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ABSTRACT

The influence of the size of a moderator system on the neutron

slowing-down time has been investigated. The experimental part

of the study was performed on six cubes of water with side

lengths from 8 to 30 cm. Neutrons generated in pulses of about

1 ns width were slowed down from 14 MeV to 1.457 eV. The detec-

tion method used was based on registration of gamma radiation

from the main capture resonance of indium. The most probable

slowing-down times were found to be 778±23 ns and 898±25 ns

for the smallest and for the largest of the cubes, respectively.

The corresponding mean slowing-down times were 12O5±42 ns and

1311+42 ns.

In a separate measurement series (on the 12.5 cm cubie) the space

dependent of the slowing-down time at positions close to the

source -/• s studied. These experiments were supplemented by a

theore, ^B1 calculation which gave an indication of the space

depence :a of the slowing-down time in finite systems. The ob-

served o<:haviour was similar to that reported in previous works

concern ->d with infinite moderators.

The experimental results for the six cubes were compared to

the sjowing-down times obtained from various theoretical ap-

proac.k.,3S and from Monte Carlo calculations (in both cases space-

independent). All the methods show a decrease of the slowing-

down time with decreasing size of the moderator. This effect

was least pronounced in the experimental results, which can be

explained by the fact that the measurements are spatially de-

pendent. The agreement between the Monte Carlo results and those

obtained using the diffusion approximation or the age-diffusion

theory is surprisingly good, especially for large systems. The

P1 approximation, on the other hand, leads to an overestimation

of the effect of the finite size on the slowing-down time.
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ABSTRACT

The influence of the size of a moderator system on the neutron

slcwing-down time has been investigated. The experimental part

of the study was performed on six cubes of water with side

lengths from 8 to 30 cm. Neutrons generated in pulses of about

1 ns width were slowed down from 14 MeV to 1.457 eV. The detec-

tion method used was based on registration of gamma radiation

from the main capture resonance of indium. The most probable

slowing-down times were found to be 778±23 ns and 898±25 ns

for the smallest and for the largest of the cubes, respectively.

The corresponding mean slowing-down times were 1205+42 ns and

1311±42 ns.

In a separate measurement series (on the 12.5 cm cube) the space

dependence of the slowing-down time at positions close to the

source was studied. These experiments were supplemented by a

theoretical calculation which gave an indication of the space

dependence of the slowing-down time in finite systems. The ob-

served behaviour was similar to that reported in previous works

concerned with infinite moderators.

The experimental results for the six cubes were compared to

the slowing-down times obtained from various theoretical ap-

proaches and from Monte Carlo calculations (in both cases space-

independent) . All the methods show a decrease of the slowing-

down time with decreasing size of the moderator. This effect

was least pronounced in the experimental results, which can be

explained by the fact that the measurements are spatially de-

pendent. The agreement between the Monte Carlo results and those

obtained using the diffusion approximation or the age-diffusion

theory is surprisingly good, especially for large systems. The

P1 approximation, on the other hand, leads to an overestimation

of the effect of the finite size on the slowing-down time.
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1. INTRODUCTION

The time behaviour of a fast neutron burst injected into a

homogeneous, nonmultiplying assembly from an isotropic, mono-

energetic source may be divided into three subsequent inter-

vals :

(i) moderation or slowing down

(ii) thermalization

(iii) diffusion.

This work deals with the first of these time regions.

In the slowing-down region neutrons lose energy as a result

of elastic scattering. Inelastic scattering may also contri-

bute to the moderation, if the energy of the neutrons exceeds

the first excitation level in the scattering nuclei. There

is no distinct lower energy range for the slowing-down region,

but below about 1 eV the thermal motion and binding forces of

the moderator atoms become important. This marks the begin-

ning of the thermalization region.

The slowing-down time is a useful quantity for understanding

the space- and time-dependent neutron moderation. Let <{>(r,E,t)

denote a scalar flux of neutrons at position r, energy E and

time t after the injection of a burst of high-energy neutrons.

The mean time it takes foi a neutron to slow down to an energy

E can be expressed by

jt<j)(r,E,t)dt

4>(r,E,t)dt

(1.1)

This quantity is also called the first time moment. Alterna-

tively, we can define the most probable slowing-down time t

as the time for which <J>{r,E,t) attains its maximum.

Any one of the definitions may be adopted as long as the same
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quantities are used when theoretical and experimental results

are compared.

Knowledge of the neutron slowing-down time is of great value

for evaluation of certain pulsed neutron experiments. Some

of them are as follows:

a) production of moderated neutron beams from pulsed accel-

erators; the slowirg-down time is here essential for the

choice of the size and composition of the moderator

b) time-of-flight experiments in which detectors provided

with a moderator are used

c) slowing-down time spectrometry - a method based on a

definite relation between the final energy of the neut-

rons and the corresponding slorfing-down time.

There are also some applications important for reactor physical

calculations. An accurate determination of the slowing-down

time serves as a check of the cross-sections involved. Com-

parison of theoretical and experimental estimations may pro-

vide valuable information about different methods of calcula-

tion as well as about the validity of the assumptions behind

them. The conclusions drawn from such analyses are of impor-

tance for the design of fast reactors, where neutrons spend most

of their lifetime slowing down and where thermalization is rela-

tively unessential.

One of the main difficulties in the experimental determination

of the slowing-down time is the short time scale of the moder-

ating process. Table 1.1 shows the expected mean and most pro-

bable slowing-down times from 14 MeV to 1 eV in some moderating

materials of infinite dimensions.
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Moderator

Water

Heavy water

Beryllium

Graphite

Iron

Lead

Density

(g/cm3)

1.00

1.10

1.85

1 .60

7.86

11.35

^max

(ps)

1.1

8.2

9.2

24.1

41.0

416.1

<t>

(ys)

1.6

10.5

9.8

25.4

41.4

417.4

Table 1.1. Slowing-down times from 14 MeV to 1 eV

for some moderating materials.

Evidently the moderating process in water is very fast. This

applies to other hydrogenous materials as well. The equip-

ment used for measurement of the slowing-down time in these

moderators must fulfil stringent requirements regarding time

resolution, in order to obtain accurate results. The require-

ments are less severe for heavier materials.

In previous experimental studies efforts have been concentrated

on measurement of the slowing-down time in large moderator vol-

umes. The effect of finite size and of the resulting leakage

could be neglected. On physical grounds and from analytical

predictions it can be expected that in small systems the slow-

ing-down time will depend on the dimensions. Due to greater

loss of the faster neutrons through leakage, neutrons will app-

ear to slow down more rapidly, which should be manifested by a

shorter slowing-down time.

To our knowledge there are only three experimental works which

investigate the influence of finite moderator size on the slow-

ing-down time (Takahashi and Sumita, 1967; Maekawa and Yamamuro,

1969; Hanna and Harris, 1972). Graphite was used as a modera-

tor in these measurements. For various reasons which we will

-3-



comment on in chapter 2, the results of these investigations

are not entirely convincing.

The main purpose of this work is an experimental verification

of the expected dependence of the slowing-down time on the

size of the system. As moderating material we have chosen

water, in spite of anticipated difficulties concerning the

time resolution. In one particular geometry the space depen-

dence is also investigated.

The main series of measurements was performed on six water

cubes with side dimensions varying from 8 cm to 30 cm.

A lot of effort has been directed towards obtaining a satis-

factory time resolution, necessary for the establishment of

small differences between the results. For the same reason

it was essential to very carefully estimate the errors in-

volved. Calculation of the error associated with the evalua-

tion of the slowing-down time from experimental distributions

through fitting has not been reported in previous works.

The experimental results are compared to analytical and to

Monte Carlo calculations. Generally, the expected behaviour

of the slowing-down time is confirmed.

Chapter 2 contains a general description of measurement tech-

niques used for the determination of the slowing-down time and

a review of experimental works performed on infinite as well

as finite moderator volumes. Theoretical calculations are

accounted for in chapter 3. Chapter 4 deals with some con-

siderations essential for the preparation of the measurement.

A description of the equipment and an account of the measure-

ments performed are given in chapter 5. In chapter 6 raw expe-

rimental data are presented, followed by the evaluation of the

slowing-down time. Chapter 7 is devoted to a discussion of

different error sources, and to their estimation. Some correc-

tions are calculated, and final experimental results presented.

-4-



The measurements concerning space dependence of the slowina-

down time are described, followed by a discussion in chapter 8,

Chapter 9 is devoted to time-dependent, three-dimensional Mon-

te Carlo calculations. Comparison between analytical, experi-

mental and Monte Carlo results is given in chapter 10. Chap-

ter 11 contains a summary of the work performed followed by

final conclusions.
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2. REVIEW OF EARLIER EXPERIMENTAL WORKS

During the last 30 years there has been a good deal of expe-

rimental work with the aim of determining the slowing-down

time in various materials. It is beyond the scope of this

paper to give a complete review of previous measurements.

We will discuss earlier works, which either are typical or

which are distinguished by excellent time resolution or are

important for historical reasons. Details will be given only

for experiments related to the present work.

2.1 Measurement techniques used for determination of

slowing-down times

The majority of experiments which measure the slowing-down

time to definite energies in the epithermal or near-thermal

region are based on resonance indicators. Several materials

possessing a distinct resonance in the energy region of inter-

est may be used for this purpose. The indication is either

"positive" or "negative".

A "positive" indication takes advantage of capture gamma radi-

ation from the (n,y) reaction. The prompt gamma emitted from

the indicator as a result of the reaction with the neutron

flux is detected and registered as a function of time. The

reaction rate measured in this way may be expressed as

R(t) = I f <f>(r,E,t) ̂ ( E ) dEdV, (2.1)
VE

where

R(t) is the time-dependent reaction rate,

<J>(r_,E,t) is the scalar neutron flux at position r_, energy E

and time t after the injection of a neutron burst,

V is the volume of the indicator and

* is the capture cross-section of the indicator.
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For a detector with a delta function response ^(E) = 5 (E-Er>

we can obtain the most probable slowino-down time t , to E.,
" max r

as that time at which R(t) has its maximum. The mean slowing-

down time defined in Eq. (1.1) becomes

tR(t)dt

• (2.2)

fR(t)dt
)

In practice there exists no indicator with a perfectly singular

response, but there are plenty of elements with a near-singular

behaviour of the resonance.

The indicator may be dissolved in the moderating material or

introduced as a metal foil.

A "negative" indication is based on the observation of neutron

transmission through the resonance absorber. The moderated

neutrons are detected by bare, respectively resonance-filter

covered, BF3 counters. The difference between these two measure-

ments constitutes the detector response to neutrons with the re-

sonance energy. The corresponding slowing-down time may be cal-

culated in exactly the same way as described earlier.

The (n,y) method is superior to the filter method, especially

regarding the time resolution. It has been widely used in ex-

periments involving liquid moderators and will also be employed

in this work.

Some authors have used a slightly different variant of the fil-

ter method, utilizing the sharp step in the absorption cross-

section of cadmium (at about 0.5 eV) or gadolinium (at about

0.2 eV). In contrast to the slowing-down time to a resonance

energy, this cut-off filter method gives the time for neutrons

to slow down below a definite cut-off energy. The definition of

the slowing-down time is here based on the slowing-down density
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at the cut-off energy rather than on the flux at the resonance

energy, as is the case in the resonance filter method.

Recently, Beynon and Walker (1974) proposed a novel type of

indicator using inelastic scattering of neutrons, the (n,n'y)

reaction, via one or more excited states. Observation of the

time-dependent reaction rate of the emitted gamma radiation

allows measurement of the slowing-down time in the range 0-500 ns

The indicator should have a few well defined excited states, each

occuring in an energy range of interest. The gamma radiation

emitted by the deexcitation of the levels should be sufficiently

well resolved for detection by a fast Ge(Li) detector. Some ex-

amples of practical utilization of inelastic indicators will be

given in section 2.2.

2.2 Experiments on large moderator assemblies

The experiments described in this section were all performed

on large moderator volumes, which in most cases could be con-

sidered as infinite.

L£afL

The lead slowing-down tine spectrometer - a device developed

by Bergman et al. (1955), has been used for research in reactor

physics to measure neutron cross-sections and to evaluate diff-

erential data in the unresolved resonance energy region. Mitztl

and Plendl (1964) used a number of thin foils exhibiting narrow

(n,y) resonances to measure the slowing-down times in large

lead assemblies in the energy range 5.2 eV to 2.7 keV. Later,

Navalkar et al. (1967) covered the range 1 to 5 eV using reso-

nances in Ag, Au, Ta, Ho, In and Rh. Further developments in

the slowing-down time spectrometry have been reported by Sawan

and Conn (1974).
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Rippon and Scott (1974) used all the measurement techniques

described in section 2.1 to study the slowing-down time in a

large block (Mm3 ) of iron. In the energy range 1.4 to 132 eV

resonance absorbers (In, Te, Au, Ag, U, Sm, W, Mo, As, Co)

were used in conjunction with either a Ge(Li) detector ("posi-

tive" indication) or a small BF3 counter (filter measurement).

In the energy interval from 110 tc 847 keV the measurements

were carried out with three inelastic scattering indicators

(Fe, F, Ge) and a Ge(Li) detector. The inelastic levels moni-

tored were 110 and 197 keV(F), 596 keV(Ge) and 847 keV(Fe).

The keV region in iron was also analysed by White et al. (1978)

who in addition to the inelastic indicators mentioned above,

found other suitable indicator materials - Mn (126 keV level)

and As (199, 265 and 400 keV levels). The same authors measured

the slowing-down tim<= in lithium fluoride.

Kaneko et al. (1967) investigated the effect of chemical bind-

ing on the neutron slowing-down time. The neutrons were de-

tected by bare as well as by filter-covered BF3 counters. The

filters were either of resonance type (In) or of cut-off type

(Cd, Gd). The experimental results showed good agreement with

calculations based on the crystal model. Other important

measurements of the slowing-down time in graphite were under-

taken in order to study the influence of the finite size of the

system and will be dealt with in section 2.3.

2. 1. k B£r^ l^i innaridb£r£l J i uiino)c î i e

Zhezherun (1966) observed neutron transmission through In, Cd

and Sm, as well as the time-dependent fission rate of a Pu

chamber shielded by Sm and Cd in large blocks of beryllium

and beryllium oxide. Comparison with theoretical calculations
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of the slowing-down time showed that in the energy region be-

low 1 eV the effects of thermal motion and chemical binding

of the moderator atoms must be taken into account. Rainbow

and Ritchie (1971) measured the slowing-down time to 0.3 eV

in a large block of beryllium oxide. They observed a distinct

variation of the peaking-time of the plutonium-239 reaction

rate with distance from the source.

' '

The first experimental work concerning determination of the

slowing-down time in light and heavy water was performed by

von Dardel (1954). Due to the poor time resolution and other

uncertainties, no detailed information could be obtained.

Crouch (1957) measured the slowing-down time to the Cd edge,

using water as a moderator. There is an unexpectedly large

discrepancy between his experimental results and calculations

based on the free proton model.

Grosshög (1964) utilized a static method to obtain the slowing-

down time of Ra-Be neutrons in water. Filters of cadmium and

gadolinium were used giving the value of 1.60±0.07 ys for 0.5 eV

and 2.47+0.11 ys for 0.3 eV.

Möller and Sjöstrand (1964) performed experiments on light

water with cadmium, gadolinium and samarium dissolved in the

medium. The main object of this work was a study of thermali-

zation. However, a slowing-down time to 0.2 eV of 2.7±0.4 ys

was also obtained.

Profio and Eckard (1964) used neutron bursts of 2.5 MeV energy

ironi a 150 kV neutron generator to investigate the moderation

process in water, toluene and heavy water. Capture gamma radi-

ation from indium and cadmium sheets was detected by a scintil-

lation counter. The times to the 1.46 eV resonance in indium
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were 0.75+0.5 ys, 1.5±0.3 ys, and 4.0±1.0 ys for the three mod-

erators. The corresponding times to the cadmium edge at 0.4 eV

were 1.75+0.5 us, 3.25+0.3 ys, and 10.5+1.0 ys, respectively.

Due to lack of intensity and quite low counting rates the time

resolution was still poor. The moderator assemblies used in

this study were rather small, but the effect of finite size was

not analysed.

The most detailed measurements of the slowing-down time in wa-

ter were performed by Möller (1966a). The moderator assembly

was a large (1 m3) tank of water poisoned with boric acid. Neu-

tron bursts of 0.04 ys width were generated in the centre of the

tank, where the lithium target of the van de Graaff accelerator

was situated. The source neutrons had a mean energy of about

1 MeV. A solution of indium sulphate contained in a plastic

pot was used as a spectrum indicator. The gamma radiation emit-

ted by neutron capture in the spectrum indicator and in the wa-

ter was detected by a NE 102 plastic scintillator. The most pro-

bable slowing-down time to 1.46 eV was measured as a function of

the distance from the source. The results show a variation from

0.87 ys at 4.5 cm to 1.02 ys at 18.0 cm - a pronounced space de-

pendence. There is also a characteristic saturation phenomenon

between 10 and 18 cm. Möller claims that the error in the deter-

mination of the slowing-down time is less than 1%, corresponding

to about "0 ns. This seems somewhat too small, with regard to

the fact that no correction for the width of the neutron pulse

was made. According to Beynon and Mondal (1971a), who investi-

gated the effect of accelerator pulse shapes on neutron slowing-

down times, this correction may be quite significant. In Möl-

ler 's experiment, where the neutron pulse width was 40 ns, the

results should have been corrected by -25 ns. The error due

to fitting of the experimental results to a curve has not been

taken into account, either.

Möller (1966b) also measured the slowing-down time in heavy

water. The results were 7.1±0.3 ys for slowing down to 1.46 eV

and 16.3±2.4 ys to 0.2 eV. Even here a spatial variation was

observed.
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The experiments performed by Adamantiades et al. (1966) con-

cerned the space dependence of the slowing-down time of 1 MeV

neutrons in water. Close to the source (rS13 cm) there is an

increase of the slowing-down time with distance.

Chen and Lidofsky (1967) used cadmium-shielded 6LiI scintil-

lators to measure the slowing-down time of 14.1 MeV neutrons

to 1.1 eV and 0.8 eV in water. The measurements were performed

at distances of 10 to 50 cm from the source and no spatial de-

pendence could be found. The same authors also made a Monte

Carlo study of the problem, which confirmed the experimental

results.

Sakamoto et al. (1969) measured the neutron slowing-down times

in water, ice, paraffin and santowax. The "negative" indica-

tion, based on detection by bare as well as energy-selective

filter-covered BF3 counters, was used. As expected, the re-

sults show a much greater error compared to that reported by

Möller, confirming the superiority of the (n,y) method. The

effect of leakage from moderator assemblies of 40x40x40 cm3

was analysed, resulting in a correction of the order of 2%,

considered negligible compared to the experimental error.

2.3 Experimental investigations of the effect of finite

moderator size

There are only three examples of previous experiments investi-

gating the influence of finite moderator size on the slowing-

down time. In all cases graphite was used as the moderator.

The present work, though,concerned with water, is closely re-

lated to the graphite measurements. For that reason, a rather

detailed account of previous experiments, together with some

critical remarks will be given here.
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Takahashi and Sumita (1967) used a resonance filter method

to measure the neutron slowing-down time in finite graphite

systems. The experiments were performed on 5 piles built up

of reactor-grade graphite blocks. The piles had the follow-

ing dimensions: 100x140x200, 100x100x100, 70x70x100, 50x50x100

and 40x40x100 cm3. The source neutrons of 14 MeV energy were

generated in the centre of the moderator, where the tritium

target of the neutron generator was situated. The neutron

bursts thus produced had a width of 1 us. The slowing-down

time was obtained from the difference between the time respon-

ses of a compensation-filter covered and resonance-filter cov-

ered BF3 counters. The compensation filter (boron) was designed

so that its absorption was equal to the parasitic 1/v absorption

of the resonance filters. Two final energies of 1.46 and 4.91

eV, corresponding to capture resonances in indium and gold, res-

pectively, were used. The results are summarized in Table 2.1,

where the size of the system is given in terms of the geometri-

cal buckling.

B2 (cm"2)

0.0017

0.0029

0.0050

0.0090

0.0134

max

4.91 eV

10.5+0.5

10.2+0.25

9.7+0.5

9.5+0.75

8.5+0.5

tys)

1.46 eV

21.3±0.5

20.5+0.7

20.5+0.7

19.8H.0

19.0H.O

Table 2.1 . Effect of finite medium (from Takahashi and Sumita, 1967),

As expected the slowing-down time is slightly reduced by the

effect of leakage.
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Takahashi and Sumita developed in the same paper a theoreti-

cal formula for the mean slowing-down time in a finite system.

The calculated values were compared to the experimental re-

sults and to another formula proposed by Williams (1964). In

chapter 3 both theoretical expressions and their background

will be given. It seems that at 1.46 eV the theory of Willi-

ams better represents the experimental results as compared to

the representation by Takahashi and Sumita. The situation is

the opposite at 4.91 eV. However, for several reasons general

conclusions can not be drawn. The time resolution is not suf-

ficient and the most probable slowing-down time determined ex-

perimentally is compared to the' theoretical mean slowing-down

time. It is true that for graphite the discrepancy caused by

the different definitions wi^i be rather small (see Table 1.1),

but still of the same order as the experimental error. The

effects of a finite pulse width were disregarded, causing a

systematic error.

No spatial dependence of the slowing-down time was observed

within the experimental errors. In addition, several measure-

ments of the slowing-down time to other energies were made on

a 100x100x100 cm3 geometry.

of MaekawaandY£maimiir£

The work performed by Maekawa and Yamamuro (1969) is somewhat

more extensive as regards the study of the effect of finite

size. Eight different geometries were used with dimensions

ranging from 91.4x91.4x121.9 cm3 to 30.5x30.5x61.0 cm3 . Mae-

kawa and Yamamuro detected the capture gamma-rays from reso-

nance absorbers (indium and two thicknesses of cadmium) which

covered a Nal(Tl) scintillator. The experimental results are

presented in Table 2.2. The energies quoted in the table are

the effective resonance energies derived by the authors, taking

into consideration the finite thicknesses of the resonance

foils.
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Dimensions
(cm)

91.4x91.4x121.9

91.4x91.4x61.0

91.4x71.1x61.0

71.1x71.1x61.0

71.1x50.8x61.0

50.8x50.8x61.0

50.8x30.5x61.0

30.5x30.5x61.0

Buckling
<x10-3cnr2 )

2.80

4.53

5.20

5.88

7.43

8.99

14.1

19.2

0.36 eV

46.3+1.0

44.6±2.0

42.7+2.0

42.8+1.5

43.0+1.0

41.6±1.0

40.5+1.0

38.5±2.0

0.44 eV

41.9+1.0

41.0±1.0

40.2±2.0

40.5+1.5

39.3+1.5

38.U2.0

36.8+2.0

34.6+2.0

1.58 eV

18.7+1.0

18.5+1.0

18.0+1.0

17.5+1.0

17.7+1.0

17.8+1.5

17.3H.0

16.9±1.0

Table 2.2. Effect of finite medium (from Maekawa and Yamamuro, 1969).

The slowing-down time clearly decreases when the dimensions be-

come smaller. The effect is more pronounced at lower energies.

A comparison between theoretical and experimental results, simi-

lar to that described in subsection 2.3.1, was made (see Fig. 2.1)

25

20

„ 15
M

•»

~ 10

Indium foil thlcknaaa - 0.09 m*

EffaetlVa raaonanea anargy - 1.58 aV

a Expertnant

Htlllama (1964)

Tafcahaaht and Burnt f (1967)

.003 ,01 .015

Buckling Corn'*)

.02 .025

Fig. 2.1. Slotiing-dom time as a function of buckling (from Maekawa and

, 1969).
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The experimental data agree reasonably well with calculations.

Ihe critical remarks regarding the work of Takahashi and Sumita

(see subsection 2.3.1) apply even here. An additional source

of error, not treated by Maekawa and Yamamuro, is the capture

gamma emitted from graphite and other surrounding materials.

T i l e w £ r k

Hanna and Harris (1972) claim their work to be the first experi-

mental investigation of the influence of finite moderator size

on the slowing-down time. Evidently, they are unaware of the

previous measurements.

