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ABSTRACT

The amplitudes and phases of neutron waves have been measured in a
BeO assembly 1In the frequency range 515.7 Hz to 1719 Hz, The results
confirm ealier measurements that below ~ 520 Hz the neutron wave has the
properties of a discrete mode of propagation, At frequencles 2z 720 Hz
the attenuation of z) and phase shift parasmeters &(z) change with distance
from the source, the change being more marked the higher the frequency.

The observed spatial variations of of z) and t(z) do not agree with
present theoretical predictions. Interference effects predicted by

theory have not been observed,
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1. INTRCDUCTICN

In a previous paper (Ritchie and Whittlestone 1971) the results of
a neutron wave experiment in Be0O in the frequency range 0-500 Hz were
reported, The results indicated that from 9 em to 42 em from the source
in a block 60.96 em long the neutron wave had the properties of a
diserete mode of propagation in the sense that the attenuation and phase
shift constants did not change with distance, This was at variance with
the rather simple minded approach that,sineg In BeO the sub=-Bragg contlinuum
(Duderstadt 1968, Williams 1968) is less attenuated with distance than
the diserete mode it will dominate at large distances from the source and
the wave properties will, in general, change with distance from the source,
However, the attenuation constant o; and the phase shift constant ¢ of
this apparently discrete mode of propagation, were not in good agreement
with the caleculations of « and t for the discrete mode (Wood 1969) and
more Importantly the thermal neutron diffusion parameters derived from
the disperision relations were not, in general, in agreement with the
diffusion parameters derived from a pulsed expériment in the same block
of material (Ritchie 1968), In particular, the diffusion coeffiecient
from the wave experiment was ~ 9 per cent higher than that from the pulsed
experiment and could represent some contamination from the sub-Bragg

continuum mode,

Wood (1971) has also reported some calculations of the effective
propagation.constant p(z,u$ for BeQ as seen by & 1/v detector when the
source has é Maxwellian distribution of energiles., He shows that of z)
and g(z) do in fact vary with distance, the variation inereasing with
increasing frequency, For example, at ® = 2048 rad/sec (£=325.9 Hz)
¢(z) changes by ~ 8 per cent and ofz) by ~ 6 per cent over the range
10 to 40 em from the source, Such a large change is not really
consistent with the experimental results which showed that in this
frequency range the parameters ¢ and't evaluated from sets of points 9
to 21 em and 21 to 42 omrfrom the source agreed within the experimental
errors of ~'1 per cent, It is clearly of interest to measure of z) and
¢(z) with greater precision to verify this apparent discrepancy between
theory and experiment and find the frequency above which the experimental
results do show ofz) and E(z) to vary with distance,

Interference effects have been noted in wave experiments in graphite
at frequencies in excess of ~ 350 Hz (Utsuro et al, 1968, Takahashi and
Sumita 1968a) and have been attributed to the interference between a



z,

sub-Brageg and a thermal wave, Such interference effects have been
reproduced theoretically using both simple two group theory (Utsuro and
Shibata 1967, Takahashi and Sumita 1968b) and. diffusion theory with a
one term degeneraté kernel (Nishine and Akcasu 1970), Interference
effects in Be0O have also been predicted by Wood and Lawrence (1971) and
should appear in the range 489 s f £ 1400 Hz and 25 s z £ 55 ems, in an
assembly of transverse buckling 0,0048 cm-2 which is very close to that
of the BeO assembly previously ilnvestigated,

This paper reports some neutron wave experiments in Be0 in the
frequency range 515.7 Hz s £ 5 1719 Hz, The experlments were designed
primarily to note those frequencies at which the wave propagation was
no longer compatible with a discrete mode of propagation but were also

such that any pronounced interference effects should be measurable,

2, EXPERIMENTAL METH(D

The equipment used was essentially the same as that described in
Ritchie and Whittlestone (1971)., However, rather than use the
sinusoidally modulated source deseribed previously, the square wave
modulation system Installed on the 3 MeV Van de Graaff accelerator
(Fraser et al, 1968) was used to produce square pulses wilth uniform mark
space ratio, Apart from simplifying'operation of the experiment, this
increased the ratio of the fundamental frequency component to the average
neutron density by a factor of JF§: and permitted maximum utilisation of
the beam current available from the accelerator., The fundamental frequency
component was extracted by harmonlec analysis of the measured time
distributions,

