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ERRATUM SHEET FOR AAEC/TMS91

by

A, IM, RITCHIE and S, WHITTIESTONE

The density corrections quoted in paragraph Z page 10 are incorrect.
The corrections of the attenuation constant &, the phase shift constant E
and angular frequency ® measured at density p, to the corresponding

parameters aR, gRg wh at the reference density Py should have the form

Og
Q’.R =-p—0ﬁ

p

R
b o= — &

o]

p
. = g
R P

Hence 206 is proportional to p® and not p as stated,
The entries in Tables 2 and 3 should now read:

Table 2

I+

P =(6.477 £ 0,078) x 1072 cem™2 P1 = (6,847 £ 0,071) x 10~% em™2 sec

P2 ={2.33 £ 0.25) x1071° cen™2 sec® Py

I

{(-0.01 * 1.1) x107 om™2 gec3
Table 3

Sine wave results

A, = (1.95 £ 0,17) x 107 sec™! D, = (2.460 + 0.015) x 10° cm? sec™*
C =(7.2 0,8 x10% cm?* sec™? L =(27.4%1,2) cm

Appropriate sc%ling factors need to be applied to the ordinates and
abcissae of the experimental points in Figure 5 and to the abecissae of
the experimental points in Figure 6. It should be noted that, making
the assumption that one group theory adequately describes the 20k curve,
the curve presented in Figure 5 yields correctly the density normalised

value of D .,
o

The conclusions drawn from the experimental results are not affected

by these changes.
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ABSTRACT

The amplitudes and phase shifts of thermal neutron waves were measured in a

block of BeO 60.96 x 60.96 x 58.42 cm® of average density 2.87 g em™2 and having

nominal transverse buckling of 0.0048 em 2, The attenuation constants (&) and

phase shift constants (t) were derived from such measurements at 18 different
frequencies covering the range 52.4 to 506.1 Hz. The parameters o - % and 20t

3

were evaluated, normalised to a reference density of 2.96 g e, and corrected

for the density normalised transverse buckling of 0,00813 em™@, The normalised
and corrected parameters a° - t2 and 20f were fitted to polynomials in the angular
frequency ®, and the resulting thermal neutron diffusion parameters were compared

‘with those derived from a A B%) experiment carried out on the same block of BeO,

continued ...



ABSTRACT ( continued)

The parameters la and L determined by the two methods are in good agreement,
but the diffusion ccefficient and diffusion cooling constant derived from the sine
wave experiment are significantly higher. The high diffusion coefficient { by
~ 9 per cent) could be due to the effect of the sub-Bragg continuum although the
values of the parameters o and £ appeared to be independent of the distance from
the source. Agreement of the parameters &© - E2 and 20f with the theoretical

values is not good and reasons for the discrepancy are advanced.

Note: This work has been submitted to a Journal, PFurther details can be

obtained from the avthors or the Director of the Research Establishment.

National Library of Australia card number and ISBN 0 642 99416 1
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1. INTRODUCTTION

In recent years the sine wave experiment has appeared as a technigue complementing
the pulsed experiment in investigations of the manner in which neutrons propagate
through materials, The technique consists of measuring the amplitude and phase of
the sinusoidually modulated neutron density as a function of distance and freguency
in the material of interest. Raievsky and Horowitz (1956) were the first to show
how the thermal neutron diffusion parameters of a moderator could be derived from
such a measurement, and Perez and Uhrig (1963) later indicated the relationship
between the parameters measured in the pulsed experiment and those measured in the

sine wave experiment,

The analysis of Perez and Uhrig, generalised by the work of Michael and Moore
(1967) , relied on the assumption that an asymptotic mode could be established in

the medium and that for this mode

| kv/(w +vE) << 1 c{2)
where K = a + it the complex propagation constant
= attenuation constant, and
E = phase shift constant,