The slowing-down time to the cut-off energy of a thick cadmium

filter was measured in 6 graphite blocks in the buckling range

(2.990-22.186)x10 cm and at various source to detector dis-

tances. 14 MeV neutron pulses with 10 us width were generated

about 7.5 cm from the front face of the stack. The counting

channel width was 4 ys. A bare and filter covered BF3 counter

detected the moderated neutrons. The results are given in Table

2.3.

Size
(an)

109.22x90.81x90.81

103.88x66.04x66.04

71.12x57.79x57.79

38.10x57.79x57.79

32.76x33.02x41.28

32.76x33.02x33.02

B2

(x10~3cnf2)

2 .990

4.925

7.006

10.914

19.727

22.186

Detector
position

(cm)

7 . 0

7 . 0

7 . 0

13.2

19.0

8 . 2

23.2

8 . 2

23.2

Slowing-down
time to peak

(ys)

38±2

36±2

36 + 2

36±2

38±2

34±2

34±2

34±2

38±2

Slowing-down
time to Cd
rat io = 2

(ys)

35 + 2

32 + 2

32 + 2

34 + 2

32 + 2

32 + 2

32 + 2

29 + 2

32±2

Table 2.3. Sloving-down time to 0.555 eV for various buaklings and detector

positions (from Hanna and Harris, 1972).
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The detector position was measured from that stack face through

which neutrons entered. The slowing-down time quoted in the

last column of Table 2.3 is the time elapsed to the instant

when the counting rate of the filter-covered counter becomes

half the value of the counting rate of the bare counter. Er-

rors were estimated to be plus or minus half a channel width.

The effect of the finite pulse width (10 ys), which in this

case can not be neglected, is not mentioned at all. The au-

thors conclude that the slowing-down time to 0.555 eV is slight-

ly affected by assembly size, but the effect is comparable with

the experimental errors.

The experiments described in section 2.3 illustrate some diffi-

culties encountered in measurements of the slowing-down time

in finite assemblies. The need for more accurate measurements

is obvious. Short burst lengths and low repetition rates, essen-

tial in the slowing-down investigations, result in low counting

rates. The use of high intensity neutron qenerators, available

now, would help to obtain a considerable improvement in the sta-

tistics.
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3. THEORETICAL CALCULATIONS OF THE SLOWING-DOWN TIME

This chapter contains the theoretical treatment of the time-

dependent neutron slowing-down problem. In section 3.1 the

Boltzmann equation, describing the neutron transport in a

medium, and basic assumptions necessary for obtaining the solu-

tions, will be presented. Solutions of the problem by means

of various methods are given in section 3.2. The slowing-

dovm times to 1.457 eV in finite water systems, derived from

various models, are collected and compared in section 3.3.

Section 3.4 deals with results of previous analytical and nu-

merical •reatments of the time- and space-dependent neutron

slowing down. In section 3.5 we drop one of the previous

assumptions, thus allowing a specific variation in the scat-

tering cross-section. A derivation of the slowing-down time

under such circumstances is given. The reaction rate in fi-

nite geometry is calculated in section 3.6.

3.1 Fundamental mathematical description of the problem

The problem we are studying is that of determining the dis-

tribution of neutrons slowed down in a finite water medium.

The initial energy of the neutrons is about 14 MeV and they

are followed during the moderation until the final energy in

the eV range is reached.

The neutron transport equation (also called the Boltzmann equa-

tion) gives a complete description of the distribution of neu-

trons in space, direction, energy and time. The most frequent-

ly used form of the transport equation (see e.g. Bell and Glass-

tone, 1970) may be written as

fI J£ + 2

Et(r,E')f

(3.1)
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where

v is the neutron speed,

f2 is the unit vector in the direction of

motion,

V is the gradient operator with respect

to the space variables,

I (r,E) is the total macroscopic neutron cross-

section,

$(r,n,E,t)drdlldE is the total flux of neutrons in volume

dr around r, with direction dQ about Q,

and with energy dE about E at time t,

£ (r,E') f (r;fi* ,E'->-Q,E) is the probability per unit distance of

neutron transfer from £V ,E' to £2,E

and

Q(r,ft,E,t) is the external neutron source.

The Boltzmann equation is an integro-differential equation in

seven variables, generally impossible to solve exactly. Solu-

tions can only be obtained under simplifying assumptions which

lead to easier, approximate forms of the transport equation.

There are some basic assumptions often used in the analytical

treatment of the slowing down of neutrons. The most common are

as follows:

1) The only type of interaction between neutrons and nuclei of

the moderating medium is elastic scattering.

2) The elastic scattering is isotropic in the center of mass

system.
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3) The effects of the thermal motion and binding forces of

the moderator atoms can be neglected.

4) The scattering cross-section of the moderator is constant

with respect to energy (£s = constant).

5) The source of the fast neutrons is localized (point or line

source), isotropic, pulsed and described by a delta function

in energy and time.

6) The neutrons are slowed down to an energy which is much

less than the energy of the source particles.

7) The moderating medium is infinite and homogeneous.

We shall now comment on the validity of these assumptions for

the problem under consideration.

It is possible to extend assumption (1), allowing other interac-

tions than elastic scattering, and still obtain rigorous solu-

tions of the slowing-down problem. Inelastic scattering and

the resulting anomalous behaviour of the neutron flux and the

neutron slowing-down times have been discussed by Beynon et al.

(1970) and Beynon (1972a, 1974). Light nuclei like 12C and 16O

have their first excited levels between 4 and 6 MeV, which im-

plies that inelastic scattering could be of somo importance when

the source energy is higher. However, the effect is extremely

small in a water moderator, which was confirmed by Monte Carlo

calculations by Chen and Lidofsky (1967). Absorption can easi-

ly be included in the calculations when the process is suffi-

ciently well described by a simple cross section composed of

a constant and a 1/v proportional component. The 1/v component

results in an e "-/xa' factor, where 1/Ta is the constant of

proportionality. In pure moderators the effect of absorption

is negligible.

Assumption (2) is equivalent to stating that deviations from

s-wave scattering are negligible. This is generally true, un-

less the energy of the neutrons is very high. In addition we

will use the azimuthal isotropy, which means that the angular
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dependence of the scattering cross-section is a function only

of the angle between the incoming and outgoing direction of the

the neutron. We therefore set

f(r;£',E' •* £,E) = f(r;E' -* E,yQ) ,

where u = &*£' is the cosine of the scattering angle in the labo-

ratory system.

The effect of chemical binding and thermal motion on the slowing-

down properties of a moderator has been studied by Williams (1964).

In the case of water and in the energy range considered in the

present work, these effects are negligible, as stipulated in as-

sumption (3) .

Assumption (4) is in general fulfilled for most moderators in

the epithermal energy region. For hydrogen it is true up to

about 20 keV. Above this energy the scattering cross-section

decreases roughly as 1/v. Since the neutrons suffer the first

collisions at a time which is small relative to the slowing-down

time, and a neutron may lose all its energy in one collision with

a proton, the assumption of constant scattering cross-section

should be valid. We shall, however, investigate this problem

more closely in section 3.5. In some of the previous works

it is possible to make a distinction between the scattering

cross-section of the uncollided source neutrons, (II (v0) = E°) ,

and the scattering cross-section (I ) for all neutrons which

have suffered at least one collision. Especially for hydroge-

nous moderators such a distinction is of great importance for

the space dependence of the slowing-down time (Diamond and Yip,

1970).

The conditions regarding the source (assumption (5)) are as-

sumed to be in force in the following theoretical calculations.

This is in agreement with the experimental situation in the

present work, where 14 MeV neutrons from the 3H(d,n)"Ke-reactxon

are used. According to Beynon and Coleman (1973) the effects of
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neutron source anisotropy and neutron scattering anisotropy

on the slowing-down time in water, are quite small.

Assumption (6) is not necessary. In some cases it will, how-

ever, simplify the calculations. The condition is definitely

fulfilled in the present work, where the neutrons slow down

from 14 MeV to 1.457 eV, which is the resonance energy of in-

dium.

The moderating medium can be treated as homogeneous. Assump-

tion (7) states that the system is also infinite. Here, this

assumption will be left out. To obtain the slowing-down time

in the finite case is the main purpose of the present work.

3.2 Analytical solutions for the neutron flux anr. s 1 owing-

down times

There are several approaches to the time-dependent slowing-down

problem. In this section the formulations which can be used

for obtaining results for finite systems will be presented.

Diamond and Yip (1970) obtained analytical solutions to the

space- and time-dependent slowing-down problem in an infinite

medium. Here, we shall follow their approach. Details of

the derivation may be found in an earlier work by Diamond (1968)

The transport equation (Eq. (3.1)) for a homogeneous moderator

medium with a unit, monoenergetic, isotropic neutron source at

time zero, may be written as

f )f (vl^v,y0)4>(r,g
l
/v

l,t)d£'dv( + ̂ U (r)6 (v-vQ)6 (t) , (3.2)
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where v is the source neutron speed and the energy variable

E has been replaced by the speed v.

It is convenient to apply the Fourier transform to the spatial

dependence (r+k) and the Laplace transform to the time depen-

dence (t->s) .

The Fourier transform F(k) of a function f(r) is defined by

the relation

F(k) = f(r)exp(ik«r)dr. (3.3)

The inverse relation is given by

f(r) = jj^yr JF(k)exp(-ik«r)dk. (3.4)

In a problem with spherical symmetry, the function f depends

only on the scalar r and hence the transform depends only on

the scalar k.

Related to the Fourier transform is the Laplace transform.

The definition of the Laplace transform F(s) of a function

f(t) is
00

F(s) = If(t)exp(-st)dt. (3.5)

The inversion formula follows

f(t) = ~i f F(s)exp(st)ds. (3.6)

The Fourier-Laplace transformed transport equation becomes

5 - iyk + Zt(v)U(kfn,v,s)

i i i i 1*(
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where y = cos(ft»k/k), and $(k,ft,v,s) is the Fourier-Laplace

transformed angular flux.

Equation (3.7) is to be solved for the Fourier-Laplace trans-

formed total flux <Mk,v,s) = U (k,fi,v,s)d£2.

First the contribution of the uncollided neutrons is separated

from the angular flux

<Mk,£,v,s) = •• (kffi,s)fi(v-v0) + *"(k,£,v,6). (3.8)

$' is the flux of uncollided neutrons and $" is the contribu-

tion of the collided neutrons.

The solution for the uncollided flux may be obtained from

Eq. (3.7) and becomes after double inversion

V~ ex (-E°r)6(r-v t)& (9- -^-) (3 9)

where superscript zero denotes that the total cross-section

is to be taken at speed v .

Inserting Eq. (3.8) into Eq. (3.7) we obtain for the collided

neutrons

| - iyk + Zt(v)]*"(kfnfv,s)

,u o) 4» [k,Q,< ,s)dtt

13.10)

where the last term plays the role of a source.

Further treatment of Eq. (3.10) is time consuming. Here,

we will briefly describe the steps leading to the diffusion

approximation. As mentioned before, detailed accounts of

this and several other standard approximations, together with

all the intermediate mathematical equations, have been given
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by Diamond (1968).

To start with, the scattering kernel f(v'-+v,uQ)/ the collided

angular flux *"(k.fi1,v*,s) and the source term in Eq. (3.10)

are expanded in a series of Legendre polynomials. The PI ap-

proximation may be obtained when the expansion of the flux

is truncated after the second order term. Hereby, only the

isotropic and linearly anisotropic components of the angular

flux are retained. Inserting these expansions into Eq. (3.10)

results after some algebra in a set of two coupled equations

for the transformed total flux <}>(k,v,s) and transformed net

current J(k,v,s). <f)(k,v,s) and J(k,v,s) are defined as follows

<Mk,v,s) = j*"(k,fi,v,s)dn, (3.11)

J(k,v,s) = (n-k/k)*"(k,£,v,s)dn. (3.12)

The P1 equations, obtained in a manner described above, con-

stitute the consistent P1 approximation. f and f1 are the

only harmonics of tne scattering kernel which enter the P1

equations.

Two further approximations are necessary in order to obtain the

diffusion equation. First the transport approximation is used

fi (v'-v) = M O 6 ( V ' - V ) , (3.13)

where u is the average cosine of the scattering angle in the

laboratory system. The synthetic kernel of Eq. (3.13) implies

that there is no energy degradation caused by the linearly an-

isotropic component of the total scattering kernel. This as-

sumption is justified for heavy moderators, but can lead to

significant errors for hydrogen.

The second approximation we make use of is the neglect of the

time derivative of the neutron current J. The consequences of

this assumption have been studied by Claesson (1963).
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Finally, we introduce the synthetic kernel proposed by Goert-

zel and Greuling (1960),

f*(v'-v) = -I_l f_v_j2 . L H 6 ( v _ v . ) f v < v . (3.14)
o Y v lv J Y

where

+ a J*a is the mean logarithmic energy

change per collision,

(A-112
a = T~T ^A i s t n e m a s s number)

and

Y = 1 - jr TZ~ In2a is one half the ratio of the second

lethargy moment to the first lethargy

moment of the exact kernel.

The GG kernel is exact for hydrogen, while for heavier modera-

tors it preserves up to the second moment of the logarithmic

energy decrement.

Using the transport approximation, the GG kernel and neglecting

the time rate of change of the neutron current, the diffusion

equation for the collided flux is obtained

A(k,v,s)
4» (k,v,s)

c 2 f° f v 1 2 A= 2 v Zs vH *(k,V ,s)dv' +Q(k,v,s), (3.15)

v

where

A(k,v,s) = [o(k,v,s) •»

,,k,,.., =5 + ,t + 3|_

-1
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= Z. - \i I is the transport cross-section
tr u. u s

and

Q(k,v,s) = — f - I— 1 Au(k,v,s).
Y v W o

Eq. (3.15) could have been obtained without first separating

the uncollided neutrons. Also this alternative treatment is

thoroughly described by Diamond (1968).

The solution of the diffusion equation for the doubly trans-

formed flux is

*<k.v,s) = ±4 ^ v ( l - , <S + Eov) (S+Z%o) i i T r i r j , (3.16)

where

z = •£ £ + ;•: + Dk 2,

o Y s a

2 F s

Y2 Eo

and

D = Yv— i s t n e diffusion constant.

If the scattering cross-section is constant in the energy range

of interes

result is

of interest, then I = l\ and (f>(k,v,s) may be inverted. The
s s

where F is the confluent hypergeometric function, defined by
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axF (a;c;x) = 1 + ^ + + r

(c)221 <c>n

The coefficients (a) and (c) are given by

(a)n = a(a+1)(a+2) ... (a+n-1) , (a)Q = 1

For v >>v the asymptotic expansion of 1F1 may be used

p/c) a-c
:Fx(a;c;x) = p ) ' x exp(x),

where T is the gamma function.

Applying this expansion to Eq. (3.17) we obtain

(3.18)

The solution to the space- and time-dependent slowing-down

problem, Eq. (3.17), was independently obtained by Doming

and Nicolaenko (1968).

In order to expand the theory to finite systems, we assume

that a single spatial mode is adequate to describe the neu-

tron flux. If this condition is fulfilled, the Fourier trans-

form variable k may be associate1? with a finite medium buck-

ling (see e.g. Williams, 1966). The buckling B2 is defined

as the lowest eigenvalue to the Helmholtz equation

V2<j>(r) + B2<J>(r) = 0. (3.19)

For a cube with side a, the buckling is

(3.20)
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where z is the extrapolation distance.

In the present work the following relation for the extrapola-

tion distance will be used

- 0.71 (3.21)

where 1 = 1/E , is the transport mean free path,

For a non-absorbing medium we have

tr
(3.22)

Before proceeding with deriving the slowing-down time in a

finite system (after variable transformation k2->B2), a few

qualitative remarks are in order. We have assumed that a

single spatial mode is adequate to describe the neutron flux.

This simplified approach is expected to be valid for a system

large enough for an asymptotic distribution to be established,

provided that the spatial transients near the boundaries can

be neglected. In general, these conditions are fulfilled for

systems larger than one mean free path. There are examples

of the asymptotic reactor theory being applied to relatively

small geometries (see e.g. Yip and Zweifel, 1961).

In Fig. 3.1 the neutron flux at 1.457 eV in a water medium is

shown for two bucklings. B2=0 corresponds to an infinite me-

dium, and B =0.248399 cm" to a cube with 8 cm side, which is

the smallest system used in the experimental part of the pre-

sent work. The source neutrons have an energy of 14 Mev. The

slowing-down parameters of water are given in Table 3.1. These

parameters are used to evaluate the neutron flux from Eq. (3.18)

I (cm"1)
5

1 .46

C

0.92

Y

0.99 2
3

Table 3.1. Slowing-down parameters of water.
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Hg. 3.1. Total flux at 1.457 eV in water as a function of time

for two different buoklings.

There is an evident shift towards shorter times in the finite

case.

From Eq. (3.18) it is also possible to derive analytical expres-

sions for the most probable and mean slowing-down times. After

differentiating the flux with respect to the time variable we

find

1
'max

s f fl"
(3.23)

Using the definition of the mean slowing-down time (Eq. (1.1))

and the flux of Eq.(3.18) we obtain also
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p
E v

0

Y
EvE r

• f i

1

f 2
Y

+ —

f 1

B2 ̂

^s -

B2

E^

1
(3.24)

In deriving Eqs. (3.2 3) and (3.24) we have used D - 1/E . The

absorption was neglected.

Expanding t and <t> in powers of B2 yields

^ |t + 0(Bl<) I (3.25)
'max £v£

5

and

1 + -
<t> = -~^_ 1 - | *• ay + 0(Bu) J • (3.26)

Y

It is possible to use a slightly different initial formulation

of the slowing-down problem, and still arrive at the same re-

sults. The neutron leakage can be represented by a DB2 term,

which may be introduced into the calculations from the begin-

ning, as an additional term within parentheses on the left-

hand side of Eq. (3.1). The DB2 term is often interpreted as

a "leakage cross-section". This approach was used by Conn and

Sawan (1972), who obtained the following solution for the mean

slowing-down time:

->£ Z s 2^ lsT + £ | 5 Lf * 1
Y — Eo+ DB 2 Y -2 E + DB 2

Y S v s
(3 .27)v|?V.»- r f- »otfV1»'] ••£

There is a misprint in the original reference, but the for-

mula was rewritten correctly here. The absorption cross-

section is assumed to have the form E_(v) = =-.-. Applying
a iav
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again earlier assumptions (absorption - negligible and v >>v)

Eqs. (3.24) and (3.27) are equivalent.

Conn and Sawan (1972) determined also several other properties

of the solution, Eq. (3.17). The mean neutron energy was found

to be

2 mn v Y S (3.28)

where m is the mass of the neutron and the other symbols have

been explained before. For large t the asymptotic expansion

of the confluent hypergeometric function may be used to give

a simpler expression:

mn
DB2!'t2 ? - i , . (3.29)

if
Ik

t>>
h
Y

The inequality is satisfied in the case of water medium and 14 MeV

source neutrons for t>>1 ns.

Fig. 3.2 shows the mean energy of neutrons slowed down in water

systems with two different bucklings.
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Fig. 3.2. Mean neutron energy in water as a funotion of time for two

different buaklings.

Due to the preferential leakage of the high energy neutrons in

the finite medium, the spectrum at any given time is softer in

comparison to the infinite system. The shorter slowing-down

time in the finite case is a consequence of that fact. Actually

there exists an analogy between the decay of a neutron pulse in

the slowing-down region and the decay in the thermal energy re-

qion (Conn and Sawan, 1972).

• '

Claesson (1962) solved the space- and time-dependent slowing-

down problem in an infinite moderator using the diffusion ap-

proximation. Here, we shall only refer to the results obtained

for hydrogen gas, though the method may be applied to modera-

tors of arbitrary mass. Claesson assumes that the scattering

cross-section is constant and that absorption can be disregar-
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ded. The Boltzmann equation is written in a diffusion form

and the results of Koppel (1960) for the space-independent

problem are utilized. The space dependence is brought in by

replacing the absorption cross-section in Koppel's solution

by the term Dk2. Claesson's final result for the Fourier-

transformed collided flux yields in the asymptotic energy re-

gion (EsvQt>>1)

Za

(v -v)t]2"2rr
2 a r c t a n ^

r [ ]
4>(k,v,t) = const ia -^-exp(-Itvt)——2 _ arctan-^-. (3.30)

r[3-2^j
Upon making the transformation k2-^B2, and solving the equation

= 0 (3.31)

we find

^a
2 | 1 "

"max vi r I -i "
' 1 + —

With E= = DB
2 and assuming small bucklings (£.=£ ), Eq. (3.32)

becomes

tmax = vT7 T 7 7 W - • (3*33)

Eq. (3.33) is in agreement with the result derived from the

flux given by Diamond (compare Eq. (3.23); £=y=1 for hydrogen).

The mean slowing-down time is easily derived by inserting

Eq. (3.30) into Eq. (1.1). This results in
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p]

which is exactly what Eq. (3.24) becomes with t>> = 1 -

Claesson (1963, 1967) extended his earlier work, including

the time derivative of the neutron current (PI theory) through

a perturbation treatment, and allowing a different cross sec-

tion for the uncollided neutrons. The results of these cal-

culations are rather complex. The final expression for the

Fourier-transformed flux involves a convolution integral. The

analytical treatment of this formula in order to calculate the

slowing-down time would be complicated. Therefore, we have

chosen another procedure. The mean slowing-down time can be

obtained from the doubly transformed flux using the following

relation (see Diamond, 1968):

[ ] s 0
<t> = - -= =; . (3.35)

[*(k,v,s)]s=u

Claesson1s formula for the Fourier-Laplace-transformed flux in

the P1 approximation is

2 (cs+vE ) (v +as) (v +bs)v2 (cs+vE ) (v +as) (v +bs)
<Mk,v,s) = — 2 — 2 : S (k,v -s), (3.36)

vo(Zs£tr+k
2/3) (v+as)

1+c (v+bs)1+D o o

where

3 eI<; + Ztr ± AtZ-Z._)2- E-^r-
O Li S Ul «?
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C y y

= s t r +

0 in the diffusion approximation

e is a perturbation parameter =

1 in the P1 approximation

and

S0(k,v0,s) =

As a next step we again replace the Fourier variable k with

buckling in Eq. '3.36). Next, we proceed with the differenti-

ation according to Eq. (3.35). The calculations are tedious

and no details will be given here. The final result obtained

with e=1 (P1 approximation) is

8 B2 Bj;
s _£ LJLS. Z"--

2 v Z ( B21 208 1 +f*sJ v sJ

1 B
+ -L ^ & . (3.37)

r° [ E s ( v o ) + B 2 ] a r c t a n r s iv

Assuming that v >>v, only the first term in Eq. (3.37) has to

be preserved. For B2<<1 cm'** the asymptotic expansion gives

^ D i / i / n M I (1 -ia\
- r - Try + U [B ) \ . t J . J O J

"S ' J

One may obtain the same result using a formula given by Dia-

mond et al. (1967). There is an obvious discrepancy in the
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coefficient preceding the B2/!2 term, as compared to diffu-

sion theory (see Eq. (3.26) with £=Y=1).

The method of calculation was checked by repeating the proce-

dure for e=0, corresponding to the diffusion approximation.

This time the result was exactly the same, as given in

Eq. (3.26). The possible reasons for the discrepancy be-

tween the diffusion- and P1-theories will be given in subsec-

tion 3.2.7.

Dyad1kin and Batalina (1962) employ concepts and parameters

from age theory to obtain the following distribution of neu-

trons :

,- , »* 1
N(r,u,t) = — - " - - ' ^ • ' • 8 1 1 1 M - ..J^qo.lKJJ

2ä
I "

vt (3.39)

where

a and 3 are empirical parameters,

1 is the scattering mean free path,

u=ln(E /E) is the lethargy of the neutrons,

qo(k)=arctan(k)/k

and other symbols have been explained before.