As in the previous experiments, a cadmium shutter could be inserted
between the Be( stack and the modulated neutron source, The wave
measured with the shutter in place (the epl-cadmium wave) was subtracted
from the wave measured with the shutter out (the total wave) to obtain
the wave whose component neutrons had energies less than the cadmium
cutoff (the sub-cadmium wave). The spatial distributlons were again
normallsed using a fixed cadmium covered detector buried in the polythene
moderator., However, rather than carrying out a measurement at a given
point for a fixed monitor count, the duration of the run at each point was
determined by the integrated count from the movable detector, This
technique allowed reasonably good statistiecal accuracy to be achieved
when the movable detector was far from the source and avoided excessive

data accumulation at points close to the source, Typical values chosen



for this integrated count were 2.7 X 106 whgn the shutter was out and

9 x 105 when the shutter was 1n place,

Experiments were carried out at five different frequencies - 500.0,
714.2, 952.4 {three measurements), 1428,5 and 1666,7 Hz, The
L17(p,n)Be7 reaction was used as the neutron source throughout ( incident
proton energy 2.0 MeV and thick lithium target). The polythene
moderator was two inches thick in all cases except for one of the runs
at 952.4 Hz where it was increased to three inches, The detector was
again a 20th Century 1/4 inch diameter BF_ detector mounted with 1ts

3
long axis parallel to the ineldent beam direction (z-axis) .

3. ERRCHS

Errors in the neutron detection system, and the derivation of
statistical errors in amplitudes and phases from the tlme distributions
have been discussed in detail previously (Ritchie and Whittlestone 1971)

Becalise measurements at a given frequency took between 48 and 72
hours, long term changes In the neutron production system were more

important than in the previous measurements, The chief factors were:-
(i) Variation of beam enefgy
(ii) Target deterioration
{11i) Deuterium contamination of the proton beam

The accglerator potential was stabilised using the generating
voltmeter as described by Whittlestone (1968). Operating with up to
250 pA beam current it was possible to hold the potential within & keV
of 2,00 MeV, over 48 hours, resulting in errors of # 0,25 per cent in
the normalised amplitudes, The correspording error In phase was less
than 0,001 radians,

It was observed that the lithium target yield declined by about
50 per cent during the first 48 hours of use, thereafter remaining
steady. A comparison of the d.c. components of experiments with new and

old targets revealed no systematic changes from this cause.

The palladium leaks used to supply gas to the lon source of the
accelerator do allow a certaln amount of seepage when normally switohed
off, the amount of leakage varying slowly with time, This resulted in
contamination of the proton beam with deuterons and hence a variable
amount of high neutron energy contamination (up to ~ 17 MeV) from the

7 _
Li (d,n)Bea reaction, This gives rise to two possible sources of error,



(1) Systematic changes in the sub-cadmium neutron wave from

experiment to experiment because of the changes in source condition,

(2) Changes in the normalisation within an experiment because of
the different sensitivity of the monitor and movable detectors to the

epl-cadmium component of the source.
An estimate of these effects can be made in the following way:

Let E be the count rate of the detector In the BeO when
it 1s closest to the source and the cadmium shutter

is interposed between the source and the stack,

T be the count rate as above when the shutter is

removed,

Then S=I'-E 13 the count rate from the detector corresponding to

the sub-cadmium component of the source,

The subseripts p and d will denote a neutron source due to the proton
and deuteron reactions respectively, The cadmium ratio R 1s defined

as:
R = (Tp + Td)/ (Ep + Ed)

The ratio T/E has been measured to be 1,20 for neutrons from the
Bg(d,n)Blo reaction in experiments having a closely similar experimental
configuration (Whittlestone 1968) and it 1s assumed that this ratio will
not be too different from the ratio Ry = Td/Ep for neutrons from ths
L1'(d,n)Be® reactions. Values of R found during the experiments varied
from 5.44 to 5.18 at the polnt closest to the source, Assuming that the
largest cadmium ratio corresponded to zero deuterium contamination, that
is taking Rp to be 5,44, then the fraction of the sub-cadmiv.a count
rate Sd/Sp that can be attrlbuted to the fast neutron source for the
experiment with most deuterium contamination (R = 5,18) 1s 0.0028 (see

Appendix A) .