However in polycrystalline materials the existence of a Bragg cut-off produces

a very low value of (Et) and generally invalidates the assumption (1). For

example, in BeQ K ~ 0.03212m'1 at zero frequency and zero transverse buckling
whereas the minimum value of Z, 1s about 0.03 em™t, Duderstadt (1968) pointed out
that the relationship (1) was not generally valid in polycrystals and further
showed that the eigenvalue spectrum of the operator in the Boltzmann equation,
which described sine wave pulsing in a polycrystalline moderator, consisted of
four parts: a discrete spectrum which normally describes the asymptotic mode, a
sub-Bragg continuum, an elastic continuum and an area continuum, An important
part of his analysis was the finding that the minimum value of O associlated with
the sub-Bragg continuum could, in some cases, be less than the value of &
associated with the lowest discrete mode. This meant that the sub-Bragg continuum
could dominate at sufficiently large distances from the source and that the
attenuation and phase shift 'constants' would change with distance from the
source, This prediction was a generalisation of a similar prediction about the

static diffusion length experiment made by Williams {1968) who showed that in many

moderator assemblies with sizeable transverse leakage no discrete mode existed,

A number of sine wave experiments have been reported in graphite (Utsuro
et al., 1968, Takahashi and Sumita 1968, Perez and Booth 1965), but none in BeO or

Be. Since a sample of BeO has been studied in some detail (Ritchie 1968a, and
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Rainbow and Ritchie 1968) by the pulsed technique, it was thought useful to study
the same sample by the sine wave technique. In this sample of BeQ the reciprocal
of the diffusion length (Q at zero frequency and zero transverse buckling) is
0,038 pm'l, which 1s somewhat larger than the value of 0,03 em™1 for the total
cross section just below the Bragg cut-off. Hence contribution from the sub-Bragg
continuum could be expected, Duderstadt has also indicated that the curve
representing the dispersion relationship for the discrete mode intersects the

bounding curve of the elastic continuum at an angular frequency

@~ (vzt)v=vB

where vy is the velocity correspohding to the Bragg cut-off. In the present

sample of BeQ (th)v_ 5 is estimated to be 2750 s™% which corresponds to a freqguency
of 440 Hz. For this reason it was decided to explore the fréquency range 0-500 Hz,

It was also decided to use a sine wave source rather than make use of the pulse
propagation technique in order to simplify data analysis and to clarify interpretation

of data in the event of significant contributions from the various continua,

2. EXPERIMENTAL SYSTEM

Neutrons were produced by bombarding a suitable target with protons or
deuterons accelerated by a 3 MeV Van de Graaff accelerator, The charged particle
beam passed through a set of electrostatic deflection plates which deflected the
beam on and off an aperture: placed some 4 metres in front of the target, so
allowing modulation of the beam intensity at the target. Sine wave modulation was
produced by comparing a signal derived from the target with that from a sine wave
generator and feeding a suitable error signal back to the deflection plates. The

details of this system are given by Fraser et al, (1988).

The ideal sine wave neutren source for a neutron wave experiment has a high
proportion of thermal neutrbns, high ihfensity and a large modulation depth, The
system outlined above can provide an intense source of neutrons with a large
modulation depth, but since neutrens from the most useful charged pafticle
reactions have energies in the MeV region a moderator, which unfortunately
attenuates the oscillatory component of the neutron source, must be used to slow
the neutrons down to thermal energies. The more moderator used the higher the
thermal neutron Intensity but the lower the modulation depth, Hence it is
necessary to compromise between high thermal neutron intensity and large modulation
depth, A similar compromiSe 1s necessary in choosing the most suitable charged

particle reaction.



The most copious neutron producing reaction available on a 3 MeV Van de Graaf
is the ®Be(d,n)!°B reaction which provides a source of predominantly 2 MeV neutrons
at a deuteron energy of 2,8 MeV, but with some neutron energies ranging up to
about 7 MeV (Inada et al, 1968). The 'Li(p,n)} Be reaction, on the other hand, is
not such an intense source, but at a proton energy of 2 MeV the neutrons have
energies of only about 100 keV and hence are more easily thermalised (particularly

in a hydrogenous moderator) than those from the ®Be(d,n)1°B reaction.

Several preliminary experiments were done using these two reactions and a
variety of moderators (iron, graphite, polythene) in a number of different
confiigurations. The best compromise was obtained using a slab of pelythene 3 inches
thick together with a thick (~ 500 keV) lithium target and a proton energy of
2.4 MeV to produce neutrons with a maximum energy of about 500 keV. The bulk of
the work was carried out using a SOuA proton beam and a modulation depth of 20 per

cent with about 2 per cent harmonic distortion.

