to underpredict the ThO, Doppler 

effect. 

5.3. Error discussion 

5.3.1. Experimental uncertainties 

An evaluation of the error margins of both the experimental results 

and the corresponding calculations is necessary for a good comparison. 

The experimental uncertainties may be divided into several groups: 

- uncertainty in the determination of the absorption signal primabs 

of a cold sample; 

- uncertainty in the Doppler effect D of a one-sample measurement; 

- uncertainty in the determination of primabs and D from the curves 

of a series of sample measurements. 

For a clear picture of the experimental uncertainties the formulae 

(3.43, 41, 42, 44) for the determination of the absorption signal 

and the Doppler effect are repeated here: 

primabs = abs - seaabs (5.8) 

R , -ref,.W , +scfr{l-amod.al2.ref (exp)].R , 
, abs •'b abs •' •'sa ^ abs ,^ „. abs - ^ (5.9) 

abs 
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W ~(1-abs).waa.biaratio.R 
scfr=-Sj 5£ (5.10) 

{—3 amod.al2.ref (exp) .waa} .biaratio.R 
ref-, •' sa ^ sa 

C .primabs -primabs 
D = -S^^ _ ^ I ^ (5.,,) 

primabs 

A.11 the measurement results have been determined from neutron 

countings. So each single measurement has a statistical uncertainty. 

Assuming that all factors of formula (5.9) are fixed values, except 

for the countings R , and W . , the statistical uncertainty in abs 

has been calculated for each measurement by the on-line PDP-9 

computer. Typical absolute values of the standard deviation in abs , 

due to counting statistics, are 0.0007, 0.0009 and 0.0011 for the 0 B^C, 

the 4 B.C and the 12 B.C spectrum measurements respectively, which is 

indicated by the vertical marks in Figs. 5.2 and 5.3. 

The systematic error in the absorption signal primabs of a cold 

sample is composed of the uncertainties in the various factors and 

corrections of the formulae (5.8,9,10). The systematic error in abs 

is determined by ref-,, scfr, cmod and cl2 (ref (exp) = 1). 

The differences between W , and R , are small for samples with 

small absorption. So the ratio W j^./H t is always near 1 and the 

uncertainty in abs due to ref-, equals the undiminished uncertainty 

in ref-,. From sec. 3.6.2. it follows that the uncertainty in ref-, is 

0.0004, 0.0006 and 0.0008 for the 0 B C, the 4 B^C and the 12 B^C 

spectrum respectively. The uncertainty in the correction 

safrd - amod.al2) consists of a statistical error in safr, which is 

determined in each measurement from the counting results W and R ^ 
" SO sa 

using formula (5.10), and a systematic error in each of the terms. 

The value of safr varies from about 0.05 to 0.55 for the different 

samples and (1 - omod.clB) is continually about 0.05. The typical 

error in scfr due to counting statistics is 0.0004, 0.0006 and 0.0008 

for the 0 B.C, the 4 B.C and the 12 B.C spectrum respectively. Because 

of the multiplication by 0.05 the statistical error in safr may be 

neglected.. A systematic error in safr is caused by the uncertainties 
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in the various terms of formula (5.10) on the one hand and by the 

neglect of the influence of the Bi-C scatterer hole in the graphite 

ball on the other. The influence upon abs of the former may be neglec

ted in consequence of the smallness of Waa and the multiplication by 

0.05. In sec. 3.5.2. it is estimated that scfr is determined 2-4% 

(relative) too low, depending on the neutron spectrum, owing to the 

influence of the Bi-C scatterer hole. However, in the determination of 

al2 from the measurement of cmod.al2 and the calculation of cmod for 

some graphite samples, as discussed in sec. 3.5.5., the same under

estimate of safr has been made, resulting in a shifting of al2 which 

compensates exactly the underestimate of scfr for graphite samples and 

which also compensates almost completely the underestimate of safr for 

UO and ThO,. Therefore, the influence of the shifting of scfr will be 

neglected. 

In the calculation of amod the most important source of error is the 

uncertainty of the inelastic scattering cross-sections, as discussed 

in sec. 3.5.5. The order of amod and the uncertainty in cmod (with 

an assumption of 10% uncertainty in a. .,) is 0.95 ± 0.0O3. In sec. 
•̂  mel 

3.5.5. the uncertainty in ol2 is estimated to be 0.0015, 0.0019 and 

0.0023. Treating the errors as maximum errors, the order of 

(1 - amod.al2) and its uncertainty are estimated to be 0.05 ± 0.0045, 

0.0049, 0.0053 for the three spectra. The influence upon abs depends 

on scfr and varies with the sample thickness. 

The uncertainty in the secondary neutron absorption seaabs (see sec. 

3.7.2.) is 0.0009, 0.0012 and 0.0015 for the 0 B C, the 4 B C and the 

12 B.C spectrum respectively. However (see Fig. 3.18), with sample 

mass decreasing to 0, seaabs also decreases smoothly to 0 as a fixed 

point. Therefore the uncertainty mentioned only holds for the thick 

samples. The uncertainty in seaabs of the thin samples is estimated 

to be half the values mentioned. 

The systematic error in primabs of a cold sample is given in Table 5.4. 

The uncertainty in the sample thickness has been neglected. 

The uncertainty in the Doppler effect D of a one-sample measurement 

may also be divided in a statistical error and a systematic error. 
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Table 5.4 The systematic error in primabs for a single, cold 
sample measurement 

t h in sample 

th ick sample 

0 Bf 

0.0011 

0.0036 

4 B£ 

0.0014 

0.0043 

12 B£ 

0.0018 

0.0050 

Since the statistical uncertainty of the difference of the two terms 

in the numerator of formula (5.11) is much larger than the statis

tical uncertainty of the denominator, the statistical error in D will 

be considered to originate only from the numerator. Treating the 

statistical errors of primabs and primabs as standard deviations, 

the standard deviation of the numerator of formula (5.11) is 0.0010, 

0.0013 and 0.0015 for the 0 B C, the 4 B.C and the 12 B C spectrum 

respectively. 

The systematic uncertainty in D is caused by the systematic errors of 

the temperature dependent factors in the numerator of formula (5.11) 

and the systematic uncertainty of the denominator. 

With an estimate of 10% uncertainty in the linear expansion coefficient 

a, the uncertainty in Cexp, at AT - 1000 "c, is about 0.001 and 

will be neglected. 

A temperature dependent systematic error in primabs is caused by 

the additional reference correction for the scattered neutrons 

ref (exp) which is discussed in sec. 3.6.2. The uncertainty in ref , 
•' so ^ •' •' so 

at AT = 1000 °C (exp - 1.0 mm), is estimated to be 0.0008, 0.0010 and 

0.0012 for the 0 B C, the 4 B C and the 12 B C spectrum respectively. 

Consequently, the uncertainty in abs is negligible for the thin 

samples and increases to 0.0004, 0.0005 and 0.0006 for the thick 

samples. The joint systematic error in D, except for the shifting 

of D due to the secondary neutrons, is listed in Table 5.5 for the 

UO, samples. The uncertainty in the temperature measurement of the 

samples is estimated to be less than 50 "c and has been neglected. 
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Table 5.5 The relative systematic error in D, except for 

the shifting due to the secondary neutrons, for 

the UO, samples 

thin sample 

thick sample 

0 Bf 

7.0% 

8.9% 

4 Bf 4 

11.2% 

10.0% 

12 B^C 

24.0% 

13.9% 

The most inelegant error in D is caused by the Doppler effect of 

the secondary neutrons. Assuming that the fraction of D, which is 

caused by the secondary neutrons, equals the fraction of abs caused 

by the resonance part of the secondary neutrons (and it may be 

worse), the secondary part of D has been calculated for the UO, 

samples. Table 5.6 gives the relative contribution to D of the 

secondary neutrons in the UO samples. The curves of Fig. 5.6 have 

not been corrected for the secondary part of D. 