An independent check of this ratilo Sd/Sp was obtained by measuring
the count rate with the shutter removed when the proton energy was Just
below the Li7(p,n)Be7 threshold, which should give Td, and the corresponding
count rate at a proton enérgy of 2.0 MeV which should give Td + Tp.
Assuming the values Rp and Rd quoted above then two such measurements
yielded cadmium ratio values R in the range found experimentally and

Sd/Sp values of 0,00011 and 0,0015. This implies that the percentage



conktribution of fast neutrons from Li7(d,n)Be8 reaction to the sub-cadmium
count rate was less than about 0,28 per cent, Although the measured wave
is not a dilserete mode 1t clearly consists of modes with a predominantly
thermal distribution of energies and since the sub-cadmium neutrons from
both reactions are essentlally thermal, any systematle errors arising
from the higher energy contamlnation of the source should-be second order

and are conslidered negligible,

Pecause of the partial cadmium cladding of the monltor detector
the ratio of the count rate due to the high neutron energy contaminatlon
of the source to the count rate due to the low energy neutrons, Md/Mp,
will lie somewhere between Td/Tp and Ed/Ep. For the experiment with
the highest deuterium contamination (R = 5.18) Tdpr was 0,014 and Ed/Ep
was 0.061 which implies that the monitor count rate could change by up
to 6 per cent depending on the deuterium contamination in the beam,
Long term errors in reproducibility of a few per cent have been attributed
to this effect. It was possible to eliminate these changes 1n amplitude
normalisation by a process of 're-normalising'! the wave amplitudes. The
t.ime averaged amplitude at each position was taken to be the mean of the
measurements of the time averaged amplitudes from five experiments. The
wave amplitudes were then multiplied by the ratio of the mean time
averaged amplitude to the time averaged amplitude assoclated with the
given measurement. This technique resulted in reproducibility of wave
amplitudes in the range 0,5 per cent to 1.0 per cent at positions close

to the source,

The errors in the wave amplitudes calculated by the fitting program
varied from 0.1 per eent at 515.,7 Hz for positilons eclose to the source
to 25 per cent at 1718,9 Hz for positions distant from the source, and
the errors in phases from 0,003 radians to 0,15 radians., In view of the
discussion in the previous paragraph, the errors calculated for points
close to the source were unduly optimistic., A minimum error in the phases
and re-normalised amplitudes was established for each experiment on the
basis of tﬁe reproducibility of measurements from points within 17 cm of
the source. Where the calculated error was less than this minimum error,
the error assigned to a given amplitude or phase was Increased to the

minimum error,

The final estimates of the errors 1n amplitude ranged from 0,5 per
cent to 3 per cent 7.6 cm from the source ard fromll.s per cent to 25 per
cent 47.6 em from the source, The corresponding ranges of error in phases
were 0,007 to 0.02 radlans and 0,015 to 0.15 radilans,



4, RESULTS AND DISCUSSICN

The experimental amplitudes and phases are given in Table 1 and
figures 1 and 2. They have been normalised to the standard reference
density of 2.98 cmhs by applying the appropriate density corrections to
the frequencies (w = w' x p/p') and distances (z = z' x p'/p), where
the dash indicates the experimentally measured quantity, Experiment B
at 982.3 Hz was carried out using three inches of polythene moderator,

while all other experiments were carried out using two inches of polythene,

To determine the frequences for whilch a discrete mode of propagation
15 compatible with the expérimental results In the sense that o and £ do
not change with distance, "local' attenuation and prhase shift parameters
{figures 3 and 4) have been obtailned from a least sguares fit of the
data over approximately 10 em intervals to the form

R(z)eiﬁ(z) = Aeie(e-pzue-p(zL_z)) .. .(1)

where z = distance from source
R( z)

)

amplitude of the wave

#(z) = phase shift of the wave
L = extrapolated length of the Be0O assembly
po= a- 1t
where a = attenuation parameter
€ = phase shift parameter
A and @ are constants which depend on the amplitude and

phase of the wave at z=0,

It should be noted that the quantities of z) and £(z) shown in fipures
3 and 4 are the o and ¢t parameters derived from the intervals z to z + NZ
where Az < 10 em and hence are not all statistically independent. This

requires some care in the interpretation of the figures.

It i1s apparent from figures 3 and 4 that o and ¢ vary continuously
with distance from the source at frequences of 982.3 Hz or greater,
while both parameters vary only slightly at 515.3 Hz., As an additional
criterion for compatibility with a discrete mode of decay, the abllity of
the A(z) and @(z) data to conform with the expression (1) over the
dlstance range 9 to 47 em from the source was used, Analysis of the
fits proved that the results of the 515.,7 Hgz experliment are consistent
with a discrete mode of propagation (P(x?) = 0,39) in agreement with
previous findings(Ritchie and Whittlestone 1971), but that the results of
the 736.6 Hz experiment are not (P(x?) = 0,012) .