Sinee both the neutron intensity and neutron energy from the 7Li(p,n)7Be
reaction change rapidly with changes in the proton energy, it is important to
stabilise the accelerator voltage. The system used to do this was based on the
generating voltmeter installed on the machine and controlled the machine voltage
to £ 2 kV. More details of the preliminary experiments and the stabilisation

system are given by Whittlestone (1988) .

The BeO consisted of tiles 15.24 x 15,24 x 2.54 om® which were stacked in the
form of a parallelepiped 60.96 x 60,96 x 58.42 cm® in which there was a probe hole
1.02 x 1.02 em® running parallel to the z-directien at the point x = 10.16 cm,
¥y = 0.0 em (see Figure 1). The details of the clamping arrangement and the
shielding are essentially the same as those given by Ritchie (1968a), The lithium
target was placed some 30 cm in front of the Be0Q at the centre of the 60,96 x
60.96 cm® face as a simple calculation showed that this resulted in spatial
distribution in the x and y directions that was closest to a cosine. A cadmium
shutter was interposed between the polythene and BeQ to provide a means of

estimating the fast neutron component of the source.

3. EXPERIMENTAL METHOD

A block diagram of the detection and time analysis system is shown in Figure 2.
The master instrument was the sine wave generator which, as well as providing a
comparison signal for the sine wave source, provided timing pulses at the start of
each cycle, These timing pulses were fed through a divide-by-two network, then
fed as start pulses to the time analysers. This meant that the time distributions
from the detectors were measured over almost two complete cycles, which permitted
more accurate estimation of the harmonic content, The timing pulses also

contreolled a reversible scaler which added input pulses from the monitor detector



during the first half-cycle and subtracted input pulses during the second half-

cycle, so giving, in the absence of higher frequency mode contamination, the amplitude
of the fundamental mode. This reversible scaler was used to normalise each time
distribution measurement to a nominally constant fundamental component in the monitor
detector by closing gates on the inputs to the two time analysers after a preset

count had been reached, Because of higher mode contamination this normalisation was
only approximate, but was useful as a minute-to-minute check on runs during the
experiment, The time-averaged levels of both the movable and monitor detector time

distributions were measured by scaling the outputs of these two detectors.

The flux distribution in the beam, or z-direction, was measured using a 20th
Century 1/4 inch BFg detector which was positioned by means of the counter drive
system described previously (Ritchie 1988b). Another 1/4 inch BFa detector, clad in
cadmium and placed in the middle of the polythene slab, acted as monitor. The
pulses from both these detectors were fed, via fairly standard amplifying and pulse
shaping units, into two time analysers, namely a modified Laben 512-channel analyser
(Ritchie 1968a) and a PIP-7 computer fitted with an ancillary time analysis unit
(Rainbow and Ritchie 1970). Both analysers were used with 32 channels as this
brovided geood counting statlistics and more than adequate time points for the analysis

of the higher mode contamination in the time distributions,

Eighteen frequencies in the range 52.4 to 506,1 Hz were investigated, At each
frequency the time distribution of the movable detector was measured at 15 equally
spaced points in the range z = 7.75 to 49,75 cm, a run with the cadmium shutter out
being alternated with a run with the cadmium shutter in, The channel widths in the
time analysers varied from 1170 us in the 52.4 Hz run to 120 us in the run at
506.1 Hz. A measurement of the transverse buckling was also carried out by
measuring the spatial distribution at zero frequency in the y-direction with

x = -0,508 em, z = 29.2 cm and y varying from 22,9 to -27.1 cm by steps of 10 om,

4, DATA REDUCTION

There were three major steps in the analysis of the experimental time

distributions:
(i) Extraction of the amplitudes and phase shifts at each position,

(11) Evaluation of the attenuation and phase shift constants from the amplitudes

and phases as a function of distance.

(iii) Evaluation of the thermal neutron diffusion parameters from the attenuation

and phase shift constants.