A minor misprint in the expression for N(r,u,t) in the origi-

nal reference has been corrected. The position variable r is

expressed in units of 1 , so we introduce buckling by substi-

tuting k by B/E_. Then N(r,u,t) attains its maximum at
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= - 2

"max /
/•» i

For small bucklings we obtain

The parameter a in Eq. (3.41) is a very slowly varying func-

tion of lethargy. Values of a as a function of lethargy are

given in a paper by Dyad'kin (1963). For 14 MeV neutrons

slowed down in water to 1.46 eV, us16 and as0.47. Inserting

this value for a into Eq. (3.41) results in

M - 2.597p- + (MB14)] . (3.42)tmax £
s

For hydrogen we obtain (with £=1 and as0.5)

13-431

The mean slowlng-down time is calculated by inserting the ex-

pression given in Eq. (3.39) into Eq. (1.1), which upon inte-

gration leads to

s

For small bucklings the expansion of <t> in powers of Bz gives

<t> in a simplified form
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With a=0.47 Eq. (3.45) becomes

<3-46>

Using C=1 and a=0.5 we obtain the mean-slowing down time in

hydrogen

(3.47)

Williams (1964) gives the following expression for the mean

slowing-down time in a finite medium:

<t> = ̂ - [ i + B - AjlB)]" 1, (3.48)

where

6 _ 1
3

J7TC
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and

fA-1)2

with the restriction

Details of the derivation of Eq. (3.48) may be found in

Williams (1961).

The asymptotic expansion of Eq. (3.48) in the case of hydrogen

as moderating medium (a=0, €=1) yields

(3.49)
"s

Going back to the derivation of Eq. (3.48) shows that for the

diffusion constant in the leakage term DB2 , a value of -r̂ r-
swas used. This is motivated in Williams' calculations

which consider heavier moderators, where the scattering is

spherically symmetric. In hydrogen there is a strong prefer-

ence for forward scattering. In order to take that into account

we use 1/Z for the diffusion constant. Setting B2/£2 as 8 ins s

Eq. (3.48) we obtain a modified Williams' formula, which for small

bucklings and hydrogen may be written as

<fc> S VT"!"1 " I fr + OlB*)]. (3.50)
's ̂ s

The restriction B<<C is satisfied for a water medium in the buck-

ling range B2<-'2 cm

' '

Takahashi and Sumita (1967) obtained an analytical expression
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for the mean slowing-down time by introducing a simple correc

tion term in a formula given by Marshak (1947). Marshak's so

lution was derived for an infinite medium.

The expression of Takahashi and Sumita has the following form:

where

A+1

and other symbols have the same meaning as before.

We use again D=1/Z and proceed to obtain an asymptotic solu-

tion/ valid for hydrogen systems with small bucklings:

vf~[1 ~ 317+ 0(Blt) |* (3.52)

In the preceding paragraphs of this section different expres-

sions for the flux in Fourier transform space have been pre-

sented. The solutions to the space-independent problem may

be obtained through integration of the inverted space-depen-

dent results over all space. This procedure is equivalent

to setting k=0 in <J>(k,v,t). We can also check our results

for the slowing-down time in finite systems by setting B2=0,

which should ler.d to the infinite medium solutions.

Here, the transition will be performed only for hydrogen,
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though the same procedure may be applied for A>1. We assume

that Z = T° and set k=0, £=1, Y=1 in Eq. (3.16) to obtain

C )2 S+E-V

•<v.s) - 21svo[^j jz^fr- . (3.53)

where absorption again has been neglected.

Eq. (3.53) is identical to the solution obtained by Koppel

(1960). Upon performing the inversion we arrive at

<fr(v,t) = (Esvt)
2exp(-Zsvt) [i --Z-+ z I J , (3.54)

"- 0 S 0 J

which is the exact solution of the slowing-down problem in

hydrogen. It was first derived by Ornstein and Uhlenbeck

(1937). Assuming that v >>v, the slowing-down times in hy-

drogen are easily found

v f (3'55)
s

and

<t> = ̂ - . (3.56)
s

The expressions for the slowing-down times in finite systems

of hydrogen all reduce to the solutions given in equations

(3.55) and (3.56) in the limit B2+0.

' '

We have derived a number of formulas for the most probable and

mean slowing-down time. Some of the earlier reported expres-
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sions have been accounted for, as well. In order to get a

better general view and facilitate the comparison, the results

are collected together in Tables 3.2 and 3.3. In the second

column of the tables the number of the equation in this work is

given. The names of the authors of the references used as star-

ting points for the calculations in the present work, are placed

in the last column. The results are for hydrogen and valid when

B2/L2<<1. Table 3.2 concerns the mean slowing-down time.

Asymptotix ex-
pansion for <t>

S*' S-*

3 ( 5 B2)

3 f 5 B21

s "• s-*

Equation
number

(3.26)

(3.38)

(3.47)

(3.49)

(3.50)

(3.52)

Reference from which the asymptotic
expansion for <t> was derived

Diamond & Yip (1970)
(diffusion approximation)

Claesson (196 3), Diamond et al. (1967)
(P1 approximation)

Dyad1kin & Batalina (1962)
(age-diffusion approximation)

Williams (1964)

Williams (1964); modified

Takahashi & Sumita (1967)

Table 3.2. Survey of asymptotic expansions for the mean slowing-down time

in hydrogen.

As may be seen from the first column of Table 3.2 the only dif-

ference between the expansions lies in the factor preceding

B2/£!. There is an agreement between the results obtained from
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the fluxes of Diamond and Yip, Dyad"kin and Batalina, and from

the modified formula of Williams. It is somewhat surprising

chat the Goertzel-Greuling approximation used by Diamond and

Yip gives the same solution as the analysis of Dyad'kin and

Batalina, who employed concepts and parameters from age theory.

The age theory is not expected to work well in hydrogenous mo-

derators. Möller (1966a) compared the experimentally deter-

mined space dependence of the most probable slowing-down time

in an infinite system with theoretical predictions of Dyad'kin

and Batalina and found that the calculated results are in error.

The formula of Takahashi and Sumita gives a stronger influence

of the size of the system on the mean slowing-down time, as com-

pared to the expressions we have just mentioned.

The solution obtained in the P1 approximation deviates most.

The Monte Carlo results of the present work confirm that

Eq. (3.38) overestimates the effect of the finite size. Dia-

mond (1968) has shown that the P1 approximation, when used for

calculation of the space-dependent slowing-down time in hydro-

gen, may in some cases lead to a non-physical (negative) flux.

The reason for this failure is the use of the transport approxi-

mation, which for hydrogen can result in significant errors.

These difficulties do not arise when the diffusion approxima-

tion is employed. Though derivation of the diffusion equation

includes the transport approximation, according to Diamond the

possibility of a negative flux is eliminated as a result of com-

bination with the additional assumption of disregarding the

time derivative of the current. Diamond suggests also that the

difficulties may disappear if higher order PN approximations

are used.

Table 3.3 contains the asymptotic expansions for the most pro-

bable slowing-down time in hydrogen, which were derived in

this chapter.
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Asymptotic
expansion for tmx

2 (1-2 B 2]

2 L 7 B2)
vZ 1 3 Z2j
sl s-*

Equation
number

(3.25)

(3.43)

Reference from which the asymptotic
expansion for t ^ was derived

Diamond & Yip (1970)
(diffusion approximation)

Dyad'kin & Batalina (1962)
(age-diffusion approximation)

Table 3.3. Asymptotic expansions for the most -probable slowing-down

time in hydrogen.

There is a small discrepancy between the expressions in the

first column of Table 3.3.

3.3 Calculation of the slowing-down time to 1.457 eV in water

In this section the analytical expressions derived earlier will

be employed to calculate the slowing-down times for water sys-

tems with different dimensions. To obtain the numerical re-

sults presented here, the sizes of the moderator were chosen

to be identical with those used in the experimental part of the

present work. Bucklings for the cubes were calculated accord-

ing to the following formula (see Eqs. (3.20), (3.21), (3.22)):

B2 = 3|-
a + 4.26/Z,

(3.57)

We will first give the numerical results for the mean-slowing

down time in water with the presence of oxygen neglected. The

reason for this simplification is the fact that some of the for-

mulas can only be applied to single elements. The parameters a

in the expression of Williams and p in the formula of Takahashi
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and Sumita can not be specified for compounds. Claesson's the-

ory concerns only hydrogen.

The source neutrons have an energy of about 14 MeV, which is

much greater than the final energy 1.457 eV (the energy of in-

dium's resonance). In this energy range, the contribution of

the term containing v is less than 1 ns for all bucklings used.

In Table 3.4 the calculated results are collected together. The

followinq slowing-down parameters of hydrogen were used:

Zs=1.33 cm"
1, £=Y=1> a=0.5.

Side of
the box

(cm)

8.0

10.0

12.5

15.0

20.0

30.0

00

Buckling

(cnf2)

0.235913

0.169854

0.120076

0.089358

0.054997

0.026858

0

<t> (ns)

Diamond &
Yip

Bq. (3.24)

1099

1161

1212

1245

1284

1318

1351

Dyad'kin &
Batalina

Eq. (3.44)

1129

1179

1222

1251

1287

1318

1351

Takahashi &
Sumita

Eq. (3.51)

965

1049

1123

1173

1236

1292

1351

Claesson

Eq. (3.37)

659

826

965

1056

1164

1258

1351

Table 3.4. Mean slowing-down time to 1.457 eV in water for different buaklings

(the presence of oxygen neglected).

The results obtained from the modified formula of Williams

(Eq. (3.48) with &=B2/T.l) were not included in Table 3.4, as

they are identical (only when oxygen is neglected) to those de-

rived from the theory of Diamond and Yip. In agreement with

earlier remarks there is only a small difference between the

values calculated from the solution of Dyad'kin and Batalina

on the one hand and Diamond and Yip on the other. The formula

of Takahashi and Sumita gives results which deviate more, espe-

cially for large bucklings. As mentioned before, the P1 approx-
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imation used by Claesson leads to an overestimation of the ef-

fect of moderator size.

The functional dependence of the mean slowing-down time on

buckling is shown in Fig. 3.3 for different analytical models

Dyad'k in and Batatina
Diamond and Yip
TakahasM and Sumlta
Claesson

0 .05 .15
Huckltng (cm"')

. 2 .25 .3

Fig. Z.Z. Mean slowing-down time to 1.4S7 eV in water as a function of

buckling (the presence of oxygen neglected).

In a l l the calculat ions presented in th i s section the "exact"
formulas were used. I t should be kept in mind that the asymp-
to t i c expansions are valid only for B2<<1 cm"2. Using the ex-
pansion (3.26) for e.g. a 12.5 cm box gives an error (as com-
pared t o the "exact" resul t ) of about 2%.

Table 3.5 contains the resu l t s obtained for water, with the
presence of oxygen taken into consideration. The slowing-down
parameters from Table 3.1 were used. In addition a=0.47.
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Side of
the box

(cm)

8.0

10.0

12.5

15.0

20.0

30.0
oo

Buckling

(cnT2)

0.248399

0.177437

0.124559

0.092226

0.056373

0.027325

0

<t> (ns)

Diamond & Yip

Eq. (3.24)

1096

1156

1205

1236

1272

1303

1333

Dyad'kin & Batalina

Eq. (3.44)

1091

1139

1181

1209

1242

1272

1302

Table 3.5. Mean slowing-down time to 1.457 sV in water for different

buoklings (the presence of oxygen taken into consideration).

The bucklings in Table 3.5 are s l ight ly different from the

bucklings in Table 3.4. This is a consequence of the influ-

ence of the scattering cross-section on the extrapolation

distance (see Eq. (3.57)). The presence of oxygen does not

affect the slowing-down time considerably» which may be seen

by comparing the resul ts in column 3 of Tables 3.4 and 3.5.

There is a decrease in the mean slowing-down time of at most

1.3% (in the inf ini te case)/ when the presence of oxygen is

taken into account. This resul t i s in agreement with the con-

clusion of a Monte Carlo study by Chen and Lidofsky (1967).

Fig. 3.4 shows the mean slowing-down time to 1.457 eV in water

in the buckling range 0-0.3 cm"2 with the presence of oxygen

taken into consideration.
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1458

1488

1358

1250

1200

1150

1100

1050

1000

Olaaond and Yip

Dyad'k In and Ba la l Ina

_L X X X
B .05 .25 .3.1 .15 .2

Buck 1 Ing (cm )

Fig. 3.4. Mean slowing-down time to 1.457 eV in water as a function of

buckling (the presence of oxygen taken into consideration).

The described behaviour of the mean slowing-down time also

applies to the most probable slowing-down time. This conclu-

sion can be drawn from Table 3.6 and Fig. 3.5. Here only the

results of calculations taking into consideration the presence

of oxygen are accounted for, as the influence of oxygen is

small (at most 1%) .

Side of
the box

(cm)

8.0

10.0

12.5

15.0

20.0

30.0
00

Buckling

(cm"2)

0.248399

0.177437

0.124559

0.092226

0.056373

0.02732 5

0

tmax (ns)

Diamond & Yip

Bq. (3.23)

704

751

789

814

843

868

892

Dyad'kin & Batalina

Bq. (3.40)

695

740

778

804

836

863

892

Table 3.6. Most probable slowing-down time to 1.4S7 eV in water for differ-

ent bucklings (the presence of oxygen taken into consideration).
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Dyad kin and Batattna

0

A I I J

.05 .1 .15

L._..a. 1 J J

.2 .25 .3
-a.Buck I Ing (cm )

Fig. 3.5. Most probable slowing-down time to 1.457 eV in water as a function

of buckling (the presence of oxygen taken into consideration).

3.4. Spatial dependence of the slowing-down time in infinite

systems.

The present work is mainly concerned with the determination of

the slowing-down time in finite systems. However, chapter 8

will be devoted to an experimental investigation of the time

and space dependence prevailing in one of our geometries

(12.5 cm cube). The previous works concerned with the same

category of problems consider only infinite systems. In this

section a short survey of the results of these investigations

is given. The conclusions drawn from them are useful for com-

parisons with the present work. Since cur study is concerned

with water, details will be given only for hydrogenous modera-

tors.
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The pioneering work on this subject has been made by Claesson

(1962, 1963, 1967), whose expressions for the flux we hav^

used in section 3.2 where the background of his approach also

was presented. Claesson applied his solutions, obtained in

the diffusion approximation and in the P1 approximation, to

calculate the most probable slowing-down time to 1.46 eV in

hydrogen, as a function of distance from the source. The as-

sumed energy of the source was 1.46 MeV. The results show the

influence of retaining the time derivative of the neutron cur-

rent and of using a different scattering cross-section for the

source neutrons. Later Möller (1966a) experimentally confirmed

Claesson's predictions based on the P1 approximation. However,

the comparison between the measurements and theory presented

some difficulties because the experimental source distribution

was complicated and not known accurately. Möller's results

show a characteristic saturation in the slowing-down time at

larger distances from the source. A similar behaviour may also

be obtained when Claesson*s theoretical analysis is applied to

neutrons slowed-down from an energy exceeding about 1 MeV. For

a source with lower neutron energy the saturation phenomenon

does not occur. Claesson's approach was also shown to be very

successful when compared to Möller's measurements on heavy water

(Möller, 1966b).

The most extensive analysis of the space- and time-dependent

slowing down has been done by Diamond (1968). A summary of his

study is given in a paper by Diamond and Yip (1970). Solutions

of the problem were obtained in diffusion, consistent P1, incon-

sistent P1 and B1 approximations for water and other moderators.

Here we shall only mention those results which are closely re-

lated to the present work.

Fig. 3.6 shows a comparison of Möller's experimental values with

the two analytical formulations which provide the most satis-

factory results. 1.46 MeV was chosen as a representative source

energy. The horizontal error bars in the figure indicate the

uncertainty in the position determination.
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Fig. 3.6. Moit probable slowing-down time in water, experimental and

analytical results (from Diamond, 1968).

From Fig. 3.6, it is evic>nt that the diffusion approximation

gives a far better agreement with the experiment, than the more

rigorous consistent P1 theory.

Another essential conclusion of Diamond is the decisive impor-

tance of using a lower scattering cross-section for water at

the source energy, for obtaining the saturation of the slowing-

down time at longer distances.

Diamond and Yip also compare the results of the consistent P1

approximation with Monte Carlo calculations by Chen (1965). As

may be observed from Fig. 3.7 there is no apparent spatial vari-

ation in the mean slowinq-down time, when the distance from the
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source becomes greater than about 10 cm. For smaller distan-

ces the P1 curves show a variation. These results are of great

interest for us, since the source energy used in the calcula-

tions was 14.1 MeV and one of the energy intervals

(1.13 eVSE<1.6 eV) contains the energy of indium's resonance.

2.5

0)

sr 1.5

5
O
<T
b.
UJ I.O

0.5 -

T I I I
WATER

-CONSISTENT PI APPROX.

MONTE CARLO CALCULATION (CHEN)

o U3eVSE<l .6eV

* '2-8eVSE<25.6* - = | | 3 e V

I
10 20 30 40
DISTANCE FROM SOURCE r(cm)

50

Fig. 3.7. Mean slowing-down time in water, analytical and Monte Carlo

results (from Diamond and Yip, 1970).

A detailed study by Beynon and Mondal (1971b) generally confirms

Diamond's results. Instead of adopting the analytical treat-

ment together with simplifying assumptions, they used a nume-

rical approach, which allows an arbitrary energy dependence of

the scattering and total cross-sections. Two numerical tech-

niques were applied to Möller's measurements at 1.46 eV in water

(see Fig. 3.8). Method A is a conventional energy multigroup

approach, while Method C is a mixed-energy multipoint/multigroup

technique.
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Fig. 3.8. Comparison with Mailer's measurements of the most probable slowing-

down time to 1.46 eV in water using various approximations (from

Beynon and Mondal, 1971b).

Method C gives in the P1 approximation better agreement with the

experimental values than Diamond and Yip's approach, especially

close to the source. For heavy water the difference is, however,

almost indistinguishable .

In the same paper Beynon and Mondal analyse the experiment of

Chen and Lidofsky (1967), described in section 2.2. The cal-

culated results confirm that the spatial variation of the slowing-

down time is negligible between 10 and 40 cm from the source,

with the energy of the source neutrons at 14 MeV.

Beynon (1972b) performed also similar calculations on graphite

and lead moderators. Yamamura et al. (1973) used a different

approach, showing a relation between the spatially dependent most

probable slowing-down time t^ax^'11) a n d t n e stationary neutron
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age x (u). The agreement with the experimental results of

Möller (1966a,b) is satisfactory. However, t increases
max

monotonically with distance, since the streaming effect which

is significant at large distances, was not taken into account

in the calculations.

3.5 Influence of the variation in the scattering cross-section

on the slowing-down time.

The analytical calculations of the slowing-down times, presented

in this chapter, were all based on the assumption of a constant

scattering cross-section in the epithermal energy region. In

some cases a distinction has been made for a different value

of the scattering cross-section at the energy of the source.

For hydrogen we have reason to question the validity of the as-

sumption of unalterable scattering cross-section, as it is con-

stant up to about 20 keV and decreases roughly as 1/v above this

energy. The effect of this variation on the slowing-down time

is not expected to be large. Neutrons slowed down in hydrogen

to energies in the 1 eV region, will spend most of the time at

energies lower than 2 0 keV. However, it may be of some interest

to verify these qualitative predictions by an analytical treat-

ment .

We start from the space-independent balance equation governing

the time-dependent slowing down of neutrons from a delta func-

tion source in energy and time

(v,t)
at Is(v) + Za(v) |<Mv,t)

• u 1 ,t)dv' + 6(t)6(v-v (3.58)

Only elastic collisions are considered. The scattering and the

source are isotropic. For the time being we allow the scattering
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cross-section I (v) and the absorption cross-section ^a

to be arbitrary functions of energy. After Laplace transfor-

mation Eq. (3.58) becomes

Za(v)](fr(v,s)

(v')f (v'^v)Hv1 ,s)dv* + 6(v-vQ). (3.59)

The transformed flux is now separated into one collided and

one uncollided part

4>(v,s) = <J>' (v,s) + - -0 S(v-v). (3.60)

[ E ( ) + Z ( ) ]

Inserting the last equation into Eq. (3.59) we obtain

if • E (v) • Ea(v) (v,s)

£ (V ) V
E (v')f (v'+vH1 (v1 ,s)dv' + -—-— f(v+v). (3.61)

[E (v )+E (v )JL s o a o J

The exact scattering kernel for hydrogen is

f(v'-v) = - ~ ä , V S vn . (3.62)

(vf) °

Using this relation and dividing Eq. (3.61) by v we obtain
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•'(v,s)

= 2 (vf,s)dv' (3.63)

Differentiating Eq. (3.63), it follows that

>* (v,s)
F2s

[T5 3v 3v
(3.64)

which may be written

9 4>' (v, s) _ y s (v) - - v
c La

3v
' (v,s) (v)+Z (v)l

-dv

s ' a

(3.65)

Integrating:

ii s+v' [E (V)+i: (V)]

v
Ke(v

1)dvf

5 _ f T, (v')dv'
3

- 2s
dv1

v1)]
(3.66)

where
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<j>- (v s) = - _ _ ___- ——- (3.67)

is obtained from Eq. (3.61) in the limit v+v .

To perform the integration on the right hand side of Eq. (3.66)

we have to specify explicitly the functions £(v) and £ (v).

Let us set

I (v) = E = constant,

_ s 1
V

(3.68)

To account for leakage in a finite geometry we exchange the

absorption cross-section I (v) for a "leakage cross-section"

D(v)B2 (absorption in hydrogen in the energy range studied

here is negligible). Hereby, we again assume that the funda-

mental spatial mode diffusion theory can be applied. The

diffusion constant for hydrogen, given by

D(v) = 1 (3.69)

is energy-dependent according to Eq. (3.68).

The integrations in Eq. (3.66) may now be performed. They are

rather straight-forward, but tedious, so only a final solution

is given here:

(v's) = 2Vil?;j (77
••z,v,

8

s + v
.B'

(3.70)
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The inverse transformation of this function is possible only

by a numerical method. For our purpose it will not be neces-

sary - the mean slowing-down time may be obtained using

Eq. (3.35), with the Fourier variable exchanged for buckling.

This results in

_3
vE

1 + B' (3.71)

Vs

1 +—'
1 3Z

v
S 1

B2v2

Z2v2

s i

The expression given in Eq. (3.71) may be easily checked in the

limit v ->v . Performing such a calculation we obtain the solu-

tion earlier found for a constant scattering cross-section.

In deriving Eq. (3.71), as well as in earlier calculations, we

have assumed that the buckling does not depend on energy. This

is a severe simplification, as the extrapolation distance should

be energy-dependent. Beynon (1971, 1972c) has introduced the

concept of energy-dependent buckling in neutron slowing down.

His approach is, however, rather complex and suitable only for

numerical treatment.

Examination of the scattering cross-section of hydrogen leads to

the conclusion that the onset of the 1/v dependence should be

chosen between 20 and 50 keV. We have checked the influence of

this choice by calculating the mean slowing-down time (according

to Eq. (3.71)) from 14 MeV to 1.457 eV with Ex=20 keV and Ex=50 keV.

The differences between the results are small - at most 10 ns in

the infinite case. Table 3.7 shows the mean slowing-down time
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in water, calculated on the one hand from the theory of Dia-
mond and Yip (the scattering cross-section is assumed to be
constant over the whole range of energies), and on the other
hand according to Eq. (3.71) (the scattering cross-section is
assumed to be constant up to 35 keV and varies as 1/v above
this energy).

Side of
the box

(cm)

8.0

10.0

12.5

15.0

20.0

30.0

00

Buckling

(cm"2)

0.235913

0.169854

0.120076

0.089358

0.054997

0.026858

0

<t> (ns)

Diamond & Yip

Eq. (3.24)

1099

1161

1212

1245

1284

1318

1351

I

Eq. (3.71)

1098

1161

1212

1246

1286

1322

1366

Table 3. 7. Influence of variation in the scattering cvoss-seotion on the

8lowing-down time from 14 MeV to 1.45? eV in water (the pre-

sence of oxygen neglected).

As expected/ the effect caused by the assumption of a constant
scattering cross-section is small (at most 1.1% in the infinite
geometry).

3.6 Reaction rate in finite geometry

The quantity measured in the slov/ing-down experiment is the re-
action rate defined in Eq. (2.1). We will now derive an analyt-
ic expression for the reaction rate in a finite moderator. The
indicator is of the resonance type and i t s capture cross-section
may be described by the Breit-Wigner formula (see e.g. Foderaro,

1 9 7 1 ) s - 6 0 -



(3.72)

where

E is the energy of the resonance,

h is Planck's constant,

mn is the mass of the neutron,

g is the statistical weight factor,

T is the neutron width at E ,

T is the radiative width

and

T is the total width of the resonance at E .