Table 5.6 The estimated relative contribution to the 

Doppler effect D of the secondary neutrons in 

the UO, samples 

thin sample 

thick sample 

0 B^C 

k.kX 

3.7% 

4 B^C 

1.17, 

5.5% 

12 B^C 

13% 

9% 
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Table 5.7 The total uncertainty in the individual absorption 

signals of UO , determined from the curves of Figs. 5.2 

and 5.4 

thin sample 

thick sample 

0 I 

0.0014 

0.0039 

rel.to 

primabs 

8.9% 

3.9% 

4 1 

0.0017 

0.0046 

rel.to 

primabs 

13.6% 

5.2% 

12 

0.0022 

0.0054 

rel.to 

primabs 

29.3% 

8.7% 

Table 5.8 The total uncertainty in the individual absorption 

signals of ThO, determined from the curves of Figs. 5.3 

and 5.5 

thin sample 

thick sample 

0 1 

0.0015 

0.0040 

rel.to 

primabs 

22.2% 

13.9% 

4 I 

0.0019 

0.0048 

rel.to 

primabs 

Ih.bt 

13.6% 

12 

0.0024 

0.0056 

rel.to 

primabs 

34.2% 

18.1% 
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Table 5.9 The total uncertainty in the Doppler effect D of the 

UO, samples determined from the curves of Figs. 5.2 and 

5.4 

t h i n sample 

t h i c k sample 

0 E 

0.056 

0.011 

4' 

r e l . 

16.7% 

14.1% 

4 I 

0 .109 

0 .016 

r e l . 

21.9% 

15.4% 

12 

0 . 2 3 8 

0 . 0 3 3 

5 / 

r e l . 

hli.ll 

1 9 . 9 % 

Table 5.10 The total uncertainty in the Doppler effect D of the 

ThO, samples, determined from the curves of Figs. 5.3 

and 5.5 

t h i n sample 

t h i c k sample 

0 I 

0.236 

0 .072 

r e l . 

3 1 . 9 % 

2 5 . 0 % 

4 E 

0 .290 

0 .075 

4' 

r e l . 

36.0% 

24.2% 

12 

0 .405 

0 . 107 

r e l . 

47.3% 

30.8% 

y 
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From theory it is known that the absorption rate in a Doppler 

sample is a smoothly varying function with both varying temperature 

and varying sample mass. As a matter of fact, the absorption rate 

may be looked upon as a three-dimensional curvature smoothly 

changing with both sample weight and sample temperature. If the 

mathematical shape of the curvature were known, except for only one 

parameter, the statistical uncertainty in this parameter would be 

reduced by a factor /m by the determination of m independent 

measurement points of the curvature. The absorption curvature of UO 

(ThO^) is determined by 30 (15) statistically independent measurement 

points. 

Unfortunately,the exact shape of the curvature is not known. However, 

an estimated statistical error reduction by ^/30 (J/l5) in the 

determination of the individual absorption rates frcjm the curves of 

Figs. 5.2-5 seems to be reasonable. 

The total uncertainty in the individual absorption signals deter

mined from the curves of Figs. 5.2-5 is listed in Tables 5.7 and 5.8. 

The total uncertainty in the Doppler effect D, determined from the 

curves of Figs. 5.2-5 is listed in Tables 5.9 and 5.10. 

5.3.2. Calculation errors 

To evaluate the uncertainties in the Monte Carlo calculations of the 

absorption signals, the expression for abs may be derived from for

mula (4.2): -, 
l 9 .tr(l Z ).eff .hE 

ats = 1 - &^ —^ -^ ^ (5 12) 
°^^ ^ ) 9 .eff .t\E <.3.izj 

"^ 9 ^9 g 

For each sample and each temperature a separate calculation of 

tr(l,Z ) has to be carried out by the MCTRANS program. The elements 

9 . eff and AE" are fed into MCTRANS as fixed input data. So the 
g •'•'9 g _ 
uncertainty in abs consists of a statistical error in tr(l,Z ) and 

9 
a systematic error in each of the elements of formula (5.12). The 
uncertainties in the neutron spectra and in the detector efficiency 
have been discussed in chapter 4. And since they are both in the 
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( 

\ 

numerator and in the denominator of formula (5.12), and since trd.T, ) 

g 

is not much smaller than 1, their influence upon abs is small and will 

be neglected. The calculation model of the disk-shaped samples in 

MCTRANS is quite accurate and no systematic error of trd.Z ) needs 

. . . ^ 

to be taken into account. The remaining error to be considered is the 

statistical error of the Monte Carlo process. Typical absolute errors 

in the calculated values of abs due to the Monte Carlo statistics are 

0.0015 for the thin samples and 0.004 for the thick samples. 

As already mentioned in sec. 5.2., the Monte Carlo MCTRANS calcula

tions of the UO, absorption signals were carried out with a set of 

point cross-sections of the KEDAK file of 1962. The cross-sections 

below 1000 eV were calculated from the resonance parameters without 

Doppler broadening. The cross-sections above 1000 eV were based on an 

"eye-guide" curve drawn through all listed experiments, which had 

been carried out at room temperature. To be able to estimate the 

necessary correction of the MCTRANS curves, an additional set of RICM 

calculations has been carried out for the U-l and the U-20 samples. 

In these calculations the resonance parameters were not Doppler 

broadened. With the effective group cross-sections from these 

calculations and with those from the normal RICM calculations at 

room temperature (RICM(293 K)) it was possible to calculate the 

absorption signals with Doppler broadening above 1000 eV and without 

Doppler broadening below 1000 eV (RICM(0 K below 1000 eV)). Now the 

ratio RICM(293 K) / RICM(0 K below 1000 eV) was applied to raise the 

MCTRANS values of the absorption signals as a correction for the room 

temperature Doppler effect. 

However, a cause of shifting 5 or 6% (relative) in the opposite 

direction, in the case of the 0 B C spectrum only, is the effective 

Cd cut-off energy. Before entering the graphite ball the neutron beam 

passes through a 1.5-mm Cd foil. No special effort has been made to 

determine the effective Cd cut-off energy, which is estimated to be 

between 0.7 and 0.8 eV. The MCTRANS calculations as well as the RICM 

calculations have utilized the group structure of the Bondarenko 

cross-section set (44) . All calculations of abs and D are based on a 
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cut-off energy of 1.0 eV, being the boundary of one of the groups. 

With a cut-off energy of 0.465 eV, which is also a group boundary, all 

calculated 0 B.C points of Figs. 5.4 and 5.5 are lowered by about 12%. 

With an effective cut-off energy of about 0.75 eV the calculated 0 B.C 

curves of Figs. 5.4 and 5.5 would be lowered by 5 or 6% (relative) and 

the 0 B.C Doppler effect curves of Fig. 5.6 would be raised by 5 or 5% 

relative. 

The corrected MCTRANS values are shown in Table 5.11. 

Table 5.11 The MCTRANS calculated absorption signals 
for the U-l and the U-20 samples after the 
estimated corrections for the room 
temperature Doppler effect and the effective 
Cd cut-off energy 

thin sample 

thick sample 

0 B^C 

0.01503 

0.09475 

4 B^C 

0.01639 

0.08831 

12 B^C 

0.00865 

0.06267 

Evaluation of the accuracy of the RICM calculations is quite 

difficult. The most important approximation that is used in the 

program may be the assumption of a homogeneous distribution of the 

collision points in the sample, which is less accurate with increasing 

sample thickness. The representation of the disk-shaped samples by 

infinite slabs is also less accurate with increasing sample thickness. 

The best comparison of the RICM calculations is with the MCTRANS 

Monte Carlo calculations. It turns out that RICM underpredicts the 

abs values for thick samples and fast neutron spectra. 

No corrections have been applied for the crystal-binding effect. 

The energy distribution of the nuclei of a solid target is found to 

be of the same Maxwellian shape as for a gaseous target (54), but 

with a changed effective temperature: 

100 



T = - e 
eff 2 "D 

^ 3 ^D 
x cotgh {.— .x}dx (5.13) 

where 9-, is the Debye temperature (K) and T is the thermodynamic 

temperature (K). / 

Schmidt (55) gives a Debye temperature of UO e_j = 600 K. For 

T = 293 K T .. is found to be T „„ = 350 K. Using T .̂  instead of 

eff eff ° eff 
T would raise the calculated value of abs by about 0.0005. For 

T = 1300 K, T „„ - T, so the calculated Doppler effect will decrease by 

6 to 7%. On the other hand, the estimations for 0_ vary between 200 K 

and 60O K (56) which would indicate the 6 to 7% to be a maximum. 

