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ABSTRACT

The S.G.H.W. experiments in DIMPLE, carried out between June end November,
1960, are desoribed and the resulis reported. :

Five cores have been examined, oontaining successively air, D20, H20 and two
HaO/DzO mixtures &s ocoolent simulant. Maocroscopic flux distributions have been
obtained for each ‘core and radiel and axial bucklings deduced. Fine struoture
variations in the activation of gold, manganese, lutecium and rhodium foils have
been measured and these data, together with other flux measuremente, have been
used to characterize the neutron spectra in the ocore.

The techniques adopted to handle H20/D20 mixtures are deeoribed and the
measures used to combat abnormal aluminium corrosion- are reported.

The S.G.H.W. fine,etruoture experiment on LIDO is desoribed and the measure—
ments of neutron temperature dependence on coolant temperature reported. :

*on attachment from D&E Group, Windsoale Works.

;On attachment from A.E.C.L., Chalk River. .

A.E.EO’
Winfrith. .

May, 1961‘0‘
W.3750 -




&

CONTENTS

-1+ .. Introduction

2. Experimental Programme

3. Critical Approaoches and Measurqments of Safety Data.

(4
(11
(411

Critiocal height
Worth of safety rods
Variation of reactivity with moderator height

4. Méasurements of Flux Distribution by Foil Activation

(1
(11
(111
(%v
(vi
(vii

Manganese wmonitors

Folil positions

Manganese reaction rate distributions
Material buckling end reactivity
Gold-manganese ratio
Lutecium-manganese ratio

Rhodium reaction rate distributions

5. Spectrum Characterization by Integral Measurements

(1
(i1
(411
(iv
(v
(vi
(vii
(viii
(ix

Interpretation of gold-manganese ratio -
Interpretation of lutecium-manganese ratio
Manganese ocadmium ratio

Gold cadmium ratio

Vanadium cadmium ratio’ .

Indium cadmium ratio

Fission chamber measurements

Boron ohamber measurements

Summary

6. Poerturbation Measurements

i

Cadmium absorber effectiveness.
YVoid coeffiocient in moderator

7. Engineering and Operational Features

(1
(i
(411

Fine control rod
Flux soanning. devioce
D20 handling

8. Aluminium Corrosion

9. The Fine Structure Stéok

(i

Introdustion
Oalandria tank end fuel ohannels



- TTTTA

(111) Irradiating the staok A . 41
(iv) The coolant circulation system : : . 41 -
(v) Measurement of temperature . : a1
(vi) Operation ‘ S 42
(vii) Diffioulties in operation : 43
(viii . Flux measurements : 44 . *
(ix) Results . oL 46
10, Aéknowledgementa , ' : 56
11. References ‘ 57
Appendix I Calendar of experiments ' : 59
II TFoil encapsulator _ 60 -
III Least squares fitting programme . 61
VI Determination of the resonance self shielding faotors in C ‘
gold and manganese 62
V The foil irradiation scheme 64
 TABLES -
1e Critical heights, safety rod worthé, otc. in cores 1 = 5 : 4 '
2. Delayed and photo-neutron yields and half—lives 5 -
3. Statistioal accuracies of the manganese flux monitora o 8
4. Co-ordinates of foil positions in the lattioce cell - 10
5« Macroscopic flux distribution parameters in cores 1 = 5 12
6. Fine structure factors for manganese activation 13
Te Gold/hanganese ratio fine struoture factors . : 18 & 19
8. Cadmium ratios and activation ratios in cores 1 - 5 _ 22 & 23
9, Perturbations due to the fine control rod . -34
10. Coolant temperatures in the fine structure ‘stack ' 47

11. Comparison of gold/manganese and lutecium/manganese ratios in the
fine structure. stack and DIMPLE . ] . 50

. 12. Lutecium/hanganese ratios in the fine structure stagk at different '
temperatures 51

13. Effective neutron temperatures at different coolant temperatures in )
the fine struoture stack . 53



1.
2.
3.
4.
5.
6.
Te
8.
9.
10.
11.
12«

13.

14.
15.
16.
17

48,
19,4
20.-

21,
22,
23.
24.

. 25

26,

FIGURES
Plan of reactor ocore
Measured and calculated flux decay curves
Foil positions in lattice ocell
Macrosoopic radial dlstribution of gold/mangenese ratio
Maorosoopic:axial distribution of gold/mangdneee ratio
Comparis;n of measured and'caloulated'values of ke
Radial fiqe structure of manganese aotivation in core 1 - 5
Axial fine structure of manganese activation in cores 1 - 5
Radiallfine.structﬁre of manganese activation at different heiéhts in cell
Axial fine structure of manganese aotivation at different radii in ocell
Redial hyperfine structure of manganese activation in core 3
Ratio of radial hyperfine to fine structure in core 3
Radial fine structure of gold/hanganeée ratio in bores 1-5
Axiel fine struotire of gold/manganese ratio in cores - 5
Radial fine structure of lutecium/manganese ratio in cores 1 = 5
Radial fine structure of rhodium activation in cores 1 -.5
Speotrum parameters in .the fuel in oorés 1~5
Speétrum varameters in the moderator in céres 1-5.
Reaotivity worth of cadmium absorber at different radii
Reactivity worth of an air void at’ different radii
Fine structure stack and lifting gear
Fine structure stack showing top header
Foil positions in fine sﬁruoture stack
Unbrella foil holder
Lutecium/b;nganese ratios in fine struoture stack

Variation of neutron temperature with coolant temperature in fine
s@ruoture staok



27. Foil encapsulator

' 28. Self shielding faotors for the gold and manganese resonances



1. Introduction

This report describes the experimental programme carried out &t A.E.R.E., .
Harwell in the DIMPLE reactor and with the fine structure stack on LIDO from June
1960 to Novenmber 1960. The experimental results obtained in that period are
presented and the analysis of the flux measurements to yield values of material -
bucklings is desoribed. Interpretation of the experimental results and their
oorrelation with a recommended method of lattice oalculation is deferred to a sub-
sequent report. .

The deeign, construction and commissioning of the S.G.H.W. experiment in
DIMPLE is desoribed in & previous memorandum (1). The design of a S.G.H.W. power
reactor core and that of the DIMPLE experiment were compared in an earlier memoran-
dum (2); +the proposed programme of experiments was desoribed in & further note (3).

2. Experimental Programme

The experiments in DIMPLE were designed to confirm the calculated core reac—
tivity of the S.G.H.W.R. and hence the initial enrichment required. :.Another
objective was to phow how reactivity varles with coolant density, sinoce it 'is
assumed that for the power reactor to be stable reactivity must fall as steam
voidage inoreases. Knowledge of the flux fine struoture was also required to
.improve caloulated values of power rating.

The core infinite multiplication constant may be deduoed from the experimental
results by two different methodss )

(i) analysis of maorosoopio flux distributions to yleld material buokling,
~and. hence if M2 is knowm, Koo

(11) measurements of various reection rate distributions from whioh the
separate lattice parameters can be caloulated.

The measurements required for both these methods of analysis were made simultan-—
eously during the oourse of a series of irradiations oarried out in DIMPLE under
woll defined conditions.

In order to simulate the effect of ohanging the coolant density in the
S.G.H.W.R. core, measurements were made on five different core arrangements in
DIMPLE. These cores differed only in the composition of the liquid coolant
surrounding the fuel rods.

Originally measurements on six cores were planned (see Table 2 of ref. 2).
Each core was estimated to require one week for assembly, 'oriticality and safety
measurements, and three weeks for foil irradiations., Measurements on core 1 (air
in coolant channels) began on 9th May, 1960 and ended on 19th June, 1960. -The D20
- coolant for core 2 was loaded on 20th June, 1960, On 22nd June the presuggg tubes
in zone 2 of the core (the outer driver ring)- were opened to reduce the spike
loading, and the aluminium of the pressure tubes was observed to be corroding
abnormally (see 8§ 8). Substantial amounts of deuterium gas had been evolved &nd,
_after venting the tubes, the experimental programme continued until 1st July when
corrosion was observed in the pressure tubes of zone 1.



It was then decided to unload all fuel and coolant from the reactor and to
rickle and reclean all the aluminium components which had corroded. As reported
earlier, the amnufacturer of the aluminium core components had been unable to
carry out the acid-alkali cleaning procedure specified by the A.E.A. and it was
thought that the corrosion might have resulted from this omission. ¢

Cleaning and relaoding was completed by 19th July and measurements with core
2 were then recommenoced. Because of the delay caused by the aluminium corrosion,
and because it did not appear possible to reduce the time required for experiments
on each core to less than one month, it was deoided to -examine only five cores.
The experiments with HQO/DQO mixtures were left till last so as to allow time to
devise methods of combating the corrosion before introducing HaO/D20 mixtures 1nto
the reactor, thus minimizing the risk ‘of having to make a&dditional batches of
mixture. The actual experimental programme is given in Appendix I. .

With minor exceptions the experimental procedure remeined unchanged from core
tc core and ‘the experiments are grouped as follows:

(1) Approach to critical and determination of safety parameters.

(11) Measurement of maoroscopic flux distributions and thermal and fast
neutron fine struoture.

(111) Spectrum characterization.
(iv) Perturbation measurements.

In addition to the measurements reported here, the U235 and U238 reaction
rates (bare and under oadmium) were measured in the five rings of fuel rods in the
olusters. These measurements, which lead to values of the resonance escape prodba-
bility and fast fission faotor, are reported separately (4). It was not pogsible
to measure U238 rgaction rates in core 1b because these irradiations required a
high neutron flux which involved recalibrating the reactor instruments and improv-
. ing the shielding. To avoid delay these modifications were carried out at the end
of the programme on core.lb. It proved possible. subsequently to oarry out measure—
ments in en air core between cores 4 and 5.

At the end of the planned programme an attempt was made to examine the effect
of an axial variation in coolant density by measuring the vertical flux distribution
in & core with only the bottom.four fuel clusters immersed in coolant. This will
be reported subsequently. : o

The fine struoture stack on LIDO was commissioned in September and oight runs
were carried out in which neutron temperatures were measured with the H20 coolant
at five temperatures between 209C and 85°C; with only four channels heated; "and
with air in the fuel ochannels. These experimente were completed in December 1960.

3. Critical Approaohes and Measurements of Safety Data ¢

- The Standing Orders for the S. O.H.W. experiment in DIMPLE (5) required that
when & new core was loaded the reactor had to be operated under "unoconfirmed"
conditions (i.e. with additional supervisore end with restrioctions on the mode of



operation) until the safety oriteria on the léttioe certificate has been confirmed.
The measurements desoribed in this section were made primarily to. confirm the
safety of the ocore. . .

(1) Criticel heigixt

The oritlical height was determined by an approach to critical procedure-
specified in detail in the Standing Orders. On completion of the fuel and
coolant loading, empty searoch tubes were inserted in positions 12, 19 and 22 -
(see fige. 1) and type 12EB40 BF3 proportional counters were inserted in each
of these tubes. The subsequent measurements of extrapolated height H and
neutron counting rate N are desoribed in f 12 (o) of ref. (1).

It was hoped to find a best value of extrapolation distance Ah by

2
(ne/ + Ah) for different values of Ah (where

plotting (b3/ + Ah)? against

ho/ is the height of core immersed in moderator), and fitting the plotted
ourves to & straight line by the method of least squares. However the fit was
too Iinsensitive to variation in Ah, and & constant extrapolatlon distance of
50 om was arbitrarily chosen for- all the cores examined. Using this value,

_oritioal height could be predicted from the epproach curve to within the
experimental accuracy of + 1 om. )

- Values of the top eand bottom extrapolation distances for Zone 1 were
subsequently obtained from the flux fitting programme. These values as well
as the oritical heights of the various cores are listed in Table 1.

" (11) "Worth of Safety Rods

Two different methods were used to measure the reactivity controlled by
the safety rods. The first method was to perform an approach to.oritical
experiment with a bank of rods inserted (keeping the reactor at least 1%
suboritical) and to compare the predicted oritical height with the critical
height of the normal reactor. The reactivity controlled may then be deduced
from the change in critical height (see.ref. 1, p. 33=35). The method breaks

* down if the worth of the bank of rods is greater than the reaotivity controlled
by axial leakage and it becomes inaccurate when the rod worth greatly exceeds
the reactivity change over the permissible range of moderator height. The
method relies on the dubious assumption that inserting the bank of rods does
not change the radial leakage. The later S.G.H.W. cores in DIMPLE, which
contained significant amounts of H20, showed small changes of reactivity with
beight and therefore yielded imprecise estimates of rod worth. In these
cores it was decided to use & kinetio rod-drop method to check rod worthe.

The short period neutron decay following rod drop.was observed by means

* of a pulsed BF3 counter, a scaler, and & high speed strip chart recorder.
With a tape speed of 3 inches per second, it was possible to record counting
rates from the scaler .up to 20 regular pulses per second. A timing pulse
was recorded at the instant of absorber release, and during the next 150
seoonds each thousandth pulso from the BF3 counter was recorded. The initial
counting rate was epproximately 15,000 per second, and in every ‘case the
reactor had been operating for at least 15 minutes so that the delayed reutrons



IABLE L
Critical heights, safety rod worths, etc. in cores § = 5

CORE 12 1 1e 2 A 5 3
ZONE 1 YCOOLANT® ur Ar Afr Do’ 208 B0, 8% D0 | 4O% E.0, 60% DO B0
ZONE 2 SCOOLANT® -Afr Y D0 b0 D0 b0 D20
Yoo of Spikes 17 12 12 1 10 10 12
Ci'ttle%lagﬁiﬂ“ 2270503 «08 220,31 2 «06 219070: <02 219.44 3 «03 &8-573 -0(2 . 225,98 2 2. ‘86.68.:'0&
'E% (%/em) 0,0590 3 o006 | 00558 3 4002 | 0.0606 4 4003 | 0.0488 3 40015 | 0.0LOG 4 o002 - 0,0393 3 <002 0.0308 + 001
Rlke (c.2) 567 4 b7 L2l 19 - - 30419 294 15 250 4 16 - 216 ¢ 10
Safety rod bank . .
vorth (%) 32445 “ 361 245 - 2934 232 261 2 ol Tolt £ &5
(Approach method) .
Bafety rod bank . .
(“;{g gf;v - - 5063 o5 - 207 2 253 ok 2:1 & o3

) . :




and photo-neutrons were in-equilibrium.

The reactivity worth of the safety rods was found by comparing the
observed neutron decay with a theoretical decay curve caloulated for a value
of rod worth close to the actuasl value. For this purpose observations wetre
- 1limited to the first 15 seconds after rod ~drop in order to reduce the relative
significance of the long-lived delayed and photo~heutrons. The flux decay
extending to 150 seconds was used to find the best value of the photo-neutron
fraotion, again by comparison with theoretical decay ourves. It was found
. that the initial reaoctivity change could be approximated by a remp function
beginning 0.4 seconds after rod drop and lasting a further 0.7 seconds. (The
caloulated ourves were provided by T.A.S. Division using the PACE analogue
computer (6).

The best. value of the photo-neutron fraction was found %o be 1% + 1%.
The figure is incorporated into Table 2 which gives the yields and decay
constants of all groups-of delayed neutrons and photo-neutrons (7),.(8).
Figure 2 gives a typical comparison of theory with experiment over the first
15 seconds of flux deday following rod drop.

Table 2
Delayed and photo-neutron yields and half lives

Total delayed neutrons from Photo neutrons = 7% of delayed
U235 (977§ and U-238 (3%) . neutrons
Decay constent Decay oonstant Ai
‘Fraction g1 A (sec—1 Fraction gi (sed
«00024 0127 .000304 »278
00140 <0317 000095 0169 ..
.00125 115 .000033 .00490
00273 311 . 000016 ‘ ~ +00152
00090 1.40 »0000096 . «000427
00020 3.87 . .0000110 .000116
.0000015 . +0000441
+00000047 - «00000365
TOTAL = ,00672 TOTAL = .00047 .

Therefore the total de;ayed énd photo neutron fraction B = .00719

The errors in reactivity worth from the "prompt drop" method arise mainly
from the error in estimating flux distortion, and the error in fitting e
theoretical decay curve to’ the observations. The overall uncertainty is of
the order of + 15%. However the relative worths of the safety rods in the
various cores is known to about + 5% .



(4141) Yaristion of reactivity with moderator height

The variation of reactivity with moderator height was measured in each
core by pumping the moderator & predetermined amount above the oritiocal height
and measuring the resulting steady doubling time. The accuraoy of the method
wes limited at short doubling times by possible non-linearity in the response
of the ion chamber recorder and also by the low speed of the fine control pump.