Both the monitor and movable detector time distributions were fitted to the

following expression:



y(t) = z E_cos mot + Z Fosins oot + B,
n=1 n=

using a weighted least squares criterion to determine the best fit to the data.
Amplitudes An and phase shifts wn of the nth harmonic were then evaluated from the

En and Fn using the formulae:

A = [eE + B8
1L n n
¥ o= —tan“l F /E

Figure 3 shows a typical time distribution and the amplitudes and phase shifts
required to fit it, In general the time-averaged amplitude EO and the first four
frequency harmonics were found sufficient to fit the time distributions, The
amplitudes of the harmonics in the movable detector time distribution were
normalised using the amplitude of the lowest harmonic in the monitor time

distribution,

In finding the attenuation and phase shift constants associated with the

fundamental frequency the flux in the assembly was assumed to have the form

B(z,t) = ﬂyb fexp-(a + 1t)z - exp(a + it) (2 - 2C)} exp iwt ...(2)
=  Ry(z,q,8) exp ot , ... (3)
where a = attenuation constant,
= phase shift constant, and
C = extrapolated length in the z direction,

This can be written as

@(z,t) = A(z) Rexp i¥(z) exp iwt c..(4)
= RY(z,A(2),¥(2)) exp it , ...(5)
where A z) = amplitude of the fundamental wave
and ¥(z) = phase shift of the wave at the point z.
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Now A(z) and ¥(z) are the quantities measured experimentally, and it should
be noted that in an assembly of finite size both are functions of the phase shift

constant & and the attenuation constant &, For example

Alz) = Y, exp( -0C) V2 cosh 2{z-C) - 2 cos 2&(z-C). ...(8)

Hence it is necessary to find the values of < and § which:simultaneously give the

best £it to the observed phase shifts and amplitudes.

A weighted least squares method was used to fit the experimental data with the
form (2), The actual form of the function to be minimised follows from expressions

(2) and (4) and is most concisely expressed in terms of (3) and (5) as

x® = Zwi (Ry, - RY)? + ZWi( gy, - 4v,)° o (7)
1 1

The weights W, and Wi were derived from the experimental errors on the amplitudes
and phases at the point z, and expressions of the form (6)., The equations
determining the values of @ and & which minimise the function (7) are non~linear
in @ and & and require some iteration method to solve them. An iteration method,
developed from that deseribed by Powell (1968), has proved both fast and trouble-

free,

The values of & and' & were used to evaluate the quantities o? - §2 and 20k,

These, following Perez and Uhrig (1963), were then fitted to the power series

[+4]
2 2 .,y an
o - k" = E: Pzn(un)

n=o
[o4]

_ 2n+l [Zn

2af = E: Poyy O i ...(8)

nh=0

In practice both o? - gz and the quantity Eagﬁ» were fitted with power serles in
wz using a standard least squares method. The thermal neutron diffusion
parameters were then derived (see Perez and Uhrig 1963, Michael and Moore. 1967)

from the coefficients Pn; for example the coefficient

a1 2 a1 -
D, = P, om sec | ...(9)

and the diffusion cooling constant



¢ = P2/Pl5 en? sec™t ...(10)

In particular, the diffusion length L was determined from the zero intercept o% of

¢ as a funetion of @ and the relationship
l/L = ¢ =B » .. .{(11)

2
where ?L was the transverse buckling,

5. DISCUSSTON OF ERRORS

5.1 Errors in Amplitudes and Phases

The errors in the amplitude and phase at any one poiht were compouitded from

the following:
(i) FErrors in the time distributions,
(i1} Changes in the detection efficiency of the detection system,

(11i) Changes in the space-energy distribution of the neutron flux in the

assembly.
{iv) Errors in positioning the movable detector.