The extra inch of polythene used in experiment B at 982,353 Hz had
no measurable effect on the time averaged component of the neutron wave.
Using the method described in appendix B, the spatlal variation of the
amplitude of the time averaged component measured using three inches of
polythene moderator was found to be compatible (P(x?) = 0,45) with the
mean of the other two experiments where the errors on the, amplitudes were
~ 0,5 per cent in all cases, Howeﬁer, the amplitudes and phases of the
fundamental wave measured using the thicker polythene (experiment B} were
significantly different from the propertles measured using the thinner
polythene (experiments A and C). This can be noted in figures 3 and 4
where the result of experiment B showed less variation with distance then
those of A or C. Agaln using the method of appendix B it can be shown
that experiment B is not compatible (P(x?) = 10'5) with either A or C
whére A and C are consistent with each other (P(x?) = 0.,14) as 1s to be
expected,

The deviation of the wave parameters measured at 982.3 Hz from a
discrete mode of propagation can be quantified in the followlng way.
Both of z) and #(z) can clearly be fitted with the form

of z)

azz'+ bz + o,

¢( 2)

It is also elear that the first order term b will be very small and that
the second order term, which will be close to the curvature of the curve,
will provide.an index of how much o z) or &(=) deviate from a constant,
The second order terms along with the cadmium ratios for the experlments
A, B end C are given in Table 2, It 1s evident that the wave parameters
from the experiment with the thilcker polythene vary less with distance
than those measured using the thinner polythene, This result is somewhat
unexpected as the thicker polythene leads to a source with a significantly
higher cadmium ratio (11,2 compared to 5,3) and hence, one would expect

a higher sub-Bragg component and hence a more pronounced deviatlon from an
apparently discrete mode of propagation,

FPigure 5 shows the spatial variation of the local attenuation and
phase shift parameters at a frequency ~500 Hz compared with those
predicted by Wood(1971) for a Be0 assembly of similar buckling, The
experimental ofz) and §(z) have been derived from non-overlapping spatial
intervals and hence are statlistically Independent parameters, The

feature of interest in this figure is the qualitative agreement In the
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spatial variatlon of those parameters, which should be little affected by
the lower frequency, 506.1 Hz compared to 515,7 Hz, and lower buckling,
0.00483 c:m"2 compared to 0,00513 ém-z, used in the theoretical calculations
compared to those used In the experiment, It can be seen that theory
predicts a variation with distance not seen in the experimental results,
This is particularly true of the parameter of z) which theory predicts
varies by a total of ~ 11 per cent over the distance range 2 - 35 am
whereas experiment shows it to be constant within the errors of <1 per
cent, The increasing @(z) predicted by Wood would also indieate an
interference minimum at z > 40 em from the source of which there 1is no
sign in the experimental results, It should be noted, however, that
Wood's calculations assumed a source with a Maxwellian distribution of
energles, The experimental results of Utsuro et al, (1968) and indeed

the present experiment at 983.2 Hz indicate the sensitivity of measured
wave parameters to the source conditions, Hence 1t would seem most

likely that a major cause of the discrepancy between theory and experiment
1s the over simplified representation of the source conditions assumed in
the theoretical calculations,

Figures 6 and 7 show the experimental amplitudes A(z) and phases
#(z) at frequencies 515,7, 982.3 and 1473.3 Hz and theoretical
predictions at these frequencles derived from the work of Wood and Lawrence
{Private Communication 1971), Again there is poor agreement between the
spatial variation of these quantities predicted by theory and that seen
experimentally except in the case of Q(zl at 515.7 Hz, The theoretical
amplitude A(z) at 515.7 Hz shows a curvature not seen in the experimental
results while the theoretical A(z) and #(z) at 982.3 and 1473.3 Hz show
interference effects not present in the experimental results, Indeed
the theoretical @(z) show an interference effect typleal of Jjust two wave
interference, Wood and Lawrence give no detalls of the counter size
used in their calculations, Simple caleulations indlecate that the
counter length in the z direction will influence both the position amd
amplitude of Interference effects harticularly at high frequengies where
the parameter £(z) is quite large, an effect noted in the theoretical
calculations of Nishina and Akeasu (1970). Moreover, Wood and Lawrence
agsume once again a source with a Maxwellian energy distribution which
almost certainly is ilnadequate for the present system, It is worth
emphasising that unambiguous comparisons between theory and exper iment
in such experiments require that as much as possible of the source energy
distribution, source geometry, assembly geometry and detector size and
energy response be taken into account,



Figure 8 shows a plot of the dispersion relations for a neutron
wave in BeO derived from both the present and previous experiments
(Ritchie and Whittlestone 1971), The solid curve indicates that region
of the (a,t) plane where the attenuation and phase shift parameters of the
wave are not significantly different from those of a discrete mode in
the sense that any changes of these parameters with distance from the
source are less than the experimental errors, The shaded region of the
(a,8) pléne indicates that the values of ¢ and g found for the wave
depend on both the frequency w and position z, The transition reglion is
about 500 Hz. At or below 516 Hz the wave can be described by a discrete
mode while at 736 Hz or above it can not be deseribed by a discrete mode,
The elose similarity between the import of thils figure and the figure
for the effective 1(B2) relationship in BeO (Railnbow and Ritchie 1968)
should be noted,