The flux is assumed to have the form given in Eq. (3.18). Then

the space-independent reaction rate per indicator atom in a

finite medium with a unite neutron source may be obtained from

[p-l ) 2n r J n Y r o m
n

•f-i. V p t l — E• exp -I / — t - ; rdE. (3.73)

Note that F(p-1) in the last equation is a gamma function, while

r ,r and r are the resonance parameters.

The integral involved in Eq. (3.73) may be solved analytically

after some variable substitutions and fractionizing. The cal-

culations are lengthy and as they do not bring in any new in-

formation, will be omitted here. Before giving the final solu-

tion some auxiliary parameters are defined:
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irt-2Er
1

k ?

3

k,

ks

2

ir t+2E r

2

_ /T /
» Itl Or

n

= - - 1.

>Er-irt

2

jE r+ir t

2

These definitions allow us to abbreviate the expression for

the reaction rate

1 2

4i

*s k5
[(kj exp(k2t)E1 (k2t) + (kj) exp(-k2t) Et (-k2t)

- (k,) - (k3)
 5exp(-kI|t)E1(-k,,t)) (3.74)

where El is the exponential integral defined by

In the next chapter we will calculate the theoretical re-

action rate for some typical resonance indicators.
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i*. FACTORS CONSIDERED BEFORE MEASUREMENT

One of the main proDier?.̂  expected to appear in the measure-

ment of the slowing-down time is how to obtain a sufficiently

high intensity of the measured radiation, to give satisfac-

tory statistics for a realistic measurement time. From this

point of view the choice of the indicator material and of

the detector is of crucial importance. In this chapter we

will present some theoretical calculations motivating our

choice.

4.1 Choice of the spectrum indicator

There are several materials with (n,y) resonances, which could

serve as spectrum indicators. In order to compare them, the

expected reaction rate was calculated for a selection of nu-

clides. The expression for the reaction rate, derived in sec-

tion 3.6 (Eq. (3.74)), is not easy to handle due to the pres-

ence of exponential integrals with complex arguments. For this

reason the complicated integral in Eq. (3.7 3) was calculated

numerically employing adaptive Romberg extrapolation (Hewlett-

Packard, 1979a).

Table 4.1 contains a compilation of the results obtained. All

the calculations were made for infinite geometry (B2=0). The

slowing-down parameters of water were taken from Table 3.1 and

the resonance parameters (g,r ,r ,r ,E ) of the indicators from

BNL 325 (Mughabghab and Garber, 197 3). The reaction rate was

normalized to unity at the maximum of the indium curve. The

normalization factor thus obtained was used in all the other cal-

culations. The source neutrons were assumed to have an energy

of 14 MeV. The times corresponding to the maxima of the curves

were determined and compared to the theoretical values calculated

from

r
s
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The same number of indicator atoms was assumed in all the cal-

culations.

Nuclide

103
Rh

45

115
In

49

165
Ho

67

181
Ta

73

197
Au

79

109
Ag

47

59
Co

27

55

25

23
Na

11

Resonance
energy
Er (ev)

1.257

1.457

3.92

4.28

4.906

5.19

132.0

337

2850

tmax <»»)
(maximum of
the reaction
rate curve)

994

905

547

522

490

476

95

60

21

t (ns)
max

(Eq. (4.1))

960

892

544

520

486

473

94

59

20

Normalized
reaction rate
at the maximum
(arbitrary units)

0.295791

1.000000

0.162804

0.252149

0.854017

0.805190

0.178339

0.036098

0.001027

Table 4.1. A summary of the results of calculations for different indicators.

The time dependent reaction rates calculated for some indicators

are shown in Fig. 4.1. It should be noted that the possible

differences between the gamma radiation spectra from capture of

resonance neutrons in various nuclides, have not been taken into

consideretion. They will certainly influence the detection effi-

ciency, but are not expected to change the general picture.
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The discrepancy between the slowing-down times in columns 3
and 4 in Table 4.1 i s a r e s u l t of the assumptions made for
the shape of the resonance. The e f f ec t i s r a the r small (in
the case of indium, an increase of t__v by l e s s than 1.5%).

IUClX

It appears from Table 4.1 and Fig. 4.1 that indium is expected

to give the highest intensity in comparison with other possible

indicators. The normalized reaction rates obtained for silver

and gold a..s only slightly smaller. However, there are some
109 197difficulties connected with using Ag and ' Au as spectrum
47 /9

indicators. In the case of silver (natural silver is composed

of 51.82% 107Ag and 48.18% 109Ag) the influence of higher reso-
47 107 47 IQQ

nances - at 16.30 eV in A-,hg and at 30.4 eV in Ag, is rather
HI 47

strong (about 7% together). The slowing-down times to the main

resonances in silver and gold are much shorter as compared to

indium, which implies increased difficulties ir carrying out
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the experiments. This prediction was later confirmed by some

test measurements with silver and gold foils. The evaluation

of the slowing-down times from the registered distributions was

in these cases obstructed by the contribution to the detector

response from proton recoils. This effect is of significance

during the first 200 ns and must be taken into account when us-

ing silver or gold as spectrum indicators. The corrections may

be extremely difficult to calculate.

There is one moie aspect important for the choice of the indi-

cator. The asymptotic value of the reaction rate (which is

the contribution of the 1/v-part of the capture cross-section)

should be small compared to the peak value. This condition is

definitely fulfilled in the cases of indium, gold and silver,

with somewhat more advantageous results for the last two ele-

ments .

In view of the arguments given here, indium was chosen as the

spectrum indicator in the present work.

The influence of the higher resonances in indium (at 3.86 eV

and 9.12 eV) was investigated (see Fig. 4.2). The energies of

these two resonances correspond to most probable slowing-down

times of 548 and 356 ns, respectively.

The contribution to the peak for the 1.457 eV resonance is 1.8*

from the 3.86 eV resonance and 1.1% from the 9.12 eV resonance.

The effect of the higher resonances is a decrease in the slowing-

down time. In the infinite case a correction of +24 ns has been

obtained to compensate for that. More detailed calculations,

taking into consideration the thickness of the foil, have been

performed for the finite geometries used in the present work.

The results will be presentee and utilized in chapter 7 along

with the corrections due to the Breit-Wigner shape of the main

resonance.

Fig. 4.3 shows normalized reaction rate curves, three of them

calculated for bucklings corresponding to some of the cubes used
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in the experimental part of the present work, and one for

che infinite case. The influence of leakage on the position

of the maximum and on the relative intensity is evident.

4.2 Choice of the detector

There are some basic requirements which have to be placed on a

detector suitable for a measurement of the slowing-down time

in water. The detector should be fast, have a high efficiency

for detection of gamma radiation and be composed of a material

with the scattering and absorption cross-sections close to those

of water. The choice of a particular detector must be a compro-

mise between these and other factors. Among the commercially

available detectors, plastic scintillators are best suited for

our purpose. They are characterized by a very short decay time

of the induced luminescence and their composition implies prop-

erties (regarding interaction with neutrons) similar to those of

water. The efficiency of plastic scintillators is acceptable,

though inferior to crystal scintillators. They have also a rath-

er poor energy resolution - a feature of no great importance from

our point of view, since the capture spectrum of indium consists

of several more or less unresolved lines.

Among the conventional plastic scintillators NE 111 was chosen

for our measurements, being an ultra fast detector especially

suitable for fast timing applications. It has the smallest

full width at half maximum (FWHM) of the resulting light versus

time profile. The properties of NE 111 are given in Table 4.2.

Pulse width (FWHM)
a) observed
b) corrected for system time response

Decay time (short component)
Decay time (long component, 12% of intensity)
Rise time
Light output relative to anthracene
Light attenuation length (1/e)
Wavelength of maximum emission
Density
Atomic ratio H/C
Refractive index
Softening temperature

Table 4.2. Properties of the NE 111 plastia saintillator (from Table of Physical

Constants of Ultra Fast Plastic Saintillators, Nualear Enterprises, Ina
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The total detection efficiency of the plastic scintillators

has not been reported in the literature. Knowledge of this

quantity was of great interest for practical planning of the

experiment, facilitating the choice of an appropriate size

for the detector and estimation of the necessary measurement

times. The efficiency was calculated for three sizes of the

NE 111 detector, and for different distances between the source

and detector. The details of the calculations and the results

are given in Appendix A. As the smallest of our water systems

is a cube with a side of only 8 cm, it is important to use a

small detector in order to minimize any possible disturbance.

In the light of computed efficiencies the detector size of 2.5

cm diameter and 2.5 cm length was considered adequate for per-

forming our measurements. The computed efficiencies (Table A.1)

for this size were later confirmed experimentally, using r.Cs
60

and 27 C o a s 9anuna radiation sources.

In the present work the plastic scintillator is used for the

measurement of the gamma radiation. From our point of view the

detector's efficiency in stopping fast neutrons constitutes its

main drawback. The collision of a fast neutron with a hydrogen

nucleus in the plastic scintillator transfers energy to the pro-

ton. When the proton is stopped, part of the recoil energy is

converted to scintillation light whose contribution to the de-

tector response is not desirable.
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5. EXPERIMENTAL WORK

5.1 Description of the equipment

The study of the time behaviour of neutrons in a moderator

requires the use of four principal components: a pulsed source

of high energy neutrons, a moderating assembly in which the

slowing-down process is to be investigated, a detector with

the associated electronics, and a data acquisition system.

The following subsections contain a description of the hard-

ware and of the experimental set-up used for the measurement

of +*he slowing-down time.

•L'— '1. _N£u£ron_g£n£rator

A SAMES T 400 type accelerator with nanosecond pulsing system

is used as a source of high energy neutrons. The 400 kV high

voltage generator has very high stability (in our experimental

series the accelerator worked at 300 kV). The neutrons of

14 MeV energy are produced by the 3H(d,n)"He-reaction. The

maximum ion current in pulsed operation is 2 mA. By pulsing

the ion source and utilizing the travelling wave deflection-

and bunching-systems, the width of the generated neutron bursts

may be brought down to about 1 ns. More details about the

neutron generator as well as an overall view of its location

in the laboratory are given in Appendix B.

The measurement of the slowing-down time was performed on six

geometries of distilled water. The moderator was contained

in aluminium cubes with sides from 8 to 30 cm. The walls of

the boxes were 0.1 cm thick.

Water was poisoned with boric acid (H,BO3) in order to decrease
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the mean lifetime of thermal neutrons (which is 206 us in

infinite geometry) to 40 ys. This resulted in a reduction

of the overlapping of succeeding cycles. In calculation of

the lifetime of the neutrons the leakage was taken into ac-

count by using first order diffusion theory (the DE2 term

was included in the absorption cross-section), which explains

why different concentrations of boric acid are necessary for

obtaining the same lifetime in all geometries.

The inside lengths of the sides of the cubes were measured

with great care. For each cube six measurements were made:

two face to face distances and four heights along each face.

The mean values obtained for the moderator assemblies and the

corresponding standard deviations are given in Table 5.1.

Also the concentrations of boric acid used in different ge-

ometries are shown in the table.

Side of the box

(cm]

8.000 ±

10.01 ±

12.47 ±

15.00 ±

19.96 ±

30.06 ±

0.004

0.01

0.01

0.01

0.02

0.01

!
Concentration of FLBO..

(g/D

4.75

7.41

9.20

10.18

11.22

11 .94

Table 5.1. Sizes of moderator assemblies and concentrations of the

poisoning compound.

In the main series of measurements the distance from the source

to the indicator as well as the distance from the indicator to

the detector was the same in all the cubes. Fig. 5.1 is an
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illustration of the geometrical arrangement. The moderator

assembly is shown in full sc^le for the 12.5 cm cube. The

choice of the particular arrangement shown in the figure was

based on conclusions from experimental tests, where different

detector and indicator positions were tried and the resulting

signal to background ratios were compared.

The presence of materials other than water inside the modera-

tor assembly is undesirable but could not be entirely avoided.

The foil holder and the light pipes were made of plexiglass

which essentially has the same properties as water regarding

the interaction with neutrons. The light pipes, which are of

different lengths (from 2 cm to 12 cm) depending on the size

of the cube, serve as a physical coupling between the scintil-

lator and the photomultiplier tube, and as a guide for the

scintillation light. In this way the scintillator may be

placed close to the spectrum indicator, thus improving the ef-

ficiency. The light pipes and the detector are protected by

a 0.2 mm thick casing of aluminium. In the 8 cm moderator

assembly no light pipe was used. It was necessary to slightly

change the geometrical arrangement in the measurement on the

30 cm cube. In order to obtain a better signal the PM tube

was wrapped with a black watertight tape and immersed 10 cm

in the water. The same light pipe (12 cm) was used as for the

20 cm cube.

The NE 111 scintillation detector has been described in section

4.2. It has 2,5 cm diameter and 2.5 cm height. The possible

influence of the presence of other materials than water in the

moderator assembly (the detector, foil holder, light pipe) will

be investigated in chapter 7.

As spectrum indicator five high purity indium foils of

2.5 cmx2.5 cmx0.025 cm each were used. The position of

the detector with respect to the foils was centered by proper

adjustment of the holder for the PM tube.
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5.J_.4 _Detect_ion_and dat£ acquj_ŝ _t_iori jsystem

The minicomputer used for the on-line measurements was a

PDP-11/20. It contains a 28 k 16-bit word memory, an extend-

ed arithmetic element, a graphic terminal and a disk storage

unit. The structure of the computer-controlled measuring sys-

tem for neutron physics experiments has been described by

Grosshög (1974). The same logic.-; structure of the system

is applied in the present work Instead of a direct memory

access channel (DMA), a buff-, memory of first-in-first-out

type (FIFO) is used as a lvnk between the analog-to-digital

converter (ADC) and tl" computer. The buffer gives a data flow

only when it has her:, rilled to a level determined by the con-

trolling software ; .jgrams. Grosshög (1978) found that use of

the FIFO buffer ;ds a favourable influence on the dead-time of

the measurement system employed for the pulsed-neutron-source

experiment.

A simplified block diagram of the system ior measurement of

the slowing-down time is shown in Fig. 5.2. As indicated in

the figure, the data are sampled in two channels - the time

channel and the amplitude channel, synchronized with each other.

DETECTION
SYSTEM

TIME CHANNFL

ADC
i

SMC.

H ADC
AMPLITUDE

- \

&

CHANNEL

INPUT

GATES

INPUT

GATES -V

FIFO
BUFFER

i i

INTERRUPT

r

FIFO
BUFFER

- N

PDP-11/20

COMPUTER

Fig. 5.2. Sahematic blook diagram of the measuring system.

The basic unit in the detection system (see Fig. 5.3) is the

time-to-pulse-height converter (TPHC) - an electronic module

converting the time interval between "start" and "stop" pulses
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Fig. 5. S. Eleatronio block diagram of the measuring system (the FIFO buffer

is not shown explicitly, but is part of the computer).
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into an output pulse with an amplitude precisely proportional

to the time interval. The neutron generator target pulse is

fed into a constant-fraction discriminator, which ensures that

the time-position of the outgoing pulse is independent of the

rise time of the input pulse. Next, the TPHC is started. The

STOP signal comes from the detector after passing the time pick-

off control - a trigger unit which generates a logic pulse

whose leading edge indicates the time of occurrence of an input

linear pulse. The analog-to-digital converter in the time chan-

nel gets an input pulse if the GATE signal, confirming that the

ADC is ready, has been sent to TPHC. The transfer of informa-

tion from the ADC to the computer can only take place when sev-

eral conditions are satisfied. First, the TRUE START must have

occurred. Second, the computer must be ready to accept informa-

tion, which is checked by the ON/OPF CONTROL. Third, the STROBE

must have been activated by a signal from the discriminator

whose function is to block the noise in the output of the spec-

troscopy amplifier in the amplitude channel. The simultar3ous

fulfilment of these three conditions results in an output pulse

from the universal coincidence unit being fed into Gate 2. The

gate will then give an output signal, commanding the two analog-

-to-digital converters to start conversion of the information

flow, provided that it has not received the DISABLE signal.

The fast coincidence unit generates the DISABLE pulse when the

delayed target pulse and the time pickoff pulse are in coinci-

dence. In this way the registration of the proton recoils

caused by those source neutrons which directly reach the detec-

tor is avoided. The adjustment of the delay had to be done

with great care and it appeared to be very sensitive to the tem-

perature in the control room.

As indicated in Fig. 5.3, four sealers are used in the measure-

ment. Sealer A gives the number of coincidences in the fast

coincidence unit. The accepted starts are sampled in sealer B.

The total number of registrations is given by sealer C. Final-

ly, the pulses coming from the neutron monitor are registered

In sealer D. They are used for normalization of the experimen-

tal distributions. The LABEL CONTROL assigns the same LABELS to
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the amplitude and time data which belong together.

Table 5.2 is a complement to Fig. 5.2, showing the electronic

equipment used in the described measurement system.

Table 5.2 .

Electronic Equipment Employed in the Measurement System

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

Model and Manufacturer

Model 8575 Photomultiplier Tube, RCA

Model 264 Photomultiplier Timing Discri-
minator and Preamplifier, ORTBC Inc.

Model 403A Time Pickoff Control,
ORTEC Inc.

Pulse Shaper

Model 457 Biased Time-to-Pulse Height
Converter, OPTEC Inc.

Model 418 Universal Coincidence,
ORTEC Inc.

Gate1)

Model CT 101 Analog-to-Digital Converter,
INTERTECHNIQUE (2)

Model 455 Constant-Fraction-Timing Single
Channel Analyzer, ORTEC Inc. (2)

Model 414A Fast Coincidence, ORTEC Inc.

Model 451 Spectroscopy Amplifier,
ORTEC Inc.

Model 427 Delay Amplifier, ORTEC Inc.

Mcdel 426 Linear Gate, ORTEC Inc.

Model LS 529 R High Voltage Power Supply,
OLTRONIX SVENSKA AB

Model 2202 D Neutron Dose Rate Meter,
AB ATOMENERGI Studsvik SWEDEN

Model 462 Time Calibrator2 \ ORTEC Inc.

Model PDP-11/20 Data Processor with
Input Gates1' and FIFO Buffer1 > , DEC.

Designation in Fig. 5.3

PMT

PMT E~se

Time Pickoff Control

Constant-Fraction Discriminator

Time-to-Pulse-Height Converter

Universal Coincidence

Gate 1

Analog-to-Digital Converter

Delay, Discriminator

Fast Coincidence

Spectroscopy Amplifier

Delay Amplifier

Gate 2

High Voltage Power Supply

Neutron Monitor

not indicated in the figure
PDP-11/20 Computer

Non-commercial equipment manufactured a t I n s t i t u t e of Reactor
Physics , Chalmers Univers i ty of Technology, Göteborg, Sweden.

2)The time calibrator unit was used for calibration of the TPHC
before the start of the measurement and after thf. end of the
measurement.
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5.2 Computer procedures and data structure

During the measurement the computer is given the task of carry-

ing out several functions. This is accomplished by utilizing

software programs.

LATOS - the interactive operative system (Grosshög and Rönnberg,

1972; Grosshög, 1973) constitutes the supervisor of the activi-

ties. A special program package (TOP) has been written (in

ASSEMBLER) for the slowing-down time experiment. The follow-

ing routines are included in the package:

1) BEG - initiates the measurement, resets the data arrays,

gives the starting time of the measurement;

2) SET - sets parameters for the data arrays, determines the

measurement time, loads the interrupt programs;

3) INP - central work routine, coordinates sampling of informa-

tion in time and amplitude channels, controls the data

flow with respect to LABELS, supplies error messages

whenever unreasonable data occur, gives final results

in matrix form;

4) IN1 - interrupt routine for the time channel, starts INP in

order to take care of the transfer of information from

the FIFO buffer to the computer when the buffer is

filled up to a predetermined level, supplies error mes-

sages whenever overflow occurs;

5) IN2 - has the same functions as IN1 but for the amplitude

channel;

6) END - terminates the measurement, gives the exact measure-

ment time.

The results of the measurement are stored into several data

arrays whose parameters have been specified in the SET routine.

The philosophy behind the choice of parameters is illustrated

by Fig. 5.4.
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Fig. 5.4. Example of a possible choice of parameters for one of the

data arrays.

It was possv>le to use six different areas, varying the lower

and upper A u.ts of the time and amplitude variable as well

as the nu . <- /: of intervals for each variable. The only limi-

tation We/ f.'iat the product of the number of intervals on the

time chai;r«J and the number of intervals or the amplitude

channel s! ̂.ald be equal to 1024. The description of the para-

meters o; data arrays actually used in the final measurements

will fo ^ow in subsection 5.3.2.

5.3 Pra.: .cical operation of the measurements

5«3.J procecures

To start with, the cube chosen for the measurement was placed

on the supporting frame-work. The positions of the cube and

the PM tube were carefully adjusted, ensuring symmetric plac-

ing of the detector with respect to the source. Next, the box

was filled with a proper boron-poisoned water solution. This

-7 9-



was done slowly in order to avoid the formation of bubbles.

For each cube two measurements following each other were per-

formed. In the first of them the spectrum indicator was placed

in the foil holder. After termination of this measurement the

indium foils were removed and the background registration start-

ed. The measurement time was the same in both cases.

The time calibration was done three times on each measurement

day - before starting the indium measurement, after its termina-

tion and finally when the background registration was finished.

This applies also to the determination of the neutron pulse po-

sition on the time scale, which gives the zero-time for our time

distributions.

During the measurement numerous checks of the time and amplitude

distributions were performed. The temporary results could be

displayed on the memory block BM24.

After the termination of each measurement the sampled distribu-

tions were stored on a disk storage unit.

The temperature in the experimental hall was monitored during the

runs. It was between 18°C and 22°C and it did not vary more than

2 C during any one run.

The following measurement parameters had to be specified before

starting the measurements:

- measurement time,

- neutron pulse repetition rate,

- neutron pulse width,

- time channel width,

- channel limits of the time and amplitude distributions.
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The same values of measurement parameters were used through-

out the whole experimental series.

Each measurement lasted three hours. The total time necessary

for adjusting the moderator assembly, calibration, performing

the indium and background measurements was about eight hours

for each cube.

The pulse separation was 100 ys as compared to the mean life-

time of neutrons in the boron-poinsoned water of 40 ys.

The neutron pulse width was about 1 ns and the time channel

width 20 ns.

In the final experimental series three different areas were

sampled and stored (see Appendix C for a detailed description

of the parameters). These are as follows:

A- Time distribution area; 1024 time intervals x 1 ampli-

tude interval,

A2 Amplitude distribution area; 1 time interval x 1024

amplitude intervals,

A, 32 time intervals x 32 amplitude intervals.

The time distribution area is of main interest for the evalua-

tion of the experiment. It gives the measured reaction rate as

a function of time for an amplitude interval whose limits were

chosen with a view to obtaining the most favourable signal to

background ratio. The amplitude distribution area was not used

in the calculations; however, it contains some valuable physical

information about the system and serves as a check that the

measured data are reasonable. Area A.,, which gives time distri-

butions separately for each of the 32 different amplitude inter-

vals, was of great help when determining the amplitude interval

limits for the time distribution.
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Three series of experiments have been carried out:

- the main series on the six cubes with the source to detec-

tor distance kept constant,

- investigation of the influence of the foil perturbation

on the slowing-down time in the 8 cm cube, with five dif-

ferent foil thicknesses,

- investigation of the space dependence of the slowing-down

time in the 12.5 cm cube, with six different source to de-

tector distances.

The results of these measurements will be presented in the fol-

lowing chapters.
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6. EVALUATION OF THE MEASUREMENTS

In this chapter some examples of the experimental distributions

obtained in the main series of measurements will be presented.

Furthermore, we shall describe the mathematical models used for

evaluation of the measurements. Finally, the resulting slowing-

down times will be given.

6.1 Experimental distributions

There are no clear visual differences in the time distributions

obtained for different cubes. Therefore, only the results for

the 10 cm cube are demonstrated here, since they represent a typi-

cal example. The expected differences in the time behaviour

are manifested only after the mathematical treatment which will

be described in section 6.2. Fig. 6.1 shows the time distribu-

tion obtained in a measurement with indium foil in the water.