The only errors assumed in the time distribution were those due to random
errors in counting, since these varied from 0.2 to 1 per cent and far outweighed
the timing errors, estimated to be (.01l per cent, The errors in the amplitudes
and phases were extracted from the welghted least sguares fitting routine in the
standard manner and varled between 0.15 and § per cent over the fregquency range
50 toe 500 Hz,

Changes 1in detection efficiency can be caused by changes in E . H.T,, drift in
amplifier gain, drift in discriminator levél and those changes in efficlency at
high count rate which can most conveniently be descoribed by a dead time. The
variation due to drifts in E. H,T., amplifier gain and discriminator level were
eatimated at less than 0,04 per cent and were neglected, The change of efficiency
at high count rate, largely attributed to base line shifts in the electronics, was
mich more significant and a possible source of systematic error. Tt is reasonable
to expect this change in effleciency to be an approximately lineasr function of the
count rate similar to that assoclated with a ‘dead time', that is

N = NO/(l - TNO) ,



correct count rate,

Il

where N

=
I!

observed count rate,

It

composite 'dead time' parameter,

The parameter was found by observing the count rate from one detector at two high
and markedly different count rates. The count rate was increased by increasing

the beam current from the accelerator, the actual count rate being estimated from
a monitor placed sufficiently far from the source for 'dead time! effects to be
negligible, The values of the 'dead times' found for the monitor and movable
detector were 5.7 and 2.0 us respeetively and gave rise to corrections of up to

6 per cent in some time channels. As a check that there wag negligible systematic
error, the time distribution at an arbitarily picked spatial point at each frequency
was repeated at a count rate decreased by a factor of two from that used throughout
most of the runs. No systematic differences in the amplitudes and phases outside
the errors were found during these runs after the 'dead time' correction had been

applied,

Changes in the space energy distribution of the neutron flux were assumed
attributable to changes in the energy of the proton heam, to movement of the beam
spot on the target, to inaccuracy in positioning the cadmium shutter and to changes
in thickness of the lithium target. The primary effect of all of these was a change
in the ratio of detector to monitor counts which led to uncertainties in the
amplitude rather than the phase of the wave. The change in the ratio of monitor to
detector counts and hence the change in the normalised amplitude as the proton
energy changed was found to be 0.05 per cent/keV. This, since the accelerator
voltage was stabilised to * 2 kV, implied 0.1 per cent error in the normalised
amplitudes. A similar error of 0.1 per cent was associated with the movement of
the beam spot which was measured as less than = 1 mm. The error in the amplitudes
arising from variation in the two rest positions of the cadmium shutter was
estimated by noting changes in the count rate of the movable detector when the
shutter was moved about these two positions, These errors were 0.015 per cent at
the lower position and 0.15 per cent at the upper position, The effects of
pPossible changes in the energy spectrum of neutrons emitted from the target as it
decreased in thickness during the expefiment were neglected as no corresponding

drop in the neutron yield from the target was noted,

The error in positioning the detector was *03mm. This gave rise to errors
of between 0.25 and 0,35 per cent in amplitude and between 0.05 and 0,25 per cent

in phase over the frequency range 50 to 500 Hz,

The total error in the amplitude and phases from the above causes ranged from
0.4 to 5 per cent over the frequency range investigated. However, although the

more precise measurements of amplitude agreed within about 0.4 per cent when
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repeated within an hour or seo, they agreed only within about 1 per cent when
repeated after a delay of four to eight hours, In the light of this the lower

limit of the error in the amplitudes was inereased to 1 per cent,

5.2 Errors in the Attenuation and Phase Shift Constants

The random errors in the attenuation constant ¢ and the phase shift constant
£ were assumed to arise only from the errors in the amplitudes and phases at each
space point and were evaluated in the least squares fitting routine that derived

o and & from the amplitudes and phases as a funetion of distance,

There were two maJjor sources of systematic error, one associated with the
existence of higher spatial modes, the other with changes in the energy distribution
along the stack. Measurements of the transverse spatial distribution near the
source {z = 3.8 cm) showed that, compared to a cosine, the flux was depressed at
the centre (about 10 per cent third spatial harmonic contamination). The decay of
these higher spatial modes away from the source could lead to a systematically
smaller value of the attemuation constant if points close to the source were
ineluded in the analysis. A systematic error in the same direction could occur if
points were included from the region in which slowing down effects in the sub-
cadmium component of the source were significant, since the efficiency of Blig

detectors increases with decreasing neutron energy.

The systematic error from these two sources can be estimated by evaluating
@ and £ from a set of measurements close to the target and a set further away
from the target. The set clesest to the source ranged from 9 to 30 em and the
set far from the source from 21 to 42 em, There was no discrepancy between the

parameters @ and £ using these two sets.