5.  CONCLUSIONS

The bresent experiments confirm the previous observations that
below a frequency of ~ 520 Hz in BéO a mode of wave propagation exists
which has all the appearances of a dilscrete mode, This is at variance
with the theoretical predictions of Wood which show that at frequenciles
well below this the sttenuation and phase shift parameters should change
significantly with distance. Wood assumed a Maxwellian distribution of
energies in this source which 1is almost certalnly not true for the source
used in the present investigation, It is felt that this is the major
reason for the present discrepancy between theory and experiment. It is
suggested that further calculations are required both to investigate the
sensitivity of the paremeters of z) and &(z) to the source conditions and
to produce parameters that correspond more closely to the system descfibed
in the present set of experiments,

At frequencies greater than ~ 520 Hz the wave properties are no
longer consistent with those of a discrete mode of propagation. However,
there 18 nd sign of the Interference effects predicted by Wood and
Lewrence, Again since the amplitude and position of such interference
effects will depend critically on the inltial source conditions and the
size, orientation and energy response of the detectors it is suggested
that again further calculations are required taking more detailed account
of these parameters,
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APPENDIX A

' CADMIUM RATIOS
DERIVATION OF sd/sp, Ed/Ep AND Td/’I‘p FROM

The measured parameters are:

R

R
p

Hd

Sa

2]

O
p

rI|d /Tp

E d/Ep

[55]

[#2]

a8

(’I‘p + Td)/(Ep + Ed) cadmium ratio for the gilven experiment

Tp/Ep cadmium ratio with proton beam only
Td/Ed cadmium ratio with deuteron beam only
Pd - Ed
rl\ - E

P

5 may be solved to yleld:

(1 - R/Rp)/(R/Rd -
(R - Hp)/(Rd - R) |

(#5) (%)







APPENDIX B

Direct comparison of two wave experiments 1s not possible because
the amplitude and phase at the origlin depend on the position of the
monltor counter in the polythene and the smount of polythene used, To
determine the probabillty that two experiments are compatible, the
amplitudes of one experiment are multiplied by a factor f, while a zero
position phase shift 6 is edded to the phases, f and ¢ are chosen to

minimise the sum:

N 2 ‘ 2
g Y 2 2 2
i | (8A)° + (£ 8B) (8g,)" + p,)
where the summatlion 1s over all the N space points

Ai and gi ere the amplitudes and phases of one experiment

Bi and My are the amplitudes and phases of the other
experiment

x? has its usual significance,

P(x?), the integral of the x? distribution for 2N-2 degress of freedom

from xz to infinity, gives the probability of obtailning the observed

or & larger value of xz.






TABLE 1

Compilation of amplitudes and phases from
neutron wave experiments in BeQ, at frequencies
515.7, T36.6, 982.3, 1473.3 and 1719.0 _Hz,
normalised to a density of 2.96 g cu™”.

FREQUENCY 515.7 HZ
POSITION AMPL ITUDE ERROR PHA SE ERRCR
M - RADIANS RADIANS
7.35 10.720CC C.1C0CC 1.282 0.020
7.35 10.5900C C.100C0 1.235 0.C20
9.77 7.59400 C.CEACO 1.431 0.C20
12.20 5.72720 €.057CC 1.7¢3 0.C20
12.20 5.63650 C.05730 lebbé GsC20
14,62 4.1738C 0.24300 1.E876 C.C20
17.05 3.0283C €.C28C0 2.12¢C C.C20
17.05 3, 0083C ¢.029C0 2.101 0.020
19447 2.194QC C.021C0 Z2.321 C.C20
21.899 160770 Ca.n1400 2.56% £.C20
21.89 1.5RE50 C.016C0 2.546 C.C20
24,32 1.1651¢C £,.012¢0 - 2.1176 C.C20
26. T4 0e B5CGE "Co206E0 3.(13 C.020
264 T4 0e84543 Q.NCH20Q 2.666 CeC20
29.17 0.62643 C.O0580 3.23¢C 0.020
159 N0.46220 C.CCHEC 3.481 0.C20
34,01 D.34036 £,LN53C 3,682 C.C20
3h4 b4 0.26065 0400480 3.659 0.020
164 b4 Ne2456S C.NC5Q0 3. £82 C.020
38. 86 N.18691 0,00410 4.128 C.C20
41.29 0.13602 (CL,00310 44,351 0.020
4}.29 O.Ll363C CL.00310 4,338 0.620
43,71 0.10155 C.C0220 4,522 €.020
46413 0.07445 C.0ClE80Q 4,482 C.C20
46413 0.07168 0.00170 4,673 0.C20
FREQUENCY T36.¢ Rl