. This reduced the range of power over which the water height was constant and
iransients negligible to such an extent that it was not possible to make
measurements of doubling times less than ~30 seos., particularly in cases where
the photo-neutron sources were intense. At long doubling times the accuracy
was limited by the measurement of small differences in moderator height; the
Herriott height probes were oapable of measuring small differences in height
to an accuracy of 0.05 mm. ' .

Using the constants in Table 2, the inhour equation can be calculated,
relating doubling time and excess reactivity. Then it is possible to derive
the value of reactivity change with moderator height for all cores. These
values of dp/dH have an asocuracy of about 5%, and are listed in Table 1.

If dp/dH and H are known, the ratio M2/ke for the initial 2-zone core may
be found using the one group analysis of ref. (1). The calculated values,
listed in Table 1, were used to deduce the safety rod worths from the approach

. measurements. ) ‘ : "

Values of safety rod worth from both methods are included in Table 1.
The kinetic rod-drop method is probably the more reliable for the reasons.
discussed in (i1) above, and appears to give rod worths approximately 20%
greater than those given by the approach method. The disagreement is rather
worse in core 3, probadbly because it had the least dp/dH and the greatest
critioal height. _

4. Measurements of Flux Distribution by Foil Activation

The measurements of maoroscopic and fine struoture flux distributions, and of
relative reaction rates and integral spectrum parameters, were carried out in a
.series of foil irradiations under standard conditions (see Appendix V). About 20
irradiations were required for each core, the number being determined by the
capacity of counting equipment, the availability of foils and "trombones”, and
convenience in loading and counting. Between 30 and 60 foils were irradiated at a

time.

To ensure that the results of successive irradiations were strictly comparable
a reliable and acourate monitoring technigue was requireds +this is desoribed below.

(1) Manganese monitors (Fig. 1)

In order to avoid dspendence on the reactior instrumentation for an esti-
mate of the total integrated flux, six manganese foils were activated during

- each'one hour irradiation. Three folils were placed in & search tube at a
radius of two lattioce pitches from the centre, and another three were placed
in a search-tube at a radius of three lattice pitches (except in core 1 - gee

ref. 1, page 51).

¢



Since the six activations were all within about 10% of. the average, the
simple average was adopted as the weighting factor. A statistiocal enalysis
of the activations was undertaken to ensure that the error introduced by
using the weighting factor was not greater than the true variation in average
flux from irradiation to irradiation. The sucocessive irradiations at & pre—
determined nopinal flux level were supposedly equal as measured by the installed
ion chambers. However according to the manganese monitor weighting factors,
the BMS deviation of a single irradiation in a group of similar .irradiations
was between 1% and 2%

The error in thé weighting faotor itself was found in the following manner.
-Bach of the six activations from & single irradiation was divided by the
average, that is by the weighting factor. These ratios were calculated for
all irradiations and arranged in six columns; one for each foil position.

The deviations of the ratios from the column averages were taken &s & measure
of the'reproduoibility of foil activations. These errors should be independent
of average flux level. In ocore 5 for example the RMS or standard deviations
of ratios in the six oolumns weres

’ 006%, 023%, .00%, 0078%’ 0.75%, 0085%

Each column in this case contained 26 ratios. The average of the six RMS
deviations from the mean is 0.95%, and the standard deviation of the mean

is- then ;E————- -725% 0.42%. ~ The standard deviation of & single

manganese activation is greater than the standard deviation from the mean of six
in the ratio (6 and is therefore equel, in core Sy t0.1.04%. Hence in core 5

5 !
the statistical error of each weighting factor (0.42%) is significantly less
than the observed deviation of the weighting factor from irradiation to
irradiation (1-2%). Therefore it may be concluded that the weighting factor
is a valid ocorrection which should be applied to all foil activations in &
single irradiation.

Table 3 below gives the eeeential statistliocs for the maganese monitor
aotivations in each of the five ocores.



TABLE 3

Statistioal acouracies of the manganese flux monitors:

" Air D20 | H20 | .80% D20 | 60% 120 | .

Coolant Composition Core 1. | Core 2 | Core 3 | Core 4 C2§; 5 ;
Observed RMS deviation of 2.0% 2.266 | 1.47% | 1.92% 1.39%
weighting factors in the group ' ' o] .
of irradiations with an '
instrument reading of
2.4 x 107 n/om-gec.
Total number of monitor 126 204 96 108 156
aotivations ' - .
Statistioal error of single 0.88% | 1.26% | 1.16% | 1.20% 1.04%

‘| monitor foll activation : . :

Statistical error of 0.36% | 0.51% | 0.47% | 0.49% 0.42%
weighting factor . : S '

Notes The number of foils actuslly uséd in ocaloulating the welghting factors

and errors was slightly less than the number irradiated.

3% were lost or damaged and 24% rejeoted for other reasons.

Approximately

» If we assume that the error of the manganese activation from the gold-
manganese &lloy foils is approximately equal to the error of an individusal
monitor activation it is possible to estimate the theoretioal RMS error of
a manganese &otivation (i.e. from alloy foils) after it has ‘been corrected

by the .irradiation weighting faotor. For example in core 1 the estimated
RMS error is  .882 + .362 x 0,95%, Similar caloulations for the other
cores are as followss Core 2 = 1,36%

Core 3 = 1.25%

Core 4 ] 1.3%

Core 5 = 1.12% - ) - :
The average of all 5 cores is 1.20% + .07%. This figure will be compared
with the observed RMS deviation of the gold-manganese foil activations from
a theoretical flux disiribution. (See section 4 (iii)). ' :

(11) Foil Positions (Fig. 3) -

.AB eiplained in ref. 1, gold-manganese, lutecium-manganese, and rhodium
foils were distributed throughout the various cores in order to measure the
macroscopic  and fine structure variations in neutron flux, distinguishing if

-8~



possible the thermal, epithermal, and fast components of the neutron spectrum.
Figure 3 shows the distribution and designation of foil positions within &
single rectangular cell, 8,375 inches (21.272 om) square.and 14 inches (35.58
cm) highs (The radius of an equivalent oylindrical cell would be 4.72" or
12000 Cll)e :

Table 4 below gives the heights and radial disteances of all foil posi-
tions in the cell. Helghts are measured above and below the mid-plane or "3
position, and radii are measured from the central axls of the stainless steel
. tie rod. When two small letters or numbers appear together, such as "ce" or
"q/4", the two heights or radii are equivalent within the cell because of
symmetry. Positions designated "Wi", "Wi3" eto. correspond to wires on the
flux scanning device. They are equally spaced along the cell boundary.
Measuring along the cell side from the corner of the cell ("W2"), whioh is
also the position of the search tube, the distances of the other wires are
as follows:- : '

W1 10.636 ocms.

Wik 7091
w2 3565
we3/sT ' 0

w3 ~34545
Wk T =7.091
W -10.636



Co-ordinates of foil positions in the lattice

TABLE 4

_ ocell’
Designation H?ig%t 3?2;35
do ) 0
a1 0 1.852
a2 0 ,3.020
a3 0 °4.188
a4 - 0 5.382
a5 0 6.551
. a6 o . . 7.010
ce1 + 10.795 1.852
ce2 " 3.020
ce3 " 4.188 :
ced " 5'382
ce5 " 6.551
ceb " T7.010
bf1 + 13.335 1.852
bf2 u 3.020
bf3 L 4.188
bf4. " 5.382
bEes " 6.551
b6 " 7.010
 ag2 " 3.020
ag3 " 4.188
. agh " 5.382
agh " 6.551
agh " 7.010 -
d w1/4 0 10.636
. d Wig/3% .0 11.211
a w2/3 0 12.783
a w&/sw 0 15.042
- ce Wi/4 + 104795 10.636
ce W23/sT " 15.042
be Wi/4 + 13.335 10.636
bf Wag/sT 1 15.042
ag Wi/4 . + 15.875 10.636
ag W2/3 L 12.783
ag ‘Wei/sT " 154042
b Wi/4 - 17.78 10.636
h w2&/sm " 15.042




(111) Manganese Reaction Rate Distributions

The manganese flux distributions through the inner gzone (Zone 1) were
determined from the manganese activations of gold-menganese alloy foilsj the
fine structure was determined from these data and the gold-mangenese ratios;
the extent of the region of equilibrium spectrum, to which a one-group theory
applies, was defined by the gold-manganese ratios. ’

In a region of equilibrium spectrum the gold-manganese ratio has a
constant value at equivalent cell positions and & change in the ratio is a
soensltive indication of.departure from equilibrium. Preliminary radial and
.axiel plots of gold-manganese ratios (see figures 4 and 5) were therefore used
1o determine the region of equilibrium. - The subsequent analysis was then
applied to a2ll the foils irradiated within these regions, whose dimensions are
listed in table 5.

The saturation manganese activities were found dy the method of ref. 1,
8 13. Each activity was then divided by the irradiation weighting factor
(see B8 4(1)) and the resulting ratios assumed to be 'independent of irradiation
time or reactor power.

. In a oylindrical region of equilibrium spectrum the macroscopic flux

distribution is Io(Kr)oos( z +.), if there is radial in-léakage, and
Jo(Kr)oos(-2 .+ ), if there is radiel out-leakage. Superimpdsed on the
maoroscopic variation is a fine struoture distribution, which is assumed to
be separable from it. (This assumption breaks down if the gradients are
1arge§. A fine structure amplitude factor Al was assigned to each of the 37
cell positions listed in table 4 and the flux at any point could then be
written ' :

| #s (r,Zj = Al §g (Xr) cos (cz + B)

. The flux in the equilibrium region was then completely specified by
values of K, @ and B and the 37 Ai: Outside the equilibrium region the flux
cannot be represented by this simple fumction, hence the requirement to
specify the extent of the region. )

The foil activities from the equilibrium region were fitted to functions
Ai.ig (ﬁr) cos (az + B) by &. leasi-squares fitting programme using Meroury
(see Appendix III). The results are gresent'ad in tables 5 (macroscopic para- °

meters) and 6 (fine structure factors). .Points deviating by more than 30
were rejeoted, where oD, the relative standard error of the distribution, isi-

(Ai To (Xr) cos (az +8) — ¢observed)2
op = Z Ai.-To (Xr) cos (az + B)
Number of Degrees of Freedom

and summation is over all experimental points. The number of degrees of
freedom is the difference between the number of experimental points and the

-19~



JARLE 5

Macroscopic flux distritution parameters In cores 1 = 5

[¥anO

OCORE 1 2 g 5 3
COOLANT AIR D0 2010, 808 DO | LORBD0, 60WL0 B0
" I . . .
Kty fgre® 30 20 b 30 AN | 58 su0t9 | 0ST2e2 | Ousa.o | 00k 217 14229 3 4016
o radfans/m, 1e342 2 4010 16383 4 005 103553 « 00 1387 + 004 103‘&7: +005
B radians “1._551 * «018 "1.612: «010 "10677: «006 '107”}3 «007 "1.755 K3 +008
Bucklrs [0 4 ’%r Ry o2 0,585 £ 4082 |  1.0254 4081 | 1,840 3 4036 10922 & o0 0.405.3 <0l
z . .
X peymetry ©  Wrne, 0,73 0,933 0,933 0,933 L 0,933
op 1,95% 1,908 1.16% 1032% - 1.75%
Upper: extrapolacion distence 13.05 10,69 11,12 11486 10,30
Lower e?r,rag::?uon distance L3 30,72 25.88 23.39 : 19.95
redius 52 53 53 53 T
11ibriun zone: .
Equ N 129 129 129 129 129

% BZ, and 12, are obtained from tmo-group calculations (see § l;'(iv))
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Pine structure factors for manganese astivation

2.080 0.037

.Core 1b Core 2b Core & core 5 Core 3
A oA A o A oA A TA A o1
@© 0.958 0.858 0.017 0.852 0.521 0.806 do
did 0.975 . 0,900 did
1 1.000 0,0076 14000 0,0058 1.000 0.0038 1,000 0.0043 1,000 0.0048 1
2 1,025 0,007l 14067 0,0053 1.066 0,0036 1.061 0,00L5- 1.075 0,008 2
3 14080 0.,0075 1.147 0,0058 14164 0,002 1.169 0.0051 1178 0,0054 3
n 1171 0.0051 10292 0,0072 1312 0,0049 1.306 0.0063 1.323 0.,0063 4
5 10’496 ou 0077 105&6 000055 ‘0553 0.0%6 10581 . 0. 0075 5
6 1.389 0.,0095 1576 0,010 1.637 0.0086 1,674 0.0091 1751 0.,0111 6
ce 1 1,039 0.0079 1,025 0.0053 1,031 0,0036 1,020 0.0038 1,008 0.0048 ce i
2 . 14050 0.0091 1.111 0,0058 14106 0.0035 1,086 0,0038 1,055 0,0052 2
3 1129 0,0086 1.17 00060 1.190 0,0040 -1.184 0,0045 1.189 04,0057 3
L 1.209 0,0095 14323 0.0070 1341 0.00L6 1.328 0,0050 16333 . 0,0057 L
5 - ’0516 -~ Qs 10573 000051 1o . 0,0060 1591 0.0076 5
6 1377 0,020 1600 0,015 14670 0.010 1.684 0.011 1.713 0.015 6
bt 1 1.077 0,011 1,056 0.015 1.082 0,009 1,084 0.010 1,073 0,011 bt 1
2 1,097 0.013 14125 0.013 12148 0,0078 10131 0.0076 1.141 0.011 2
3 1o142 04011 1.214 0,014 14250 0.010 1,233 0.0083 14193 0,014 3
4 1236 0,011 1347 0,013 14355 0.011- 1.377 0.011 1e 0.024 4
5 1.523 0.017 1,578 - 0.011 1,604 0,011 1.608 0.013 5
6 10&142 00020 . . 6
ag 1 14154 0,023 14188 0,013 1.201 0,010 1,190 0.,0079. 1.216 0,0099 ag 1
2 14157 0,015 1,263 0,014 1.270 0:0075 1.237 0,0083 1.258  .0.0094 2
3 10223 0,014 14328 0,015 14338 0,0091 14341 0.010 1338 0.017 3
n 14282 0.025 Teli1h 0.016 1:151 0. 0099 1434 0.011 1472 0.019 L
5 1571 0,018 1.650 0.011 1.632 0.013 1.642 0.015 5
6 14156 0,017 : 6
d wi/h 14591 0,013 1.783 0,012 1.786 0.,0077 1.810 0.0084 1.834 0.013 d Wi/ -
Wid/3% 1901 0,027 1929 0.018 1914 0,02 Hik/3%
W2/3 2.058 0.013 2,145 0,018 2.120 0,010 2.099 0.011 2,.052-  0.013 H2/3
wa23/87 2,169 0.013 2.257 0,011 2,210 0.0058 2,17%. 0,0068 2,134 0,006 WaL /57
ce Wi/k 1.822 0,02 14827 0,019 1.801 0.017 1.870 0,02 ce W1/l
W23/ST 2,282 0,06 2,11 0,018 2,131 0,020 2,078 0.027 W2k /st
. bt W1/l 14836 0.027 1.841 . 0,015 1.620 0.017 1874 . 0,024 bt WiIG
W2/3 2,143 0,022 . H2/3
W24/8T 2,233 0.02% 2,323 0,020 2,246 0.0075 2,207 0.0054 2.136 0.016 wa2k/sT
h “1"{ 1.860 000% 10865 00022 . 10931 * 0.0321 h W1 /Ll
W24/8T 2,299 0,0L5 2,182 0,026 2,156 . 0,028

Was /8T




number of parameters being fitted. The observed standard errors. (see table 5)
agreed well with the expected values caloulated in 8 4 (i), from which. it was
assumed that the error distribution was reasonably normal &nd the theoretical
- funotion a satisfactory fit to the points.

The maoroscopic flux distributions vary little from core to core. The
radial distributions are all nearly flat, fitting an Io function ih cores’ 1-4
eand & Jo in core 5. The quoted errors in K correspond to uncertainties in the
ratio of peripheral to central flux of 1/5%. The measurements are least acour—
ate for oore 1, partly because the large migration area results in a small

"equilibrium region and partly because there were teething troubles with the
experimental technique. The vertical distributions demonstrate a constant
upper extrapolation distance, apparently unaffected by the presence or absence
of moderator in the fuel clusters above the level of the D20 in the tank. The
lower extrapolation distance (or reflector savings) did however vary aocording
to the composition of the inner zone.