The results of a corresponding background measurement performed

in water alone are given in Fig. 6.2. A channel width of 20 ns

was used in both cases. The neutrons were injected at channel

217. The proton recoils mentioned in chapter 4 dominate the re-

action rate in the time domain immediately after the neutron

pulse, as may be seen in both curves. There is also a rise

around channel 700, which is due to the returning neutrons back-

scattered from the materials surrounding the experimental as-

sembly. A characteristic dip just before the neutron pulse has

been observed in all of the curves. This effect can not be ex-

plained on physical grounds and is probably caused by the elec-

tronics. It is of no importance for the evaluation of the

slowing-down time since it appears in the indium as well as

in the background measurements. Further, only the points after

the neutron pulse will be used for the evaluation.

Figs. 6.3 and 6.4 show the amplitude distributions (all 1024

time channels have been included) from the measurements with

and without indium.
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6.2 Method of evaluation

6.2.1 Mathematical treatment

f

As a first step of the mathematical treatment of the time dis-

tribution the reaction rate is calculated by subtracting the

normalized background (water alone) from the results of mea-

surement on water with indium foil. Fig. 6.5 shows the normal-

ized difference obtained for the 10 cm cube (the curve has been

transformed in such a way that channel 0 corresponds now to the

time of injection of the neutron pulse).
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Fig. 6.5. Detector response with background subtracted.

In order to evaluate the most probable slowing-down time from

the measured detector response/ a trial function preserving the

first few moments is chosen. Following Diamond and Yip (1970)

we put

R(t) = atbexp(-ct) + AQexp(-;\t) , (6.1)
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where the last term has been included to take care of the 1/v

absorption in indium.

Least-squares fits of Eq. (6.1) to the recorded detector response

curves have been made for each of the cubes. As the fitting mod-

el is non-linear in the parameters, a non-linear estimation method

must be employed. For obtaining the estimated parameters Mar-

quardt's procedure is used (Marquardt, 1963). The method is a

compromise between the linearization (or Taylor series) method

and the steepest descent method and appears to combine the best

features of both while avoiding their most serious limitations.

In the fitting procedure only experimental points up to channel

350 (on the transformed curves) have been treated in order to

avoid the effects caused by room-return neutrons. Also some of

the initial channels have been left out, thus eliminating the

disturbance from proton recoils.

There are five parameters to be determined in the least-squares r

procedure. In the course of the analysis it was found that the \

errors were reduced by fitting the function to the recorded curves

in two steps. First, the second term of Eq. (6.1) was fitted to

the detector response curve between channels 180 and 350. After

obtaining the best estimates of parameters A and A the exponen-

tial function was subtracted from the distribution and the first

term of Eq. (6.1) was fitted to the remainder in the channel in-

terval 0-180. There are two reasons for choosing channel 180 as

a suitable point on the time scale for breaking the detector re-

sponse curve into two parts. First, the first term of Eq. (6.1)

becomes sufficiently small at channel 180. This means that it

can be neglected at longer times without influencing the eval-

uated most probable slowing-down time. Second, several tests

were performed with other choices of the breaking point, leading

to the conclusion that they give worse estimates of the parameters

A and A.

Fig. 6.6 shows the calculated best fit to the experimental results.

Similar curves obtained for the measurements on other cubes are

given in Appendix D.
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Fig. 6.6. Least-squares fit to the experimental results.

In Fig. 6.7 the fitted functions (normalized to unity at the

maximum) obtained for the smallest and largest cube used

in the experiment are compared. The different positions of

the maximums of the curves clearly illustrate the influence of

geometry on the slowing-down time.
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Fig. 6. 7. Influence of geometry on the slowing-down time.
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In performing the regression analysis certain assumptions

about the errors are made - they are assumed to be independent,

have zero mean, a constant variance a2, and to follow a normal

distribution. The validity of these assumptions may be checked

by examining the standard residuals (see e.g. Daniel and Wood,

1980). If the assumptions do not appear to be violated we are

able to conclude that our fitting model is adequate. In Fig. 6.8

the standard residuals for the fitting to experimental results

obtained for the 10 cm cube are plotted against the independent

variable (time). The plot does not exhibit any particular irregu-

larity.

10 cm cube

3
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1
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g'. £.5. Standard residuals plotted against the independent variable.
The ahannel width is 20 ne.

The standard residuals are defined as - • (y^'y^)/ i=1,2,...,n,

where yi is an observation and y^ is the corresponding fitu>.5

value.
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The overall impression of a horizontal band of residuals is re-

garded as satisfactory. In chapter 7 we shall return to the

analysis of errors connected with the fitting procedure.

Two of the estimated parameters are used for calculation of

the most probable slowing-down time according to the following

simple equation (t „ is the time at which the first term of

Eq. (6.1) attains its maximum):

(6-2)

where C^ is the channel width (20 ns).

If the integrals in the definition of the time moment (Eq. (1.1))

are approximated by sums, the mean slowing-down time may be

obtained from:

I ^|A(I)-Nf'B(I)-Aoexp(-Al) -I>

= —~- n • C (6.3)

I JA(I)-Nf'B(I)-Aoexp(-AI)j

where

A (I) is the number of coui.ts in channel I obtained for

water with indium foil,

B(I) is the number of counts in channel I obtained for

water alone,

N f is the normalization factor

and

I is the channel at which the calculation starts (5-15).

£fd£tl

For performing the calculations described in subsection 6.2.1

and computation of the errors connected with least-squares fit-

ting, a program package has been created. The computational

flow is shown in Fig. 6.9.
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/TIMMAXS

Li
»/ADPLOTV-

Fig. 6.9. Computational flow for evaluation of the slowing-down time from

experimental data and for error analysis.

All the programs indicated in Pig. 6.9 have been written in BASIC

for the HP-9845B computer. We shall now give a short descrip-

tion of the operations performed by these programs.

PDPKON (Grosshög, 1980) allows contact to be established be-

tween the PDP-11/20 and HP-9845B computers. The experimental

distributions are transferred from the disk storage unit of

the PDP computer to the internal tape cartridge of the HP compu-

ter. The data stored on tape are in ASCII format.
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ASCCON converts the data in ASCII format into an internal format.

PRECAL performs various mathematical operations on the data sets,

calculates the variance of the detector response and provides the

input matrices in a configuration suitable for use with the non-

linear regression program as well as with the program which cal-

culates the mean slowing-down time.

NONLI1 (Hewlett-Packard, 1979b) is the non-linear regression pro-

gram which computes the least-squares estimates of the parameters

of Eq. (6.1). A residual analysis may also be performed. The

program was modified by incorporating a new option which pro-

vides the covariance matrix for the estimated parameters. A set

of associated programs (Basic Statistics and Data Manipulation)

has also been used. These allow several operations on the data

sets (editing, transforming, creating subfiles, naming, storing

and listing).

TIMMAX calculates the most probable slowing-down time according

to Eq. (6.2) and its standard deviation (see chapter 7).

TIMEMO calculates the mean slowing-down time according to

Eq. (6.3) and its standard deviation (see chapter 7).

ADPLOT provides plots of the experimental distributions, fitting

functions and calculated results.

6.3 Evaluated slowing-down times

The results of the calculations described in section 6.2 are

summarized in Table 6.1.
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Side of the box

(cm)

8.000±0.004

10.01 ±0.01

12.47 ±0.01

15.00 ±0.01

19.96 ±0.02

30.06 ±0.01

Buckling

(cnf2)

0.2484+0.0002

0.1772±0.0003

0.1250+0.0002

0.0922±0.0001

0.0566+0.0001

0.02723+0.00002

max

(ns)

707

767

800

804

804

865

<t>

(ns)

1074

1153

1182

1196

1222

1247

Table 6.1. Evaluated most probable and mean slowing-down times to

1.45? eV in water.

The results of Table 6.1 were evaluated from the measured dis-

tributions. At this stage no definitive conclusions can be

drawn since the errors involved in the measurement and in the

evaluation procedure have not yet been estimated.
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7. ERRORS, CORRECTIONS AND FINAL EXPERIMENTAL RESULTS

The evaluated experimental results have to be supplemented by

an analysis of the errors involved in the measurements and

by the assessment of necessary corrections. Two fundamental

groups of errors will be regarded - systematic errors (charac-

terized by their deterministic nature) and statistical errors

(originating from random fluctuations). The effects of some

determinate errors will be compensated for by applying correc-

tions to the evaluated results.

7.1 Systematic errors

The purpose of our experiment is to determine the slowing-down

time in water. However, for practical reasons it was necessary

to incorporate some other materials into the moderating assem-

bly (see Fig. 5.1). Since these materials exhibit differences

(in comparison with water) in densities and neutron cross-sec-

tions, the influence of their presence on the slowing-down time

must be considered.

The foil holder and the light pipes were made of plexiglass

(density = 1.18 g/cm3), a material with essentially the same

properties as water regarding its interaction with neutrons.

The same foil holder was used in all the measurements (vol-

ume = 11.86 cm 3), but the size of the light pipes varied depen-

ding on the dimensions of the cube. Details are given in Ta-

ble 7.1.

Of the different cubes, the 10 cm box contains the largest pro-

portion of plexiglass. Therefore, we have calculated the re-

sulting change in the scattering cross-section for this geom-

etry. In other geometries the effect will be smaller.
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Side
of

the box

(cm)

8.000

10.01

12.47

15.00

19.96

30.06

Length
of

the light pipe

(cm)

0.0

2.0

4.5

7.0

12.0

12.0

Volume of plexiglass i
Total volume !

(%) j

2.316 !

2.405

1.751

1.369

0.890

0.261

Table 7.1. Content of plexiglass in moderator assemblies.

The chemical formula of plexiglass (polymethylmetacrylate) is

CH2C(CH3)CO2CH3. I ts calculated microscopic scattering cross-

section of about 191 barn (at 1.46 eV), combined with the vol-

ume content of Table 7.1, gives a change in the total macro-

scopic scattering cross-section of -0.002 cm"1 for the 10 cm

cube. The effect on the slowing-down time is insignificant.

\

7.1.2 Influence of detector

The NE 111 detector is composed of scintillation solutes in a

base of polyvinyltoluene. The density of this material is

1.032 g/cm3. Obviously, the greatest effect of the presence

of the detector will be obtained for the smallest geometry -

the 8 cm cube. In this arrangement the detector constitutes

2.396% of the total volume of the moderator assembly. Using

a microscopic scattering cross-section of 262 barn for the

detector material we obtain again a slight change of -0.002 cm

in the total macroscopic scattering cross-section.

-i
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The water was poisoned with boric acid (H3BO3) in order to

reduce the overlapping of succeeding cycles. The concentra-

tions of the poisoning compound in various geometries have

been specified in Table 5.1. The volume content of boric

acid in the moderator varies from 0.031% in the 30 cm cube

to 0.647% in the 8 cm cube.

Here, we have to investigate the influence of the poisoning

compound on both the scattering and absorption cross-sections.

The microscopic scattering cross-section of boric acid is 75 barn

(at 1.46 eV). This leads to a shift of -0.003 cm"1 in the total

macroscopic scattering cross-section of the moderator in the 8 cm

cube when compared to pure water.

The absorption cross-sections of water and boron are 1/v depen-

dent. Consequently, the absorption in pure water can be ne-

glected in the slowing-down region. Boron has, however, a rath-

er high absorption cross-section (100 barn at 1.46 eV), which

will increase the macroscopic absorption cross-section by

0.009 cm" ir the 8 cm cube.

The calculated changes in the macroscopic cross-section of the

moderator due to the presence of plexiglass, detector and boron

are small when considered separately. The increased absorption

cross-section caused by the poisoning compound may have a slight

influence on the slowing-down time (see Eq. (3.27)). However, re-

garding the slight decrease in the scattering cross-section we

note that the effects cancel each other and can be neglected.

The measurements on the 30 cm cube were performed with a slightly

modified geometry. In order to improve the signal-to-noise ratio,
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the PM tube was immersed 10 cm in the water. The effect of

this modification is expected to be small since the PM tube

constitutes only 0.787$. of the total volume of the moderator.

The influence of the possible disturbance was checked by run-

ning a Monte Carlo program (see chapter 9) for two cases - one

with pure water as the moderator and second with water and a

small vacuum region of the same volume as the part of the PM

tube immersed in water. Comparison of these two runs shows

no difference between J.:he slowing-down times.

There are several other determinate errors. They can be compen-

sated foi by calculating corrections, which will be done in

section 7-?.

•cicai

— ' — 'I. _^^.tim£tA°i^ £^_tlle_e£r£r_^IL L^— m°_st_pj:obab le slowing-down

time_due to the least-squares fit

The most probaLle slowing-down time was calculated according to

Eq. (6.2), using two parameters estimated in the least-squares

fit. The errors in parameters b and c are correlated. The vari-

ance of the calculated quantity t__ may be obtained by applying

the error propagation formula (see e.g. Meyer, 1975) on Eq. (6.2),

which leads to:

•il'W =

where

at is the variance of parameter b,

a2 is the variance of parameter c,

o. is the covariance of parameters b and c

and

C is the channel width (20 ns).
w
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o*, o2 and 0. are some of the elements of the covariance
D C DC

matrix whose computation was incorporated in the non-linear

regression program. The method of calculation of the covari-

ance matrix (Draper and Smith, 1966) is based on linearization

of the non-linear model by employing an approximating linear

expansion. Furthermore, it is assumed that asymptotic vari-

ance can be used - an assumption motivated by the large number

of observations. We now define some quantities necessary for

the calculation of the covariance matrix:

SSR
= Sfp (asymptotic variance), (7.2)

where

SSR is the sum of squared residuals,

N is the number of observations (180),

and

P is the number of parameters (3);

matrix C = ZTZ, (7.3)

where Z is a matrix, whose elements are the derivatives of

the fitting function with respect to its parameters, evaluated

at the estimated values of the parameters.

The covariance matrix is finally given by

Covar(a,b,c) = o2C~1 . (7.4)

Table 7.2 summarizes the standard deviations of the slowing-down

time, connected with its evaluation from the least-squares fit.
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Side
of

the cube

(cm)

8.000

10.01

12.47

15.00

19.96

30.06

a (t )

(ns)

16

15

20

17

18

21

Table 7.2. Standard deviation of the most probable slowing-down time

due to the least-squares fit.

' ' tjie

The formula for ca lculat ion of the mean slowing-down time from
experimental data was given in Eq. ( 6 . 3 ) . Here, we shal l use
the symbols defined in subsection 6 . 2 . 1 . In order to simplify
the notation we introduce two additional d e f i n i t i o n s :

- Nf«B(I) (7.5)

and

S(I) = D(I) - A exp(-XI) . (7.6)

Assuming that the number of counts N in each channel is Poisson

distributed, the variance is also N. Thus

(7.7)

The error propagation formula for the mean slowing-down time

is as follows:
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ev

2
A

3<t>
Ao X

(7.8)

where and oft ̂ are some of the elements of the covari-

ance matrix obtained°in the regression analysis.

After carrying out the differentiations we find:

I S O

I

ISO

I [S(l) ' l ]
1*1.

180

I S ( I )

s_
-no

I S ( I )

i 8 o
I [S(I)-IH exp(-AI)
s Is I=Is

180

I [exp(-Xl)-l]
1=1. "

s

FT i V 1*0

I S ( I )

I S O

I [Aoexp(-Xl).I2J

Teo

I sm
I = Is

180 1 BO

1=1
[A exp(-Al)-l]

"ISO -] 2

I s ( i )
'I

• 2

180

1=1
s

180

• I exp(-XI)
I = Is

180

no -i ?

I s in
I S O

I S( I )

180 180

I [A exp(-M).I2] J [S(D • ! ] • ! _ [Aoexp(-XI)-l]
I - I 8

1=1
S

1=1
s

no
I S ( I )

•no -i 2

I 811)
L M . J

w

(7 .9 )

- 1 0 0 -



The resu l t s of the calculat ions of the random error in the

mean slowinq-down time are shown in Table 7 . 3 .

Side
of

the cube

(cm)

3.000

10.01

12.47

15.00

19.96

30.06

aev«t»

(ns)

34

22

30

20

23

39

Table 7.3. Random error in the evaluated mean slowina-down time.

The zero time for the time distributions was determined by check-

ing the position of the neutron pulse on the time scale. Since

the channel width was 20 ns during all of the measurements, there

is a statistical uncertainty in the starting time of at most

±10 ns. Approximating the constant error distribution with a

normal distribution we obtain the corresponding standard devia-

tion a = ±8 ns.

7.3 Corrections

2'2'1 momeiitc£rrect ions due t£

The calculation of the mean slowing-down time according to

Eq. (6.3) starts at channel I (5-15) and ends at channel 180
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The lower limit is chosen to avoid the disturbance from pro-

ton recoils in the period immediately following the neutron

pulse. The particular choice of the fitting model, as de-

scribed in subsection 6.2.1, motivated the cut-off at channel

180. It is possible to compensate for the omission of the

starting and ending channels by utilizing the functions ob-

tained earlier through least-squares fitting to the experi-

mental data. The corrected mean slowing-down time may then

be computed:

S OB
( K*1 1 8 0 f K*1

alexp(-cl)dl + I [S(I).I] + af^1

' I=I- vL

( h l l 0 ( h

arexp(-cl)dl + \ S(I) + af exp(-cl)dl

J I=I )
0 S 180

The integra ls involved in Eq. (7.10) have been computed by nu-

merical integration (Simpson's r u l e ) .

Table 7.4 contains the resu l t ing corrections to the previously

evaluated mean slowing-down times.

. (7.10)

Side
of

the cube

(cm)

8.000

10.01

12.47

15.00

19.96

30.06

A<t>ge

(ns)

+21

+42

+41

+50

+25

+ 17

Table ?.4. Time moment corrections for omission of the starting and

ending channels.
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The principle of the measurement system used in the experiment

is such that only one event per cycle can be registered. The

corresponding dead time losses for channel I' are approximate-

ly given by

AN(I') = I 2i£l • 100% , (7.11)
1=0 NR

where

N(I) is the number of pulses in channel I

and

NR is the number of neutron pulse repetitions in the expe-

riment (=1.08 • 108) .

Tne dead time losses increase with the channel number. For

a measurement on the 10 cm cube (with indium) we obtain

AN(I )s0.2°/oo and AN (350) s2°/oo. The dead time losses ins
measurements on other geometries are of the same order or

smaller. For that reason we can leave the effect out of account.

£uls£

The method for determination of the effect of a finite pulse

width on the mean and most probable slowing-down times has been

proposed by Beynon and Mondal (1971a). Assuming a simple pulse

shape

1 0«t«*P
f(t) = (7.12)

0 t<0 and t>P

they derived the following expressions:
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(7.13)

and

t = tmax,s max, o

<t2>

<t>" °-$
<t2>

O(P3) (7.14)

where subscripts o and s refer to a source which has, respec-

tively, a 6(t)-behaviour or the form defined in Eq. (7.12). It

is possible to apply Eqs. (7.13) and (7.14) on a finite water

system. Using the analytical expressions for the slowing-down

times, derived from the theory of Diamond and Yip (see chapter 3),

we obtain (for the sake of simplicity the presence of oxygen in

the water is neglected):

I"?
2 ^ 2

(7.15)

and

'max.s VZ. 2 1 2 4~ 3+ r̂
P +

2 2 + 2 1
2 { E s

3 +

I}2

2 *

(7.16)

In our measurements a neutron pulse of 1 ns width was used.

It is an obvious conclusion from Eqs. (7.15) and (7.16) that

the effect of the finite pulse width on the slowing-down times

is negligible.

ijidiumr£S£nan£e

The definitions of the slowing-down times are based on neutron

flux. However, the quantity measured in an experiment is the

reaction rate, which corresponds exactly to the neutron flux
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only in the case of an ideal indicator with a delta function

response. In practice the resonance of indium has a finite

width and there will be a small discrepancy in the calculated

slowing-down times. To obtain the corresponding corrections

we assumed the Breit-Wigner shape of the resonance (Eq. (3.72))

and, using Diamond's expression for the flux (Eq. (3.18)), the

reaction rate was computed by numerical integration. Then the

time maximum and time moment for this distribution were calcu-

lated and compared to the results from chapter 3 (based on the

flux). The results obtained from the reaction rate are slightly

higher. This is why experimental slowing-down times should be

adjusted by a negative correction. In Table 7.5 the corrections

for different geometries are given.

Side
of

the cube

(cm)

8.000

10.01

12.47

15.00

19.96

30.06

. BW
Atmax

(ns)

- 9

-10

-11

-11

-12

-12

A < t >BW

(ns)

-14

-15

-16

-17

-18

-19

Table 7.5. Corrections due to the finite width of the resonance.

The problem of foil perturbation is of great importance for high

accuracy determination of flux and spectrum in a neutron field.

The methods used for calculation of foil corrections have been

described by Beckurts and Wirtz (1964). However, it seems that

the effect of the time-shift in the reaction rate curve, caused

by the foil perturbation, has not been studied earlier. The work
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of Möller (1966a) considers this effect, but only for the case

of an indicator in the form of a dilute solution. If the reso-

nance absorber is incorporated as a foil, the absorption is de-

creased by self-shielding - a consequence of the reduction in

flux density in the absorber due to attenuation in its outer

layers. We expect also that in thick foils the higher reso-

nances will contribute more than in thin foils as a result of

a stronger self-sliielding of the main low-energy resonance. Be-

cause of this, the effective resonance energy will be somewhat

greater than the energy of the prominent resonance and the re-

action rate curve will be shifted towards shorter time.

To investigate this effect a series of experiments was performed.

The slowing-down times in the 8 cm cube were measured with five

different foil thicknesses (from 0.25 mm to 1.25 mm). The small-

est geometry was chosen for the investigation since the possible

influence of the resonance absorber on the slowing-down time is

expected to be most pronounced there. The results of the measure-

ments are summarized in Table 7.6 and in Figs. 7.1 and 7.2. The

corrections calculated in the preceding sections have been ap-

plied to the evaluated results. The details regarding the cal-

culation of standard deviations will be criven in section 7.4.

Foil
thickness

(mm)

0.25

0.50

0.75

1.00

1.25

max

(ns)

709121

667120

679121

695H8

698H9

<t>

(ns)

1149133

1090131

1158125

1090129

1081136

Table 7.6. Slowing-down times and their standard deviations; results
of measurements on the 8 am cube with five different thick-
nesses of the indium foil.
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Fig. 7.1. Most probable slowing-down time for the 8 cm cube as a function

of indium foil thickness.
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Fig. 7.2. Mean slowing-down time for the 8 cm cube as a fund ton of indium
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The diagrams show no apparent correlation between the slowing-

down times and the foil thickness. In spite of that the effect

can not be ruled out. The errors in the experimental results

are of such magnitude t*^t an influence of the foil thickness

may not be manifested. Furthermore, the effect of self-shielding

on the time-shift in the reaction rate miqht become saturated

already at thicknesses of the same order as that of the thin-

nest foil used in the measurements. For these reasons a theo-

retical study of the problem was undertaken.

To perform the calculations some reasonable assumptions are made.

The foil is assumed to be strongly absorbing, non-scattering

(£>>£_), infinite in the x- and y-directions and of thickness d

in the z-direction. It is embedded in a finite moderator in

which the angular distribution is well represented by just the

Po and ?i Legendre components (nearly isotropic). The probabili-

ty of absorption in the foil is (Beckurts and Wirtz, 1964)

ff
P a[Z a(E).d] = 2 J y 1-exp|- - ^ J

= 1 - 2E [I <E)-d] , (7.17)

where

U=cos0, 0 being the incident angle of neutrons,

E- is the exponential integral of the third order

and

I (E) is the macroscopic energy-dependent absorption

cross-section.

The absorption cross-section of indium is described by the

Breit-Wigner formula (Eq. (3.72)) and for the flux we again use

Diamond's expression (Eq. (3.18)). The reaction rate then be-

comes
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EY 2 expl - 1-exp[E (E) «d] + [Z (E) -d] exp [-E (E)

(7 .18)

where a recurrence relation has been used for expressing the

E^ function in terms of exponential functions and the exponen-

tial integral of first order, E...

The higher resonances of indium (at 3.86 eV and at 9.12 eV) were

included in the calculations leading to the following expres-

sion for the reaction rate:

oo JL_
P-1 f Y

R(t)=const«t IE' V n )
n

(7.19)

where subscripts ai, ai, a3 refer to the main resonance at

1.457 eV, the resonance at 3.86 eV and the resonance at 9.12 eV,

respectively.

The parameters for the resonances (g,F ,Y /T ,E ) were taken

from BNL 325 (Mughabghab and Garber, 1973) and the expression

of Eq. (7.19) was calculated for different values of the time

variable. To compute the integral involved in the formula a

numerical method using adaptive Romberg extrapolation (Hooper,

197 3) was applied. The time corresponding to the maximum of

the curve was determined for different thicknesses of the foil.