5.3.3. Conclusions 

Several conclusions can be made after studying the measurement and 

calculation uncertainties. 

1. In all cases the 12 B.C (fast spectrum) experimental results are 
^ 1 

much more inaccurate than the 0 B.C (— spectrum) results. Except 

for the relative contribution to the Donpler effect of the secon

dary neutrons, the increase in inaccuracy is due to worse counting 

statistics of the individual 12 B.C countings and the counting in 

the determination of the 12 B.C correction factors. These worse 

counting statistics are the consequence of che limited reactor 

power (4 kW) of the ATHENE reactor and the maximum accepted single 

measurement time of about 200 min. If it had been possible to 

raise the reactor power to the same counting level as in the 

0 B.C case, the 12 B.C statistics would have equalled almost the 

0 B.C statistics. 

2. In all measurement results, especially the absorption signals, 

the systematic uncertainties are predominant. 

All systematic uncertainties, except for the one in amod, are 

caused by counting statistics. In consequence of the forced time 

schedule of the measurement series, the time to be spent on the 

determination of the correction factors has been limited. A 
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reduction of these systematic uncertainties by at least a factor 

2 seems very well possible. 

3. The most important systematic error, especially for the thick 

samples, is the uncertainty in amod, caused by the uncertainty 

of the inelastic scattering cross-sections. 

A reduction of this error can only be realized by a reduction of 

the counting efficiency of the neutrons with energies above 

30 keV. A small reduction of the thickness of the graphite shell 

would be very effective. See Fig. 2,6. 

4. The most inelegant error is the contribution to the Doppler 

effect of the secondary neutrons (neutrons reentering the sample 

after being scattered in the graphite shell), which is caused by 

the repeated crossing of the inner space of the ball by most of 

the neutrons. 

The "secondary Doppler effect" can be eliminated in two ways: 

(1) measurement with and without secondary sample in a specially 

designed oven (see sec. 3.7.); 

(2) the "secondary Doppler effect" can be reduced by choosing a 

larger inner diameter of the graphite ball. To reduce it by 

a factor 4, the inner diameter would have to be raised from 

20 to 40 cm. 

5. After the estimated corrections of the MCTRANS-0 B C-UO curve of 

Fig. 5.4 for the room temperature Doppler broadening and for the 

effective Cd cut-off energy, the difference "measured - MCTRANS" 

is -••O.OOO? for the thin sample up to •̂  0.0047 for the thick 

sample, which values arevery well within the error limits. 

For the MCTRANS calculations of the 4 B.C and the 12 B C spectrum 

the room temperature Doppler broadening corrections are less 

than for the 0 B.C spectrum. The agreement between the measured 

and the MCTRANS calculated curves of Fig. 5.4 is within the error 

limits. 

6. RICM underpredicts the absorption signal for thick samples and 

fast neutron spectra. 

7. Although the agreement between measurement and RICM calculation 
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of the UO, Doppler effect is almost completely within the error 

limits, it tends to be underpredicted for the thin samples. 

8. RICM underpredicts the ThO, Doppler effect, especially for the 

thin samples. 

9. Without fundamental changes in the measuring system, considerable 

error reduction is still possible. 

A calculation has been made for possible error reduction under 

the following assumptions: 

(a)The neutron beam intensity (reactor power) is not limited. 

(b)The inner diameterof the graphite ball is 40 cm (was 20 cm). 

(c)The thickness of the graphite shell is such that the influence 

of the uncertainty in amod is reduced to 0.001 (was 0.003). 

(d) The counting statistics are the same for the three spectra 

and equal the 0 B.C statistics of the performed series (i.e. 

100 min per individual measurement at a counting rate of about 

4000 c/s). 

(e) The influence of the systematic errors (except for cmod) is 

reduced by a factor 2. See also point 2 mentioned above. 

(f) The ThO measurement series is also extended to 30 independent 

measurements. 

The outcome of the calculations is: 

total error in primabs ^ ^ t h i n 0.00085 (was 0.0014-0.0022) 

(with all spectra) \ thick 0.0019 (was 0.0039-0.0054) 

^ ^ , , ^. . „ ^thin UO,: 13% (was 16.7-44.7%) 
total relative error in D ^ 2 
, .̂ , ,, ^ . v^ ThO,: 19% (was 31.9-47.3%) 
(with all spectra) ^\^ 2 

thick UO : 10% (was 14.1-19.9%) 

ThO^: 14% (was 25.0-30.8%) 

"secondary Doppler effect" thin 3% (was 13%) 

thick 2% (was 9%) 
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APPENDIX 

The backward Monte Carlo routine 

To show the analogy of the backward to the forward Monte Carlo 

routines, the most important procedures of the forward Monte Carlo 

technique and the forward transition probability from source to 

target will be given first. 

In the normal forward Monte Carlo technique it is usual to select 

neutrons from a source. By repeated selection of neutron histories 

from the transport kernel T(r'-*r,U_) and the collision kernel 

C(U'-*U,r), the transition probability from the source to the target 

can be found. 

r_ represents the space coordinates x, y, z. 

U represents the speed coordinates of the neutron: 

lethargy u (or neutron velocity \v\ - \v \ exp \-ku\, where V 

is an arbitrary reference speed), and direction fi. 

Spanier and Gelbard (57 ) characterize the transport kernel T by 

stating that, for a particle leaving a collision (or the source) at 

phase point (r',U_), the expected number of next collisions in the 

spatial volume V is: 

T(r_'^r_,U_)dr (A-D 

The collision kernel C is similarly defined so that, for a particle 

entering a collision at (r,U_'), the expected number of particles 

leaving the collision in the lethargy volume W is: 

C(U'-*U_,r)dU (A. 2) 
W 
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Therefore^ C can be seen as the probability density of the individual 

transition U_'-*U_ and T can be seen as the probability density of the 

individual transition r_'^r_ . 

In the case of a homogeneous medium with different isotopes i , the 

macroscopic total cross-section Z,(r_',u) = Z (u) = J Z .(u) and the 

macroscopic scattering cross-section Z (r',u) = Z (u) = IZ .(u) are 

constant on the trajectory r_ ^r_. 

The distribution of interaction points of neutrons on the trajectory 

r'^v is: 

Z^(u) exp {- Z^(u).\r_-r'\^ ^^_3^ 

To select the scattering^collisions, the interaction distribution 

has to be corrected by •=—7—5— and the transport kernel T becomes: 
^ Zju) ^ 

T(r'^r,U) = Z^(u) exp<-Z^(u). \r-r'\> (A.4) 

In an individual case a next collision point may be selected from 

the normalized transport kernel by means of a random generator 

rg (0<rg<l) : 

,g _- 1̂  I(L:::SM d\r-r'\ (A.5) 
0 I T(r'^r,U)d\r-r'\ 

>0 

where L is the maximum available track length and v is the selected 

distance |r-r'|. The "weight" of the neutron has to be corrected by 

the normalization factor: 

Z^(u)expl-Z (u) \r-r'\\ d\r-r'\ (A.6) 

(N.B. Formally,as indicated by formula (A.l), the transport kernel 

should be integrated over the space volume and it should be written: 
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T'(r'->-r,U) =Z (u)exp{-Z.(u). \r-r'\\ VLL'\ TZLL (A.7) 
^ *• • ' I r-r' I 

r-r' U 

With 

dL - IrrL'l^ d\r-r'\ dg (A.8) 

t h e number of s c a t t e r i n g c o l l i s i o n s i n t h e s p a c e volume V i s : 

[P , r4Ti 
T'(r'-yr,U_)dr^ \ d\r_-r_'\\ d^.T ' (r'^r ,V) . \r-r ' \^ 

•/ >0 JO ~ - - ' - I I 

•P 
T(r'->-r,U_) d\r-r'\ (A.9) 

0 

where the 5-function couples the transport kernel to the flight 

direction of the neutron. 

Formalisms of this kind will not be mentioned in the following^ 

After selection of the next collision point, the transition of 

lethargy and direction is determined by means of the collision 

kernel C. 