The fine structure factors are plotted in figures 7-=10. A The radial fine
structure in the fuel inoreases as the amount of moderator in the fuel ocluster
inoreases, but the overall meximum to minimum flux ratio in the cell varies
little from core to core. 4n important oconsequence of square cell geometry is
the flux variation along the cell side, amounting to ~30% in the air oore and
16% in the H20 core. Attempts to discover an analogous ciroumferential fine
structure in the fuel cluster were unsuccessful.

In addition to the measurements with gold-mangenese foils, the radial
hyperfine flux distribution through the fusl rods was measured with a strip of
manganese ribbon 3/16 inches wide, 0.005 inches thick. The results for ocore. 3,
which agree well with the fine structure measurements, are shown in figures 11
end 12. The plotted curves are smoothed and represent the best fit to the
- experimental points consistent with the conditions of symmetry lmposed by the -
fuel rod geometry. Core 3 (H20 coolant) shows & greater hyperfine effect than
-any of the other ocores. Even then the ratio of ‘maximum to minimum flux in the
uranium oxide ie only 1.04 with an wnoertainty of at least + .01. Experimental
errors in the observations were such that it was possible to estimate the
approximate ratio of maximum to minimum flux, but not the exact shape of the
flux variation.

It should be emphasised that the graphs show manganese reaction rates and
not neutron flux or density. Beocause of the slight departure of the manganese
cross section from a 1/v law in the epithermal region, the depression in total
neutron density through a cell will be greater than the observed depression in
manganese reaction rate. On the other hand the constants K, a, p which des-
oribe the macroscopic distribution of manganese reaction rate apply directly
to all groups of neutron energies. Thus any convenient detector would have
served just as well as manganese for the ‘purpose of finding K, o and pB.

(iv) Material Buckling and Reactivity

The oritical equation relating reactivity of the lattice to the observed
maoroscopic flux distribution is, in the two group approximation, i

4=



ke = [14+a?18 +x212 ] [14+ P12 +6P15 ),
where I“fdz and 1’!2.IR a.r.e the axial and radial thermal diffusion areas, and
ng and L?lR are the axial and radial slowing down areas. If the radial
distribution is To (Kr) the negative sign is taken, if Jo (Kr) the positive.

The measured values of a and X were sufficiently small for the cross terms
in o4, X4 eto. to be neglected and it is therefore possible to use the one
group formule for ke, without introduocing an error greater than 0.05% in kee

Mg Ka)

Thus ke -1 = M2 (%%

No experimental values of H; or Mg were availabdle and: recoursé' was theré-—
fore had to the lattice caloculations metioned.in 8.10 of ref. 1. Thése calc;it-
lations both gave Hzg_ = 0.933 for all lattices except core 1, for which a

. M :
value of ~0.73 was obtained.

Using these caloulated values of M§ end Mg,' the material bucklings, defined

ap &—g—l, have been derived from the measured a's and K's and are quoted in
M : . : 2

table 5. The quoted errors do not allow for error in%_, which will be impor-
A M

tant where a % K (core 3, core 1), but insignificant in cores 4 and 5 where a>>K,
Except for core 1, the errors are &ll about 0.05 m™“ and are not very dependent
on the value of the buokling.

The values of K derived from theee'ﬁeasurements, using oalculated values
of Mg, have been compared with the resulis of the Pease-Cobb and modified P.80

caloulations. The values of MZ used are as follows:

‘Caloulation Core 1’ Oor.e 2 Core 4 Core 5 Core 3
Modified P.80 0645 0275 0232 .0201 0147

Both oaloulations have been corrected to &llow for the measured ne.'utrpq-
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temperatures in the fuel cluster: the changes involved amount to <0.5% in
keo. The Pease-Cobb results differ from those reported in M7273 an error
in the calculation of effective resonance integral has been eliminated,
causing the predioted values of ke to rise by 4 — 8%.

The values of kw caloulated and derived from experiment are plotted in
figures 6a and 6b. The horizontal soale is & measure of the ratio of modera—
tion to absorption in the fuel cluster, hydrogen atoms being given unit
weight and deuterium atoms a weight (= 0.177) proportional to their moderating
~ power relative to hydrogen (see ref. 2). In each case the values_of'Mz used _

to derive the measured ke were those from the appropriate lattice calculations.
For ‘cores 2, 3, 4 and 5 the caloulated and measured values of ke agree to
within 1%, whioch must be regarded &s satisfactory in view of the radical
simplifications in both the lattice caloulations. In core 1, both the calou-
lated values of ke are much smaller than that deduced from experiments. The
high derived value is inconsistent with the trend of the other results. This

" suggests that the value of M% used to derive the measured value of ks is too

high. Since large streaming corrections have been applied to the caloulation
for core 1 there is considerable doubt about the.correct value of M5 and the

migration area asymmetry. It therefore ﬁppears reasonable to assume that the
measured a and K are correot and to examine the effect of altering M2 "and

2 .
MR/H%. The values of ke derived from & range of values of theme parameters is

given below:

iy

2 .040 «045 .050 .055

Y

1.00 1.0273 | 1.0307 1.0341 1.0375
0.90 1.0318 1.0358 1.3097 | 1.0436
0.80 1.0363 1.0408 1.0453 1.0498
0.70 1.0407 | - 1.0458 1.0509 1.0560

M

Several combinations of Mﬁ 'and._g. in this table yield a value of ke in
. 2 .

agreement with that predicted by the Pease-Cobb calculations (1.0336).
Remembering that the asymmetry is small when the streaming ocorrections (and
hence Mg) are small, and vice.versa, a plausible combination is Mg - .045.m2,

Mi = 0.9. This implies an overall axial streaming factor of ~1.3. -
—E)- . ‘ e . «
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In order to foroe agreement with the value of ku.predioted by the P.80
caloulation (1.0134)a value M5 less than 0.02 m? is required. This is quite
unrealistic and suggesta strongly that' the predicted ke from this caloulation
is too low.

(v) Gold~Manganese Ratio Ref. 1., Section 13, paragraph’ (e)

At equivalent ocell positions throughout the oconstant spectrum region of
the core, the gold and manganese reaction rates should follow the same macro-~
soopic distribution. Within the cell, however, they will differ due to
hardening of the spectrum in the fuel, and the gold-manganese ratio is a
-"direot measure-of the change in the relative densities of thermal and epither—
mal neutrons. By using calibrated gold-manganese alloy foils, the measured:
ratio is independent of monitor foils, macroscoplic flux distributions and
errors of relative positioning. It is only necessary to know the self screen-
ing factors and what ratio the foills would give in & knowvm speotrum,

Experiments to determine the self-screening factors are described in .
Appendix IV of this report. The gold-manganese ratios resulting from activa-
tions in known spectra are given below. These ratios are based on the humped
joining funotion of Westcott (S4 of ref. 11).

Gold-manganese Ratio Westcott "r"
1.005 0.000 at 20°C
1.888 0.083 at 60°C .

Table 7 gives the observed gold-manganese ratios in each of the five
cores, together with their statistical errors. Figures 13 and 14 show radial
and axial plots of the gold-manganese ratio in & single ocell for each ‘of .the
cores. In eall of the radial plots exoept the air-filled core, the ratio
decreases more in the-fuel region than in the moderator. In the axial direc—
- tion the change in ratio occurs mostly in the aluminium end plates.

Figures 4 and 5 show mecroscopic distributions of gold-manganese ratio
as funoctions of core radius and height. It is seen that the air-filled and
Dp0-filled cores have a distinotly smaller equilibrium region than the other
cores., QOraphs similar to these were used to -determine the reglon in each
core which would be used for detailed measuremente of speotrum and flux.
"Table 5 gives the dimensions of the equilibrium regions actually used in each
of the five cores.

(vi) Lutecium-manganese Ratio. Ref. 1, Section 13, paragraph (e).

This ratio is a convenient measure of the effective neutron temperature
of the thermal spectrum. Like the gold-manganese measurements, it is indepen-—
dent of monitor foils, maoroscopic flux, and errors of relative positioning.
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TABLE 7

Gold manganese ratio fine .structure factors

Core 4

Core 1B Core 2B Core S Core 3
Foil Position -
. : ] OR R oR R OR. R OR R OR
d 0 2.444 061 2.471 062
1a 2.458 034
1 2.424 026 2.240 012 2.132 .008 2,033 010 1.744 .009
2 2.389 021 2.213 009 2.086 .008 1.946 013 1.717 007
3 2.408 «027 2.172 010 2.023 "+010 1.907 009 1.681 .006
4 2.328 019 2.081 011 1.952 .008 1.818 .012 1.623 . .006
5 2.023 013 1.857 . .009 1.745 007 1.571 009
Q, Oy 0
- la 2.499 . 036 :
1 2.350 019 2.211 +009 2.110 .008 2.007 «009 1.733 .007
2. 2.396 025 2.196 011 2.054 .006 1.952  .008 1.713 .006
3 2.317 «024 2.155 .008 1.996 010 1.912 .008 1.673 .906
4 2.324 017 2.079 . .010 1.938 007 1.824 010 1.641 .007
5 1.992 .008 1.870 011 1.750 ° .010 1.552 .006
. 6 2.248 «040 1.974 «022 1.805 013 1.713 012 1.510 012
1 2.400 030 2.214 031 2.076 030 - 1.980 .028 1.697 024
2 - 2.438 «034 2.143 014 2,038 . .016 1.938 011 1.663  .008
4 2.341  .026 2,080 026 - 1.885 «033 1.819 025 1.571 «020
5 2,012 «025 1.864 021 1.729 020 1.549 013
6 24223 039 T . )
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PABLE 7 (Cont.)

. Gold minganese ratio fine structure factors

' Core 1B Core 2B Core 4 Core 5 Core 3
Foil Position -
R oR R O R op R op R R

8y 8 O .

1a 2.354  .059 '

1 2.314  .058 2.100 021 2.004 023 1.898 020 1.656 019

3 2.370 042 2,080  .028 1.924  .027 1.801 025 1.617 022

4 2.300 .058 2.020 - ,023 1.893 022 1.801 021 1.583 .022

é 2.217 «029

w1§/35 ' 1.908 +034 1.669 030 1.469 .026

w2/3 1.998 005 1.833 010 | 14734 .013 1.614 4009 1.496 009

w23/sT 1.950  .006 1,830  .006 1.698  .004 1.613  .007 1.469  .006
oy ey W1/4 1912 .034 | 1.791  .044 | 1.655 . .029 | 1.536  .027

w2/sT 1.844  .046 1.704  .030 1.586  .028 1,505 027
b, £, Wi/4 1.861 033 1.820  .046 1,700  .030 1.487  .026

w24/sT 1.817 .032 1777 031 1.659 .029 1.516 027
a, g, Wi/4 o 24111 +037 1.924  .028 1.829 027 1.684  .025. | "1.552 022

w2/3 1.944 025 \ o

w24&/sT 1.946 008 1.821 014 1.704 007 1.599 . .009 1.482 011
h, - Wi/4 1.884  .047 | 1.820  .046 ~ 1.556  .039

W24/ST 1.833 +046 1.649 .041 1.631  -.041 | 1.509 .038




The luteoium foils were oalibrated by irradiation in & known Maxwellian
spectrum. ' ' )

The axial variation of neutron temperature within the cell was found to
be negligible and nearly all measurements of the lutecium-manganese ratio
were made in the mid-plane of the cell, the "d" level.

Figure 16 shows the radial fine structure of the 1uteoium/hanganese ratios
for the various cores. The greatest change in neutron temperature occurs.in
the air filled core, and the least, as might be expeoted, ocours in the H20
filled core. The H20 filled core is also the best moderated, and therefore
hag the lowest lutqoium/manganese ratio among the five cores. For comparison
the lutecium/manganese ratio in a pure thermal flux at 20°C is 1.748 end the

ratio changes by ~1% for 3°C change in neutron temperature.

Neutron temperatures deduced from the lutecium-menganese ratios are given
in table 8 and figures 17 &and 18 and the results for core 3, compared with the
resulte from the fine structure stack, are given in table 13 and figure 26.

(vii) Rhodium reaction rate distributions

The rhodium measurement technique described in ref. 1 was modified
during the course of the DIMPLE experiments. It was found that improved
accuracy could be obtained by more careful correotion for the thermal activa-
tions of impurities’ in the rhodium foil, and & more satisfactory standard was
used for checking the counter sensitivity and channel gain. The modified
techniques are described in detail in ref. 10. )

The rhodium measurements in DIMPLE were mainly confined to measurements
of the radial fast flux fine structure within the equilibrium spectrum region
of zone 1. The- comparatively low accuracy of the rhodium measurement made
them less suitable &s an indicator of spectrum non-equilibrium than gold
manganese ratios. The decision to concentrate on radial fine siructure, at
the expense of axial, reflected not only the greater importance of the radial
fine structure to the fast fission factor, but also the possibility of compar-
ing radial measurements with Monte Oarlo calculations. These caloulations
could not be extended to axial variations. : .

The observed saturation activities of the rhodium foils have been norme-
1ized so that they refer to & standard source strength of fission neutrons.
First the foil activities from the different irradiations on & partiocular
core have been normalized relative to the irradiation weighting faotor of
the first irradiation on that core. Secondly, the thermal flux and "r" value
(see § 5) at the monitor foil position have been -caloulated from the kmown
abeolute oalibration factor from the monitor foils (ref. 9). Then, using
the measured fine struoture factors for flux and "r", the fission rgtes in the
fuel Tods due to thermel end epithermal fission (but not due to u23 fission)
have ‘been caloulated. The rates for all 90 rods are then summed to give the
total fission rate per lattice cell over unit length. The foil aotivities
have then to be reduced to the forms saturation c.p.m./fission/sec. per cell
per cm. length. The quantity is plotted in figure 16. . ,

It will be seen that the fast flux shows marked f;ng structure aoross the
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cell and that the flux is auhstantially higher in core 1 then in the other:
cores. These results are discussed in more detzil in a separate report (10)
and they are there compared with the results of the Monte Carlo calculation
SPEC and with measurements of U238 fagt fission.

5. Spectrum Characterization by Integral Methods

The form of the thermal and epithermal neutron specira in the S.G.H.W. reactor
is complicated by several features of the lattice cell. These include:

(1) the presence of two separate moderators which affeot the thermelization
process and the shape of the thermal speoctrum,

(i1) the high neutron absorption of the fuel bundle and the high temperature
of the coolant which results in a thermal neutron spectrum whose
effective temperature varies across the bundle,

(i11) the axial variation of coolant density, resulting in hard spectra néar
the top of the core, _

(iv) the large diameter of the fuel bundle relative to the lattice pitch
which with (i) and (ii) above Tesults in & marked epithermal flux fine
struocture.

The variation of neutron spectrum through.the fuel bundle and the hardness of
the spectrum in regions of low coolant density make accurate characterization
necessary for reactivity and flux pesking caloculations.

In the absence of ‘& neutron spectrometer, integral methods were used to
characterize the spectrum. Measurements were made, at & number of different
positions in the cell, of various reaction rate ratios which depend critically on
the form of the neutron spectrum. Both foil activation and fission obamber measure-
ments were made, and in addition, a few cadmium ratlios were obtained with a boron
ionization chamber. The foll activation measurements formed part of the normal
foil irradiation programme, except for the vanadium irradiations which were oarried
out separately because of the short half-life of the induced activity. These
measurements are detailed in table 8 with the resulis of the interpretation given
"below.

The preliminary interpretation oonsiated of comparing the measured reaotion
rates with those predioted from simple empirical specira defined by Westoott (11).
The empirical spectra oonsisted of & Mexwellian thermal distribution, & dE/E
epithermal flux and & joining funotion of given shape covering the range 0.1 -
0.5 eV. The speoctra were defined by three parameters: 'r', the intensity of the
epithermal component relative to the thermal; T, the temperature of the Max-
welliany and the Joining function. Three different Joining functions were
examined; they were the 2.8 kT Campbell-Freemantle join (12) and S2 and S4 ref. 11.
Values of g and s from ref. 11 were used to deduoce values of r and T from different
measurements. The preferred Joining funotion was that which gave the most con-
sistent estimate of r and T from the different measurements of Table 8.