There is an expected shift towards shorter times with increas-

ing thickness. Table 7.7 shows the corrections thus obtained

for the 8 cm cube.
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Foil
thickness

(nun)

0.00

0.25

0.50

0.75

1.00

1.25

AtSS

max

Ins)

+ 26

+65

+69

+72

+76

+80

Table 7.7. Corrections due to self-shielding (calculations for the

8 am cube).

There is only a small difference between the corrections ob-

tained for the thinnest and the thickest foil used in the mea

surement series. This explains why the effects of foil per-

turbation are not clearly manifested in Table 7.6 and in Figs

7.1 and 7.2. It should be noted that the corrections of

Table 7.7 were not included there.

Similar calculations were performed for other geometries with

the foil thickness of 1.25 mm which was used in the main mea-

surement series. The time moment corrections due to self-

shielding were obtained by assuming that they constitute the
ss

same fraction of the corrected mean slowing-down time as At

does in the corrected most probable slowing-down time.

results are collected in Table 7.8.

The

Side
of

the cube

(cm)

8.000

10.01

12.47

15.00

19.96

30.06

AtSS

max

(ns)

+80

+73

+65

+58

+52

+45

(ns)

+ 124

+ 114

+ 99

+ 90

+81

+66

Table 7.8. Corrections due to 8elf-shielding (calculations for different

geometries).
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As can be seen in Table 7.8 the corrections are greater in

small geometries.

There is one more factor which could contribute to the foil

perturbation, namely the flux-density depression in the absor-

ber. However, this effect is small in the epithermal energy

region and will be neglected.

c£lculate<i £orrection£

Some of the determinate errors have been compensated for by ap-

plying corrections. The correction procedures also involve un-

certainties which should be considered along with others in the

experiment.

It would be very difficult, if not impossible, to make a strict

estimation of the errors connected with the calculated correc-

tions. Instead of that we will estimate these uncertainties by

drawing conclusions from a qualitative discussion.

The largest correction is the one compensating for the self-

shielding. It was calculated using Diamond's theoretical ex-

pression for the flux in finite geometry. For several rea-

sons, which will be accounted for in chapter 11, we do not ex-

pect the theory to give a fully adequate picture of the experi-

mental situation. Still, when comparing the theoretical and

experimental slowing-down times we observe that the discrepan-

cies are rather small (between 0.1 and 11.9%). Since the cal-

culation of the corrections was based on the same theory, the

errors involved should be small. To be on the safe side we make

a conservative assumption that for all geometries the standard

deviation constitutes 15% of the value of the correction for self-

shielding. In this way the errors are overestimated, especial-

ly for the large cubes. The assumption of a 15% error was made

for other corrections as well. The standard deviations for all

corrections are summarized in Table 7.9.
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Side
of

the cube

(cm)

8.000

10.01

12.47

15.00

19.96

30.06

EN

(ns)

2

2

2

2

2

2

(ns)

12

11

10

9

8

7

o (A<t>B|)

(ns)

3

3

3

3

3

3

o(A<t>se)

(ns)

4

7

7

8

4

3

o (A<t>ss)

(ns)

19

18

15

14

13

10

Table 7.9. Standard deviations of calculated corrections.

7.4 Final experimental results with estimated errors

The final corrected experimental most probable slowing-down

time is given by

corr ev
max ~ max max ' (7.20)

evwhere t is the evaluated most probable slowing-down timemax
from Table 6.1 and A t m a x = A ^ ®| (see Tables 7.5 and 7.8)

The standard error in t^°^r may be divided into two parts - the

systematic error and the random error. Using the notation of

previous sections we obtain

(7.21)

a (t ) = /a'ra max * i (7.22)

The total error is calculated from

= /a2 ( t )+a2 ( t )sy max r a max

- 1 1 2 -

(7 .23)



Table 7.10 summarizes experimental results for the most prob-

able slowing-down time.

Buckling

(cm" )

0.2484+0.0002

0.1772±0.0003

C.1250+0.0002

0.0922+0.0001

0.0566±0.0001

0.02723±0.00002

ev
max

(ns)

707

767

800

804

804

865

Atmax

(ns)

71

63

54

47

40

33

(ns)

13

12

11

10

9

8

°ra<W
(ns)

18

17

22

19

20

23

tmax ±atot(tmax)

(ns)

778+23

830±21

854+25

851+22

844±22

898+25

Table 7.10. Corrected experimental most probable slowi.ng-down times to

1.457 eV in water.

The results of the last column of Table 7.10 are plotted in

Fig. 7.3.

1000

950

900

850

~ 800
t»

~ 750 H

700

650

600 H

550

500
0 .05

I I I

.1 .15 .2

Buckling (cm"")

.25 .3

Fig. 7.Z. Corrected experimental most probable slowing-down time to

1.457 eV in water as a function of buckling.
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For the corrected experimental mean slowing-down time we have

<t>corr = <t>ev + A < t > '

where <t> is the evaluated mean slowing-down time fromev
Table 6.1 and A<t>-=A<t> +A<t>nM+A<t> (see Tables 7.4, 7.5

56 DW SS

and 7.8).

(7.24)

Again the standard error is a combination of the systematic

and the random errors given by

o ( < t > ) = / o 2 ( A < t > ) + o 2 ( A < t > _ w ) + a 2 ( A < t > ) )
Sy be DW SS

ora«t» = /o

(7 .25)

(7.26)

The total standard deviation is obtained from an expression of

the sanu

by <t>.

the same form as Eq. (7.23) with the v a r i a b l e name t replaced

The f i n a l experimental mean slowing-down times a re c o l l e c t e d

i n T a b l e 7 . 1 1 .

Buckling

(cm"2,

0.2484±0.0002

0.1772±0.0003

0.1250±0.0002

0.0922+0.0001

0.0566±0.0001

O.02723±0.00002

<t>
ev

(ns)

1074

1153

1182

1196

1222

1247

A<t>

(ns)

131

141

124

123

88

64

osy«t»

(ns)

20

20

17

17

14

11

0ra«t»

(ns)

35

24

32

22

25

40

^corr^tot^»

(ns)

1205+42

1294+32

1306+37

1319+28

1310+29

1311±42

Table 7.11. Corrected experimental mean slowing-down times to 1.457 eV

in water.
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The corrected mean slowing-down times with associated errors

are also shown in Fig. 7.4.

0 .05 .1 .15 .2
Buck I fng (cm"")

25 .3

Fig. 7.4. Corrected experimental mean slowing-down time to 1.457 eV in

water as a function of buckling.

The general impression from Figs. 7.3 and 7.4 is that the

slowing-down times decrease when buckling is increased. This

tendency seems to be more pronounced in the most probable

slowing-down times. In chapter 10 the functional dependence

of the experimental slowing-down times on buckling will be in-

vestigated.
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8. SPACE DEPENDENCE OF THE SLOWING-DOWN TIME IN FINITE GEOMETRY

A short review of previous works dealing with the spatial depen-

dence of the slowing-down time has been given in section 3.4.

The common feature of the experiments and the associated theo-

retical calculations described there is that only large modera-

tor assemblies (practically infinite) have been considered. Here,

some new results obtained for finite geometries will be presented.

8.1 Results of measurements

The experimental investigation of the space dependence of the

slowing-down time was performed on the 12.5 cm cube. This parti-

cular geometry was chosen in order to consider a size lying in

the middle of the series (with respect to buckling), which makes

it possible to draw more general conclusions regarding spatial

dependence in finite systems.

The experimental arrangement was almost exactly the same as de-

scribed in chapter 5, the only difference being that the height

of the foil holder and the length of the light pipe varied from

one experiment to another. In this way the indicator could be

placed in different spatial positions. The measured time distri-

butions were visually very similar to these given in chapter 6

and for evaluation of the experiments the method described in

section 6.2 was employed. Finally, the corrections and errors

were estimated according to the analysis of chapter 7.

The corrected results of the measurements are shown in Table 8.1

as well as in Figs. 8.1 and 8.2. The distance from the source

is equivalent to the thickness of the water layer between the

bottom of the cube and the indicator (the space between the sur-

face of the cube and the target can be ignored since the time

which 14 MeV neutrons take to traverse it is negligible in this

context).
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Distance
from

source

(cm)

2.0

3.0

4.5

6.0

7.0

9.0

max

(ns)

783±28

820+26

854+25

882±21

987±21

908±20

<t>

(ns)

1250±53

1311±38

1306+37

1345+28

1390130

1414+26

Table 8.1. Spatial dependence of the slowing-down times to 1.4S7 eV in

water (experimental results for the 12.5 am cube).

c 800

3 750 -

0

Fig. 8.1.

3 4 5 6 7

Distance from source (cm)

8 10

Spatial dependenae of the most probable elowing-down time to

1.457 eV in water (experimental results for the 12.5 am cube).
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0 3 4 5 6 ?

Distance from source (cm)

8

Fig. 8.2. Spatial dependence of the mean slowing-down time to 1.457 eV

in water (experimental results for the 12.5 am cube).

There is a clear increase in the slowing-down times with in-

creasing distance from the source. The value of t at 7.0

seems to deviate significantly from the other results.

8.2 Theoretical solutions

Diamond (1968) developed a method for calculating the space-

dependent time moments in an infinite geometry. The moments

are generated from

n<tn(r,v)>

F-l[mo(k,v)]
(8.1)
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where

F is the inversion of the Fourier transform

and

m (k,v) =(-1) n 9<Hk,v,s=0) n = 0 / 1 / 2. {8.2)
n 3sn

In a problem with spherical symmetry the inversion is given i>y

00

F"1 [mn(k,v)]= -\- j ksin(kr) mn(k,v) dk . (8.3)
o

The functions mQ(k,v) and m.(k,v) can be easily obtained from

the expression for the doubly transformed flux in the diffu-

sion approximation (Eq. (3.16)). The results are:

i r i f " p

m (k,v) = ~- (P -1) -p
(8.4)

1
(k,v) = m (k,v)-

o Z
0 J

where superscript (°) is used when the value of the quantity

is to be taken at the source energy. The symbols involved in

Eq. (8.4) were earlier defined in connection with Eq. (3.16).

In the calculations of the slowing-down times (chapter 3) the

space dependence was lost in a DB2 term. It is, however, possi-

ble to cLtain an indication of the space dependence even for

finite systems by extending Diamond's method. This can be done

by changing the lower limit of the integration in Eq. (8.3) from

0 to B, where B is the square root of the buckling. The inver-

sion of Eq. (8.3) was done numerically (Hooper, 1973). The cal-

culations were performed for various distances from the source,

with values of buckling corresponding to the geometries used in

the experiment. Some of the results are shown in Table 8.2 and

in Fig. 8.3. For each geometry only the mean slowing-down times
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calculated for spatial points which do not lie too close to

the physical limits of the body are accounted for. As can be

expected the method collapses near the boundaries.

Distance
from
source

(cm)

2.0

3.0

4.5

6.0

7.0

9.0

B2 =0.2484

(cm"2)

1003

1021

B2=0.1772

(cm" )

1062

1077

1121

<t>

B2=0.1250

(cm"2)

1109

1123

1155

ns)

B2=0.0922

(cm" )

1142

1154

1182

1228

B2 =0.0566

(cm" )

1180

1191

1214

1244

1272

B20.02723

(cm" )

1215

1225

1244

1266

1282

1312

Table 8.2. Spatial dependence of the mean slowing-down time to 1.457 eV

in finite water assemblies (theoretical results).

8.3 Discussion

Diamond (1968) showed that the behaviour of the mean slowing-down

time in an Infinite water moderator can be divided into three

loosely defined spatial regions (see Fig. 3.7). In region I (r*4 cm)

the curve is relatively flat. In region II (4 cm<rs12 cm) there

is a rather rapid increase of <t> with increasing distance from

the source. In region III (r>12 cm) the spatial dependence is

very small and a characteristic saturation occurs at long dis-

tances. Diamond used consistent P1 approximation to obtain

these results. His conclusions were in good agreement with ear-

lier analytical calculations by Claesson (1963, 1967), Monte

Carlo calculations by Chen (1965) and measurements by Möller

(1966a) and Chen and Lidofsky (1967). Later, Beynon and Mondal

(1971b) confirmed the previous results by using a numerical

approach.

One of Diamond's major recommendations for further study was

to carry out light water measurements at positions close to

the source. This was done in the present study using a moderator
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Fig. 8.S. Calculated space-dependent mean slowing-down time to 1.457 eV in

finite water systems.
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assembly of finite size. The general behaviour of the slowing-

down time in a finite geometry seems to have features similar

to those seen in the curves obtained for large systems in ear-

lier works. Possibly the saturation phenomenon sets in earli-

er, but there are too few measurement points to allow definite

conclusions to be drawn. The curves calculated using diffu-

sion approximation also show similar behaviour, even though the

applied method is rather rough. In comparison with the experi-

mental results the calculated values are about 15% lower. It

should be kept in mind that the theoretical model is based on

spherical symmetry, while this is not the case for the experi-

mental arrangement.
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9. TIME-DEPENDENT MONTE CARLO CALCULATIONS

The Monte Carlo method is a useful computational tool for solv-

ing particle-transport problems. In the present work the SAM-CE

system (Cohen et al., 1973) is applied to simulate the time-depen-

dent neutron slowing down in finite geometries of water.

9.1 General description of the SAM-CE system

SAM-CE is a system composed of three FORTRAN programs: SAM-X,

SAM-F and SAM-A. SAM-X generates processed cross-section data

tapes using the Evaluated Nuclear Data File, ENDF, as input.

The raw information extracted from the library files is orga-

nized into the format required bv the SAM-F and SAM-A codes.

SAM-F is a forward Monte Carlo program for calculation of the

time-dependent transport of neut >-.;-„ '_*>- qamma radiation through

matter. It reads the cross-section data supplied by SAM-X as

well as geometry and other input data. A source particle is

selected from a user-supplied source distribution and tracked

through the geometry until the termination of its history.

When the last history has been completed, SAM-F provides the

desired neutron fluxes and flux-functionals. SAM-A, the ad-

joint Monte Carlo code designed to calculate the response due

to fields of primary and secondary gamma radiation, has not

been used in this work.

Some special features of the SAM-CE system should be mentioned.

Precise descriptions of cross-section behaviour are permitted,

since the raw data are taken from the ENDF library and tabulated

in point energy meshes. The code can handle configurations with

a great number of different elements involved. SAM-CE uses the

very flexible combinatorial geometry package, thus allowing treat-

ment of complex geometrical systems. Point and volume flux esti-

mators are also available. Finally, the particle tracking can be

accelerated by employing region, energy and angular importance

sampling.
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9.2 Program operation and input data

The overall organization of the Monte Carlo calculations in the

present work is shown in Fig. 9.1.

The neutron cross-section data for hydrogen and oxygen are taken

from the ENDF/B-IV library (Garber, 1975). SAM-X generates the

Neutron Element Data Tape (NEDT). Once this has been done for

hydrogen and oxygen, there is no need to rerun SAM-X. The out-

put files obtained for these two elements are combined together

and the resulting file (NEDTOH) is subsequently used as input to

SAM-F. The input also contains information concerning geometry,

Monte Carlo data, output time and energy bins, source specifica-

tions and response functions.

In the main series of calculations c nonoenergetic, isotropic

point source of neutrons (represented by a small sphere) was

placed in the center of each cube (internal source). The source

gives a neutron burst of 2 ns width and the initial energy is

14.9 MeV. A small volume detector is incorporated in the geometry,

Unfortunately, the statistics of the detector responses proved to

be far too poor for any definite conclusions. Satisfactory re-

sults from a statistical point of view were, however, obtained

for the fluxes in the total volume of the moderator. Therefore,

it should be kept in mind that the Monte Carlo calculations pre-

sented here are space-independent (contrary to the experimental

situation). They are nevertheless directly comparable with the

theoretical results of chapter 3, which were based on the buckling

approximation. This motivates the choice of internal source posi-

tion in the main calculation series. Two runs were also made

for the experimental geometry, with the neutron source placed out-

side of the moderator volume (for the smallest and largest of the

cubes).

The final results in form of fluxes and the associated percentage

errors are given within each time bin (totally 49) for each of the

energy bins (totally 49). SAM-F also provides a response function
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option which allows the user to transform particle flux into

reaction rate by specifying a set of response functions. In

the present work, response functions corresponding to the 1.46 eV

resonance in indium were given. Appendix E contains some frag-

ments of the output obtained from a single run of 10000 parti-

cle histories for the case of the 30 cm cube. The processed in-

put data are included in the listing.

In order to improve the accuracy a greater number of particle

histories than 10000 had to be run. This could be accomplished

by utilizing the restarting capability of the SAM-F program and

by implementing two new programs, SEEK and CALC, in the computa-

tional system. After each run of 10000 histories SEEK looks for

and saves the last random number and the values of the reaction

rate in each time bin. The last random number is then used as

the initiator (entered as input) for another run of 10000 histo-

ries. When a sufficient number of 10000-sequences is reached,

the reaction rate sets from each of them are combined by CALC

which also calculates the standard deviations of the results.

The final reaction rate set and the corresponding weights (ob-

tained as the inverse values of the variances) are used as input

to NLIN - a procedure producing weighted least-squares estimates

of the parameters of a non-linear model (Helwig and Council, 1979).

The estimated parameters are then used by TIMMAX (see subsection

6.2.2) and by TIMMOM for calculation of the most probable and mean

slowing-down times, respectively. The associated errors are also

estimated. Finally, ADPLOT plots the time distributions and the

final results.

9.3 Results of the Monte Carlo calculations

The following function was fitted to the Monte Carlo results:

R(t) = atbexp(-ct) . (9.1)

In comparison with the trial function used for evaluation of

the experimental results (Eq. 6.1), an additional term taking

-126-



care of the 1/v absorption has been omitted here. This is moti-

vated by the fact that the cut-off energy in the Monte Carlo

program has been set at 0.3 eV.

Fig. 9.2 shows the least-squares fit to the Monte Carlo results

obtained for the case of the 30 cm cube and with 30000 particle

histories. The fitted function was normalized to unity at the

maximum. Similar diagrams, obtained as results of the Monte

Carlo calculations on other geometries, are given in Appendix F,

The number of particle histories studied was successively in-

creased for the smaller sizes of the cubes, in such a way that

the computer processing time was about the same for all the

cases. For the smallest size (the 8 cm cube), 100000 neutron

histories were treated.

30 cm cube

• 10*

—
c3
>>
t.

a

Ji
c
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o
•>
a
C 10"
c
o

O
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o

•
•
4

•

•

4
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4

3

•
-

-

-

"I

I

•

i • r ̂  r ̂  i 1 i ' i
30 000 NEUTRON HISTORIES

Monte Carlo calculation

least-«quar»s fit

10" X _L -L J i L

0 .5 1.5 2 2.5 3 3.5 4 4.5 5

Ttme (us)

Fig. 9.2. Least-squares fit to the Monte Carlo results.
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The most probable slowing-down time was calculated according

to Eq. (6.2)(with C =1 the result is in microseconds). The

statistical uncertainty due to the least-squares fit is given

by Eq. (7.1). To obtain the mean slowing-down time we use

Eq. (2.2) together with the expression of Eq. (9.1). This

leads to:

<t> = — . (9.2)
c

The variance of <t> as given in Eq. (9.2) may be calculated

applying the error propagation formula (Meyer, 1975):

ö
2 « t » = J^o2 +i*±lio

2 - 2^1a. . (9.3)
Is c2 b c* c 3 be

The estimated slowing-döwn times are corrected for the finite

width of the resonance. Using the notation of chapter 7 we

obtain

corr = ev + BW
max max max

(9.4)

<t>corr - <fc>ev + A<t>BW

and

(9.5)

a t o t«t>) = /aj s«t» + o2(A<t>BW)

The corrected slowing-down times obtained from the Monte Carlo

calculations are given in Table 9.1 and shown in Figs. 9.3 and

9.4. The errors are very small and have not been indicated

in the diagrams.
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Side
of

the cube
(cm)

8.000

8.000

10.01

12.47

15.00

19.%

30.06

30.06

Source
position

external

internal
n

n

ii

external

Number
of

particle
histories

100000

100000

80000

70000

60000

50000

30000

30000

.corr + .. .
max " °tot'max'

(ns)

642 ± 13

637 ± 11

739 ± 7

771 ± 7

787 ± 5

849 ± 6

873 i 3

838 ± 6

^corr^tot^»

(ns)

982 ±11

1006 ± 9

1090 + 7

1166 ± 6

1189 ± 5

1252 t 6

1307 ± 5

1278 i 7

Table 9.1. Corrected slowing-down times to 1.45 7 eV in water, obtained

from the Monte Carlo calculations.

As expected, the slowing-down times decrease when the size of

the water systems becomes smaller. The results calculated

for the experimental geometry (external source) do not deviate

much from those obtained for the internal source case.
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Fig. 9.3. Corrected most probable slowing-down time to 1.457 eV in water,

obtained from the Monte Carlo calculations.
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Fig. 9.4. Corrected mean slowing-down time to 1.457 eV in water, obtained

from the Monte Carlo calculations.
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10. COMPARISON BETWEEN EXPERIMENTAL, ANALYTICAL AND MONTE
CARLO RESULTS

10.1 Most probable slowing-down time

The results obtained in the preceding chapters are collected

in Table 10.1. Of the different analytical approaches de-

scribed in chapter 3, the diffusion approximation (Diamond and

Yip, 1970) was chosen for presentation in the table.

Buckling

(cm"2)

0.2484

0.1772

0.1250

0.0922

0.0566

0.02723

Stax (ns)

Experimental

77R t 23

830 •• 21

854 t 25

851 >. 22

844 ± 22

898 ± 25

Theoretical
(Diff. approx.)

704

751

789

814

843

868

Monte Carlo
(internal source)

637 • 11

739 • 7

771 • 7

787 • 5

849 • 6

873 • 3

Table 10.1. Most probable slowing-dow» t'mes; experimen:,-:!, t h:ov>-> i.aai

and Monte Carlo results.

The theoretical expressions for the slowing-down times have

been expanded in powers of B2 in section 3.2. The experimental

and Monte Carlo results are now fitted to a linear function in

B2:

f(B2) = (10.1)

Weighted least-squares estimates of the parameters b and bx

have been obtained using the GLM procedure (Helwig and Council,

1979). The results are shown in Table 10.2, where also the

corresponding standard deviations are given. The theoretical

values of the parameters b and b1 were obtained from Eq. (3.25)
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using the slowing-down parameters of water, Table 3 . 1 .

Method

Experimental

Theoret ica l
(d i f fus ion approx.)

Monte Carlo

b o

(ns)

892

892

899

o(bo)

(ns)

15

-

9

b
i

(ns«cm2)

-419

-901

-1014

a ( b x )

( n s • c m 2 )

102

—

88

Table 10.2. Parameters for linear expansion (with buckling as an indepen-

dent variable) of the most probable slowing-duwn time.

The contents of Table 10.1 together with the least-squares f i t s
to the experimental and Monte Carlo resu l t s are shown in Fig. 10.1

10.2 Mean slowing~down time

Table 10.3 contains the mean slowing-down times obtained from
experiment and ca lcu la t ions .

Buckling

(cm"2)

0.2484

0.1772

0.1250

0.0922

0.0566

0.02723

<t> (ns)

Experimental

1205 ± 42

1294 ± 32

1306 ± 37

1319 ±28

1310 ±29

1311 ±42

Theoretical
(Diff. approx.)

1096

1157

1204

1236

1272

1303

Monte Carlo
(internal source)

1006 ± 9

1090 ± 7

1166 ±6

1189 ± 5

1252 + 6

1307 ±5

Table 10. 3. Mean slowing-down times; experimental, theoretical and Monte

Carlo results.
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Following the same procedure as in section 10.1, we obtain

parameters b and b for a linear expansion (in B2) of the

mean slowing-down time (Table 10.4) . The theoretical values

of the parameters were calculated from Eq. (3.26).

Method

Experimental

Theoretical
(diffusion approx.)

Monte Carlo

bo

(ns)

1344

1333

1332

o(bo)

(ns)

20

-

11

(ns*cm2)

-404

-1123

-1365

crtb^

(ns*cm2)

149

—

88

Table 10.4. Parameters for linear expansion (with buckling as an independent

variable) of the mean slcwing-down time.