The collision kernel C may be represented explicitly as: 

C(U'->-U,r) = I k.C .(U_'->-U_,r) (A. 10) 

I 

where k. denotes the probability of a scattering collision with 

isotope i , and C. is the corresponding collision kernel, k. can be 

represented as: 

fe.— r V A.n (A. II) 
"s^ 

I ~ y Z.(u') 
H SI 
^ 

Selection of the isotope i to be collided with, can be made by means of 

the random generator rg (0<rg<l): 
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i-l i 
y k < rg < J k with fc„ - 0 (A.12) 
''„n— " ' - ^ n 0 

n=0 n-0 

The collision kernel C. can be found by deriving the frequency 

function for elastic collision. The frequency function in lethargy 

is defined by: 

g •^u'->-u)du'^ fraction of all scattering collisions which 

result in the final lethargy range u to u+du, where 

u' < u < u' + In - (A. 13) 
— — a. z 

With 

a. = 
V 

A.+l 
• X 

(A.14) 

and A. is the mass number of isotope i. 

Meghreblian ( 49) gives a full derivation for the case of isotropy 

in the centre-of-mass system, and shows that: 

^i l-a • 

^ 

Since all possible transitions from u' to any u on the interval 

u ' < u < u' + ln — are permissible, the individual transition w'-ni has 
1. 

to be selected from a kernel C., which is normalized to unity. 
^ 

Apparently, formula (A.15) is already normalized: 
,u' + ln I 

H g.(u'*u)du = 1 (A. 16) 

So C . can be put equal tog'. : 

C.(U'^U,r) =exp{-(u-u')} (̂_,̂̂  
l i ot • 

^ 

Another way to write down C., which will turn out to be useful for 

the analogy to the backward case, is: 
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C.(U'->-U,r) = 
Z (u'^) s 

Z (u')g(u'^u) 
s 

u'+ln- _ , , , , 
a. Z (u'^u)du 

, ^ s 
u' 

•d+ln 
(A.18) 

a. Z (u')g(u'^u)du 
IS ° 

Apparently C can be seen as the quotient of the differential 

scattering cross-section Z (u'^u) and the integral scattering cross-

section. 

Selection of lethargy u after collision with isotope i can be made 

from C. by means of the random generator rg (0<rg<l) : 

(U 
exp{-(u"-u')} 

^^ , l-a-
'u I 

du" (A.19) 

To be able to formulate the normal forward transition probability 

from a plane source S , with strength Q(s', U'), where s! indicates o —o —o —C 

the two coordinates of the source plane to a plane target S, 

(see Fig. A.l), some new variables are introduced. 

Sn 

" ^ 

Fig. A.l Medium with plane source 5. and plane target S 

With ^(r_,U_) as the neutron flux density, the collision density i|j 

of neutrons entering collision is related via: 

^(r,V_) = Z^(r,u) ii,(r,U) (A. 20) 

The Boltzmann equation for the neutron transport can be written as: 
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\l)(r,U) = ^(r',U') C(V'*V,r) T(r'^r,U) dU'dr' + 

+ Q(r',U') T(r'-*r,U_) dr' (A.21) 

With \(r_',U_) as the density of neutrons leaving collision at phase 

point (r',lJ_), i|j can be written: 

^(r,U) = \x(r',U) T(r_'^r,y_) dr' (A.22) 

where ^(r,^) is found from: 

X(L'U) - U(Z'IL'^ C(U_'^ll,r) du + Q(r,U) 

= \x(r'',U') T(r'-*r,U_') C(U'-^U,r) dr'dl" + Qfr,V) (A.23) 

The transition probability a can be seen as the quotient of the 

number of neutrons leaving the medium via (S ,11.) and the number of 

neutrons having ̂ entered it via (S ,U ) : 

h'h 
Xf^jt/J exp<-Z (u).\s',-r\dr\ds_'^ dU! (A.24)-

„ , . Q(s',U') ds' dU' 
U ' S —o' —o—o—o 

o o 

(For simplicity the S-function, which should couple U and s'-r, has 

been neglected) V is the space volume, and |s'-r>| represents the last 

track before leaving the medium. 

With n as a discrete index, representing the collision number, x 

may be written as a sum: 

X(r,U) = Z y (r,U) 
n=0 " 

(A.25) 

where x is the density of particles resulting from collision n, 

with 

109 



XQ(I:'^^ = Q(L'l^ 

X/£>i/^ 

''o'o 
Q(s_^,U^) T^.C^ ds_^ dU^ 

with 

and 

yn(L>!lJ -- I yn-l'^'^^'^ ^n'^n ^^-1 <^4-i 

n = 2,3,... 

^1 = ^(^O^^I'IP and T^ = T(r_^_^^r_^,ll^_^) 

C, = (^(I'o-li^Li) and C„ _- C(V_^_^-^V_^,r_^) 

(k.lb) 

(A.27) 

(A.28) 

From the expressions (A.26), (k.ll) and (A.28) it follows that Y 

can be found with the usual forward Monte Carlo technique by 

starting neutrons from the source and by repeating n times a random 

selection from the transport kernel and the collision kernel. 

X can be written: 

X (r ,U ) = '^n —n—n • • I Iê £̂ 3£,̂  y///2- • y/„^^i^dr/y^.. 

dr ..du , 
(A.29) 

In analogy to the usual forward Monte Carlo technique it will be 

shown that it is possible to select neutron tracks starting from 

the target, which is now called a backward source with strength 

Q (s_,,U_,) and using a backward transport kernel T (r*r_',VJ and a 

backward collision kernel C (lh-U_',r'). The latter two can be derived 

from the usual forward neutron properties, using Bayes's rule for the 

probability of causes (58). The kernel T is used to select 

possible previous neutron transport trajectories, and C is used to 

select possible previous neutron lethargy and direction. 

It will turn out that the probability density of selecting an 
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the probability density of selecting the same neutron track from 

the source to the target. 

To simplify the use of the expressions, the new notional words 

"backtron" and "upscatter collision" are introduced. "Backtrons" 

are the virtual particles having the property to describe the possible 

causes of perceived neutrons. And "upscatter collision" stands for 

the transition event of a backtron in lethargy and direction. 

(N.B. The use of the word backtron has been suggested by Mr. H. van Dam) 

The backward collision kernel 

Consider a population of events i?,,. E-, is described by the fact 

that a neutron enters an infinitely small volume element around the 

space point r, in the small lethargy group AM, around u-,. The 

a priori probability per unit lethargy of the entrance occurring in 

the lethargy element Aw, is equal for each element. Now a sub-

population of events E-, for each k is defined by the fact that 

the entering neutron makes an elastic collision with isotope i at 

r, which changes the lethargy of the neutron into the interval A«-

around u„, with the conditional probability P C L J F , } . The size of 

this subpopulation in each group of entrance AM, is determined by 

Z (u..)dx, where dx is a small line element around r in the flight 
S K — 

direction of the neutron. The probability P{E-,} for an event E-, of 

occurring and of belonging to the subpopulation mentioned is given by: 

P{E^} = ^g(^j^) dx AMĵ  (A.30) 

The conditional probability P{L.^\E^} of the transition from Aw, 

to AMI is given by the frequency function in lethargy: ^ 

exp{-(Uy-^,)} 

If the lethargy interval of a neutron leaving the subpopulation of 

events is given to be Aw, then with Bayes's rule it is possible to 

111 



find the conditional probability P{E.\Ly}: 

exp{-(u.j-u^)] 

_P{L^\E^}.P{E^] ^ i-a^ 

^^^k^^l^ - I P{L^\E.}.P{E.} - exp{-(u-fu.)} 

\u-j.Z (u,)dxAu, 

l- 1-a. 
-t,u-;.Z (u.)dxAu. u s 3 3 

C 1 

(A.32) 

See also Fig. A.2. 