The analysis of the different measurements in terms of these spectrum models
is disoussed below.“ .
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TABLE 8

Cacnius ratios and activation raties 'ln coreg 1=5

Core 1 2 ’ L 5 3
Coolant A D0 208 50 L% B0 H20
Position a3 | s.t, a3 8.te a3y’ 8.t | d3 8ete | d3 -] s.t.
OBSERVATIONS , :
’ R 2,33 1 1947 | 2,165 | 1.829 | 2,020 | 1.658 | 1.901 | 1.615 | 1.680 | 1.468
L 2,30 | 2,052 | 2.148 | 1,961 | 2,140 | 1.921 | 2.042 ] 1.884 | 1,960 | 1.8L9
Fofl measurements Mn } standard 5.229 | 9.107 | 6,259 | 10.93 | 7.689 | 12.85 | 8.860 | 14s70 | 13.36 | 17,87
in a 90 rod cluster An ) alloy foils ,_10535 16886 | 1732 | 16993 | 16798 | 2,169 | 14897 | 2,471 | 2.300 | 2,704
Cadmium ¢ ¢ ' 9.88 | 16.64 13,85 | 2430 | 159 | 25.9 | 2501
G [ ratlos In : {0.005%) 2,20 | 338 | 2,67 | 3.75 | 2.92 3,33 | Bu83 | Let2
. La (g 10%) 21 - 31 _ - | bo--
"R Uy foo rod cluster 10520 _ 1:375 1266 |
"" g9 ¢ L 10536 16319 1-&95 1422 | 14307 1362 1 1.255 1.258 | 1.198
U3 9 ¢ . . 1.191
. 89 v " 1059 ’ - 1.096 10&6
Pission chazber Pu239 gg v ® 15.62 | 2h.30 | 18,77 | 29.86 | 21,01 | 33.70 | 2o | 26,98 | 33.76 | Lted
measurements - ./ Cadmium U235 g v . 9.479 | 16.16 | 12,33 | 20,34 | 14.10 | 23.31 | 16,55 | 26.43 | 25.04 | 30,82
: - ratios v 233 _ 69 v ] L.oks | 6.393 6112 | 9401 | 6,828 | 9,869 | 10.56 | 12,63
B10 89 * e 10.40 | 17.02 16497 | 26496 ’

Re Ly U ete. are defined in 8 5 of the text.




1L 8 nt!
Core 1 ' 2 4 5 3
Coolant ‘AMr D0 20X B0 40% H20 | H20

Position a3 Bete G 8ete a3 Bete da3 F-79 49 a3 Sele. A

DERIVED VALUES

141 P w B10 , '
1) "Fron G5, ¥ ed B ,j} 0190 | o1tk | o118 | 0902 [ o131 | 0775 | o115 | LoT8 | W07 | (5%

- % cadmiua ratios

(2) Comdining x;\/;; with L ard essoing

8) 2.8 k1 ep!thex'na.l cut off T (o0) o ok L7 63 8 63 33 L7 26 L) 2l
3 . Campbell & Freemantle {12) U calculated { 20 rod cluster .| 918 959 959
) O Tooperimeniar ' 0 " " | 4580 | 0998 | 933 o959 | w5 | 968 | oM | .65 | 997
YE2 ed epithermal T (ot) ‘ 6 '
%t off. (8 of refo 11). Do caleulated (90 redcluster | o0 | P 1R, B % W BT 8 |
Uy epertment 0 "' | 14067 | 1,055 | 1,000 1,00 | 978 | 12023 | 14002 | 1,015 | 14020

161 ;) 109 €0 103 52 | B, |58 37

. 931 «969 +989
995 14008 | 946 6972 | 4960 .978. «988 «995 1.015

c) 5.0 XT epithermal cut oft T {oc) .
(similer to B2 of refe 11) Uy calenlated {gg rgd clngter

Uy experimental

Notet (1) The pormalisation of bare ratio measurements 18 taken as g1/22 at 20°C, f,e0 R = 1,005, L = 1,748, Uy = 14077, Uj. = 1,037

- ($1) The values of Uy fn cores 2 end [ are 1ess accurate than the rest, say s+ 2%




(1) Interpretation of the gold-manganese ratio

Using Westoott's notation the gold-manganese ratio isi-

R = gﬁf-z_ggﬁf_, assuming a normalization to R = gﬁf- - 1.005'?n,a pure
thermal flux at 20°C.

Regyn =~ 8au

R -
earranging, r Pau =~ Royy

Writing 8 = ;%%- %%-, where Or is the resonance integral above %-,

T s

@ Au O‘o Mn)

where the L.H.S. is temperature independent, negleoting the small
variation of gy (o 1%y§o°c)

Henoce the parameter r ’%3- can be extracted from the gold manganese

ratio, without knowledge of the neutron temperature or the Joining funo-
tion, since ory, and orpy are independent of bothe.

However, this simple analysis is complioated by the following
effectnss

(1) a reduotion in the effeotive value of spy caused by the use of foils
which are opaque at the gold resonance,

(11) a similar effect for manganese,

(iii) e higher effective value of r at the 337 oV manganese resonanoe ue
to the depression of the epithermal flux at lower energies by U
absorption,

(iv) en anomaly in the flux spectrum near the 4.9 eV gold resonance,
presumably due to & Placzek discontinulty arising from oxygen °
scattering of neutrons gith energies in the range effected by the
6.6 eV resonance in U23°, fMhe discontinuity is at 4.95 eV, very
close to the gold resonance.

Subsidiary experiments in LIDO (see Appendix IV) have yielded self

. shielding factors for the foils employed and these factors bhave been used
to correct for effeots (i) and (113 The gold self shielding faotor is
important; it is about O. 6. That for manganese is nearer unity, and
because sMp is only one twentieth of spy (effective) it has only about
a 7% effect on r. The higher flux at 337 eV is comparatively unimportant,
a 20% inocrease altering the ocalculated r by only 4%; since the experi-
mental evidence for this effect ip ppntradiotory no correction has been
made . -
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Effect (iv) is diffioult to caloulate but it is believed to account for
the disorepancies between the values of r deduced from these measurements and
those .obtained from the cadmium ratios of 1/v materials such as vanadium and
boron. Using values of %b deduced from lutecium measurements, values of r
deduced from different measurements are plotted in figures 17 and 18. In the
moderator, the disorepanoy between the values based on gold &nd the other
values is barely significant in view of the quoted errors. In the fuel the
discrepanocy is large in the air oore, where the proportion of scattering by
oxygen is hight as the proportion of oxygen smoattering decreases so does the
discrepancy and in the Hp0 core it is negligible.

(11) Interpretation of the lutecium manganese ratio

-The lutecium manganese ratio is given by

L = BLu (T) + repu (T, joining function)
8Mn + TEMy (T)

where L is normalized so that, in & pure Maxwellian at-20°C

gLu (20°C)

L O
&un (20°C)

- 1 0748

Because of the large resonance at 0.142 eV gLy is large and varies rapidly
with temperature, while sy includes & contribution from the upper part of this
resonanoe and conssquently depends on the form of the joining funotion. The
higher resonances are small and el is therefore & small positive number at low
T, becoming negative at T increases. L therefore shows a weak dependence on r
and on the choioce of joining function. Values gry &nd spuy have been calculated
for the three Jjoining functions defined &bove, using the oross section date
discussed in ref. 13. The values differ slightly from those recommended by
Westoott (ref. 11). : ' )

The determination of temperature from measured L value requires a knowledge

of r %b at the point of measurement. This is obtained from cadmium ratios

1'(see below.) A particular form of Joining funotion is next assumed and values
of sLu (T) may then be caloulated, as well as gLy (T). L as a funotion of

temperature is then ocalculated, for the measured value of r %b’ and plotted.
The required tepperature can then be read off. .

The choice of Joining funotion is made by comparing the measured values
of Ug with that ocaloulated from the spectrum parameters derived from L and 1/&
cadmium ratios. The joining function which gave closest agreement in core 1
(air core) is that equivalent -to & 5kT out off; in the other cores the 3.67
kT humped ocut off was preferred. The acouracy of the.data did not permit more
detailed conolusions to be drawn about the shape of the joining funotion.
(See table 8).

The oalculated_vaiﬁes of T are plotted for the d3 and WZ%/QPposition in ¢«
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figures 17 and 18. Values of L at other positions are given'iﬂ figure 15.

(iii) Menganese cadmium ratio

The manganese cadmium ratio was measured in all cores at the d3 and
WZQ/ST prositions using standard gold manganese foils and, in some oapén,  90%
manganeee/hickel foils. Additional measurements in the fuel region were made
in certain cores. The foils were irradiated first bare, then under 0.030
inoch cadmium in flat boxes. The flux impinging on the boxes was assumed to
be isotropic and the transmission was calculated using Bothe's Tormile (ref.
14). For & 1/v absorber the effective sharp out-off was taken &s 0.544 eV
(of «0.622 oV adopted by Westcott). The reduction in. epithermal flux due to
looal depression of the fast neutron source was estimated by a multigroup
diffusion theory caloulation. The effect was less than 0.6% in the.water
filled fuel cluster, for & cadmium sleeve 0.3 inches in diemeter and 3 indches
longe. .

Using the Westcott notations

Cadmium ratio (C.R.) = go (g + rs)
. T 4T

=xTo

where I = resonance integral above the cadmium out off. Putting s = % % »

where Or is the resonance integral above 1/v, previously defined,

: T P '
T J: E I(c.nc;: —ov

The values of I(=2 oy) and oy were caloulated from & measured: resonance
integral which gave values of r in LIDO consistent with those from 1/v cadmium
ratios; they were corrected for self shielding in the resonance (see
Appendix IV). : :

The values of r ’%3- calculated from this cadmium ratio weie'éipeoted to

be higher than those from the vanadium or boron cadmium ratios, becaise of
the higher flux at 337 eV. The results in figures 17 and 18 show that no
significant trend was observed. This is aurprisings possible explanations
are .depression of the flux near 337eV due to & U23® regonance or a large
error in the value of or deduced from measurements in LIDO. Uncertainties
in the caloculation of self shielding prohibited the use of a resonance
integral calculated directly from the oross seotion data.

(iv) Gold cadmium ratio

The gold cadmium ratio was measured in all cores at the 43 and wai/st
positions using standard gold manganese foils. Some additional measurements
wore made -with foils of different effective thicknesses. .
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The experimental technique and the analysis was the same as for the
mangenese cadmium ratio measurements. Corrections were applied for self’
shielding in the 4.96eV resonance and values of r{ T _ were obtained, inde-

To

pendent of the neutron temperature or the joining function. These yalues %ere

4An close agreement with the values of T %3- deduced from gold manganese
ratio measurements (see figures 17 and 18). The consistent difference between
r values deduced from gold activation and from 1/v detectors .supports the

hypothesis of spectrum anomalies in the region of the gold resonance.

“(v) Vanadium cadmium ratio

V51 exhibits a 1/v oross seotion variation at low energies and its
resonance integral is very small (s = 0.045, cf. spy = 0.64 The cadmium
ratio therefore defines & value of x To which is not dependent on correc-
tions for .self shielding or U23 resonance absorption effects, but is deter—
mined simply by the flux just above the cadmium cut-off.

Natural vanadium is 99. 75% V51 and 0.25% V5 « The latter has an absorp-
tion cross seotion of 100 barns for the formation of steble V51, The 2200 m/s
cross section of V51 is 4.9 barns, leading to V52 whioh decays with a 3.7
minute half-life, emitting a 2.5 Mevp particle and & 1.4 Mev y ray. Vanadium
foils, 4 inch diemetor and 0.010 inch thiock, were punched from high purity
" sheet and weighed. ' They were irradiated, bare and under 0.030 inch cadmium,
at the 3d level in a search tube and in foil positions on rods 1, 3 and 5 in
all ocores exoept b and 2. Foils were &lso irradiated inside two of the |
special fuel rods used for the resonance capture measurements. In this case
the cadmium thiockness was 0.040 inch., Four foils were irradiated at a time’
for & period of 15 mins., whioh was sufficient to saturate the V52 activity.
The flux was usually between 3 x 107 and 1087/bm2 gec. but some under—cadmium
irradiations used fluxes of up to0 2 x 108 n/om2sec. ‘ .

Special proocedures were used to unload the folls and tréneport them to
_+the counting laboratory (a mile dietant) in less than 12 minutes from the end
of the irradiation.

Four Nal scintillation counter channels were used, one to each foil, and
the counting arrangements were identical with those used for manganese (ref.
1) The activities were followed for 4~5 half-lives using gradually increasing
.counting intervals. Totals of 10,000 to 20,000 counts were obtained for the
least active foils under cadmiume. Non-linearity of decay during the counting
interval. was allowed for and.the data were analysed using a Meroury Autocode
programme (ref. 15).

. Calibration irradiations on LIDO established that
(1) the activation of each-foil was proportional to its massi

(41) the channel counting efficiency for vanadium was proportional to
that for the cobalt standard.
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(1i4) the vanadium activity has a half-life of 3.76 + .01 minutes over
nine half-lives from 3 minutes after the end of the irradiation.

The cadmium ratio was measured in LIDO to confirm the chosen value of
‘8'0 ’

The statistical accuracy obtained was 1% for foils irradisted ‘under
cadmium and 4% for foils irradiated bare. An error in the half-life would
tend to cancel in the cadmium ratio, but an error of 3 seconds in timing or
" in chronometer intercalibration would result in a 1% error in the corrected
activity. The monitor foils determine the power of an irradiation to $%.
Assuming 1 second timing errors the standard error on the cadmium ratio
becomes 1+5%.

Values of r '%3; were deduced from the measured cadmium ratios, using

the formulae of section (iii); <these values were independent of joining
function and neutron temperature and they agreed, within. the acouracy of
'measurement, with the 'boron, -indium and U23§Tcadmium ratio measurements. The
average values of r deduced from all these measurements, assuming the values
of T deduced from lutecium, are plotited in figures 17 and 18.

(vi) Indium cadmium ratio

The cadmium ratio of 0.005 inch indium foil was measured in all five
cores. In115 nhas a large resonance at 1.456eV which contributes 97% of the
epiocadmium activation and the cadmium ratio is therefore a measure of the
epithermal flux at this energy.

Neutron capture by In115 leads to In116, which deocays with a half-life
of 54 minutes, emitting a B particle and y rays of energies 2.1, 1.5, 1.27
- and 1.09 MeV. With the counting arrangements used neither the 13 second
_activity from In116 nor the two activities due to capture in In113 (4.2%
abundance) contributed significantly to the measured activity. o

Foils, %-inoh in diameter, were punched from & sheet of 0.005 inch pure
indium foil sandwioched between 0.002 inoh aluminium foils. The need for
intercalibration was avoided by using the same foils for bare and subcadmium
irradiations. The foils were irradiated at the d level in a search tube and
on rod 3 in the equilibrium zone. Some additional measurements were made in
other rod positions. The indium folls were irradiated in the course of the
normal irradiation programme, usually at fluxes between 3.x 107 and 10 n/cma.
sec., and the counting arrangements were identical with those used for man-
genese. The same cadmium boxes were used. Examination of the count rates
obtained from one foil in different channels established that the channel
. counting -efficiency for indium was proportional to that for the cobalt standard.
The half-1ife was measured over six hours and agreed with the published values.
The count rate date was analysed using a Mercury Autocode programme (rof. 15).

The statistical acouracy obtained was always better than 1/3%, but some
of the bare foils had count rates of up to 40,000 c.p.s. which involved a
-"dead time correction of 10%. This could only be made to 10% acouracy and the
activity of these foils was therefore known to 1%. Assuming that the monitor
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foils determined the flux in eaoh irradiation to §%, the error on the cadmium
ratio amounts to 1.5%. . N :

Values of r %3- were deduced from'%hé'mqasured cadmium ratios using the

formulae of section (iii). Because the foils were thick it was necessary to
apply & large self shielding correction to the resonance integral used ‘in the
caloculation; this correction was determined by measuring .the cadmium ratio in
the known spectrum at the centre of LIDO. The indium cross section is not

exactly %-in the thermal region and the value of x %3- therefore varies

- 8lightly according to the temperature assigned to the Maxwellian, 'g' altering °
by 0.4% per 20°C temperature rime. The shape of the jJoining funoctions also

has a small effect on rj%g , but this was small enough to be neglected. When
these corrections had been applied the values of 'r' derived from indium agreed,
- within the error introduced by poor oross section data, with those from vanadium,
boron and U235, L '

(vii) Fission chamber measurements

U235, U233 and pu23? fission .chambers were used to obtain cadmium ratios
and reaction rate ratios in the fuel and moderator of all five cores. The
fission chambers were # inch diameter and had walls of stainless steel or
inconel. They were loocated in the core inside blind ended aluminium tubes.

One of these tubes was positioned centrally in a DP0 filled search tube so that
the fissile material in the chamber was at the 34 level in the third ring of
fuel in the oluster. To estimate .the flux perturbation caused by replacing a -
fuel rod by an aluminium tube containing a fission chamber, some measurements
were also made with bare U235 and Pu239 fission chambers inserted through small
holes in the cluster plates, between the second and third fuel rings. No
signifiocant perturbation was observed in the U235/Pu239 reaction rate ratio.