5.3 Errors in the Diffusion Parameters

The errors in the quantities Q? - §2 and 20t were estimated from the values
of @ and £ using standard techniques. The errors in the Pn of equation (8) were
estimated from the least squares fit to a power law in the usual way and the
errors in the diffusion parameters were estimated from expressions of the form (9)

and the errors in Pn'

6. RESULTS AND DISCUSSION

Table 1 lists the eighteen frequencies investigated and the values of the

phase shift and attenuation constants « and €,

The results for o and £ are those evaluated from spatial points lying between
21 and 42 cm from the source. As indicated in Section 5.2 above, they are
apparently independent of the range of distances from the source over which the
measurements were carried out, for distances greater than about 9 em, However,

since in Be0 the lowest attenuation constant associated with the sub-Bragg



10.

contimuum is less than that associated with the lowest discrete mode, the sub-Bragg
continuum should dominate at large distances from the source, and the effective
values of & and & should change with distance. Therefore either the source
conditions are such that the contributien from the sub-Bragg contimaum is too low
to be significant, or else in the spatial region investigated, the discrete mode,
sub-Bragg continuum and elastiec continuum combine to give a mede of propagation
which is net significantly different from a disecrete mode. Thus the distance range
over which the present values of « and E were determined has been given in some
detail; this range was chosen to be as far as practical from the source to obtain

the maximum contribution from the sub-Bragg contirnuum,

The parameters & and £ are plotted as functions of frequency in Figure 4 where
they are compared with values of & and £ estimated from one-group theory using the
values of the coefficients DO and ﬁE& found for the same block of material by the
pulsed method, Tt should be emphasised that the parameters in this figure are
referred to the experimental density, p = 2.87 g em >, and not p =2,96 g ocm >,
since the parameters & and £ do not depend simply on the density, unlike the
parameters of - 52 ( proportional to pz) and 2at (proportional to p).

2

Curves of 2ct and @ - gz normalised to p = 2.96 g em™>

‘and corrected for the
normalised transverse buckling of (5,13 * 0,09) x 1072 cm™® are shown in Figures 5
and 6, Also shown in these figures are some theoretical curves from the work of
Wood (1969a) and some based on one-group theory using parameters derived from the
pulsed experiment (Ritchie 1968a), Figure 5 shows that Wood's calculations
overestimate the slope of the 2Qf curve by 15 per cent, while the agreement between
the one-group theory and experiments is much better, This is to be expected since
one-group theory shows the slope of the 2at curve is l/DO while the slope of the
l(BZ) curve is just Do' The overestimate by Wood is not too surprising in view of
the way similar calculations (Wood 1969b, Tewari and Trikha 1988) have underestimated
the slope of the l(Bz) curve. Ritchie et al., (1970) showed that when the elastic
cross section was corrected for the extinetion effects likely to occur in the
crystallites of the BeO sample (Zhezherun et al., 1964) the coefficient Do was
inereased by about 10 per cent and better agreement was obtained between the
theoretical and experimental k(Bz) curves. A similar correction to the elastic
cross Section used in Wood's caloulation of 20 would increase D0 and improve the

agreement between theory and experiment,

It is at once obvious from Figure 6 that one-group theory gives a poor fit
to the experimental q? - 52 curve, as expected sinece one-group theory is correct
only to zero order in the frequency. The second order term, according to the
perturbation approach of Perez and Uhrig (1963) 1s of the form wz G/Di, where C
is the diffusion cooling constant of the R(BZ) curve and reflects thé departure of

the energy spectrum from a Maxwellian, Since C eontains a term which depends on
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the second moment of the scattering kernel, the departure of o? - 52 from the one-
group result is quite sensitive to the phonon frequency distribution used to
describe normal modes of vibration in the BeO. This ean be seen from the
calculations of Wood (1969a) in which three different phonon frequency distributions

were used, Of these, the calculation using a Debye spectrum with 6 = 855°K (curve

D
C in Figure 8) is closest to the experimental data. That using 6, = 1200°K is
little different from the curve obtained using Sinelair's p(B) (curve A in Figure 6)

and overestimates the experimental values of O? - Ea.