POSITION AMPLITUDF ERR OR PHASE ERRCR
M RADIANS RADIANS
T7.35 10.4120C C.0B7CO 1554 0.C0O7
14,62 3.5165C C.N3500 2.289 0.007
17.05 2.421CC C.02300 2.568 C.CO7
17.05 2.43490 €.027200 24557 C.CO7
19.47 1.6B£6C 0.017C0 2.624 0.C06
21.89 1e 14660 C.N120C 3.11¢ ¢.C06
24432 0.76786 C.CCAZN 3,386 0.C06
26, T4 0.54 869 C.CCOHON 3.668 C.CO7
26,74 0455246 C.OCHCT 3.661 C.CO7
29.17 0.38%31 {.nC4CQ 3.54C 0.Cl0O
31.59 0.26821 €.50250 44215 C.C10
34,01 0.18747 0,07180 44459 C.012
364 44 0.1371C C.001 49 4.777 0.C12
364 44 D.13612 0.00140 4,782 C.C12
61,29 D.N6T34 C 0080 5.328 2.C13
41,29 0.06FEC C.OCOSD 5.31% .C13
43,71 D.N4919 C.NCNE2 5,556 C.Cl5
46,13 0.03484 £,0C0E2 5.773 C.015
46413 DeN3E31 C.OCNED 5.773 0.Cl8






TABLE 1

FREQUENCY

Contd.

982.3

POSITION AMPL ITUDE

C™
Te35
.77

12.29

12.20

14.62

. LT7.05

17.95

19.47
1.89

21.89

24,32

26474

26. 74

31459

31. Sq

BN RS

364 44

FbHe 44

41.21

41,29

43.71

46413

FREQUENCY

8.8528¢
5.85600
3.8636C
3.8558(
2.5223C
1. 63030
1.65450
1.9814C
0. 70677
0.70024
0.45726
0.3051C
0.30363
0.13524
0.136C4
0.06221
0.0626¢
0.06373

0.02672

0.03044
D.02119
0.01223

982.3

POSITION AMPL ITUDE

cM

Te 35

T35

.77
12.20
12.20
14d. 62
17.08
19.47
21.389
21.89
24432
2b6. 74
29«17
2} .59
31.59
34401
3he b4
36, 44
38,86
41.29
3. 71
G641

'10,40000

10.,2060C
6.7750C
4.48120
4.47370
2.95000
1.95220
1.27CSsC
DaRGE4H2
N0,85100
0.564E2
0.38457
0.247CC
Nel6570
0.1673¢C
0.1098S
D.17656
0.07780
004811
N.03756
0.0246¢
0.01895

kZ A
EFROR

C.043C8
C.032100
0.032200
C.02200
C.016CC
C.211C0
C.Cl1CO
C.CC77C
C.rC57G
0.004C0
€.30280

n.C02¢C6.

0.0a189
C.nCOSO
c.00C1 02
C.0Cn?7
C.CCO57
C.3CCHT
C.000730
C.0C0029
C.00023
C.00019

A
ERROR

C.050C0
C.C7T00Q
C.C4700
C.02800
C.C3000
¢.C1900
€.01300
(0950
GeNOESC
C.CCHAT
C.0C47N
Ca 203230
C.C02320
C.INLBN

«20170
0.701 30
C.NCTSC0
Ca2C092
C.CON70
C.NN0OBH
C.0CH37
C.CN30

PHASE
RANDTANS
1.84])
2e134%
2 o426
2.426
2.728
3.C12
3.C32¢6
3.356
3.671L
3.685
4.Cl4
44336
44355
5.0268
S.C12
5.34¢8
5.676
5.665
Ha311
6.314
E.E158

6,857 -

PHA SE
RADIANS
2.114
241C4%
2408
2.715
2,718
3.L35
3.354
4677
4.C12
4. CC8
4a347
babb

H5.341
5.667
h.(C2
6.CCl1
he382
64635
7.C84
7.2’57

ERRCR
RADIANS
G.CGT
CeCO7
0.CO7
N.CL0
0.C10
C.Cl0
C.Cl0
C.010
O.Clo
0.C10
G.C1l0
C.ClD
C.q10
C.Cl0
0.G10
t.Cl0
0.Cl0
0.C10
CeClO
0.C10
g.Cl0
0.01%

ERECR
RADIANS
0.Cl4
C.C19
C.Cl3
C.C10
C.C1l0
C.C10
N.C10
C.Cll
0.C12
C.013
0.GC23
0.C19
0.020
0.015
C.Cl7
C.Cl5
0.C1l2
C.012
t.Cl8
Ne 020
C.C25
€.C30






TABLE I

FREQUENCY

Contd.