Fig. 10.2 shows the results of Table 10.3 together with the least-

squares fits according to Table 10.4.

Final conclusions drawn from the compilation of results presented

here follow in the next chapter.
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11. SUMMARY AND CONCLUSIONS

The purpose of this work was to investigate the influence of

the size of the moderator system on the neutron slowing-down

time. The study was performed on finite geometries of water,

where 14 MeV neutrons were slowed down to 1.457 eV (correspond-

ing to the main capture resonance of indium). Whenever possi-

ble both the most probable and mean slowing-down times were

determined. Different approaches (e.g. diffusion, age-diffu-

sion and P1 approximations) were employed to obtain theoretical

solutions for the neutron flux and the slowing-down times.

All the theoretical models are based on simplifying assumptions.

One of the most important approximations is that of a constant

(with respect to energy) scattering cross-section of the modera-

tor. The validity of this assumption for the case of the wa-

ter moderator was confirmed by an analytical calculation where

a specific variation of the scattering cross-section was al-

lowed. Analytical solutions for the reaction rate in finite

geometry were also obtained.

The slowing-down time was experimentally determined for six

geometries of water (cubes with sidet- from 8 to 30 cm) using

indium as indicator. The evaluated results were corrected for

self-shielding, the finite width of the resonance and in the

case of the mean slowing-down time for the omission of starting

and ending channels. The influence of the thickness of the in-

dicator (indium foil) on the slowing-down time was studied ex-

perimentally in the 8 cm cube. Since the differences between

the results obtained for different geometries were small, a care-

ful estimation of the errors involved in the measurements and

evaluation procedures was necessary. The random error in the

most-probable slowing-down time due to the least-squares fit and

the statistical uncertainty in the evaluation of the mean slow-

ing-down time were estimated. Other important contributions to

the total error are the uncertainties in the starting time and

those connected with calculated corrections. We also considered
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the influence of the presence of plexiglass and the detector

in the moderating assembly, the effect of the finite pulse

width and of dead time losses. All these factors were found

to be insignificant.

In a separate measurement series the space dependence of the

slowing-down time was investigated in one of the geometries

(the 12.5 cm cube). The experiments were supplemented by a

theoretical calculation giving an indication of the space de-

pendence of the slowing-down time in finite systems.

Further, the Monte Carlo method was applied to simulate the

time-dependent neutron slowing down in finite geometries of

water.

Finally, the experimental, analytical and Monte Carlo results

were compared.

The compilation presented in the preceding chapter shows that

there is a clear variation of the slowing-down time with the

size of the moderating system. This conclusion may be drawn

regardless of which method (experimental, theoretical or Monte

Carlo) is used or which of the slowing-down times (most probable

or mean) is analysed. There are, however, some evident differ-

ences caused by the special features of the methods. We shall

now comment on these differences.

Clearly, the decrease of the slowing-down time with decreasing

size of the moderator is least pronounced in the experimental

results. This conclusion may be regarded as certain from the

statistical point of view since the errors connected with the

measurements and the evaluating procedures are small (from 2.5

to 3.0% for the most probable slowing-down time and from 2.1

to 3.5% for the mean slowing-down time). Furthermore, the expe-

rimental results are somewhat higher in comparison to the other

methods, especially when the buckling becomes small. The differ-

ences can be explained by the influence of the space dependence,

the existence of which in the region close to the source was
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clearly shown in one of our measurement series. On the other

hand all the theoretical approaches presented in chapter 3, as

well as the Monte Carlo method, give space-independent (volume

integrated) results. Besides, spherical symmetry is assumed

in the analytical calculations. Analysing the theoretical solu-

tions to the space-dependent problem in finite geometry (sec-

tion 8.2) leads to an interesting observation. The space-

dependent mean slowing-down time becomes equal to the mean slow-

ing-down time of the spatially independent distribution at dif-

ferent distances from the source, depending on the size of the

moderator; the larger the geometry, the greater the correspon-

ding distance», in the main measurement series the source to

detector distance was, however, kept constant for all of the

cubes. The above observation helps to explain the fact that

the experimental slowing-down times show less variation with

the size of the moderator as compared to those obtained by

other means.

The agreement between the Monte Carlo results and those calcula-

ted using the approach of Diamond and Yip (1970) is surprisingly

good, especially for large geometries. The discrepancy is at

most about 10% (for the 8 cm cube). In the compilation given in

chapter 10 we have chosen the diffusion approximation to represent

the theoretical results. Several other analytical approaches have

been accounted for in chapter 3. The results of the age-diffu-

sion theory (Dyad'kin and Batalina, 1962) do not differ much

from those obtained by usina the diffusion theory. The approach

r-f Takahashi and Sumita (196?) gives a stronger influence of the

size of the system on the slowing-down time (mean), which actu-

ally leads to a somewhat better agreement with the Monte Carlo

results for large bucklings. The P1 approximation, on the other

hand, overestimates the effect of finite size. Evidently, the

buckling approximation (in spite of its limitations) combined

with simple analytical methods gives satisfactory results.

Finally, we may conclude that the effects of the finite size of

the moderator, predicted on physical grounds, have been confirmed

in this work.
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APPENDIX A

Calculation of the total detection efficiency

The total detection efficiency c of a scintillator for gamma

radiation with energy E is given by (Fliigge, 1958)

- !lt
' o

where

n is the number of photons emitted per second by the source

and

n. is the total number of photons of energy E detected per

second.

The detector which is assumed to be cylindrical, is placed in-

side the moderator. Fig. A.1 shows the geometry of the arrange

ment.

Source

X(a) | Plastic
Scintillator

Fig. A.1. Geometry for calculating the total detection efficiency (a is the

angle between the axis of the detector of radius r and length t and

the direction of the incident gamma radiation).
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For the case of a monoenergetic point source located on the

axis of the cylindrical scintillator we obtain

a2

-T2x2 (a)]sinada ,t(Ey) = | Ni-exp[-xixi (A.2)

where

and

TX is the linear absorption coefficient of the plastic

scintillator,

T 2 is the linear absorption coefficient of the moderator

(water),

xx(a) is the distance a y-ray travels through the scintillator

x (a) is the distance a y-ray travels through the moderator.

j (a) and x2(a) are easily obtained using the notation of Fig. A.1

xx(a) =

x2(a)

x,(a) =

t
cosa

for

h
cosa

r h
sina cosa

h
cosa

i = ar c t a nKTt

for = arctanr

(A.3)

Inserting Eqs. (A.3) into Eq. (A.2) results in

ai r

o i-

V
+ f O-exp _T (_r__._h. 11 [sina cosaj expL LAcosa

sina da (A.4)
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Performing the integrations we obtain

= 7

cosa,

+ ! exp
cosa

t+x
f T2h)

(A.5)

The last term in Eq. (A.5) can be calculated numerically.

The total detection efficiencies for the different sizes of

NE 111 scintillator used in the present work have been com-

puted according to Eq. (A.5).

The NE 111 detector is composed of scintillation solutes in a

base of polyvinyltoluene. The source energy of 3 MeV has been

assumed. The linear absorption coefficients of water and poly-

vinyltoluene at this energy were obtained using the data from

Jaeger et al. (1968). The values of the expontential integrals

in Eq. (A.5) were taken from mathematical tables (Abramowitz

and Stegun, 1973). Simpson's formula (see e.g. Björk and Dahl-

quist, 1974) was applied to evaluate the last term of Eq. (A.5),

The results of the calculations are summarized in Table A.1.
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r

(cm)

1.25

1.25

1.25

1.25

1.25

2.50

2.50

2.50

2.50

2.50

t

(cm)

2.50

2-50

2.50

5.00

5.00

2.50

2.50

2.50

5.00

5.00

h

(cm)

0.50

2.50

10.00

0.50

7.50

0.50

2.50

10.00

0.50

2.50

et(3 MeV)

0.0146

0.0027

0.0002

0.0173

0.0006

0.0309

0.0084

0.0008

0.0379

0.0116

Table A.I. Calculated total detection efficiency for different sizes of

the NE 111 scintillator and different source vo detector

distances.
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APPENDIX B

The neutron generator

Fig. B.1 is an overall view of the experimental equipment and

its location in the laboratory. The following components are

indicated by numbers in the figure:

1 - detector

2 - moderator assembly

3 - coaxial target

4 - bunching system

5 - horizontal target

6 - deflection magnet

7 - travelling wave system

8 - 400 kV high voltage generator

9 - accelerating tube

10 - high voltage electrode with ion source

11 - condenser

12 - aluminium floor
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APPENDIX C

Parameters chosen for the data arrays used in the

measurement

The parameters of interest are collected in Table C.1

Name

of

the array

\*

*,'

A,

Time channel

Lower
limit
(channel
number)

0

0

0

Upper
limit
(channel
number)

1023

1023

1023

Number
of
intervals

1024

1

32

Amplitude channel

Lower
limit
(channel
number)

32

0

0

Upper
limit
(channel
number)

192

1023

1023

Number
of
intervals

1

1024

32

Table C.I. Array structure used in all experiments.

The time distribution area

The amplitude distribution area
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APPENDIX D

Least-squares fits to the experimental results.

Figs. D.1 - D.5 show the calculated best fits to the experi-

mental distributions obtained for different cubes. The size

of the cube is given in the heading of each diagram. The

curves have not been normalized.

O
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o
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•»

L

co

s

353

300

250

Fig. D.I. 8 cm cube
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APPENDIX E

Example of the output of the SAM-F program

On the following pages some fragments of the output of the

SAM-F program are given. They are the result of a run of

10000 neutron histories for the case of the 30 cm cube with

internal source. The listing starts with the processed input

data including geometry, Monte Carlo and source information.

The results of the Monte Carlo calculations are printed,

starting with the number of collisions, degrades, absorptions,

kills, births and escapes for each statistical aggregate.

This information is then repeated for each region. Next the

flux and the reaction rate are printed out. We have chosen

to reproduce here the results obtained for five of the 4 9 time

bins. The limits of each of the time intervals (in seconds)

are printed out at the top of the pages. Within each energy

group the results are flux per eV, per second, per source par-

ticle. For each flux a statistical percentage error is given.

Following the last energy bin the sums over all energy bins

of the flux, times the energy width of the bin, times the ap-

propriate value of the response function set in the bin, are

presented. The response set 2 gives the reaction rate.

The program was run on an IBM 3033 computer.
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0»l99Et04
0.232EtO4
0.267EtO*
C.300EtO4
0.33IEt04
0.366EtO4
0.399EtO4
0.438EtO4
«.460Et04
0.493Et04
O.S27Ete4
C.S60Et04
O.S92EtO4
0.627E<0*
0.659Et04

TIH|
7 . (

I S .
23.(
3 1 . <
3B.I
45.1
53.1
61 .
69.1
7 7 .
B5.(
93.<

101.1
109.1
116.
123.1
131.1
139. <
146.1

! TAPE 14 RAM>C» *C

1

P

1

> 2 I 2 7 7 3 K I !
1 1970014731
1 I0É244S Cf -
1 I 70296?? H
1 1922lfC«S3
1 l r 9 S 7 f 0 t ' l
1 ?t30«45SCI
1 106"CC2"S!
1 C4247SSC^
1 104C896 % 31
I 4?J75CStl
> 80409 (7 ;
I 713337731
• 20111974(7
I 168 746 1 79"
1 KC((C(4I7
1 20644530*«
1 64C2C7 7C7
I 214IC09Ei -

154.0 0 55"7g«*si

PARTICLES ON TAPE 14
TOTAL NUMBER OF ABSORPTIONS O

I NEC»StICS O
TRANSMISSIONS 0

fcOMELASTIC 0
GRAND TOTAL 0

REOI0N COLLISION
1 ia
2 69897
3 0
4 O

10000 69907

0.0
.IOO00OO0E«OI
.looooooooo i
. IOO00OOOE»0l
. IOO00OOOE»OI
.IOO00OOOE»OI
.IOO00OO0E4OI
•lOOOOOOOE'OI
.IOOOOOOOE«01
.IOO00OO0E«OI
.0
•33030999E»00
.52I73OOIE400
.92057002E»00
.I95489O3E»OI
.60463400E«OI
.5627l500E»02
.28970673E«02
l.56978903E*0l

Z55«S304E»OI

0
2554

0
«

2554

I
7?7

0
0

72S

PARTICLC TALLY
KILLEC BIRTH ESCAPE

C O 0.0 C O
0.0 0.0 O.6S9EtO4
0.379E-OI 0.0 0.0
C O 0.0 C O
0.379E-OI 0.0 0.6S9Et04

O.IOOOOOOOE'OI
IOOOOOOOE»OI
lOOOOOOOEtOI
lOOOOOOOEtOl
lOOOOOOOEtOI

.IOOOOOOOE»OI

.lOOOOOOCEtOI
•10000000E40I
.IOOOOOOOE40I
.IOOOOOOCE«OI
.24I9300IE400
•35948002E*0C
.57839000E«00
.IOSO74O2E«OI
.23S3300IE«OI
• 82638702E«OI
.IO924493E«O3

O. I84SI69IE«Oi
0.4662S700E«0l
O.22843904E«OI

2 RESPONSE 5F1«
O.I0O0O0O0E«OI
O.ICOOOOOOEtOI
0.lOOOOOOOEtOI
0.lOOOOOOOEtOI
o.ieocooooEtoi
0.lOOOOOOOEtOI
0.lOOOOOOOEtOI
0.lOOOOOOOEtOI
0.lOOOOOOOEtOI
0.lOOOOOOOEtOI
0.?60!*OOIE»00
0.3924S999EtoO
0.64424OC2Et00
O.I2089500EtOI
0.28797302Et0l
O.II858940Et02
O.I4636l43EtO3
O.I273643OEtO2
0.39059000EtOI
0.206S4602EtOI

0.lOOOOOOOEtOI
0.lOOOOOOOEtOI
0.lOOOOOOOEtOI
.lOOOOOOOEtOI
.lOOOOOOOEtOI
.lOOOOOOOEtOI
.loooooooetoi
.lOOOOOOOEtOI
. lOOOOOOOEtOI
.0
.28l25000EtO0
.42992002Et00
.72!3?999£t00
.|403639SEt0l
.35937099Et0l
.!8l57e37Et02
•95239380Et02
.93368IOIEtu:

0.33370705Et0l
0.0

o.ieeococoEtei
0.lOOOOOOOEtOI
0.lOOOOOOOEtOI
0.lOOOOOOOEtOI
O.IOOOOOOOEIOI
0. lOOCOOOCEtOI
0.lOOOOOOOEtOI
0.lOOOOOOOEtOI
0.lOOOOOOOEtOI

o 0 o c
O.472670O2EI00
0.BI22900IEt00
O.I«46639CEt0l
0.4S929699Et0l
0.3032022IEt02
o.50407eoeEto«
0.7l649IO3EtOI
02e«9S70EO
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EDIT »OM OUTPUT SU*tH IjOUP I
TIME SIN I 0.499999987 8-05 0.4*0000017 E-OS

DELTA-t 0.149999704 E-OA

NUMBED OF MSTORIES 10000.0 10000

E-BIN • • REGION NO» 1 * * REGION NO.
• •VOL. ' 0.272E»OS ••VOL. '

O.I4900IOOE*Oa • • * * • • • • • •
1 0.149DE*0« • * 0.S6764E-I2 70.0 * *

0.30000000E*OI * • • • • • • * • •
2 O.SOOOE-OI • * 0.4SS0SE-0S 27.C * •

0.29499998E«OI • • • • * • • • • •
3 O.SOOOE-OI • • 0.309O7E-0S 3t.l 44

0.2B999996E*0l • * * • • • • • • •
4 O.SOOOC-OI • • 0.2IS34E-04 7 1 . / • •

0.2aS00004E*OI • • * • • • • • • •
9 O.SOOOE-OI • • 0.9I973E-04 59.S • *

0.2a000002E*OI • • • • • • • • • •
6 O.SOOOE-OI * * 0.8009IE-OS 7 2 . i * *

0.27S00000E*0l • • • • * • • • • *
7 O.SOOOE-OI • • 0.91SS3E-OS 42.9 * *

O.Z6999998E»OI • • • • • • • • • •
8 O.SOOOE-OI • • O.I6496E-04 49.9 * •

0.26499996E*OI * • • • • • • • * •
9 O.SOOOE-OI • • 0.196S2E-O4 69.0 «•

0.26000004E*OI • • * • • • • * • •
10 O.SOOOE-OI • * 0.747S7E-02 99.0 * •

0.SSS00002E*0l • • * • 4* «• • •
11 O.SOOOE-OI • » O.I92I3E-04 2E. I 4*

0.2S0OO00OE*0t • * ** • * • • • •
12 O.SOOOE-OI »• 0.26366E-04 39.0 • •

0.2449999aE*0l • • * • • • * * 4*
13 O.SOOOE-OI • • 0.638S6E-04 64.0 • •

0.23999996E*0l • • * • • • • * • •
14 0.5000E-0I • • 0.50IJ6E-04 39.1 * •

0.235OO0O4E*0t • * * • •» • • • •
15 O.SOOOE-OI • • 0.78364E-04 47.0 • •

0.23000002E*0l • • 44 • • • • • •
16 O.SOOOE-OI »• O.463I6E-04 35.4 4*

0.22500000E*OI • • • • • * • • * •
17 O.SOOOE-OI • • 0.95709E-04 4S.3 «•

0.2l99999aE*OI • • 4* 4* 4* 4*
18 O.SOOOE-OI • • 0. I I0S6E-03 39.3 * •

0.2I499996E»OI * • * * 44 44 • •
19 O.SOOOE-OI • • 0.S887IE-04 90.1 • •

0.2I000004E*OI • • * • 4* 44 »4
20 O.SOOOE-OI • • 0.289IBE-03 37.9 44

O.2O9O00O2E«0l * * 4* • • 4* »4
21 O.SOOOE-OI * • 0.227098-O3 40.1 44

0.20000000E*OI * • * • •* 44 • •
22 O.SOOOE-OI * • 0 . I1362C-03 33 .1 * •

O.I949999BE«OI * • * • 44 44 44
23 O.SOOOE-OI »• 0 . 5 3 7 2 7 0 0 3 4« .« 4*

O.I8999996E*OI * * •» • * 44 44
24 O.SOOOE-OI *4 O. 74978E-03 71.0 44

O.ISS00004E*BI »4 • * 44 4* 44
29 0.5000E-0! * • 0.6S6706-03 43.S 44

O.IB000002E*OI * • * • •* 44 44
26 O.SOOOE-OI ** 0.667778-03 47.4 44

O.I7900000E»OI ** 4* 44 44 44
27 O.SOOOE-OI *4 0.458S3E-03 29.e 44

O.I699999SE«OI •• 44 44 44 44
2a O.SOOOE-OI 44 0.48275E-03 22.1 44

O.I6499996E*OI •• 44 44 44 44
29 O.SOOOE-OI •• 0.69678E-03 46.» 44

O.I6000004E*OI 4» 44 44 44 44
30 0.50OOE-0I 44 0.38024E-0? 86.0 ••

0.155000026*01 44 44 44 44 44
31 O.SOOOE-OI •• 0.IIO8IE-0I 79.: 44

O.I5000000E*OI •• 44 44 44 44
32 O.SOOOE-OI ** 0.2690SE-02 40.0 4*

0.|4499998E*0l 44 44 44 44 44
33 O.SOOOE-OI *• 0.3II44E-02 4S.2 44

0.13999990E*0l 44 44 44 44 44
34 0.9000E-OI •• 0.328I2E-02 40.3 44

O.I3SOOOO4E*OI 44 44 44 44 44
35 O.SOOOE-OI *• 0.S93A3E-02 S6.4 44

0.13000002E*OI ** «* 44 44 44
36 O.SOOOE-OI 44 0.26478E-02 2*.O 44

O.I2SO00O0E*0t 44 44 44 44 44
37 O.SOOOE-OI 44 0.MS979E-OI 99.0 44

O.II999998E»OI ** 44 44 44 44
38 O.SOOOE-OI •* O.I2091E-OI 32.6 44

0.II499996E«OI 44 44 44 44 44
39 O.SOOOE-OI 44 0.670A7E-02 23.6 44

O.I100000*E*OI *4 44 44 44 44
»0 O.SOOOE-OI 44 O.IB367E-0I 3».I 44

O.I0900002E*OI *• 44 44 44 ••
41 O.SOOOE-OI 44 0.3I270E-0I «I.C 4*

O.IOOO00OOE*OI • • 44 44 44 44
42 0.9000E-01 ** 0.48S06E-0I 90.1 44

0.94999999E*00 4* 44 44 44 44
•3 0.9000E-OI 44 0.24400E-OI 33.4 44

0.S999999BE*00 *• 44 44 44 44
44 O.SOOOE-OI •• 0.3069IE-0I 23.3 *•

0.89000002E*00 •* 44 44 44 44
49 O.SOOOe-OI *• O.1S239E400 49.4 44

O.80OO03OIE«00 44 4* 44 44 44
46 O.SOOOE-OI •• 0.II237E400 29.6 44

0.79000000E + 00 44 44 44 44 44
47 0.9000E-OI *• O.73002E-OI 19.9 44

0.69999999E*00 •• 44 44 44 44
•8 0.9000E-OI •• 0.9I0S9E-0I 23.t 4*

0.6499999BE*00 44 44 44 44 44
49 0.390IE»00 •* 0.793*8E*00 7.7 44

0.29990000E+00 44 44 44 44 44
TOTALS 4* 0.29894E400 44

RESPONSE SET I 44 0.34999E-OI 44
RESPONSE SET 2 44 O.2072OE«OO »•
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EDIT FO» OKTPUT SUPÉ" CROUP I
TIWE BIN IS O.I9*999<>?> E-OS O.l"«!!11! E-03

OEl_T»-T 0 9 f « 9 9 e * ? 0 E 0 7

NUMBER OF MSTORtES 10000.0 10000

E-BIN • • REGION NO. I * * HEGICK KQ.
• •VOL.- 0.2>2E»0S **VOL.«

O.I*900100E*OB • • •» • • • • • •
1 O.I*90E»0e • * 0.1T729E-0» 13.5 • •

0.30000000E*OI • • •* • • • • »•
2 0.5000E-0I • • 0.2>112<»£»00 22.9 * •

0.29*99996E*0l • * »• • • • • • •
3 O.SOOOE-OI • * 0.I3950E400 it,.2 «•

O.28999996E*OI • • • • * • • • »•
• O.SOOOE-01 • • 0.2S036E*0Q 3S.S •»