Cadmium ratio measurements were made by determining the ocount rate first
bare, then with the fission chamber inserted into a blind ended cadmium tube
1.125 inches long,of 0.040 inch wall. The flux level was monitored with a
second chamber, and bare and sub-cadmium measurements were alternated until it
was evident that there were no. drifts in channel gain or bias. A small correo-—
tion was applied for neutrons reaching the fisslle material through the open
end of the cadmium sleeve.

Pu239 figsion rate 0233 fission rate
35 .and U3 - .35 -

U2 fission rate U? fission rate

were measured, normalized so that the same ratios in & pure Maxwellian spectrum

at 20°C were equal to §%-and g%u The results are quoted in table 8.

To eliminate the counter efficiencies from these ratios it was necessary
to ensure that.the discriminator bias levels were reproducibdle. The operating
bias level was defined by reference to the Pu239 - q~particle pulse distribution,
and was oritical because the slope of the bias curve was about 2%/Volt at the

‘The reaction rate ratios, U9 =

working point (25V) and varied from chamber to chamber.
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During the course of the experiments it was found that pile-up ‘was
affeoting the o -~particle pulse distribution. Changes in amplifier time -
oonstants or cable capacities caused shifts in the pulse distribution which
altered the working point on the bies curve. -Eventually satisfactory calibra- )
tion faotors were obtained by irradiating the chambers in a thermal flux in P .
the DIMPLE reflector and controlling the eleotronic conditions rigidly. How- .
ever, & method of calibration which avoided the use of the a-—particle pulse
distribution altogether would ‘have been preferabla. _ s

Following the treatment of the luteoium-manganeee and gold-manganese
ratios we may writes

g9 (T) + rsg (T, Joining funotion)
25 (1) 7 2oy (1)

U9-

where g and s refer to fission.

The celouleted value of Uy was compared with experiment for three
separate joining funotions using the values of r and T derived from 1/%
cadmium ratios and lutecium-mangenese measurements (see table 8 and B 5 (i1)).

The ratio U3 shows & small varietion with neutron temperature due to &
change of 0.02%V°C in g53 Dbecause of tbe low values of 85 and s3 it varies .
only slowly with re It is therefore a poor spectrum indicator. Values of ' :
U3 were caloulated for the various cores, using the values of r and T deduced
from more sensitive measurements, end disagreed with experiment by a  little .
more than the expected errors. No useful data were therefore obtained from
the measurements of U3. '

Ubing a value of 8 derived from measurements in a known spectrum, mj%%;

caloulated from the U235 cadmium ratio agrees olosely with that deduced from
boron, vanadium, and indiuk, cadmium ratios..

The plutonium cadmium ratio is very sersitive to the cadmium .out—-off
because of the resonance at 0.3sV. The measured values of Rg are consistent
with a resonance integral of 320 barns when soreened.by a 0.040 inch .cadmium
box, in &an isotropio flux. .

(viii) Boron Chamber Measurements

The boron ionisation chaember used for these measurements was of; similar

construction to the fission chambers described above, and contained about -
1 mg of B10, The B10(n,a)LiT reaction releases only 2.8 Mev of kinetic energy
-which is shared between the Lil and the o particle. Since the boron is
coated on the walls of the chamber only one of these particles causes a track .
in the gas and the largest pulses are therefore'less than half the hgight of

 a-particle pulses. The pulses were fed into’a specially built pream— :
plifier which has a noise level equivalent to only. 500 ion pairs (16). A R
continuous pulse height distribution wag obtained-.at the main amplifier
output from noise (at 10V) to =& maximum of 50 V. There was no plateau.



Reproducible results were only obtained because of the high stability of ths
amplifier and discriminator.

Boron has a 1/v cross section vhich extends to O.1 MeV; +thus it is one
of the few materials whose epithermal cross-~section is well knowvn. Most of
the epi-cadmium reaotion rate ocours at a few eV and the interpretation of
these measurements is-dependent on the effective energy of the cadmium ocut off.
A ohange of 10% in’ the effective cadmium cut off would ochange the boron epi-
cadmium reaction rate by 5%. However the cadmium cross-section ‘is well known
and the chamber geometry simple and the attenuation of neutrons into. the’
ohamber is therefore ocaloulable. .

Measurements of the borog-cadmium ratio were made in the same poaitions

To
dedu%gg from these measurements agreed with the results of vanadium, indium,
and s Measurements.

ag the fission chamber measurements in cores 1 and 5« The values of r’-L—

(ix) Summary

The spectrum parameters deduced from the integral measurements are pre-'
sented in figures 17 and 18.

The inherent limitations of the integral method dectate the use of a
simple model for the spectrum and the disorepancies in the gold and manganese
measurements show that this model is not adequate to desoribe the speotrum,
partioularly the effects of U238 abgorption, completely.

However analysis of the measumements recorded in table 8 leads to the
following conclusions.

(1) The values of r and T vary, from core to core and within the lattioce
cell, so as to show the expected ‘dependence on the ratio of ahsorp-
tion to moderating power.

(11) The most appropriate form of joining funotion for all cores except
core 1 - the hardest speotrum — is S4 of ref. 11, 1.e. that preferred
by Westocott for a wide range of well moderated lattices. In core 1,

S2 of ref. 11. (5KT cut-off) is be'tter.

(1ii) The uncertainty in plutonium reaction rate due to laok of detailed
knowledge of the joining function is unlikely to exoeed 3% &t any
point.

(iv) The caloulated spedtrum parameters, r and T, are adequate to deter-
mine 1) and f to the necessary precision for caloculating neutron
balance. .

It should be emphasized that these conclusions apply to a'éystem free of
plutonium, or other non 1/v absorbers, and at uniform temperature. They would
not necessarily apply to & hot, burnt-up power reactor lattioce.
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Te

.Perturbation Measurements

(1) Cadmium .Absorber Effectiveness

The ohanges of reactivity produced by inserting & cadmium rod into the
core at different radil were measured in cores 1, 4 and 5. Empty search
tubes were inserted in positions 12 (r = 0 om.), 13 (r = 21.3 omi), 19
(r ol 42.5 Omo)’ 14 (r - 6308 cmo)’ 22 (r = 8501 Omo) and 3 (r - 109.5 Onio)
and the change in oritical height was measured as a standard cadmium tube
(24 inches long, 0.75" diameter) was lowered successively into the different
search tubes so that its centre coinoided with the core mid plane. Using the
measured values of dp/dH, the change, in critical height was converted to
reactivity. The results are plotted in fig. 19. As is to be expected the
cadmium is most effective at a radius of 90 om., corresponding to a position
in zone 2. 1In ocore 1 the effectiveness at the centre of zone 1 is reletively

low, due to the low thermal flux observed there. The difference between

meesurements in cores 4 and 5 is not understood and does not correspond to
measured or calculated differences in fluxes or adjoints.

(1i) Void Coefficient

The ohanges in reactivity produced by inserting an air filled search
tube at different radii were measured in cores 3 and 5. The perturbations"
were very small (2 mm in critical height) and the accuracy obtained was low.
The results are plotted in figure 20.

Engineering and Operational Features

(1) Fine control rod

(2) Desoription

. DIMPLE is designed to be controlled during normal operation with

" the fine control pump, which is a variable speed, reversing, positive
displacement pump with a maximum capacity of 5 g.p.m. Because water
leaks back slowly through this pump when it is not operating, the pump
must be run almost continuously if the D20 height in the tank is to be
maintained and the reactor power kept constant. To reduce wear it was
normal practice to valve off the control pump on reaching the required
power level, subsequently controlling the reactor with a cadmium fine
control rod. This consists of a cadmium tube, 8 inches long and % inch
diemeter, suspended from a fine cable in an empty search tube in position
22, four lattice pitches from the reactor centre. The cable was sus—
pended from & drum driven by & constant speed reversing motor. In its
lowest position the control rod was 143 oms above the tank bottom; in
normal .use it was placed at elevation 185 om., which is about mid-way.
between the reaotor centre plane and the top of the fuel clusters.. In
this position its reactivity worth is approximately 0.02% G»k/k; this
was small enough for the rod drive not to require interloocking with the
safety oircults. The normal operating practice was to bring the reactor
to the required power using the control pump, the fine conirol rod bdeing
near the middle of its range of iravel, then to valve off the control
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pump .and maintain the demanded power by small ‘rod movements (usually less
than 2 om.). . .

(v) Effeot on reactor flux distributions

Three 4 inch diameter, 4 ft. long fission chambers were used to
observe changes in neutron flux as the fine control rod was moved from
its fully out position to its normal operating position. The three
fission ghambers were centrally located in dry vertical search tubes at
the following radial positionss T : -

'S.T. 12 - Reactor centre.

S.T. 19 =~ 2 lattice pitches from the centre, on & radius
with the fine ocontrol rod. '

S.T. 14 -~ 3 lattice pitches from the centre, on & radius
perpendiocular to the above radius.

Observations of neutron flux were made at 6 different elevations in search
tubes 12 and 19, while the fission chamber 'in S.T. 14 was kept at a-fixed
level. All measurements were made with the reactor operating at a nominal
level of 1% of 9 x 107 n/om2-sec. The "Deviation Channel" was used, and
corrections to the nominal level could be made with & maximum error of
0.1%. In effect all measurements were relative to a constant neutron

flux in the "Deviation Channel" ion chamber. It should be noted that the
ion chamber is in the graphite reflector approximately 2 lattice pitches
from the fine control rod, at an elevation of 80 om. above the tank
bottom. Consequently when the fine control rod is inserted, it is
expected that all fluxes at positions greater than about 2 lattice pitches
from the fine control rod will increase. The inorease should be greatest
at the reactor boundary farthest from the fine control rod.

(o) Measured flux distortions

. The fission chamber in 8.T. 14 at a fixed level of 121.3 om. above
the tank bottom gave the following result:

fine control rod in )
fine control rod out 1.0061 £ .0010

Ratio of counting ratess

The quoted value and standard error result from averaging twelve obser-
vations. The corresponding ratios for the fission chambers in the other
search tubes at the different elevations are listed below. The standard
error of eech ratio is estimated to be 0.0022 from the statistiocs of the
Observa;tion.s in S.T. 14. . '



TABLE 9

Perturbations due to fine ocontrol rod

| e fmmee

O,
S.T. 12 S.T. 19 S.T. 14

103.5 1.0050 1.0015 -
121.3 1.0048 1.0017 1.0061
139.0 1.0074 1.0000 -
156.8 1.0088 0.9995 -
174 .6 1.0067 0.9992 . -
192.4 1.0139. 1.0021 -

Note:s The 139.0 om. level is the mid horizontal plane
of the W2 fuel. The levels at 121.3, 139.0 and
the positions used for manganese monitor foils
in S.T. 14 and 19 throughout the foll irradiation
programme . . :

In addition to the evidence of the above experiments, it was noticed
during normal foil irradiations that the "Linear channel" ion chamber
current inoreased by 0.8% when the fine control rod was inserted and the
"Deviation Channel" current kept oonstant. The "lLinear channel" ion .
chamber is situated in the reflector, opposite the "Diviation Channel at
& height of 80 cms. above tank bottom. . _

(d) - Conclusions

As expeoted, the flux level increases in S.T.'s 12 and 14 and at the
linear ion chamber when the fine ocontrol rod is inserted; these loocations
are all more than two lattioce pitches from the rod. The inorease is about
0.5% on the reactor centre Plane, possibly increasing at the top of S.T.
12 to ~0.75%. No effect is noticed at any height in S.T. 19, which is
exactly two lattice pitches from the rod. . :

Thus when the fine control rod is inserted three of the monitor foil
activation will remain constant and three will increase by 0.5%;  the
average will inorease by 0.25%. Ignoring local flux depressions in
pressure tubes E9 and F9 the average flux in Zone 1 will increase by
about 0.5%. A net error of 0.25% is therefore to be expeoted. This is
bar;%y significant since the errors on individuel foil measursements are
~ .5k, '
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(1i) Flux scanning device

. This device was described:-in ref. 1. It was originally fitted with four
aluminium wires to which foils could be attached at any height throughout the
core. The tensioning devices for these wires proved unsatisfactory in opera-
tion and they were replaced by double lengths of 6 1lb. nylon fishing line.

A fifth line was also added at the centre of the cell side. The positions in
the cell acocessible to the flux scanning device are shovn in fig. 3.

The accuracy of positioning of foils on the flux scanning device was
checked at the end of the experiments when the core was being dismantled. It
~ was found that foils on the wire farthest from the axis were located verti-

" oally within # inch of the nominal height and within 1/16 inch in the direotion
normal to the plane of the wires. In the radial direction the acocuracy was ' |
% inch. Errors due to positioning were therefore less important than counting
errors.

Inserting the flux scanning devioce into the reactor caused a small
reduction in reactivity, and therefore an inorease in critiocal height, and
& local perturbation of the thermal flux. The flux perturbation was examined
in ocore 5 by measuring the change in fission chamber count rates when the
flux scanning device was inserted in the reaotor. Fission chambers were
inserted in S.T. 12 and pressure tube E 6 in the positions used for spectrum
characterization &nd in an empty search tube in position 19. On inserting
the flux scanning device the.critioal height increased by 0.8 cms. and the
fluxes in'S.T. 12 and E 6 decreased by 0.75% The flux in S.T. 19 increased
qlightly. The fission chamber in thls channel .was above the centre plane and
the increase was ascribed to the shift in vertical flux distribution with
inoreasing oritical height. It was concluded that the nearest foils to the
flux scanning device might experience flux depressions of up to 1% and that
foils more than 1 lattice piteh distant: would not be significantly affected.
The foil irradiations were plammed so as to minimise the number of foils
irradiated near the flux scanning device.

(1ii) D20 Handling

In addition to the normal transfer and handling of the DIMPLE moderator,
the S.G.H.W. experiment involved the preparation and handling of several
‘batches of D20 and 320/320 mixtures for use as moderator and coolant simulant
inside the pressure tubes. The liquids present inside the Zone 1 and Zone 2
pressure tubes throvghout the experiments are listed in Appendix I. The
handling techniques adopted are described below.

(a) Zone 1 pressure tubes

Special precautions were necessary in £illing the Zone 1 pressure
tubes with liquid to ensure that the metal surfaces were dry before
£illing and to ensure that no air was trapped by the narrow clearances
between fuel rods and cluster plates and betwesen cluster plates and
the pressure tubes.

The filling procedure was to connect each tube, already loaded with-
fuel, in turn to & vacuum pump; to evacuate the tube ito a pressure of -
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3 cm Hg; to isolate and ensure that the pressure did not double in less
than two minutes; to re-evacuate to 3 cm. Hg and to admit the required
coolant to the evacuated tube from a polythene bottle containing the
correct volume (16.8 litres) of liquid. The partial vaocuum was then’
broken by admitting dry nitrogen to one atmosphere pressure.

The method of emptying was to remove the fuel clusters, allowing .
them to drain into a tray on the reactor top. The drainings were sub-
sequently recovered and used to make up D20/H20 mixtures of lower concen-
tration. The remaining coolant was then removed from the tube by suction
into a stainless steel drum, using a vacuum backing pump. Finally, the
tube was dried with lint~free cotton swabs and with swabs wetted with
acetone.

Initially the pressure tube caps were bolted to the pressure tubes
to form an air-tight seal, but when corrosion and gas evolution were
discovered &ll the caps were drilled with a 3/16" diameter hole to allow
continuous venting. After corrosion had been discovered in core 2a &all
the pressure tubes were emptied and they and the cluster plates were -
subjected to acid-alkali cleaning. The fuel rods were washed in
demineralised water and dried with acetone. When the fuel was reloaded
fresh D20 was used in the pressure tubes and the initial batch was
filtered and deionized to remove the corrosion products (see B 10).

The coolent simulant used in core 3 was H20. The £illing procedure
was to empty and dry the pressure tube in the normal mannexr, then to
pour in 16.8 litres of deionized H20. The fuel oluster, after draining,
wore rinsed in H20 and then loaded into the pressure tubes. Difficulty
was experienced loocating the lower ocluster under several feet of water
but the method was quicker than that used for the D20 mixtures. The
fact that the clusters were wet on being loaded prevented large volumes
of air being trapped inside them.

The coolant simulant for oore 4 was obteined by mixing a fraction
of the filtered D20 used in core 2a with deionized H20. Five drums of |
mixture were prepared and to ensure uniform composition the drums were
connected in series and the mixture oirculated with a small pump for
four hours. The isotopic purity of several samples was checked before
the mixture was used and a valus of 79.83 + .02% W/W D20 obtained. At
the end of the programme on-core 4 samples were taken from several tubes
which had been opened frequently and a value of 79.59 i_.07%vW/W D20
was then obtained. The average composition during the lirradiations with
this core was then taken to be' 79.7 # 1% W/W D20.