982.3 rZ C

POSTITION AMPL ITUDE

CHM
Te 86
10.292
12.71
15.14
17.54
" 19.93
224 41
24.83
27.254
29. 68
32.19
34.53
36.95
39,38
Il’lo 8’1
b, 22
45465

5.986CC
4. 05080
2.69400
1.7261C
1.122C0
0.71500
0.47€55
0.31235
0.20806
0.13450
0.09C96
0e06189
0.04161
0.02772
0.01941
0.01244
0.00578

FRR R

C.0€E5C0
C.06030C
G.05500
£.0320C0
Ce24CH
C.C1700
C.T1340
C.CC7CO
C.0C3320
C.3C25H0
C.0C1 50
0.03135
C.aC0ss
C.00070
C.0C050
€.00035

£.0003C

FREQUENCY 1473,.2 ¥Z

POSITION AMPL ITUDE

M
7.35
7435

7«35,

Q.77
12,20
12.20
12.29
14.62
17.05
17.05
17.05
19. 47
21l.39
21.99
2).99

24432
26. T4
?6. T4
26 74
27,17
31.59
14,01
36414
a8, 36
T hl.29
1‘1. 2()
42,71
46,13

5.2316¢
5.23571
5.26000
3.16590

. 1.8%568C

1.8844Q
1.8920C
1.10€2C

0462714

0.6544S
0.65015
D.38726
0.22421
Da2251C
0.223C0
0.13456
0.07¢15
0.08420
0.08290
0.05247
0.03524
0.722304
0.01636
0.010€2
D.00752
0.0073C
0,005865
0.Nn0344

ERRDOR

£.02823
0.031¢3
C.02845
C.013C5
0.01659
C.014S8
0.01305
0.0C928
0.00651
0.0CT79
0.0C661
0.0C478
0.70384
0.0C35)
0.0C353
C.0(280
0.0C219
£.00219
C.N0214
0.001 74
C.0C139
C.006S7
C.0C096
8.00973
C.ICOE5
c.ncns2
C.0C042
0.0003]

PHA SE
RADIANS
1.668
24152
24445
24741
3.02C
32.35¢
3.687
4.C13
40341
4.586
5.C3C
5357
5.66%
5.58]
6.268
G.815
6.887

PHASE
RADIANS
24330
2.316
2.65%
2.017
3.LCE
3.C02¢G
3.361
3774
3,779
3.775
44193
44603
4.626
4624
5.114
545471

54523

5.51G
6.C21
6.388
5.811
7.224
" 7.576
7.656
8.C22
8.458
8.783

ERRCR
RADTANS
C.CO8
0.008
- C.C08
C.GC8
0.G08
c.C08
C.Cl0
C.C10
0.012
C.Ci2
NeCl4
C.Cl6
0.020
0.C20
0.G26
C.026
0.030

ERRCR
RACTANS
O. 608
0.C07
0.C06
0.Cl4
0.007
C.C06
0. CO5
€.G06
0.010
0.C11
0.C10
0.C15
0.€20
0.€20
0.C20
C.C20 .
. 020
0.C25
0.025
0.C25
0.025
0.€25
.025
0.025
C.C25
C.C30
0.030






TABLE I

Contd.

FREQUENCY 1716,¢ Hz

CPOSITION AMPL ITUDE

CH
T.36
7.36
T84
8.81
8. 8-1
B3.R1
8. 8-1.

12.21

12.69

13.66

14.15

Y4.63

17.05

17.54

18.94

19.48

19.48

19.95

21.99

22439

24433

24481

26,75

2Te24%

29.18

29. 66

32.08

34,51

36.93

38.19

41,78

43,04

46he63

2.827¢0
2.826060
2.70050
2412400
2.14000
2.15200
2.04030
0.9441¢
0.93960
0. 69650
0.64170
0.5327Q
0.29530
0.26770
0.19520
0.1545¢
0.15950
0.14860
0.07€72
0.07240
0. 0491C
0404710
0.02€77
0. 02450
0.015%4
0.01880

. 0.01€26

0.00774
0.00485
0.00321

-0.00187

0.00184
0.00120

ERROR

C.076CC
0.070060
C.06C70C
C.Ce000

0.,35659
C.08700
0.02100
Ca2100
C.02260
C.n2800
0.£19¢)
TeN1199
C.GCa5¢C
¢ + 008 1)
C.00770
C.00720
C.CC750

“d.0036C

C.0C430

-C.0C3C10

0.0C320
0.00219
0.0015¢Q
C.00180
C.0C14K0
000110
g.00103
C.00082

C.N006].