0.28S00004E*01 • * • • * • * • • •
5 O.SOOOE-OI * • 0.2S226E»00 S I .6 • •

0.2800000ZC*OI • * • • • • • • • •
6 O.SOOOE-OI • • 0.23I96E400 65.1 • *

0.27SOO0O0E*OI • • * * • • * • • *
7 O.SOOOE-01 • • 0.35«53E«00 30.2 • •

0.2»999998E»0l • * • • * • • • • •
8 O.SOOOE-OI • • 0.3S792E400 » I . » • *

0.26499996E»0l * * • • • • • • • •
9 O.SOOOE-OI • • 0.47833E400 *%.t **

0.2600000*E*Ot * * •» »• * • * *
10 O.SOOOE-OI • * 0.29S79E+00 36.7 • •

0.25500002E*OI • * • • *• • • • •
11 O.SOOOE-OI • • 0.27320E»00 2«.2 • •

0.250OO00OE*0l * • • • •* *• •*
12 O.SOOOE-OI • • 0.326676*00 33.2 * •

0.24499998E+01 • • • • • • • • • *
13 O.SOOOE-OI • • 0.4IS36E»00 US.8 • •

0.23999996E*OI • • * • * • • • • •
I * O.SOOOE-OI • • 0.56200E»00 32.5 • •

0.23S00004E»OI • * • * • • • • • •
15 O.SOOOE-OI • * 0.61S74E»00 77.1 • •

0.23000002E*01 • * • • • • • • •*
16 O.SOOOE-OI • * O.62l6*E»O0 33.2 »•

0.22500000E*01 • • • • •* *» • •
17 0.5000E-OI • * O.3IO70E*OO 27.1 • •

0.2I999998E«OI • * • • • • * * • •
18 O.SOOOE-OI * • O.573O8E»00 30.6 • •

0.2t499996E*OI * * • • • • • • »•
19 0.5000E-01 • * O.436O3E»00 31.8 • •

0.2I000004E»OI * • • • • • • • • •
20 O.SOOOE-OI * * O.SI81*E*00 29.3 • •

0.20500002EKM • • •» • • »• • •
21 O.SOOOE-OI * * 0.77739E*00 24.4 • *

0.20000000E«OI *• • • • • •* • •
22 O.SOOOE-DI * * 0.728B2E«00 31.3 • *

0.I94?999SE»O> * * • • • • • * • •
23 0.5000E-OI • * O.81<?72E»00 22.6 • *

0 . I8999996E»O1 • * • • • • • • • •
24 O.SOOOE-OI • • O.II25TE«OI 11.X «•

O.I8900004e»OI * * * • • • * • • •
24 O.SOOOe-OI • • 0.39S6SF*00 31.0 * •

O.IS000002E*OI ** * • • • • • •«
2A O.SOOOE-OI * • 0.87I49E«00 20.9 »•

O.17SO0000E«0l * • * * • • • • • •
27 O.SOOOE-01 * • 0.1IOOOE*OI 15.9 • •

0.l699999eE*OI • * * • * • • • • •
28 O.SOOOE-OI * * O.I12O3E«OI 18.1 • *

0.I6499996E»OI * * * • • • •« • *
29 O.SOOOE-OI • * O.HS881E«00 22.0 • •

O.I6000004E*OI • • • • •« * • • •
SO O.SOOOE-OI • • 0.93770E»00 17.7 • •

O.I5500002E*OI • • * • • * • * • •
31 O.SOOOE-OI • * O.I3339E»OI 14.3 • •

0.ISOOOOOOE»OI * * * • * * • • * •
32 O.SOOOE-OI • • O.IO575E»OI i r . I • •

O.I449999SE+0I • • * • • • • • • •
11 O.SOOOE-OI • • O.I45I2E*OI 12.4 • •

O.I3999996E»OI • • * * • • »• • •
34 O.SOOOE-OI * * O.I39I3E»OI 13.3 • •

O.I3S00004E«0t • * • • • • • • • •
33 O.SOOOE-OI • • O.I3208E«0l 12.3 * •

0.13OO0002E*0l * * •« • • • • • *
36 O.SOOOE-OI • • O. I326IE«0l 13.7 * *

0.l2S0000OE»0l * • * * • • * • • *
37 O.SOOOE-OI * * O.ISII1E»O1 19.7 • •

O.II999998E»OI * * • * • • • • • •
38 O.SOOOE-OI * • O.I4402E40I 14.2 * •

O.1I499996E»OI * * * * * • • • »•
39 O.SOOOE-OI * • 0 . IS98SO0I 13.4 «*

0.IIOOOOO4E«OI * * * * • • • • * •
40 O.SOOOE-OI * * O.2OI37E«OI 14.0 * *

0.10500002E»01 * * * • • • • • • •
4 1 O.SOOOE-OI • • O.23S07E*0l 13.é • •

O.I0OO00OOE«OI * • • • • • • • • *
42 O.SOOOE-OI * • 0.22O67E*0l 9.6 • •

O.94999999E«0O * * »• • • • • • •
43 O.SOOOE-OI * • 0.27122E»0t 12.1 • *

0.89999998E*00 • * •» • • • • • *
44 O.SOOOE-OI * • O.2SI»2E»OI 17.1 • •

0.83400002E»09 * • • * • • »• • *
45 O.SOOOE-OI * * 0.289126*01 I C C * *

O.SOOOO0OIE*OO ** ** • • • * *•
46 O.SOOOE-OI * * 0.2S4SIE40I 11.3 • •

o.rsooooooEtoo • • *• • • •• ••
47 O.SOOOE-Ot •• 0.3241 IE«OI 11.4 •»

0.69999999E«00 *• ** •• •• »•
48 O.SOOOE-OI »* O..1II72E»OI 10.7 *•

0.64999998E»00 * * * * • • ** • *
49 0.3501E«00 • • O.S2I27E»OI 3.7 • •

0.29990000E«00 • * * • * • • • * •
TOTALS • • 0.47090E«OI • •

RESPONSE SET I • • O.26I9S£«O1 * *
RESPONSE •SET 2 • • 0.438I2E»02 • •
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EDIT FO* OUTPUT SVPt* 6»0UP I
TIME SIN 33 O.(9«99997S E-0» 0.849999992 C-06
DCITA-T O.»99999828 E-O?

NUMBER OF MSTOHIES 10000.0 10000

E-»l» •• HCCI0M NO. I «* REGION NO.
••VOL.' O.27?E»09 *»VCl.«

O.I4900IOOE*08 *• ** •• •• •*
1 O.t«9OE*Oa *• O.«8!T6E-O6 3.« •»

o.3oooooooe*M • • *• • • • • •*
2 O.SOOOE-01 • * 0.J8IS4F..01 20.2 »•

0.294«9998E«0l • * ** • • »• • •
3 O.SOOOE-OI • • 0.1608TG40I 2«.O * •

0.2S999*96E«0l * • «* • • * • • •
• O.SOOOE-OI * • 0.23S28E»0l 21.0 *«

O.30SOOOO4E«OI • • • • • • • • • *
5 O.SOOOE-OI • • 0.15808E*0l 26.3 * •

0.28000002E*02 • • • • * • • • • •
6 O.SOOOC-OI * • 0.18367**01 22.? • •

0.2730OOO.OE»OI * * • * * • • • • •
7 O.SOOOE-OI * • 0.206536*01 14.t • •

O.26999998E»0l • • «• * • • • • •
a O.SOOOE-Ot * • 0. l7«l3EtOI 17.* • •

0.26499996E*01 • • • • • • *» • •
9 O.SOOOE-OI • • O.22I22E«OI I ? . * •»

O.26O0OOO*E«0l * • * • • • • • • •
10 O.SOOOE-OI * • 0.2IIOOF«OI 17.6 * •

0.2SS00002E*OI • * • • • • * * •»
11 O.SOOOE-OI • • 0.20«40E*0l 2C.S • •

0.2SOOOOOOE«OI • • • • • • »• *»
12 O.SOOOE-OI • • 0.2340*E*01 16.1 • •

0.2*49999BE*OI • • «* »* »• • •
13 O.SOOOE-OI • • 0.17971E«OI 19.9 • •

0.23999996E»0l • • •* • • * • • •
I * O.SOOOE-OI * * 0.2705IE40I 20.1 • •

0.23S00004E*OI • • • • «* •« • •
IS O.SOOOE-OI • • 0.232«7E«0l K.I • •

0.23000002E*OI • • *« • • • • »•
I * O.SOOOE-OI • * 0.19939E*OI 20.3 • •

0.22SOOOQ0E*0I • • •* • • • • »*
17 O.SOOOE-OI * • 0.20341E*OI 2 1 . 6 »•

0.2l999996€*0t * • »* • • •» * •
18 O.SOOOe-OI • * 0.2S794E*0l 12.S «•

0.2l499996E»0l * * • • • • • • •»
19 O.SOOOE-OI * • 0.20064E*0l 14.5 »«

O.2I0OOO04E+OI • • «• * • • • •*
20 O.SOOOE-OI • * 0.23302E«OI IS.7 • •

0.20900002E«OI • * • • • * • • •*
21 O.SOOOE-OI • • 0.32SSIE<01 IS.9 • •

0.2000OO00E + 0I * • »* • • »» • •
22 O.SOOOE-OI * • 0.3538SE»0l 17.9 «»

O.I9499998E«OI * • • • • * • • • •
23 O.SOOOE-OI * • 0.3235IE*0l 19.3 • •

O.I8999996E«OI • * •» • • • • • •
2* O.SOOOE-OI • • 0 .274l l£*0l 9.7 • •

•.l0SeOO«4E«fl| • • • • • * • • • •
>s o.soooe-oi • * o.*ii7*e*oi <o.* • •

O.I800000ZE»OI • • • • • • • • • •
26 0.5000E-OI ** 0.393116*01 14.6 «•

0.179OOO00E»0l * • • • * * • • • •
27 O.SOOOE-OI • * 0 .3 l42|g*0l 14.4 «*

O.I6999998E*O1 • * • • * * • • * *
28 O.SOOOE-OI * • 0.32337E*0l 14.t • •

O.I6499996E«0l • • • • •» • • • •
29 O.SOOOE-OI • • O.292I7E»OI 13.S «*

0.160000046*01 • • • • • • •* • •
30 O.SOOOE-OI * • 0.2*348F»0l 17.7 • •

0. 19S00002O0I • • • • • • • • • •
31 O.SOOOE-OI • • 0.3I IS8E»0l 16.1 • •

0.ISOOOOOOEtOI • • • • • • • • • •
32 O.SOOOC-OI • • 0.29S3«E»0l 14.9 • *

0.I4499998E+9I * * • • * * * * * •
33 O.SOOOE-OI • * O.36II6E»OI 19.3 • •

O.I3«99996E»OI • • • • • • * • * •
3* O.SOOOE-OI • • 0.2S969E«0l I f . 9 «•

o.i3soooo*e»oi • • • • * * , • • • •
35 O.SOOOE-OI • * 0.33976E«0l 13.0 • •

o.i3oooooze»oi • • •» * * * * * *
36 0.9000E-«I • * O.3OI26E»OI 10.« • •

O.I2SOOO0OE»OI • • • • •« • • • •
37 O.SOOOE-OI • • 0.32028E»OI 16.8 • *

O.II999990e«OI • • • • • • • • • •
3B O.SOOOE-OI • * 0.308ZIE*Si 14.6 «•

0. II4999«6C»OI • • • * • • • • • •
39 0.3000E-OI • • 0.37994E40! 12.7 • •

O.II000004E»OI • • • • • • • • • •
•O 0.9000E-OI • * 0.3S947E*0l 9.4 «•

O.IOSO0002C»0l • * «• • • • • • *
41 O.SOOOC-OI * * 0.36637E*0l 14.« • •

U.!00OO00OE«OI • • •* *• » • »•
42 0.9000E-OI •• 0.3766BE40I 11.7 «•

0.949999«9C»80 • • • • • • * • • •
43 O.SOOOE-OI • * 0.3784l£«0l 13.9 •«

O.89999»»8E»0O • • «• • • • • • •
«« «.9000C-«l • • 0.323»8E»0l 18.6 »•

O.8S0OO002E«00 »• • • »• • • • •
43 O.SOOOE-OI • * 0.36087E40I 11.9 • •

o.8000000ie»oo • • • •
46 O.SOOOe-OI •• 0.29276E«0l 12.9 *•

v w w ̂  ^ w v ^ • ^ ^ ̂  ^ ^ ' ^ ^ * m ̂  ^ ^ -

o.8000000ie»oo • • • • • • • • • •
o.rsooooooetto • • •» »• • • • •

47 0.9000E-OI • * 0.39441E»0l 13.7 • •
0.699*9*»9E«t0 • • • • • • * * * •

4a 0.9000E-OI • • 0.39SIOE*OI 10.5 • •
0.6«999998E«00 • • • • »• * * • •

49 O.3»0IE*0O * * O.433I1C»OI 4.8 * •
0.29990tOOC*Oi •» • • • • • • • •

TOTALS • • O.I923O(»O2 «•

HC9P0NK SET I • • 0.6»337e«0l «•
RESPONSE SET 2 ** O, I0390C+03 • •
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COM ran OUTPUT S U » E * e»OW»> |
TINE BIN « | 0.4.99999999 E-06 0.»5000001ft f-OS

OELTA-T 0.499499B»* E-OT

NUMBER nr t-isTOKies iooee.0 taooo

E-BIN • • AC CI ON NO. I • • MECION HO.

• •WOl..» *).272E«0S 44»Ol.»
o.i«9ooiooc*oa * • • • • • • •

1 0.1«*Oe*0B • • 0.1«6l«E-0S *.4 • •
o.3oooooooe*oi • • • • • • • •

2 0.5000E-01 •• O.*464IE«OI
O.»9499««aE*OI *•

3 0.5000E-OI •• O.IS857E»OI
0.?899999»E»0l ••

* 0.5000C-0I •• 0. I32SSE»OI
O.?S30OO0*E»OI ••

5 e.soeoe-oi •• ©.«*'»>7E»OI tt.t
o.?eooooo2E«et •* •* ••

6 O.SOOOE-OI •• O.3I282F*OI 19.0 ••
o.27soooooe«oi * • ** • •

7 O.SOOOE-OI •* O.2I397E*OI •*
0.2699999BE»0l •• »• •• •• ••

a O.SOOOE-OI •• 0.ia3S2E*0l 20.3 ••
0.264999?6E»0l •• *» •• •• ••

9 o.soooE-oi •• o.ir*oaE»oi 19.3 *»
0.2600OO04E»0l •* •• •• •• ••

10 O.SOOOE-OI •• O.I9I64E«OI 21.0 •»
0.2SS00002E40I •* *• •• •• ••

11 O.SOOOE-OI *• 0.29875E»0l 24.• •*
0.2SOOOOOOE*OI •* •• »* *• ••

12 0.5000E-OI •• O.2O9I0E»OI 22.0 *•
0.2449999BE«OI •• ** •• •• ••

13 O.SOOOE-OI ** O.I7S24E»OI 21.2 **
0.2J999996C40I *• •• •• •• ••

I* 0.9000E-OI •* 0.20863E«OI 19.! *•
0.23S0O0O«E»0l •• ** •• •* ••

15 O.SOOOE-OI •• 0.2S4atE«0l 21.0 ••
0.23000002E40I •* *• *• •• 4*

16 0.3000C-OI ** O.SI3S«E«OI 24.1 ••
0.22S0O00OE«0l *• •* •• •• ••

IT O.SOOOE-OI •• 0.27S3SE«0l 17.6 ••
0.21999998E«OI •• •• 4* «• 4*

18 O.SOOOE-OI *• 0.2l3a4E«0l 22.9 *•
0.21499996E»0l ** •• •• 4» ••

19 O.SOOOE-OI •• 0.1S3*3E»0l 16.6 ••
0.2I000004E»OI •• •• 4* •• 44

20 0.5000E-OI *• 0. I99I««OI 24.3 ••
0.20900002E40I »4 44 4* •• 44

21 O.SOOOE-OI • • 0.2«HBSE»OI 20.3 44
0.20000000E40I * • *4 44 4 4 44

22 O.SOOOE-OI * * 0.?*241E»OI 18.7 • •
O.I949999aE«OI • • »4 44 44 44

23 O.SOOOE-OI * * 0 .3 l i a9C«0 l I f . C 44
O.tH999996E»OI • • »* 44 »4 44

24 O.SOOOE-OI * • 0 .24220E«0 l 1 8 . 3 44
0.18300004E»OI * * • • *4 44 44

25 O.SOOOC-OI * • 0.I9OB2E»OI 16.3 «*
CI8000002C40I »4 44 44 44 44

2» O.SOOOE-OI • • 0 . 2 6 4 2 8 E « 0 l 2 1 . 1 • •
0 . I 7500000E«OI • • 44 44 * • 44

27 O.SOOOE-OI * * 0 .26094E»0 l 1 8 . * • •
0 . l « » 9 9 9 9 8 E » 0 l * • • • • • 44 44

2a O.SOOOE-OI * • 0.22«97e»0l 21.2 44
O.IC«99996E«OI • • • • *4 44 44

29 O.SOOOE-OI * * 0.25A89E«0l 19.» 44
O.I600000*E«OI * * • * * * * * * *

30 O.SOOOE-OI * * O.I8029E»01 20.8 «»
0.ISS00002E*OI • • »» • • • • • •

31 O.SOOOE-OI * * 0.21070E*OI 17.7 4*
0.1500O0OOE«0l • • • • • • • • • •

32 0.9000E-OI * * 0.22*60E»OI 20.« • •
O.I4499996E»OI • • • • • • • • • •

33 O.SOOOE-OI • • 0 . IT90Se*0l 2S.2 44
0..3999996E4QI «» 44 44 44 44

3* o.soooE-oi ** o.i746ee»oi 22.4 44
0.I3SOOOO*E»OI • • • • *4 44 44

35 O.SOOOE-OI * * 0.3l000E«0l 16.2 * *
O.I3OOOOO2E»OI * * * * • • * * • •

36 O.SOOOE-OI • * O.2 I I9 IE»OI 12. t 44
0.l2S0000OE«0l * * • • * * • • • •

37 O.SOOOE-OI • • 0.20T92E«OI 29.0 • •
O.lf999*9SE*OI •• *• •• •• ••

38 O.SOOOE-OI •* 0.2Z2SIE«0l 21.1 **
O.II*99996E*OI ** •• •• •* **

39 O.SOOOE-OI * * 0.270r4e*Of 17.6 44
0.1I000004E«OI * • • * 44 44 44

40 O.SOOOE-OI • • 0.26383E»OI 17.9 • •
O.IOS00002E40I •* ** *• •* •*

41 O.SOOOE-OI ** 0.2l*72E»0l 19.9 44
O.I00OO0OOE»OI ** *• •• •• **

42 O.SOOOE-OI 44 0.2S748E+0I 21.1 • •
I).94999999E»OO • • * • *4 44 44

43 O.SOOOE-OI * * 0 . I 79 I9E40 I 21.3 * •
0.8999999aE«00 »• • * • • * * • •

44 O.SOOOE-OI • * O.I69aiE*OI 20.e • •
0.85000002E«00 • » • • • • • • • *

49 O.SOOOE-OI • * 0.2S3S2E40I 22.4 44
o.aooooooiE»oo •* ** •* ** **

«6 O.SOOOE-OI • • 0.21 SOSt»01 14.3 4»
0.79000000E+00 * • * * *4 44 44

47 O.SOOOE-OI • * O.22908E«OI 16.3 * *
0.«9999999E«00 • • • • »4 44 44

48 O.SOOOE-OI * • O.I«»22E»OI 23.« • •
0.6*999998E«00 • • »• • • 44 44

49 0.3SOIE400 • • 0.2I700E40I 9 . 0 • *
0.29990000E400 • * * • • • • • * *

TOTALS 44 0.30aS3E*02 • •
RESPONSE SET I *4 O .M32 IE*0 l «•
»ESPOMSE SET 2 * • O.7OO0IE4O2 44
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EDIT ron OUTPUT SUPER GBOUP 1
TIME BIN «8 0.190000003 E-OA O.IOOOC0022 E-06
DELTA-T 0.4C9999828 6-07

NLNee* CF t-istoniES 10000.0 10000

E-BIN •» REGION NO. I »• BBC ION NO.
••VOL.» 0.2?2E*09 »*VOL.-

0.14900IOOE«08 • • «• •• •• ••
1 0.1490E*>08 •* 0.S9U38S-09 I.T ••

0.30000000E*0l •* «• •• •• ••
2 0.5000E-0I •• 0.925B9E»00 40.2 ••

0.29499998E»0l •• •• •• •« •*
3 O.SOOOE-OI •• 0.32337E*00 S?.O • «

0.28999996E*>0l *• •• •* •• ••
4 0.9000E-0I «• 0.416/5E»00 6T.e ••

0.28500004E»OI •• <• *• •• •*
9 O.SOOOE-OI •* 0.2S78SE*00 69.7 ••

0.28000002E«OI •• •• •* •* ••
6 O.SOOOE-OI •• 0.86829E«00 43.7 • •

o.27soooooe«ct • * •» •» • • * •
7 O.SOOOE-OI • •0 .476388*00 46.1 • •

0.26999998E40I • • • • *« »• • •
8 O.SOOOE-OI •» 0.68393E*00 3«.O • •

0.26499996E*0l • * • • • • • • • •
9 O.SOOOE-OI • • 0.I81I9E«OO 64.9 • •

0.26000004E*01 • • • • • * • • • •
10 O.SOOOE-OI • • 0.478IOE«00 46.8 «•

0.2SS00002E*OI • * «* • * • • »•
11 O.SOOOE-OI • * 0.48479E*00 43.6 • *

0.2SO0OO00E*OI * * • * • • • • • •
12 O.SOOOE-OI *• 0.23648E*00 44.9 ••

0.24499998E*0l »* t» •» • • • *
13 O.SOOOE-OI «• 0. I3436E*OO 99.0 ••

0.23999996E«0l • • • • • • • • • •
14 O.SOOOE-OI • * 0.38S36E«00 54.7 • *

0.23900004E*Ot • • • • • • • • • •
15 O.SOOOE-OI • * 0.48623E*00 46.7 • •

0.230000Q2E*Ot •* •• •• •• •»
16 O.SOOOE-OI ** 0.4099IE*00 SO.• ••

0.22»000Q0E»0l •* »* *» •* ••
17 O.SOOOE-OI • • 0.33659E*00 94.9 •»

0.2I999990E*OI • • • • • • • • »•
is o.soooe-oi «• o.aoisoe-oi 99.«j ••

0.il499996E*OI • • • • • • »• • •
1 O.SOOOE-OI • • 0.66272E«00 36.3 • •

0.2I000004EOI •*
20

0.20900002EOI • • • • • • •
21 0 9 0 0 0 E O I • • 0 1 3 0 9 4 6 0 5

0.?0900000EOI * • • • • •
tt OSOOOEOI • * 0 1 9 2 8 7 0 •»

0 . I9499998EOI • • • • • • •
23 O E O I

24

2S

26

27
O. I 6999998E0 I • • • •

28
OI • • • • • • * *

O I 6 0 0 0 0 0 O • * • •
30 O O 0

O I 5 0 0 2 E O I • • * * * • •
31 OO

1 5 0 0 0 0 0 6 0 « • «• • • • • * •
32 O

O.I4499998EOI • • • • • * * • •
33

• * • • • •

O I S 0 0 0 0 O I *» ** • •
35 O O 0

0 . I 0 0 0 0 2 E O I • * • • • • •
3» 09

0 1 2 9 0 0 0 0 0 0 • • • ' * • • • •
O.SOOOE-OI • * 0.47889E»00 38.4 • •

O.II999998C»OI * * «•
38 O . O

O I I 4 9 9 9 ? 6 E O I • • •
39 O O O O

0 0 0 0 0 •» • * «4
O.SOO • • O.I96O8E»OO 68 . f • *

O.IOS00002E«OI »• «• • • • • • •
41 O.SOOOE-OI • * 0.1IB04E«00 S«.e • •

O.IOOOOOOOEtOI * * • • • • • • • •
42 O.SOOOE-OI • • 0.27723E.00 53.9 • *

0.94<>99999E«00 * * • • * * * * • •
43 O.SOOOE-OI • • 9.0 99 .0 • •

O.8999«99W»0O •» • • • • • • • •
44 O.SOOOE-OI ** 0.2S420E«00 93.3 ••

O.S9000002E+00 ** •* •• *4 •*
49 0.9000E-CI •• O.I3»3Sf»00 69.0 ••

O.*O0OOOOIE«00 •* »* •• •• **
46 O.SOOOE-OI • * 0.I68S2E400 62.2 • •

o.T900ooooe»oo * * • • • • • • * *
47 O.SOOOE-OI •* 0.20632E«00 S4.4 •*

0.69999999C*«0 •• •• •• •* ••
48 O.SOOOE-OI •• 0.2893ie«00 91.« ••

0.6«999998E*00 ** •• •• •• **
49 0.390IE*00 * * 0.2399IE»00 17.1 • •

0.29990000COO • • * • • * * • • •
TOTALS • • O.I3J93t*O3 • •

RESPONSE SET I • * 0.783B3C»00 •«
RESPOMSE SET 2 • • 0 . 94 I43O0 I * •

0.2I000004E*OI
O.SOOOE-OI

0.20900002E*OI
0.5000E-OI

0.?OOOOOOOE*OI
0.9000E-OI

0.I9499998E*OI
O.SOOOE-OI

O.I8999996E*OI
O.SOOOE-OI

0.I8S00004EOI
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O.SOOOE-OI
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O.SOOOE-OI
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APPENDIX F

Least-squares fits to the Monte Carlo results.

Figs. F.1 - F.5 show the calculated best fits to the time dis-

tributions obtained for different cubes (with internal source)

from the Monte Carlo method. The size of the cube is given

in the heading of each diagram. Also the number of neutron his-

tories studied is specified. The curves have been normalized

(compare Fig. 9.2, where the fitted function was normalized to

unity at maximum). For clarity, the same scale was chosen for

all the diagrams.

10'
Fig. F.I. 8 cm cube
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