The normalized backward collision kernel may be looked upon as the 

probability density of the individual neutron transition from u, 

to M^, relative to all possible neutron transitions from any u- on 
. 1 '' 

the interval u -In — £ "• £ ^-j, resulting in Uy. As all possible 

transitions from this interval of M . to M, are permissible, 

and since the properties of the medium are isotropic, C. has to be 

a normalized kernel and can be found from P { E - , \ L . , } in the limit of 
tu-,\0 and the maximum number of j+<»: 

k\"V 

AM 

•AM. 

U^j^ 

(k,l 

probability of an elastic 

collision with isotope i 

probability of no elastic 

collision with isotope i 

Fig. A.2 Population of events E-,(k=l,2,3,...) at point r. Each mesh 

(k,l) of the subpopulation indicates the transition 

probability P{E,}.P{Lj\Ep} of a neutron of making an elastic 

collision with isotope i in lethargy group AM, and of 

leaving the collision in lethargy group AM^. 
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exp{-(u.^-Uj^)} 

Z.(u). l-a du, 
C.(U-,--U.,r)du^ = -^^^—^ — ; ••• • •' n (A.33) 

I —I -k'- k ru-j exp[-(u-,-u.)} 
7 ^ < , v ^ " - ^ ^ — ' — ^ - du. 

-, 1 SI 3 l-a. 3 
i 

So C. is again the quotient of a differential scattering cross-

section and the integral scattering cross-section integrated on the 

interval of possible lethargy of origin of the neutron. 

With the definition 

z*.(u) = r ^ TM') «^^-^«-«'^> 
H'"-' - ] , s' , — du' (A.34) 

u-ln ^ X a . % 
and 

Z*(u) = I Z*(u) (A.35) 

I 

(the use of the symbol I has been introduced by Eriksson and Kalos 

( 59 )) the backward collision kernel for unscatter collision with 

isotope i becomes: 

r .(u') exp{-(u-u')] 
CI(V_^1'^L) = ^ ) JZ^. (A.36) 

Now the composite backward collision kernel C may be represented 

by: 

C*(V_^ll',r) = I k*^(u) c\(U_^U_',r_) (A. 37) 
i 

""h l*.(u) 

and the isotope to be collided with can be selected with the random 

generator rg (0<rg<l ) : 

i-l i ^ 
I k (u) ^rg < I k^(u) with k^(u) - 0 (A. 39) 

n=0 " n=0 
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Finally, lethargy u', after the upscatter collision, may be selected 

from C . : 
l 

lu'Z*.(u) ^ \ 

The characterization of the backward collision kernel in the sense 

of formula (A.2) is quite analogous to the forward case. 

The backward transport kernel 

Consider a population of possible neutron transportations on the 

lethargy level u, on a line with coordinate x. The transportations 

have two properties. 

1. A neutron transportation does take place after generation of the 

neutron on the small line element Aa;, , around x-r, with a proba

bility HE.^}. 

Whether the neutron generation, from a scattering event, 

takes place or not is determined by the integral scattering 

cross-section Z (u), for all scattering events resulting in 

lethargy u. (For the definition of Z (u) see formulae (A.34) and 

(A.35)). 

The a priori probability per unit length of a neutron being 

generated on the element Accj, is equal for each line element. So: 

P{£^} = Z*(u).bx^ (A.41) 

2. The neutron transportation started from Ax, has the conditional 

probability P { L A E A of ending on the small line element tsx^ around 

X-j. P{Ly \E-,} is given by the forward interaction frequency 

function: 

P{L^|E^} = exp{-Z^(u) .\x-fa:y\} .Z^(u)h3:i (A.42) 

Now using Bayes's rule, it is possible to find the conditional 

probability PiEAly) : 
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P{Lj_\Ej^}.P{Ej^} exp{-Z^(u)\x^-XJ^\}.ZJu)^x-^.Z*(u)^XJ^ 

'^h^^l^ " I P{L.\E.}.P{E.} " I exp{-Z.(u)\xy-x.\}'.^Ju)hXy.Z-(u)l^x-
. L 3 J - t L- 3 t L 3 

d d 

(A.42) 

where the sum over 3 indicates all possible points of origin on x. 

The normalized backward transport kernel Tn may be looked upon as 

the probability density for the individual neutron transportation 

from s^ to Xy, relative to all possible neutron transportations from 

any point on x to x-,. So Tn can be found from P{EAIJ-/} in the limit 

of hx-i/>rO and the maximum number of jH«> : 

Z (u). exp{-Z.(u).\x,-x,\) dxT, 
Tn (x,-*Xy,u)dx, - T^-— '^-^ (A.43) 

'^ '' " ^ l*(u).exp[-Z.(u).\x-,^.\} dx-
)o t L 3 3 

where L is the maximum available track length on x. 

Apparently, the normalized kernel Tn is equal to the normalized 

forward transport kernel used as integrand in formula (A.5). In 

analogy to the forward transport kernel it is now possible to write 

down the unnormalized backward transport kernel, which is the 

probability density of an individual backtron transportation 

resulting in an upscatter event: 

T*(r^r_',g) ^ Z*(u)exp{-Z^(u)\r'-r_\} (A.UU) 

In the individual case a next upscatter collision point may be 

selected from the normalized backward transport kernel, using the 

random generator rg (0<rg<l) : 

rg = \ ^{ '^^ -"- d\r'-r\ (A.45) 
0 

h 
and the weight of the backtron has to be corrected by the normali

zation factor: 

1*(u)exp{-Z.(u)\r>-r\}d\r'-r\ ^144 \j-exp{-Zju).L] 
0 * ~ ~ t̂'"-̂  * (A.45') 
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The characterization of the backward transport kernel in the sense 

of formula (A.l) is again quite analogous to the forward case. 

Vayssier (60 ) gives a derivation of the same kernels T and C 

from the adioint neutron transport theory, and Eriksson (59) and 

Levitt (61) also give essen^iially the same kernels. 

To be able to find the quantity of interest, i.e. the forward transition 

probability a of formula (A.24), from the backward Monte Carlo 
. . . * 

program, a backvrard transition probability a is defined as the 

quotient of the number of backtrons leaving the medium via (S^,U ) 
^ ^ 0 0 

and the number of backtrons having entered it via (S,,U,). With 

the new variable x ^^^H^ as the density of backtrons leaving the 

upscatter collision at phase point (r,U), a can be written: 

U 'S 
o o 

X (r,U).exD{-Z (u).\s'-r\}dr 
•J L^ O 

is' du' ^ —o 

(A.46) 

y. 
Q (s_i,U_;) de_' dU' 

where V is the space volume and |s,-£̂ ! represents the last track 

before leaving the medium. 

Again as in the forward case, with n as a discrete index repre

senting the upscatter collision number, x may be written as a 

sum: 

X*(r,ll) = I )L,(r,U) 
n=0 

(A.47) 

where Xy. is the density of backtrons resulting from upscatter 

collision n, with: 

Xg(L'!l^ ^ e (r,Il) = Q (s_^,U_^) (A.48) 
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xVr.W = Us_^, U_l) T] C] de_^ du; 

t t 
where 

T* ^ T*(sj^-^r^,IJ_'^) and C* = C*(U_l_-*U,r^) 

and w i t h 

(A .49) 

T^ = T (r ,*r , U J and C„ = C (U ,^U ,r ) 
n —n-1 —n —n-1 n. —n-1 -n'-n 

n = 2,3. 

X (r , U ) = 
n —n —n X* i ' ' ^ 7 3 ^ J T* C* dr AU ., n-1 —n-1 —n-1 n n -^-1 - w - I 

l - f - , * . * „ * „ * „ * . , * Q (ai,U!)TX.T^C,.--T C dsldU!dr,dU-,--dr AU , 
—t'—t 112 2 n n —t —t —1 —1 - n - i —n-1 

(A.50) 

S i n c e C and C ,., . d e s c r i b e t h e same l e t h a r g y t r a n s i t i o n and T. 
3 n+1-3 ^^ 3 

d e s c r i b e s t h e same t r a n s p o r t as T , , . , t h e u p s c a t t e r c o l l i s i o n 
'̂  n+2-3 '^ 

indices may be renumbered, corresponding to the forward collision 

indices: 

)^(r:,U) - f(s!,Ul)T*_^,C T*C* .•••T*C*da'J.Uldr AU • 
—t'—t n+1 n n n-1 2 1 —t —t —n-i-1 —n 

dr^dU^ (A.51) 

where n+1 indicates the track number from the backward source to 

the first upscatter collision points. Now, from formulae (A.44), 

(A.36), (A.37), (A.38) it follows that 

J J 
C* -- Z*(u ) exp{-Z^(u ).\r -r\}.lJ^r^^.^^-^^. 