The £illing procedure for core 4 was similar to that for core 2
(see above). The fuel clusters were removed and dried by compressed -
air blasts, by portable hot air driers and by being placed in a hot
oupboard attached to the DIMPLE freezer drier unit. Not more than 6
clusters were ‘removed from the reactor at any time.

At the end of the irradiations on core 4 the tubes and the fuel
clusters were emptied and dried and a short series of experiments were
carried out in the air filled oore (core 1c). During this period a
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proportion of the degraded D20 from core 4 was further degraded and, after
thorough mixing, an average isotopic purity of 60.21 -+ .07% W/W D20 was
obtained. - . ‘

The f£illing prooedure for ocore 5 was similar to that for core 2. .
At the end of the irradiation programme the top two olusters were removed
from each pressure tube and the liquid level lowered by suction to the °
top of the third cluster. The top two clustere were then replaced. After
one week of operation in this condition, all the fuel was removed and all
the liquid extracted using the procedure for core 2. Further measurements
of isotopic purity made at the end of the programme yielded a value of
60.0% W/W Dy0. The average composition during the irradiations was there~
fore taken to be 60.1 + .1% W/W D20. :

(b) 2Zone 2 pressure tubes

Liquid handling in Zone 2 was simplified by the construotion of the
fuel boxes, which made it possible to pour D20 over them in situ or to )
lower them into place through several feet of D20 without in either case
trapping large air bubbles. Furthermore, as the liquid composition did
not change throughout the experiments much less handling was required.

The filling procedurse for Zone 2 was as followsi- All pressure
tubes were loaded with fuel. The correot volume (30.5 litres) of D20
was transferred to a polythene bottle, a pressure tube was purged with
dry nitrogen for five minutes and the contents of the bottle were then
poured into the tube. This proocess was then repeated for all the pressurs
tubes. Initially the tube caps were screwed down to form an air tight
seal, but when gas evolution was observed the caps were drilled and a
dead weight relief ball valve fitted to permlt excess-gas pressure to be
dissipated while limiting D20 exchange with the atmosphere. When
corrosion was discovered, the same cleaning treatment was applied to the
gone 2 tubes and fuel at to zone 1. The initial batch of D20 was removed
and stored and, after cleaning and reloading the fuel, fresh D20 was
added to the tubes using the procedure described above. This liquid
remsined in the tubes until the end of the experiments. The fuel boxes
were removed several times in order to vary the splke loading. The spike
change was made with the boxes wet and any loss of D20 was made up on
replacing the fuel in the pressure tubes. The tubes were not purged with
nitrogen on these occasions.

(¢) Fine structure stack

720 Xg of D20 recovered from the zons 2 pressure tubes at the end of
the experiments on core 2a was supplied for the fine struoture stack.
The calandria tank was dried with the freeger drier unit and the D20
transferred under pressure with dry nitrogen. At the conclusion of the
experiments the D20 was drained out of the calandris tank into storage
- drums. Losses were negligible.

(d) D20 losses

Appré;imately 5% of the D20 used &s coolant simulant in the pressure




tubes was lost in the course of the experiments. Three factors con-
triduted to this lossi- :

(1)
(11)

(111)

the frequent removal of fuel olusters and "trombones" of
large surface area in order to load and unload foils.

the complete emptying and drying of the pressure’ tubes after
the use of D20 mixtures in ocores 2a, 2b, 4 and 5 in zone 1
and cores 2a and $ in zone 2. .

the high level of activity on the fuel during thé experiments
whioch made it vital to restriot fuel handling to the minimum, .

Even if the aotivity of the fuel had not precluded more deliberate
treatment the time penalty incurred in recovering D20 from fuel elements
and pressure tubes during ococolant changes and foil loadings would have
involved unacceptable delays to the programme.

8. Aluminium Corrosion

(This is based on an-unpublished note by Mr. J. N. Wanklyn, Metallurgy

Division, A.E.R.E., Harwell).

On June 22nd, 1960, an appreciable gas pressure was noted on loosening -one of
the zone 2 pressure tube caps. A sample of the gas contained 59% deuterium, the
remainder being alir. The pressure tubes in gone 2 had been filled with D20 on
May 18th - 19th and had remained sealed since that datee.
douterium observed indicated that appreciable ocorrosion had taken place and an.

The amount of free

analysis of the D20 in the tube showed the following ohanges.

Quantity Original bQO fgszpizbe
PH value 6.0 5¢5 °
Conductivity mhos. 1.0 642
Aluminium p.pem. 1.0 >80.0
Iron p.p.m. . 0.1 + 1.0
Zino p.p.me 0.05 0.5
Chlorides as Cl p.p.m. 0.2 7.6
Ammonia as NH3 pepem. 0.2 .1.3

The suspended matter in the tube was found to contain mainly. aluminium, with




some iron and traces of magnesium. On emptying the tube and examining it with an
intrasoope the corrosion was seen to be uniform and more sludge was noticed at
the bottom, suggesting that the water analysis underostimated the aluminium loss,

' The total corrosion was estimated from the -gas evolution to be about 180 mg/dm
after 1 month, oompared with typiocal figures for 99.5% aluminium at 20°C. of
4 mg/dm2 A perlod of incubation was obgerved before rapid ocorrosion startod,
varying between 7 and 32 days. Although the corrosion was not severe enough to
weaken the siructure, there was a risk of explosion, some loss of deuterium, and
turbidity in the water whioch hindered fuel handling. The faoct that aluminium
acceptable by present specification oould corrode rapidly was also disturbing.

The pressure tubes and aluminium frames were removed from the reaoctor, piqkléd'
in NaOH and passivated with NHO3, and were then replaced in the reactor and immersed

in olean D20. Q(as evolution was again observed after an inoubation period of about
B days. It then appeared that the corrosion was due neither to the inadequacy of
the original cleaning treatment nor to impurities in the first batch of D20. A
series of corrosion tests was therefore initiated by Industrial Chemistry Group.

Samples of aluminium from pressure and calandrie tubes were lmmersed in
deionized D20, in distilled H20 and in deionized Hp0 and their behaviour compared
with a2 control sample of 99. 5% aluminium immersed in deioniged D20. In all three
liquids the test samples started to corrode rapidly, evolving gas after incubation
periods which varied between 7 and 70 days. The control sample remained inactive.
The incubation period was in all cases followed by & short period (~10 days) of
rapid corrosion and gas evolution after which the corrosion rate fell to a very
low value (often less than the limits of measurement). The inoubation period
appeared to be influenced by the ‘ratio of total specimen surface area to fresh out
surface area and also by the water quality.

Preliminary examination of the corrosion .test results suggested that the
aluminium used for the pressure tubes and ocalandria tubes was abnormal. The absence
of pitting and the extreme uniformity of the corrosion made it likely that the
usual impurities in the metal and/br water were not responsible dbut that the
material possessed some unusual difference in composition or structure from normal
aluminium. Further corrosion tests and analyses were therefore put in hand in
order to olarify the effects of water quality, surface conditions and heat treat~-
ment. These tests are-still in progress and a possible mechanism for the observed
corrosion has been suggested. If thie suggestion is confirmed it should be possible
to avoid a reourrence of the problem by varying the material specifications. A
more detalled account of the investigation will be lssued later by the Groups

concerned.

_ The reocurrence of corrosion in the reactor after the aluminium components had
been repickled was not allowed to interrupt the experimental programme a second
time. The corrosion rate was not high enough to affect the safety of the ocore
struoture and the risk of an explosion was made negligible by venting the pressure
tubes and fitting an extraot fan to the top shield. The methods of handling fuel
-under water were modified so as to make them suitable for use in turbid water. No

- difficulties were experienced due to the flocoulent precipitate. As in the .

laboratory test the corrosion rate in the reactor appeared to decrease markedly
after the initial period of saotivity.



9.

The Fine-Struoture Stack

- (1) Introduction

In the experiments in DIMPLE the various ocoolants were all at the same
temperature as the D20 moderator, i.e. ambient. In the power reactor the
temperatures will be very different, with coolant at about 280°C and moderator
at about 65°C. These elevated temperatures will affeot all the lattice para-
meters but will have most influence on the thermal neutron spectrum and the
thermal flux peskinge. In the fine-structure staok the ooolant- temperature was
raised above that of the moderator and the effeots on the thermal neutron
distribution and spectrum were investigated. Because of limited time, man-
power and money the experiments were restriocted to one type of moderator and
& relatively small increase in temperature. :

The stack was a sub-oritical assembly driven by neutrons from the LIDO
oore (17). It was made up of S.G.H.W. fuel channels of exactly the same type
as in the DIMPLE cores, at the same pitch, in a calandria tank ocontaining D20
moderator. L

Hzooooolant was pumped through the channels at temperatures in e range
up to 87 C, and the thermal spectrum and thermal peaking were investigated by
irradiating Mn/Iu and Mn/Au foils, Just as in the DIMPLE experiments.

(i1) The Calandrias Tank end Fuel Channels (figures 21-end 22)

The ocalandria was a small tank of 99% aluminium approximately 3 ft. wide
by 3ft. long by 3 ft. 6 inches high, containing 16 straight-through calandria ot
tubes of 99.5% aluminium, each 6.625 inch O.D. with walle 0.192 inch thiock.
The tubes were vertical in the tank on an 84375 inch pitoh in a 4 x'4 square
array. In each oalaendria tube was a coaxial pressure tube of 99.5% aluminium,

. 5425 inch I.D. with walls 0.128 inch thick. There was thus an air gap of 0.375 .

inch between pressure tube and calendria tubes The above dimensions, the
pitch, tube radii and air gap were exactly the same as-in DIMPLE, The pressure
tubes were suspended by insulating fingers of tufnol under theéir top flanges and
were centred by tufnol fingers at the bottom ends. At the top and bottom of
each pressure tube were § inoh 0.D. pipes for coolante. : :

Iﬁside_the calandria tahk, in the moderator, at the.end furthest from

the source, wes a cooling coil made up of % inch I.D. aluminium tubing,

approximately 17 ft. longe

' Each -ochannel contained three S.G.H.W.'oluaters, the clusters in the
central four channels being of the modified type to take 'three-~decker' trom-
bones for foils (reference 1). To aid the flow of coolant water, 54 holes of

. # inch diameter were drilled through each cluster rlate, spread more-or-less

wiformly over the plate. . .

After drying out the calandria with the DIMPLE freeger-dryer, it was
£illed with D20 to within %-ihoh of the top.and the space above was vented
through a drying trap filled with silioca gel. The trap can be seen towards *
the-top'le:t of figure 21. There were approximately 465 litres of D20 in . the
tank, . E :



(iii) Irradiasting the stack

The neutron source for these experiments was the LIDO core, which has
&-gide of approximately 15 inches by 25 inches high. The stack was mounted
in the shielding trolley at panel B position at LIDO (ref. 17) and it was -
supported.on a steel framework so that the centre of the front face was lined
up, within en inch, with the centre of the core face. With the trolley
racked .into the oonorete shielding round the LIDO pool, the front face of the
stack was separated from the LIDO core by & few inches of pool water, two
aluninium panels of total thickness 1 inoh in the pool wall, the front wall
of the trolley made of % inch of aluminium, and & few inches of air.

A 1lifting oross-beam with four slings was constructed so that the entire
stack, full of moderator, fusl and coolant, could be lifted for positioning
in the trolley. The stack with its support and the lifting gear are shown in
figure 21, : ' )

(iv) - The coolant c¢irculation system

'~ The coolant water was heated in & 28 gallon domestic hot water tank.
These tanks are, of course, made of copper but it was considered that since
the total time when the coolant would be circulating would be short (several
runs of a few hours) there would.be very small risk of any action between
copper and aluminium. Experience proved this to be corrects

Four 3-kilowatt immersion heaters were installed in the boiler, two of
them controlled manually by switches and the other two controlled by & labora-
tory type thermostat. A small open tube was connected through the top of the
boiler to avoid any build up of pressure and a simple float assembly was
incorporated into the tube to measure the water level.

From the boiler the coolant was pumped to the stack through 1. inch I.D.
rubber hose by a Stewart-Turner centrifugal pump, at about 1%'gallons/min.
The water was distributed to the lower ends of the pressure tubes from a
short fat oylindrical header tank of aluminium, through PVC tubes of 4 inch
I.D. At the top the water was collected in another header through PVC tubes
and was returned to the boiler through another 1 inch rubber hose. PVC tubing
is not suitable for prolonged use at temperatures above about 80°C but it gave
no trouble during the short period of the experiments. Figure 22 shows the
arrangement ‘of the top header and the plastic tubes., Both headers had valves
to bleed off trapped air.

The coolant oircuit oontained about 25 gallons of water, exolusive of
“the boiler. ' ’

(v) Messurement of Temperature

All temperature measurements were made with standard Pyrotenax thermo-
couples of Chromel/Alumel sheathed in 4§ inch 0.D. stainless steel tubing.

The moderator was monitored at eight positions, marked T{,——— T8
in figure 23, the Jjunotions being half way down in the tank. -
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Coolant temperatures were measured in the four central channels F, G, K,
L of figure 23. The thermocouple tubes were passed through sliding seals in
the top plates of the pressure tubes and down through the water holes in the
ocluster plates. One thermocouple was inserted in each of channels F, G and L
and three were located in K, at different radii.

The variation in coolant temperature, as & function of height and radius
in a channel, was explored in preliminary, out-of-pile, runs and it was found
that onoce oonditions had become steady the temperature was uniform to within
1°C, ‘at all points in a channel.

- A1l the thermocouples voitagee were measured on & standard potentiometer
by way of a multi-position low-resistance switoh and a common cold Junction
was set up in melting ice.

The calibration of a typical thermocouple was checked against & meroury
thermometer of sub-standard accuracy and it was found to agree with the
manufacturers date within an experimental error of about 0.2°C. Accordingly,
the published date was teken to apply to all the thermocouples and an error
of + 0.2°C has been aesigned to all the readings.

(vi) Operation

The hot water ocircuit was tested in several out-of-pile runs. To prevent
eir from flowing up through the annular gaps between the pressure tubes and
calandria tubes, each gap was filled with a soft rubber ring near the top of
the tube. The preliminary caloulations had predicted that, for coolant at 85 c
and D20 at 20°C, the rate of loss of heat across the gaps would raise the D20
temperature by about 190 per hour and this was considered to be acoeptable.
However, in the testing run at high, temperature the heat transfer seemed to be
much larger than this mnd it was suspected that convection might be the cause.
Since {time was too short to investigate the effect it was decided to £ill the
annuli with sheets of very low density expanded polystyrene. With the.coolant
at 85°C, the heat losses across the annuli then fell to the estimated rate.

It was found that by circulating ice-water through the cooling coil the bulk
of this heat could be removed from the moderator and the moderator temperature
could be held constant to within 1 or 2°0C during any one experiment, from the
beginning of the warming-up period through the irradiation.

The procedure in.a typical hot—coolant irradiation was as follows.

(a) The foils were loaded and the oalandria was installed in the trolley
along with its pipes and instrumentation.

(b) .Meanwhile, the water in the boiler was heated to about 90 C with
the rest of the cirouit closed off. The ice-water ciroculation was
started through the cooling loop so as to lower the D20 temperaturs
by about 1°C below ambient.s

(o) The main ciroulation was started and the boiler water became mirxed
with the water in the rest of the oirocuit, with a resulting tempera-
ture of about 35 to 40°C. (This technique raises the whole coolant
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temperature by about 20°C without transferring any heat to the
moderator). .

(a) with a11 the heaters on, coolant was oirculated until the temperature
in the channels was near to the required value. The control thermo-
gtat in the boiler was then set to an appropriate temperature, .~
usually about 3°C above the required channel temperature, arnd the
whole coolant system was allowed to come to equilibrium. At one
extreme, the run at 85°C required ~the’ 6 kw of ballast heat as well
as the 6 kw of thermostatically controlled heat and at the other
extreme, the run at 40°C was driven by the controlled 6 kw alone.

(e) When the coolant had definitely reached equilibrium the shielding

: trolley was run into the cave and the irradiation was started.
During the later part of the warming—up period and the irradiation
itself the eight temperatures in the moderator and the six tempera-—
tures in the channels were taken at ten minute intervals. The
hottest run took about 3 hours to come to equilibrium.

(£f) After the irradiation the stack was left for an hour or more inside
the shielding. The levels of BA radiation then ranged from about
500 mr/hr at the source end of the stack to about 50 mr/hr at the
back. The unloading of the foils was accomplished in less than §
minutes by two people, both standing in a part of the area subjeot
to a field of about 200 mr/hr.