The reasonable agreement with experiment of the theoretical O? - §2 curve based

on the Debye spectrum with 8. = 855°K, is somewhat misleading. If the Do value

associated with Wood's calcu?ations were increased to improve the agreement between
the . theoretical and experimental 20 curves, there would be a marked change in the
associated theoretical Q? - gz curve, For example if Wood were to take extinection
effects into account, D0 would increase by about 10 per cent, but the coefficient
of m2 in the O? - 52 curve would change by about 30 per cent. Thus the o? - &2
curve based on the QD = 855°K spectrum would fall below the experimental points,
while the curve based on Sinclair's frequency spectrum would show better agreement
with experiment., This ability to obtain essentially a diffusion parameter (Do)

from the 20t curve and a thermalisation parameter (C) from the o?

2 \
- & curve is an
advantage of the sine wave experiment over the pulsed experiment.

Table 2 lists the coefficients of w?n and w2n+l

obtained when o? - 52 and 20t
were fitted with polynomials in ®, In each case a two parameter polynomial provided
the best fit to the data. Such a fit to a power law in « is valid, but as has been
peinted out by Duderstadt (1968) the interrelations (Perez and Booth 1965, Michael
and Moore 1967) between these coefficients and those derived from a R(BE) curve

are not valid since the condition | «v/(iw + vzt)‘l < < 1 does not hold for all
energles in polycrystals in general and BeO in particular, However, for the sake
of completeness the parameter la’ the coefficient Do’ the diffusion cooling
constant C and the diffusion length I. have all been derived from the polynomial
coefficients and compared with those parameters derived from the pulsed experiment
(see Table 3). There is good agreemenﬁ between the parameters la and L, but Do

and C are significantly larger in the case of the sine wave experiment, This is
also shown by Figure 5, where the slope of the 20 curve derived from the pulsed

parameter 1s greater than that of the present experimental results,

The fact that the value of D0 found in the wave experiment was high by about
9 per cent could indicate either that intercomparison with the pulsed experiment
is invalid since | xv/(iw + vzt) | ~ 1 for velocities just below the Bragg cut-
off or that there was some contribution from the sub-Bragg continuum. Such a
contribution would weight the energy spectrum towards a region of large mean free

path and produce an effective D0 greater than that associated with the discrete
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mode. The good agreement of the parameter la from the two measurements is
consistent with the perturbation treatment of Michael and Moore {1967) which shows
la is independent of any continuum contribution if ﬁa varies as l/v. Similarly the
parameter L from the wave experiment should be higher than the pulsed experiment if
there is any continuum contribution, This is 50, but the difference between the two

results is not significantly larger than the errors,
7. CONCLUSTONS

The experimental results for @ and £ were found to be independent of the
distance from the source for distances greater than 9 cm, This suggests that an
asymptotic mode existed over the spatial range investigated in the Be0 sample.
However, the markedly high (by about 9 per cent) value of the parameter D0 derived
from the sine wave results compared to that derived from a pulsed experiment in the
Same sample of BeO, indicates that either the diffusion coefficients derived from
the two experiments are not really comparable, or that an asymptotic mode was not
in fact established. Both effects are probably present, since in BeQ both
| wv/(iw + vEt) | ~1at v = vy end the smallest attenuation rate of the sub-Bragg
continuum is less than that of the disecrete mode,

In view of the possible contribution from the sub-Bragg continuum the present
results should be interpreted as measurements of the effective phase shift and
attenuation constants of a predominantly thermal neutron wave in Be0. An adequate
theoretical analysis probably requires that the actual experimental geometry and

Source conditions be taken into account.