^ ^ ' ^ ' ^ ^ ' ^ ' ^ i Z (u. J Z.(u. J 
3-1 I 3-1 

exp{-(u._..-u._J 
. , 4 : ^ ' - ' -- exp{-Z^(u )\r -r.\}.l Z^.(u ) . 

exp{-(u._^-u._^)) 

l-a. 
2 < 3 < n 

(A.52) 
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From formulae (A.4), (A.10), (A.11), (A.17) follows: 

Z .(u. ) 
T.C. , - E (u. .,)exp{-Z.(u. J.lr.-r. A}.!/) "^ , 
3 3-1 s 3-1 ^ t 3-1 ^-3 -3-V 'l^g(u^_^) 

exp{-(u^_^-Ujj_^)} 

l-a. 
So: 

and 

Z (u. J 

J J-1 ^s'^3-1^ '' '^ 

Z (u ) 

'^nn-1' ' ' 2*̂7 ~ T7^ J '^n ^n-1 "2*"l T^.C, 
"s n-1 

With 

(A.53) 

(A.54) 

(A.55) 

T*^,C* = exp{-ZJu ).\r -r , J } . y Z .(u J 
n+1 n '^ t n '—n —n+1' H SI n-1 

= exp{-Z.(u ) . \r -r _,_.,]}.Z (u .,).C '^ t n '—n —n+1' s n-1 n 

( ( • • • f 

exp{-(u -u .,)} ^ n n-1 
l-a. 

(A.56) 

X becomes: 
^n 

X (r ,U ) 
^n —n—n (s'UVZ (u )exp[-Zju ).\r -r ^A^-C -T . —t'—t s o '^ t n '—n —n+1' n n 

C , . . . T , . C , ds'J.U'dr , AU ..dr„dU., 
n-1 2 1 —t—t —rt+1 —n —2 —1 (A.57) 

Comparison of a in (A.46) with a in (A.24) can be made by comparing 

the terms conta ining x* and y : 
K. A ^ A ^ 

U ' 
\\-'\\Q*(ii'U^h'%^'^^-hK>-\rn-rn+i\KVn-r-^2'i 

Q (±^,Ul) dsj.dlll. 
t 

da'dU'_..dr.dU.,. exp{-ZJu ) . I s ' - r , I }dr., 
—t —t —2 —1 ' t o ' —O —1 ' —1 

h'h 
ds'dU' 

—o —o (A.58) 

with 

= I 
n=0 

(A.59) 
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As 

h "^s^V^^^-^tM£<;-i:il> (A.60) 

a becomes: 
n 

. . . Q*(s'U!).exp{-Zju ).\r -r ^ J } C T --C ,T .^ds'.dUl'ds'dU' 
J JnJq —t—t ^ t n '—n —n+1' n n 1 1 —t —t —o—o 
0 0 t t 

(It'U^dH^n 
t t (A.61) 

and a can be written: 
n 

U'S 
Q(s',U')T.,C.--T C .exp{-ZJu ).\r ^.,-r \}. ds ' dU'. .ds'.dU'. 

. —o—o 11 n n '^ t n '-n+1 —n' —o-o —t—t 

t t 0 0 

U 'S 
o a 

(s',U')ds'dU' 
—o—o —o —o (k.hl) 

where 

n=0 
(A.63) 

The integrand of the numerator of a can be seen as the product of 

.* . . . . . . 

the source strength Q and the probability density of an individual 

neutron track, which has been selected in backward direction. 

Apparently, this probability density is equal to the probability 

density of the same individual neutron track, selected in forward 

direction, as can be seen from the integrand of the numerator of a. 

If the total neutron source in phase space is divided into small 

groups, so that Q can be put constant on one group (S ,U ) , and 

choosing Q constant on (U,,S ) it follows that 

ds_ldU^ 
h''t (A.eu) 

U'S 
o o 

ds 'du' 
—o —o 

As relation (A.64) holds for all n > 0, it follows that 
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A target * a = -. '^— a 
A source (A.65) 

with 

and 

A target 

A sourae 

" t ' t 

ds'dU^ 

U 'S o o 

ds'dU' 
—o —o 

(A.66) 

(A.67) 

^̂ t̂ V 

The practical calculation of a can be done in different ways: 

- Calculate separately Z.(u.) for all energy groups j and all 
I d 

isotopes i. 

The Monte Carlo program comprises the following procedures: 

- select a backtron from 

- select the next upscatter collision point from T (A.44) by means 

of (A.45) and correct the weight of the backtron by the normali

zation factor (A.45') 

- select the isotope to be collided with from k. (A.38) by means of 

(A.39) 

- select the lethargy after the upscatter collision from C (A.36) 

by means of (A.40) 
* 7 * * . . . 

- repeat selection from T , k . and C. until the backtron life is 

terminated by the "Russian roulette" 

- repeat all procedures until the variance of a has been reduced 

sufficiently 

If Z (u) does not change much from one group to another, the use of 
^* ^ . . . . . 

Z can be avoided without significant loss of speed of variance 

reduction, using the following procedures: 

- select a backtron from Q (S,,U.) 

- select the next upscatter collision point from 
T = Z (u) exp{-Z.(uX\r'-r\] s '^ t '— —' (A.68) 
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by means of 

^9 
•P T**(r -- rJUj 

T (r*r',U)d\r'-r\ 
0 

d\r'-r\ 
(A.69) 

0 < rg < 1 

correct the weight of the backtron by the normalization factor: 

T (r^r',U) d\r'-r\ 
0 

select the isotope to be collided with from 

- ,P 
i ~ y Z .(u) 

H SI 

-** _ SZ 

(A.70) 

(A.71) 

by means of 

i-l 
I k < rq < ) k with k. = 0 ''. n — ^ ^^ n 0 n=0 n=0 

0 < rg < 1 

(A.72) 

- select the lethargy u' after the upscatter collision from 

.** _ exp{-(u-u')] 
^i ~ l-a. 

by means of 

(A.73) 

^9 
exp{-(u-u")} , „ 

u' ^ 
0 < rg < 1 

correct the weight of the backtron by 

Z .(u') 
sz 

s^ 

With C = l k^. C 
i 

•k* * * 
. C. z z 

(A.74) 

(A.75) 

(A.76) 

and formula (A.52) it can be seen that 
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Z .('M._J 

T*.*C*.*., =Z (u. Jexp{-Z.(u. ,).\r. , - r . | } . I - f V ) 3 3-1 s 3-1 ^ t 3-1 '-3-I -3' .1 Z^(u.J 

exp{-(u._^-u._^)} l^i(u._^) 

) 

exp{-(u. --U. r,)} 3-1 3-2 

l-a. ' Z .(u. -,) 
z sz 3-1 

exp{-Z.(u. 7^.1^. ..-r.h.y Z -(u. J ^ t 3-1 '-3-I -3' k sz 3-2 H si 3-2 l-a . 

= T.*C.*, (A.77) 

it-k -k-k kk 

- repeat selection from T , k- and C. until the backtron life is 
I z 

terminated by the "Russian roulette" 

- repeat all procedures until the variance of a has been reduced 

sufficiently 

If the medium is not homogeneous, there are no essential changes. 

If, for example, the medium consists of a number of different layers 

the total transport kernel is composed of several separate transport 

kernels for the individual homogeneous layers. The same treatment 

as in the usual forward Monte Carlo technique can be applied. 

The choice of the isotope to be collided with now depends on r: 

Z .(u,r) 

^('-^ = TT-J^r) ^^-''^ 
h sz — z 

If thermal neutrons are important, a separate treatment is neces

sary, because the collision kernels C and C* no longer hold, owing 

to the relation between lethargy step and deflection angle being 

no longer unique. 

Other types of neutron reactions, such as inelastic scattering and 

fission, can be treated likewise in an adjoint Monte Carlo program. 