(vii) Difficulties in operation

One probler was common to &ll the hot runs and it proved to be a stubborn
onee. Although it was quite simple to bleed off trapped air from the headers,
through their air valves, it was extremely difficult to dislodge all the air
bubbles from the small orevices inside the fuel clusters. As the system heated
up this air produced large bubbles whioh were able to interfere with the flow
of coolant and even, on two occasions, to prevent flow through several channels.
Varilous remedies were useds

(a) Clamping off most .of the channels and diverting the whole flow to
the affected ones,

(v) Valving off the whole flow and then suddenly releasing it,

(o) Shaking the whole system, and in very stubborn oases bounoing a
whole pressure tube up and downe.

These technliques proved to.be successful and steady flow through all channels
wes always achieved -but in & more permanent experiment it would olearly be
worth-while to apply considerable design effort to the flow paths inside the
pressure tubes. )

It was realised that in some of the Tuns the coolant would be oconsiderably
above the range of temperatures for which the Stewari-Turner pump was designed
and an air blast was arranged to cool the motor and- the actual pump section.
Despite this, the packing in the pump gland seized during the hottest run, but
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fortunately not until quite near the end so that no great 1noonvenienoe was
caused.

(viii) Flux msasurements

(a) The Foil loading pattern

Preliminary oalculationa had indicated that in the lattice with
light water coolant an equilibrium spectrum would be established within
about one lattice pitch from a boundary or from a souroce with a compara-
tively hard spectrum such as LIDO, The experimental evidence from .
core 3 in DIMPLE was in egreement. .

In accordance with these arguments it was expeoted that there would -
be equilibrium in the fine-structure stack in a region round the four
central channels F, G, XK, L, extending vertically over the middle '
clusters in those channels. Accordingly, a foil pattern was arranged to
cover this region, in fuel and moderator, using Au/Mn and Lu/Mn foils of
the kind used in the DIMPLE experiments. It was hoped that the activa-
tions would then furnish information on the spatial variation of the
total neutron density, -the relative density of epithermal neutrons and
the effective neutron temperature, as funotions of the coolant temperature.

The number of Lu/Mn foils was limited so the experiment was designed
to make one run at each of five temperatures, more or less equally spaced
from about 20°C to about 90°C inclusive.

Foils were attached with 'Lassothene' to the trombones in the four
central channels, &t positions inside the middle oluster in each channel.
The orientations of the trombones are shown in figure 23. The vertical
co-~ordinates are labelled b, o, d, e, £, and the radial co—ordinates
1y 2, 3, 4, 5, Just as in DIMPLE, see figure 3.

In the moderator the folls were fastened to an 'umbrella' foll holder
which was loaded through & 1.5 inch diameter hole in the tank 1id, at the
centre. The holder is showvm in figure 24. It had four thin tubular arms
of aluminium 25 inches long, -jointed at the top. Between the arms were
stretched two .thin sheets of polythene, intersecting on the central
vertical axis and extending between the central channels in direotions
North, South, East and West, see figure (23). Foils were stuck .to the
sheets with lassothene at heights corresponding to the positions on the
trombones, at the locations (i) (vii) in figure 23. Positions
(1i1) and (v) 1lie 2 inches South and North respectively from the oentral
position. The advantages of the umbrelle are:

(a) the obvious one that it can collapse and hece be loaded into
" the tank,

(b) it avoids the use of metal on the ocentral axis where it is
important that the flux should not be perturbed,

(¢) the disturbing material which it does introduce is a relatively
. small volume of polythene which is itself a moderator.:
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- Each run involved 35 Au/Ma foils and 26 Lu/Mn foils, sited to
provide vertiocal and horizontel fine-structure distributions. The most
significant weres -

Auzyg Digtribution

Horizontaiz Across channel F and moderator (i), at height do
Across channel G and modérator (i), at height Ce
Aoross moderator at (ii), (iii), (iv), (v), (vi), at -
height d.:

Verticals In channel F at radius 3.
In channel X at radius 3.
In moderator. at positions (iv).

Lu/Mn Distribution

Horizontals Across channel F and moderator (i), at height e.
 Across channel G,.at height d.
Across moderator at (ii), (iv), (vi).
Across channel K and moderator (vii), at height o.
Across channel L and moderator (vii), at height de

(t) The flux in the stack

For the equivalent DIMPLE corey No. 3, the preliminary calculations
had predioted that the material buckling would be approximately zero. In
the fine-structure stack the horigontal and vertical asymptotio flux
distributions are effectively determined by the dimensions of the tank and
should be cosines of the form cosa (x - xo), and cos B(y - ¥o) respeotively
where o ~3.2 metre"‘1 andp~2,8 metre~—!, :

The asymptotic distribution parallel to the current from the source
‘will be of the form sinh ¥ (20 = %) where ¥ is given by

a? +p2y? u B2

and Bm is the material buckling. It B% is approximately zero then y s 4.3
metre=l. The flux will thus fall by a factor of about 6 from the front to
the smecond row of channels P, G, and by a further factor of about 1.7 from
FG to the row KL,

In practice, the presence of source harmonics will compliocate the
distribution. The shape of the source distribution, that is the flux
pattern from the LIDO ocore, is shown in reference (18), figures 4 and 5.
Both the source and the tank distributions should be symmetric so the
contributions from second harmonics should be very small. Since the source
~shape is more sharply peaked than the asymptotic cosiness in the tank the
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third harmonioc contributions will be positive and the flux will fall off
more rapidly than the asymptotic sinh form above.

. It was decided that.the foils should be irradiated for the same
1ength of time and the same flux as in the DIMPLE experiments s0 that
when the results were compared the effects of any errors 1n the count~
reduotion procedure would be small. .

Using the oaloulation above and the LIDO flux méaaureménts of
reference (18) it was estimated that & LIDO power of 2 XW would produce
thermal fluxes of approximately 3 x 107 neutrons/cm.2 sec in the fuel

channels K and L. The foil activities whioh reaulted from the irradiations:

were in good agreement with the prediction.

For irradiations of this kind LIDO is usually brought to power with
a doubling time of about 25 seconds and is shut down at the same rate.
The foils were irradiated for one hour at 2 KW power. The time was taken
from 80% of power at the beginning to.80% of power at shut-down and the
necessary allowances were made in caloulating the foil-decay corrections .
80 as to make the results comparable with the irradiations in DIMPLE.

Resgults

(a) Moderator Purity

The isotopio purity of the D20 moderator remained constant within the
limits of measurement from the beginning to the end of the experiment. It
was 99.68 + 0,003 weight per cent. .

(v) Temperatures

" The preliminary-tests showed that once the coolant system had reached
equilibrium the temperatures in a channel at any one time did not vary
from the mean value by more than 0.5°C, either from top to bottom or
radiaelly. The steady drift in mean coolant temperature during an hour
irradiation was at most 2°C. .

Table 10 lists some thermocouple voltages in millivolts, and equava-
lent temperatures in C obtained dnring the irradiations.

The maximum and minimum voltages are those recorded at any time during
an irradiation and the mean voltage, which ylelds the mean temperature,
is the average of 2ll readings taken Quring the irradiation. For each.
irradiation the uncertainties in the coolant and the moderator temperatures
are oompounded from the followings

(i)ﬂ * 0.2°C in reading and calibration for each temperature. -

(ii) An error depending on the steady drift observed during the
" 3drradiation.

(141) For the coolant, &n error of + 0.5 °% in spatial oonstancy inside
& pressure tube.
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TABLE 10

Coolant temperatures in the fine structure stack

FSS 3

Run FSS 2 - FSS 6 PS5 FSS 4
Mean 526 Temp. 19.4 + 0.6 40.5 + 0.7 5542 + 047 ' 69;7 + 0.8 86.8 + 1.0
Mean D 0 Temp. 19.3 4 0.6 15.9 + 0.9 18.1 + 0.6 17.2 4 0.8 - 18.8 + 0.9
Hp0 EMF max. . 786 1.662 2,288 2.900 3.601
min. 71 1.632 2.1 2,808 3.521
| ‘mean 718 1.647 2.248 2.846 3.553
DgO‘EMF max.e «781 «660 +745 716 «790
" min. J67 610 .702 .656 719
mean_ - 73 636 25 690 - 750




(iv) The total rise in the Moderator temperature was always very

- small, & few degrees, and because of this and the presence of
natural convection currents it was assumed that the tempera-
ture was appreciadbly constant .over the volume of the moderator.
As a check, the moderator was agitated with an eleciric
stirrer during an out-of-pile run. It was concluded that the
variation over the bulk of.the moderator at any one time during
an irradiation was not more than :_0.5°C'from its mean value.

(¢) Foil Activation

Foil Calibrations and Errors in Activities

The Au/Mh and Lu/Mn foils were seleoted from the ones used in the
DIMPLE cores and they had the properties and speotral oalibrations whioh
are desoribed in seotions 4 and 5. T

The total errors due to foil composition, counting statistios and
counting procedure were as follows. .

Activities in Au/Mn foils: Mn i;1%, Au + 1.7%,
leading to an error of + 2% in the ratio.

Aotivities in Lu/Mn foils: Mn + 1%, Lu + 1.25%,
leading to an error of + 1.6% in the ratio.

" These uncertainties are inoreased by errors in positioning in the
stack. The exponentisl-type fall in flux in the direction away from the
source produces a change of about 0.3% in macroscopic flux for a position
error of 1.mm in that direction. -

. , .
For ‘each mean value of & ratio whioh is quoted-in the following
tables two errors have been computed (i) using the above errors, (ii) by
taking the deviations about the mean, and the error which is actually’

listed is the larger of the two. .

The Equilibrium Spectirum

- As was disoussed above in B 9 (viii), it was very probable that the
equilibrium spectrum was confined to the neighbourhood of the middle
clusters in the four' central-channels. Since this region ocontains only
four cells, (i) it was not possible to make an accurate determination
of the macroscopic flux distribution and, (ii) the speotrum measuremente
viewed in isolation do not provide a very convincing proof that an
equilibrium spectrum had indeed been established. °

_ The question of equilibrium can be answered in the following waye.

The Au/Mn end Lu/Mn activation ratios in an equilibrium region are
independent of macroscopic flux variation and depend only on the variation
in spectrum across a cell. . Hence these ratios can be compared with the
measurements at equivalent positions in the ocells in the light-water-
coolant ocore in DIMPLE. The core in DIMPLE was much larger than the
stack and it had been proved that an equilibrium zone.wss established.:-
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Thus if the tatios in the stack are in agreement with the ratios in the
DIMPLE ocore it can safely be assumed that the central region in the stack
was in equilibrium. - Striotly, this comparison can only be made ‘for the .
cold-coolant case but in fact for the temperature range of the experiments
the macroscopic absorption and scattering cross—seotions in the stack will
change by a few per cent at most and the corresponding changes in . :
relaxation lengths will not be large enough to cause & de‘tectable dis-
placement in the boundaries of the equilibrium zone.

Table 11 oompares the- Au/Mn ratios and Lu/Mn ratios in the cold run,

at the positions listed in B 9. (viiia), with the values-at corresponding

positions in cells in DIMPLE core 3. The coolant and moderator were at
a mean temperature of 22.,0°C in core 3 and at 19.4°C in the Btaok.

In core 3 the Au/Mn ratios are for the 'd' heights and the Lu/Mh are
averaged over 'c, d and e' heights and in FSS 2 both ratios are averaged
over the 'c, d and e' heights.

In FSS 2 the moderator positions (i), (ii), (vi) and (vii) have been
averaged and the average 1s labelled W1 since this is the equivalent
position in the DIMPLE cores. The value for position (iv) is labelled

"by its equivalent DIMPLE position, W23.

Both sets of ratios are in agreement within the experimental errors
and it can thus be assumed that the cenirol region in the stack was in
equilibrium.

Gold/hanganese Ratios

-

. . , .
It was found that within the errors of measurement there were no
detectable changes in the Au/ln ratios as the coolant temperature was
raised. That is, at any particular position the ratio was oonstant to
+ 1.5% or better.

Lutecium/manganese Ratios-

Table 12 gives, for each run, the mean values of Lu/Mh ratio for
five positions in a channel and two in moderator. The results are .

‘averaged vertically over o, d and e heights end the position W1 in modera~

tor refers to an average over positions (i), (ii), (vi) and (vit).

The ratio is shown as & function of position in a oell in figure 29,
for three runs, at the coolant temperatures 19.4°C, 55.2°C and 86.8°0,
The moderator positions are expressed in terms of their distances from
the axis of the cell but it should be remembered that the cell is aquare
and that they both lie on the boundary.

The Determination of r and T

Using the Au/Mn ratios and the Lu/Mn ratios, valués can be obtained
for the spectrum parameters r and T of. the Westcott convention. The
teochnique is described in sections 4 and 5 of this report. :



TABLE 11

Comparison of gold/manganese and lutecium/manganese ratios in the fine structure stack and DIMPLE

' - FUEL POSITIONS MODERATOR POSITIONS
Core 3 Lu/Mn 1.977 T 1,964 1,961 1937 1,996 1.879 1.853
. +.033 '+.009 _ +.009 +.017 +4033 | +.022 +.014
FSS2  ILufmn | 1.974 1.964 1.959 1932 1.877 | 1.867 1.827
' _ +.015 *.015 24015 +.015 +4025 +.015 +4021
Core 3 myfin | 1.748 1716 1,681 . 14624 1566 | 1517 1,469
+.009 +.007 . £.007 +.006 +.007 | +.010  +.006
FSS 2 Au/Mn 1.779 1.712 1.683 1.657 - 1.579 1.545 1.494
: +.021 #4020 +.010 +.020 +.019 [ +.015 +4019
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TABLE 12

* Luteolum manganese ratios in the fine structure stack at different temperatures

Run Coolant : Fuel Positions : ' Moderator Positions
Temp °C 1 2 3 4 5 W1 weh

FSS 2 | 19.4 14974 - 1,964 1959 1.932 1.877 | 1.867 1.827.
+.015 +.015° +.015 +.015 #4025 | +.015 4,021

Fss 3|  40.5 2,081 2,089 2,062 ' 2,049 1.944 1.882 1.830
+.017 +.022 +016 +4016 +4018 +.014 +4020

FSS 6 5542 2,186 2.213 2,161 2,141 2,022 1.926 1.870
. - +.027 +.025 +.025 +.024 £.023 +.015 +.027

FSS 5 6947 2,287 2,292 2,260 2,191 2,090 1.950 1.893
4,023 +.035 +4020 +.022 +.018 | +.021 +.022

FSS 4| 86.8 2,320 2.335 2,266 2.236 2,109 | 1.927 . 1.886
: +4028 +.022 +.018 +.018 +.016 +.020 - +.021
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A value of 3.67 kT was chosen for the epithermal lower energy limit
since this seems to give the best egreement between the various foil and
fission-chamber measurements in the corresponding DIMPLE core, no. 3
(HgO coolant).

The values of r are essentially determined by the Au/Mh ratios and
the values of T by the Lu/Mn ratios.

As was stated above, there was no detectable change in the Au/Mn
ratios as the coolant temperature inoreased. This implies that the r /T
" values do not ohange. Unfortunately, the r values which are obtained from
the Au/ﬂn ratios in the stack and in core 3 do not agree with the r values
from the other types of measurement which were made in Core 3, the other
determinations being ‘consistent emong themselves. The values obtained
from Au/Mn are about 7% lower in a oluster (r about 0.065) and about 20%
lower in moderator (r about 0.045). However, since the values of T are

usually insensitive to r, and are especially so in this case since the
spectrum is so soft, the resulting uncertainty in T is very small.

Table 13 gives the values of T for the fuel and moderator positions,
for the different coolant temperatures. The uncertainty is on the . -
average + 2. 5°C of which less than 0.5 C is due to unoertainty in r.

The variation of T at radial positions 2 and 5 is shown graphically
in figure 26. ,

In view of the uncertainty in r, i1ts values are not listed here.

Manganese Distributions

" The distributions of the individual activities Au, Mn or Lu are. each
compounded of two functions, the maoroscopic flux distribution and the
respective fine structure. Since the maoroscopic variation cannot be
"obtained acourately because of the small soge of the region of constant
spectrum it is not possible to remove it so as to reveal the respective
fine structures. The variation in an activation from run to run can thus
only desoribe the varlation in combined macroscopic and mibrosoopiq effects.