Because of the uneertainty in comparing parameters derived from expansion of
¥ and € in terms of the frequency with those derived from the expansion coefficients
of the buckling B2 in the l(Bz) relationship, there seems little point in generating
the relationships 2ot and o? - 52 when comparing experimental and theoretical
results. They only help in semi-quantitative judgements on whether the elastic
part (from 20t) or the inelastic part ( from oF - §2) of the cross sections used in
the theoretical calculations is more correct. In general it would be more
profitable to compare directly theoretical values of the amplitude and phase at
any point for a given frequency with the corresponding experimental values; the
quantities & and & should be used to parameterise the amplitude and phase only
when the parameterisation can be done unambiguously. For example the amplitudes
and phase shifts could be estimated from space-time distributions synthesised
using all (or as many as deemed necessary) of the eigenfunctions of multigroup
diffusion theory. Such an approach, which has already been used by Wood (196%¢)
in some graphite studies, eould take explicit account of the enefgy sensitivity

of the detector and of the energy dependence of the source used in the experiment,
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The poor agreement of Wood's {1969a) curve for using an elastic cross section
based on scattering by ideal polycrystalline BeO, and the much better agreement
obtained using simple one-group theory and the parameters derived from a l(Bz)
experiment in the same sample of BeO, indicates that the cross section used by
Wood is inadequate, Ritchie et al, (1970) showed that good agreement could be
obtained with the 1(132) curve for this sample of BeQ when the elastic cross section
was modified to allow for extinction in the crystallites of the sample. Any real
attempt to obtain good quantitative agreement between theory and experiment should
take detailed account of the physical nature of the sample being investigated. In
this particular case the change in the parameter D0 is about 10 per cent, which is
mich greater than the experimental error of about 1 per cent usually assigned to

this quantity in a pulsed or sine wave experiment,
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TABLE 1

Compilation of attenuation and phase shift constants for BeO

of density 2.87 g em™® for points lying between 21 and 42 em from the source

Frequency
o em™t Ny x 10% £ em™ At x 10%

Hz rad sec”?!

0.0 0 0.,0772 10

52.4 329 0,0800 10 0.0130 2
103.4 650 0.0837 10 0.0261 2
109.9 691 0.0840 10 0.0269 3
159.5 1002 0.0862 10 0,0370 4
201.2 1264 0,0920 10 0.0460 4
229.3 1441 0.0952 lO_ 00,0501 5
260.6 1637 0.0990 10 ¢.0559 4
292.92 1840 0.,1020 10 0.0595 )
304.5 1913 ©.1020 10 0.0608 5
306.7 1927 0.1032 10 0.0609 5
326.0 2048 0.1076 1z 0.0644 8
354,0 z2a2z24 0.1105 1z 0.0665 8
387.0 2431 0.1130 14 0.0719 8
420.7 2643 0.1180 16 00,0768 8
453.9 | 2852 0.1180C 20 0.0796 8
484.8 3046 0.1210 20 0.0830 10
506.1 3180 0.1220 30 0.0842 15




TABIE 2

Coefficients P_ derived from a fit to the functions oF - t?

and 2af with a two-parameter polynomial, normalised to density 2.96 g em™3

Fit to the Function & - £2 Fit to the Punction 20

P. (em™3) (6.48 * 0.07) x 1079 P, (em™2

Ps {em™2 sec®) [(2.5 + 0.3) x 1071° Pa {em™=

sec)

sec3)

(6.73 £ 0,08) x 1075

(0.21% 0.15) x 1078
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FIGURE 1. SCHEMATIC DIAGRAM OF NEUTRON SOURCE AND MODERATOR ASSEMBLY
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FIGURE 3. TYPICAL TIME DISTRIBUTION AND ITS HARMONIC ANALYSIS



(cm—!)

ol and E

ATTENUATION AND PHASE SHIFT CONSTANTS

§
i s ¢
008 i ] -

0-02 |— —

O-0Ol - —

o i | i I I ]
O o5 T e s 2:0 2'5 30

ANGULAR FREQUENCY x 103 (rad sec-!)

FIGURE 4. THE ATTENUATION CONSTANT @ AND PHASE SHIFT CONSTANT ¢ FOR
BeO OF DENSITY 2.87 g ¢m-3 AS A FUNCTION OF THE ANGULAR FREQUENCY w



2:5

2-0

-5
~
1
E
2
Ly |
o
X
Wn
¥ +O
™
05
o

-y

woob (19694) //
—— e — ONE GROUP THEORY /
. PRESENT RESULTS / }
/ ¢t
/
VK
s ¥
/
/ ®
/
/3
s
//ii
/s
/
/)
/'y
/
/

| l l

i 2 3
ANGULAR FREQUENCY x (0-3 (rad sec-!)
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