See (59). They will be omitted here. 
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In general it may be stated that the use of a backward or adjoint 

Monte Carlo program as described here will give variance reduction, 

if the neutron source may be divided into larger phase groups than 

the target. For a more extensive treatment of the variance reduction 

the reader be referred to the literature (59,61 J. 
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LIST OF SYMBOLS 

A 

a 

abs 

B 

C B^C 

4 B^C 

12 B£ 

mass number 

transition probability 

neutron absorption of sample 

transmission function of neutron filter 

indication of unfiltered neutron spectrum 

indication of neutron spectrum filtered 

by 4 mm B.C 

indication of neutron spectrum filtered 

by 12 mm B,C 

bg cumulative background fraction of reference 

"^S"^^ '°abs 
biaratio R . IR 

abs sc 

Bi-C scatterer description on p. 24 

C collision kernel 

cl2 correction for deviation from correct position 

of dodecahedron 

Cexp correction for sample expansion 

cmod correction for slowing down of neutrons 

in sample 

D Doppler effect 

DI detector integral s 

E energy eV 

event 

eff detector efficiency 

exp oscillator expansion mm 

g energy group indication 

g(u'~>-u^ frequency function for elastic collision 

in lethargy 

gim lowest group number 

i isotope indication 

k isotope selection kernel 

L maximum available track length m 
event 
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I length,thickness m 

m sample indication 

mod see formula (3.8) 
-3 

n molecule density cm 

PiEy] probability of event E., 

P{Ly\E,} probability of event L^ on condition 

of event E-, 

p neutron track length m 

primabs primary neutron absorption in sample 

Q source strength s 

R detector signal with reference sample s 

r_ space vector 

r. inner radius of graphite ball cm 

r outer radius of graphite ball cm 
•'b abs abSyO 

ref extra reference correction for scattered 

neutron fraction 

rg random generator (0<rg<l) 

S plane 

£ plane vector 

safr scattered neutron fraction 

seaabs secondary neutron absorption in sample 

T temperature K(°C) 

transport kernel 

t fraction of il> passing sample without interaction 

tr transmission function of sample 

trf transmission factor 

U neutron speed vector 

U fixed value of U_ 

u lethargy 

V spatial volume 

V neutron velocity m s 

W detector signal with unknown sample s 
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waa 

X 

a 

A 
V 

I 

a 

T 

9(E) 

i>(E) 

background fraction caused by oven wall 

and air column behind sample 

line coordinate m 

(A-1)^/(A+1)^ 

angle coordinate rad 

difference 

angle coordinate 

Debye temperature 

macroscopic cross-section 

microscopic cross-section 

insensitive time of detector 

neutron flux 

neutron flux density 

angle coordinate rad 

collision density of neutrons leaving 

collision 

collision density of neutrons entering 

collision 

neutron f l i g h t d i r e c t i o n v e c t o r 

r a d 

K 
-1 cm 

b 

s 

s~'eV~ 
-2 -cm s 

1 

'eV 

lower index 

a 

abs 

b 

a 

2a 

aol 

eff 

ff 
i 

inet 

k,l 

m 

absorption 

Bi-C scatterer being present in graphite ball 

beam 

cold 

neutrons reentering sample 

collimator 

effective 

group number 

isotope number 

inelastic 

arbitrary number 

measured 
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I 

n(l,2,.. ) collision number 

O neutrons leaving the graphite ball 

s scattering/source/start 

sa Bi-C scatterer being absent from graphite ball 

t total/target/true 

W warm 

o without sample/incident to sample/coming from source 

upper index 

not corrected for background signal 

refers to backtron movement 
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SUMMARY 

The aim of this work is the design and the testing of a method of 

measuring the nuclear Doppler effect in intermediate and fast 

neutron spectra. 

The experiments were carried out at the ATHENE reactor of the 

Eindhoven University of Technology. 

Two starting points were used in the design of the system: 

- the system had to be cheap and flexible; 

- only simple geometries and neutron-physically well-known materials 

were to be applied to make the qualitative and quantitative measure

ment interpretations sufficiently reliable. 

Of the existing methods, the reactivity oscillation method may be 

mentioned as the most sensitive. The interpretation of the results, 

however, is very complicated, so that the uncertainty of the final 

results may be of the order of tens of percents. 

A second method is the activation analysis of irradiated Doppler 

samples. The inaccuracy of the measurements is of the order of 10%. 

The interpretation of the measurements is less complicated than with 

the reactivity oscillation method. However, difficult flux-overlap 

problems are involved here as well. Only thin foils are used as 

irradiation samples. 

In the second chapter the choice and the design of the graphite ball 

detector are elucidated. The principle of the system is the 

transmission of a neutron beam, with a properly filtered neutron 

spectrum through a disk-shaped target. The neutrons are detected 

by BF, detector tubes. The detector is insensitive to changes in 

the neutron scattering properties of the sample by means of a 4Tr 

mounting of the 20 BF, tubes around the sample. A hollow graphite 

ball around the sample thermalizes partially the fast neutrons 

and thus increases the detector efficiency. The graphite 
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also disperses the neutrons spatially. A sample oscillator makes 

possible a periodical comparison with a permanent reference sample. 

In this way the influence of fluctuating circumstances is reduced 

to a minimum. 

The third chapter discusses the experimental equipment and its most 

important properties. Some improvements have been made to achieve 

a maximum signal/background ratio. 

The corrections to be applied for a correct interpretation of the 

measurements are dealt with. 

Chapter 4 describes the computing programs applied. The programs 

MCLAAG, TREFKANS and MCBUIS have been specially designed to calcu

late the energy dependent detector efficiency. 

The ATHENE reactor core spectrum has been computed by the program 

FAST ZOOM DELFT, the results of which have been compared with proton 

recoil measurements and a series of B.C sample measurements with 

the graphite ball detector. The calculations of the filtered neutron 

spectra have been carried out with the MCREVERSE program. This 

program utilizes a specially designed novel technique,indicated as 

"backward Monte Carlo" calculation. Its discussion is to be 

found in the Appendix. Although this technique has a different 

approach, it turns out to equal the Monte Carlo solution of the 

adjoint neutron transport equation. 

The program MCTRANS is designed to calculate the disk-shaped sample 

properties. 

Finally, chapter 5 shows the results of a series of UO and ThO, 

sample measurements with the graphite ball detector followed by an 

error discussion. The agreement between measurement and calculation 

for UO, is almost completely within the error limits. The Doppler 

calculations for the thinnest UO, samples in the fast neutron 

spectra and all ThO, Doppler calculations by the RICM program 

underpredict the Doppler effect. ' 
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The error margins of the series of measurements performed, especially 

in the fastest spectrum, were much larger than may be indicated 

as characteristic of this measurement method, in consequence of 

the very limited reactor power (4 kW) and a forced measurement 

time schedule. The error margin in the integral neutron absorption 

of the UO, samples, which in this case was between 4 and 29% (relative), 

can certainly be reduced to the range 2 to 11%. The error margin in 

the Doppler effect of the UO, samples, which was now between 14 and 

45% can certainly be reduced to the range 10 to 13%. 

With these lower error margins the accuracy of the measurements is 

of the same order as, for example, the Doppler measurements by means 

of the activation analysis technique, while the interpretation of 

the measurements may be called relatively simple and reliable. 
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SAMENVATTING 

De opzet voor het werk dat in dit proefschrift wordt beschreven is 

het ontwerpen en testen van een meetmethode voor het nucleaire 

Dopplereffekt in intermediaire en snelle neutronenspektra. 

De experimenten zijn uitgevoerd bij de ATHENE reaktor van de 

Technische Hogeschool te Eindhoven. 

Twee uitgangspunten zijn gebruikt bij het ontwerp van de meet

methode: 

- het systeem moet goedkoop en flexibel zijn; 

- in het detektiesysteem mogen slechts eenvoudige geometrieen en 

neutronenfysisch goed bekende naterialen worden toegepast, opdat 

de interpretatie van de signalen voldoende betrouwbaar is, zelfs 

indien dit uitsluitend met behulp van berekeningen moet gebeuren. 