C.0C061
0.30053
C.CC03¢C

PHASE
RADIANS
2.G033
24041
2.C95
2.214
2.211
2.216
2.247
2123
2.727
2.614
24565
3.0G7
3.50¢0
3.58¢C
3.82¢C
3.638
34524
4. Cl4
4.522
44554

4,548

5.C17
5.513
Bebls
64134
6.169
b.T71
T+182
Teb28
T.688
8.644
B. 842
8.829

ERKCR
RADIANS
C.C10
0.610
0.C15
0.C15
0.015%
0.C15
C.C15
C.C15
C.C15
0.C15
0.020
0.C20
0. €20
C.C20
£.C20
C.C20
0. €20
0.620
0.020
0.020
0.020
0.C30
0.030
0.630
Ne G40
04640
0.650
0.050
€. C70
0.670
0.100
0.100
0.150






TAEBLE 2

EFFECT OF SOURCE CONDITIONS ON 982.3 Hz NEUTRON WAVE

Experiment Cadmium Ratilo Second Derlvat ivest
o' ' 2) em™2x108 £ z) om™~°x10°
A 5.24 61,6 + 4.8 128.6 + 5.6
B 11.45 45,6 + 7.0 34,6 + 8.4
C 5,18 63 1+ 13 143 + 10
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ATTENUATION AND PHASE SHIFT PARAMETER o (z) AND £ (2) (cm™)

{
014 | _
043 I~ ]
012 |- -
—— THEORETICAL { WOOD 1971)
f«506-1 Hz B2:0-00483 cm™2
§ EXPERIMENY ( PRESENT RESULTS )
011 b f=515-7 Hz BZ=0-00513 cm~2 -
———- FITTED EXPERIMENTAL VALUE
9em s 2 47 cm
010 |- -
0-09 |- —
0-08 1 1 I ] 1 I | [ |
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DISTANCE FROM FRONT FACE OF STACK (cm)

FIGURE 5. COMPARISON BETWEEN THEORETICAL AND
EXPERIMENTAL «(Z) AND z (Z)






S3IANLITdWY 1VDIILIIYOIHL ANV IVENIWINI4XT 40 NOSIIVAdWOD "9 3¥NOId

(N5 YMHIS 50 I2E4 INTHS WO IONHLISIC

BNA L pOs A8 p°ee An7 22 ﬁ.ﬂs
ﬁl..l..ll-l]tl.?u..l— LA R A e B A R S S B A NN BN B B M e B S | 2 L R A L R S St e B St e S e | J‘J._.l._..lﬁl__l._.l|_||q.1|mlk.m
F -

]
g EfP
~ e
> N / -
i ~. N |
j N RN .
- / 3 o
-
1 1o
2
AHO3H] 1
£ '
! HE" ]
1 IN3UIHIX . . ;
1 (ZH} AON3ND3YA S )
PO T N VR e R R U PR S ST s P W P P DM

F0NL 1LY ALY






SISVHd TVOI1I40IHL ANV 1VINIWI¥IIXI 40 NOSIAVIWOD "2 33nDI4

{H3) MJYLS 40 3084 INOHJ LOYd FONEIRIA
(A2 DS ANy AN 5 87 201 o

.
.-...-.m_.d-_._....al_..__..4..-._-.._-.._.__..-._.-q__.._..... DB

2 301
2 3 o2
- 3 pe
3 3 o
2 1 o5
3 1 o9
2 E
3 E
: g ]
. mm :
3 - g4l ¥t 4 0%
” - H £°296 2+
” - INFUIYAdX3 7°S1s *— ]
(ZH) AININBILS ]
,.......-..»........p..-...-,..—FL-......_rr-r.....hp.-.....r.-._ DQDH

(SNHIOBH) ISHH






1
3.0.10 R

PHASE SHIFT vSRARETER (CN-1)

2.5

2.0

1.5

1.0

UIS

0.0

A T T T ¥ T Y Y Y T T Y T T T T T T

FREQUENCY HZ
0.0 10522
753.3
982.3
1473.3 .

1713.0
o DI?ngCE FAROM SOURCE (CM)

o0OXx + X%

) S

1

PR L L X L i 2 1 L L | IR T 1 | i L 2 PR | i A \ L d

6.5 1.0 1.5 2.0 2.5 30610
ATTENURTION PARAMETER (CP-1)
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