Van de reeds eerder toegepaste meetmethodes is de reaktiviteits-

oscillatiemethode de meest gevoelige. De interpretatie van de 

signalen levert evenwel grote problemen, zodat de onzekerheid in de 

resultaten in de orde van tientallen procenten ligt. 

Een tweede methode is de aktiveringsanalyse van bestraalde Doppler 

monsters. De meetnauwkeurigheid ligt in de orde van 10%. De inter

pretatie van de resultaten is eenvoudiger dan bij de reaktiviteits-

oscillatiemethode, alhoewel fluxoverlappingsproblemen ook hier een 

rol spelen. Metingen worden steeds verricht aan zeer dunne monsters» 

In het tweede hoofdstuk wordt de keuze en het ontwerp van de 

grafietbol detektor toegelicht. Het principe berust op de trans-

missie van een neutronenbundel, met een zorgvuldig gefilterd 

spektrum, door een schijfvormig monster. Detektie van de neutronen 

vindt plaats door middel van BF, detektoren. De grafietbol detektor 

is ongevoelig voor verandering in de verstrooiingseigenschappen van 

een monster door een 4Tr opstelling van de 20 BF, buizen rondom het 

monster. Een holle grafietbol tussen het monster en de BF, buizen 

zorgt voor gedeeltelijke thermalisering van de snelle neutronen en 

verhoogt aldus de detektorefficiency. Tevens zorgt het grafiet voor 
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een ruimtelijke verspreiding van de neutronen. Een monsteroscillator 

maakt een periodieke vergelijking met een referentiemonster mogelijk. 

De invloed van fluktuerende omstandigheden wordt hierdoor tot een 

minimum beperkt. 

In het derde hoofdstuk wordt een bespreking gegeven van de experi-

mentele opstelling en de belangrijkste eigenschappen daarvan. Voor 

een maximale signaal/achtergrondverhouding zijn enkele verbeteringen 

aangebracht. De korrektiefaktoren die nodig zijn voor een korrekte 

interpretatie van de signalen worden behandeld. 

Het vierde hoofdstuk geeft een beschrijving van de gebruikte reken-

programma's. De programma's MCLAAG, TREFKANS en MCBUIS zijn speciaal 

ontworpen om de energie-afhankelijke detektorefficiency te 

berekenen. 

Het ATHENE reaktor spektrum is berekend met behulp van het programma 

FAST ZOOM DELFT. De resultaten hiervan worden vergeleken met proton 

recoil metingen en een serie metingen aan B.C monsters met behulp 

van de grafietbol detektor. De berekening van de gefilterde 

neutronenspektra is uitgevoerd met het programma MCREVERSE. Dit 

programma maakt gebruik van een nieuw ontworpen rekentechniek, aan-

geduid met de naam "achterwaartse Monte Carlo" berekening. De 

argumentering van deze nieuwe techniek wordt gegeven in het Appendix. 

Alhoewel anders benaderd, blijkt deze techniek geheel overeen te 

stemmen met de Monte Carlo oplossing van de geadjungeerde neutronen 

transportvergelijking. 

Het programma MCTRANS is ontworpen om de schijfvormige monsters te 

kunnen doorrekenen. 

Hoofdstuk 5, tenslotte, geeft de resultaten van een serie UO en 

ThO, metingen met de grafietbol detektor , gevolgd door een fouten-

diskussie. De overeenstemming tussen metingen en berekeningen voor 

UO ligt voor bijna alle waarnemingen binnen de foutenmarge. De 

Doppler berekeningen voor de dunste UO, monsters in de harde 
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neutronenspektra en alle ThO Doppler berekeningen door het 

programma RICM voorspellen een te gering Doppler effekt. Door het 

zeer beperkte reaktorvermogen (4 kW) van de ATHENE reaktor enerzijds 

en door een geforceerd tijdschema voor de metingen anderzijds zijn 

de foutenmarges van de uitgevoerde metingen, vooral bij het hardste 

neutronenspektrum, veel groter uitgevallen dan als karakteristiek 

voor deze meetmethode beschouwd mag worden. De foutenmarge in de 

integrale neutronenabsorptie van de UO monsters, die nu lag tussen 

4 en 29% (relatief), kan stellig worden teruggebracht tot het 

gebied tussen 2 en 11%. De foutenmarge in het Doppler effekt van 

de UO. monsters, die nu tussen 14 en 45% lag, kan zeker worden 

teruggebracht tot de grenzen 10 en 13%. 

Met deze lagere foutenmarges komt de meetnauwkeurigheid in dezelfde 

orde te liggen als bijvoorbeeld het geval is bij de Doppler metingen 

door middel van aktiveringsanalyse, terwijl de interpretatie van de 

metingen relatief eenvoudig en betrouwbaar genoemd kan worden. 
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S T E L L I N G E N 

1. Uit het feit dat bij de in de literatuur voorkomende 

Doppler experimenten met behulp van aktiveringsanalyse 

uitsluitend folies of althans zeer dunne monsters worden 

bestudeerd mag met worden gekonkludeerd dat hieruit ook 

alle relevante mformatie over het nucleaire Doppler

ef fekt kan woraen verkregen. 

2. De toepassing van neutronen absorberende konstruktie-

materialen op welke plaats dan ook in een BF, neutronen-

detektor heeft een nadelige invloed op de kwaliteit van 

de detektor en dient door de fabrikant expliciet te 

worden vermeld. 

3. De invloed van spleten en gaten op de neutronenhuishouding 

in een verstrooiend medium is aanzienlijk groter dan 

verwacht zou kunnen worden op grond van oppervlak of 

volume hiervan. 

4. Voor de bepaling van integrale absorptie werkzame door-

sneden van splijtingsprodukten in snelle reaktoren bestaat 

mmstens een methode die veel goedkoper is dan de bouw 

van een kompleet kritisch reaktorensemble. 

5. Een "backtron", hetgeen beschouwd kan worden als de fysische 

interpretatie van een geadgungeerd neutron, is het deeltje 

met de eigenschap dat het de mogelijke voorgeschiedenissen 

van een waargenomen neutron op de juiste wi;)ze beschrijft. 

De kansdichtheid voor de overgang van een backtron van 

fasepunt B naar fasepunt A in de plaats-energie ruimte is 

gelijk aan de kansdichtheid voor de tegenovergestelde 

overgang van een neutron. 

6. Het verdient aanbeveling om de overeenkomst tussen de 

toepassing van de regel van Bayes op de neutronentransport-

vergelijking en het adjungeren daarvan aan een nader 

onderzoek te onderwerpen. 



7. Om op uitsluitend ekonomische gronden te kunnen beoordelen 

of de invoering op grote schaal van een nieuw energie-

systeem wenselijk is of met, dient bij de schattmg van 

de energieprijs die bij dit systeem behoort deze prijs 

reeds verwerkt te zijn in de investeringskosten. 

Verscheidene auteurs gaan hieraan lichtvaardig voorbij . 

Ir. P. van Staveren, "Wmdkrachtcentrales op de Noordzee", 

Rapport van de Werkgroep Wmdenergie van de IRO, 1974. 

8. Bij ruime beschikbaarheid van gratis komputertijd is het 

minimaliseren van de duur van de rekenprogramma's ongewenst. 

9. De vroegtijdige beeindigmg van het bedrijf van de ATHENE 

reaktor van de Technische Hogeschool Eindhoven is 

fmancieel en wetenschappelijk bezien betreurenswaardig. 

10. Science fiction lektuur heeft voor toekomstdenkers de 

meeste waarde, wanneer het naast fiktieve science vooral 

ook de invloed van deze fiktie op de mensen analyseert. 

11. Artikel 57 van het wedstrijdreglement van de International 

Yacht Racing Union kan worden beschouwd als een onder-

mijning van de verantwoordelijkheid van de schipper en 

heeft ook zeker geen positieve invloed op de sportieve 

sfeer die een zeilwedstrijd behoort te hebben. 

12. Het door stoplichten beveiligde stedelijke fietsverkeer 

IS op veel plaatsen zodanig overgeregeld dat het 

maatschappelijke ongedisciplineerdheid in de hand werkt. 

P. W. Renaud Delft, 1 oktober 1975 