‘Within the errors, the shape of the Mn distribution does not change
from run to run in any of the-three direotions, asoross the tank, verti-
cally, or away from the source. The maoroscopioc distributions vertically
and across the tank are determined to a high degree by the actual height
and width respectively and by the effective extrapolation lengths for the
flux into the surrounding shielding conorete. Henoe both distributions
are very insensitive to changes in coolant temperature and it can be
assumed that they do not vary deteotably over the range.of temperatures
observed. Thus the constancy of the Mn distributions vertically and
across the tank implies that the fine structure axially and radially in
& ocell does not change over the temperature range. Then at each position,
taking account of results from all the runs, the Mn fine struocture is
constant to + 2%, or botter.
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TABLE 13

Effeotive neutron temperatures at different coolant temperatures in.the fine structure stack

- T - Fuel Positions |7 - Moderator

Run Coolant Moderator ' : :
. Temp Temp, ~
1 2 -3 4 5 w1 - W23
FSS2 19.4 19.3 55 53 | 52 42 36 35 28
Fss3 | 405 | o159 | 15 | 16 | 70 | er | a8 | 3 | 28
" Fss6 | 55.2 | 18.1 o4 | 98 | 8| 8 | 62 | 45 | 35.
FSS5 | 6947 17.2 11 | 11 | 105 |92 | 73 |49 | 39”
_FSS4 86.8 18.8 | 116 | 118 | 107 | 99 | 76 | 45 | ‘38

Temperatures are in °¢. The average error in T is + 2.5%.




() Additional Runs

In addition to the above runs with light-water coolant two extra
runs were made to provide information for the design of future experiments.
In one of them there was no coolant, as in the air core in DIMPLE, and
in the other run light-water ocoolant was used but only the four ocentre
channels were heated. . : ’

(1) Air Coolant

Au/Mn and Lu/Mn foils were irradiated with air coolant, at a
moderator temperature of 17.5 # 0.5°Ce - The errors in Lu/Mn ratio
were larger than in the previous runs since only about half the
number of foils was available.

The results may be compared with the measurements in the air
coolant core in DIMPLE, Core 1.

Lu/Mn ratiost The ratios in the fuel channels in the stack
were about 5% lower than in the fuel channels in DIMPLE and the
ratios in the moderator were about 2% lower than in DIMPLE moderator.
The errors were about 1% in the moderator and from 1 to 2% in the
channels. :

o The DIMPLE experiments were carried out at a mean temperature of
22°C. If the atack results are vorrected to this temperature the
ratios will be increased by about 1.5%. This will bring the modera-
tor values into good agreement and will leave the ratios in the fuel
channels about 3.5% lower than in the DIMPLE channels. -

. Au/Mn ratios: The ratios in the channels are consistently
lower than in the DIMPLE ohannels, by about 2%, with error of from
1 to 1.5%. The ratios in moderator are not significantly different
from the DIMPLE moderatore. o : i

(41) Four Heated. Channels

With light water coolant in all channels, the central four were
heated to 80.7 + 1.0°C with the remaining channels and the moderator
at 14.8 + 0.9°C. The Au/Mn and Lu/Mn foils were irradiated, there
being about half the normal number of Lu/Mn.

The results may be ocompared with the hottest run, FSS 46 whioh
had coolant at 86.8°C in all channels, and moderator at 18.8°C.

Lu/Mn ratioss The difference in coolant temperature between
the runs was approximately 6°C and a first-order correction would be
to reduce the ratios in the FSS 4 channels by 2%. The difference in
moderator temperatures was 4 C and the first—-order correction to the
FSS 4 moderator ratios would be a reduction by 1.3%. If these
corrections are madé,  the results from the two runs dre in .agreement
within the errors, which are about 1.5%.
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Au/ln ratios: The Au/Mn ratios in the channels and moderator
are in agreement with the corresponding values in FSS 4 within
their errors, which are about 2.5%.
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Selendar of Experiments
Zone 1 Zone 2 -
Lattice
Date Core Certificate Coolant :
8 tanluct Noe of Bptkes | * Liquid
2nd May 1a 32 Alr Afr . Approach to critical (sub~
* eritical)
Jm w l‘ J} " 9 * L L] L]
6th May 1a L . 12 . v » "
9th May 1a 3 ] 17 . Approach to critioal
16th Hay 1 % . 12 D0 Approach’ to critical and
safely measurements
24th Mey~ 1 3% . 12 J Foll frradlatfon: 7 L.P,
19th June 9 H.Pe
20th June 2a 37 DN 12 . Approach to critical
22 June 2a 38 » 11 . Approach to eritical and
2 July safety measurements
Foil frrediatfon: 4 L.P,
ond  July- Reactor unloaded: aluminium
19th July corponents pickled: core re-
. " assembled.
20th July 2v k] Do 1" LY Approach to eritical
215t July- 2b 3% v 1" . Foil irradiationss 12 L.P.
j2th Aug. 22 H.P.
14th Auge 3 Lo 820 11 D20 Approach to critical (sub~
o critical
15th=20th 3 A ’ 12 . Approach to critical and .
Aug. safety measuremants
23rd Auge~ 3 4t ’ 12 ’ Foll frradiatfonss 12 L.P.
12th Sept. 4 H.P.
12th Bept.~ Coolant change
19th Bept. . )
19th Sept. .4 ] 79.7% D20 10 . Approach to critical and
20,2% HZ0 safety measurements.
218 8pte~ 4 42 . 10 . Foll irradiations: 11 L.P.
Gt.h Octe 7 H.Pe
11th Oct. ] 43 Alr 12 L Approach to critical
gzurzuc ¢ 3 . 12 . Foil irrsdiations etc.r 4 H.l
cte :
2lth Octe - 5 Ly 60,1% DL 10 . Approach to criticel and
. 39.9% B0 safety measurements
26th Octe~ 5 L . 10 L] Foil frrediationst 11 L.P,
lSth NOV. J/ . : A 9 HOP‘
21st-2ith é 15 L clusters 10 . Approach to critical: safety
Kov, onl:ufloodod and perturbation measurements
a3 above, : .

L.Pe » Low Power,

B.P. = High Power,



APPENDIX II

. Foil Encapsulator

To prevent errors due to corrosion or contamination all the % inch foils
irradiated under water in DIMPLE were wrapped in waterproof packets. . Hand wrapping
proved to be laborious and inefficient and a simple device was therefore designed
and constructed to encepsulate foils in polythene sheets.

The apparatus is illustrated in fig. 27. It consists of a base platé to which
is fixed a mild steel plate drilled with 31 # inch diameter holes; . a lever is
pivoted on the base plate, carrying a circular copper plate also drilled with 31 §
inch diameter holes, 2 inoh deep. The upper surface of the oopper plate iB recessed
to acoommodate a ciroular electric heater. When the lever is in the horizontal
position the holes in the copper and steesl plates are in register and the plates
are parallel and 0.010 inoh aparte. The heater element was fed through a Variac
which permitted the temperature gf the copper plate to be controlled to a few
degrees within the range 120-130C.

* The mothod of encapsulating 4 inoch diameter 0.020 inoh thick foile in 0.010
inch polythene is as followss

(1) +the heater is switched on and the copper plate allowed to reach a steady
_temperature with the lever in the up position. At the correct tempera-
ture stirips of polythene just melt on being pressed againsti the edge of
plates

(1i1) & sheet of 0.010 inch polythene is laid over the steel plate and 31
folls are positioned centrally over the holes visible through the
sheet, leaving a olearance of 1/16 inch round each foil. -

{111) & sheet of 0.010 inch pélythene is placed over the follss +this is
covered with a sheet of 0.001 inch glqssed aluminium, .

(iv) the copper plate is pressed firmly onto the foils for about 10 seconds.
(v) the polythene sandwioh is allowed to cool, removed and cut up.

The aluminium sheet was found to be essentiel in preventing the polythene from
sticking to the copper plate. Sometimes air itrapped between the two.polythene
sheets prevented them from welding together properly. This trouble could be
reduced by “"dabbing" the copper plate onto the polythene lightly two or three times
before pressing it down to complete the welding. A more satisfaotory solution
would be to redesign the apparatus with a slightly ‘oconvex copper plate and a hard
rubber block in place of the mild steel plate. The addition of a thermocouple to
the copper plate would make the apparatus easier to operate and permit the use of
thinner polythene sheets,

With the apparatus in its present form it proved poasible $o0 process 400 foils
a day reliably into transparent, watertight capsules. 3

The apparatus was designed by B. J. Rogers.



APPENDIX IIT

Least Squares Fitting Programme

Observed manganese reaction rates were initially fitted to funotiorns of the
form AL Io (xxr) cos (az + B ) using a oonventional least squares programme written
for the Merocury ocomputer. The programme uses methods of linear algebra to find
.the best values of parameters Ai, k, ay B, together with their statistical errors.
Storage capacity limited the input to 100 experimental points end 20 parameters.

Since the experimental cases being considered each had approximately 250

. points and 35 parameters, the computer programme required extensive modification.
This turned out to be =& formidable. task and an alternative scheme was asdopted.
To simplify the problem it is assumed that the algebraic sum of the relative
deviations of the observed points from the fitted function is zero for each group
of points defining & fine struoture factor Ai. Thus for a given Kk, ay B, the

1 g observead
faotor Ai equals o z Io (kr) oos (az + B)

points in the ith group. Although this condition is not striotly the same as the
least squares condition, the resulting Ai values from the two methods are identiocal
for all practical purposes. The fitting problem is therefore reduced to finding
"values of k, &, P which minimise )

(Ai Io (xr) cos (az +B) - Qfob) 2
AL Yo (xr) cos (az +8 )

where summation is over all n'.obse_rved

- F (ky ay B)

where Al are defined as above, and summation is over all experimental pointse.

Priliminary runs on selected groups of points using the 100 point programme
showed that x, a and g did not vary too much from core to core, and approximate
values ocould be found quite easily. Therefore a simple "trlal and error" computer
programme was written which varied ¥, a and p by small steps in all possible com—
binations wntil F (x,-a, p) reached & minimum. The method was thoroughly checked
by comparison with the original matrix method, and would optimise «, o  and B for
250 experimental points in approximately one hour of computer time,

The statistiocal errors of the parameters were ocaloulated by means of a second
computer programme whioh used the final results of the first programme. This
second routine was based on the original matrix method for solving linearized
versions of the least-—aquares equations.



APPENDIX IV

Determination of the resonance self shielding

factors in gold and manganese

. In order to obtain adequate sensitivity with the low fluxes available in
DIMPLE it was necessary to use gold and manganese foils which exhibited appreciable
resonance self shielding. The standard alloy foile in fact contained 17.3 mg/cm
of gold and 69.5 mg/cm? of manganese.

The appropriate self shielding factors for these foils were determined by
a series of subsidiary measurements in LIDO, where the flux is both intense and
well characterized. The value of 'r' in LIDO has been measured using several
different "thin" foils and the epithermal spectrum is believed to be close to B

in the region 2-300 eV, since leakage effects are comparatively small and, in the
absence of UZ23 s epithermal absorption is negligibdle.

Foils of four different thicknesses were irradiated in LIDO, bPare and under
cadmium, and the results are as followss~ .

Au/ia Au n
Material Tatio Cadmium Cadmium
£asso Ratio Ratio
0.001" Au foil
o.oo;" 93% ;oils; 1519 2.41 10.96
1.5% Au 5.5% Mn alloy 0.015" thick 2.105 1.72 _ 9.58
5% Au 20% Mn alloy 0.015" thick 1.848 1.95 10.75
15% Au 60% Mn alloy 0.015" thick 1.505 2.51 11.72

Defining the self soreening factor, F, for a thick foll as followss-

P Epicadmium actication of thiock foil
* ©Epicadmium activation of thin foil in same flux ?

(cd Ratio — 1) thin
we have F = {63 Ratio = 1) thiok

Using the published value for the cadmium ratio of thin gold in LIDO (9) y it
was possible to obtain values of F for gold without making further assumptions. :
The Au/Mn ratios and manganese oadmium ratios were analysed using the speoctrum
parameters r = 0,083 and Tn = 60°C for the centre of LIDO. The results, given
below, are virtually independent of the form of cut-off assumed. _

The shielding factor for gold has been estimated using Roe's theory (19) but
the neglect of resonant scattering effects appears to lead to error. The self
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shielding in the manganese resonance has been caloulated by Selander (20) and this
is combined with a resonance integral ocaloulated from resonance parameters but

again the agreement wi

th experiment is not good. These results are also given

below. )
- Haterial Cold Manganese '
RI> od R1 > cd
F=s8¢lf shielding above Cd _——0'0 Py
Foll Dimension . i
Fron From
Heighted Calculsted Observed Celculated -
nc:gﬁ? am- Hean - Observed (Ros) from C.R. | (Selander)
0.001® Au foil ) X |
o.oqs?xé@ Au ‘oll ; Ow .ho‘ 0"08 60“77 6015’ O%“ 'o"a
8L 7 mg/em® T )
1.5% An 5,5% Mo alloy )
(i e V| e 81k -618 12,99 12,02 10119 -
(] r] . .
- 191 n&/w"’ Hn) . , " ’
5% Au 20% Mo alloy ) -
(1%&2;[:2%0::1, ; '6% '65 065 9-92’ 80& 0985 . ) -
69,5 mg/ene Mn) )
15% Au 60% Mn alloy )
(ool ek J | o o367 0309 6,176 - <896 -
210 xg/co? Mn )
Thus for the standard S% Au ~ ZO%IMh alloy the following parameters are
caloulated. ’ . . o

Gold Manganesse
7 (°)
g B 8
20 1.005 10.79 .«625
40 1,006 11.15 «645
60 . 1.008 11.39 «666
80 1.009 " 11.83 «685
100 - 1.010. 12.17 «705
120 1.011 12.47 724
140 1.012 - 12.79 742
160 1.013 13.09 +760
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APPENDIX V
The Foil Irradiation Scheme

1e Gold manganese foils

The positioning of the ‘gold manganese folls was conceived as & factorial
experiment, the primary variables being the position of the cluster, the position
of the foll in the vertical direction within the cluster, and in the horizontal
direction within the ocluster.

In the gzone of equilibrium spectrum, it was decided to give each oluster
yosition equal weight, after allowing for quadric symmetry, except that some -check
reflections about the centre were ogrried out in order to confirm that the flux
was indeed symmetric. Horizontally within the cluster, the five rings of fuel
rods provide an ‘obvious set of five positions, and these were given equal weight.
Originally it had been intended that the number 6 position, on the outside of the
pressure tube, should be given the same weight as the five within the oluster, but
the high level of radiation experienced on lifting the pressure tube to load foils’
in this position made it 'desirable to reduce its weight. In the moderator, the-
gearch tube position at the corner of the lattice cell was given & high weighting
and the mid point of the cell slde a rather lower one. ) )

-In the vertical direction, it was felt that the axial fine structure was of
less interest and foll positions were therefore chosen so as to indicate the limits
of the zone in whioh axial fine structure was negligible. These were the ¢ and e
levels, equally spaced above and below the d level, which was at the centre of the
fuel cluster. The a, b’ f and g levels ocovered the zone of appreoiable fine
struoture. ,

The weightings finally adopted for the various foil positions within the oell
are shown belows - .

Position within cell

Weighting
Vertical . Hori.zontp.l

Fuel 1~ 5
Pressure tube 6
Moderator W23/ST
Moderator W1/4
Fuel 1 - 5
Pressure tube 6
Moderator W23/ST
Moderator W1/4
Fuel 1 - 5
Moderator W22/ST
b+f, a+g Moderator Wi/4

+0 000

o

)
te+t+++tpanp

+

®

Rpoood

Q

mfua-wpwk-**>§LCh§;ua




Other positions in the cell were measured with & lower weighting. " Unit weighting
oorresponded to about 6 foll measurements in core 2 — 5, that is a total of about
200 foils measurements per core, in the equilibrium Zone.

Insofar as the system of weighting permitted, the foils were dliatributed
throughout the equilibrium zone on the 'Latirn square' prinociple, each foil con-
triduting information on radial and axial macroscopic distributions as well as-
radial and axial fine struoture.

The final errors obtained on the fine structure factors in' the. 37 ocluster
positions and the very reasonable limits of error obtained on the macroscopic flux
parameters justify this choice of. irradiation scheme, as opposed to the apparently
simpler method of measuring the flux along straight 1lines.

The foil positions having been determined, it remained to break down.the
scheme into a series of irradiations, and here the prinoiple was adopted that so
far as possible all the foils to be lrradlated in one channel should be covered in
one, or at most in two, irradiations. Standard formats were prepared on which the
identifying mark of each foil loaded, the number, date, and time of irradiation,
were recorded during loading and checked during unloading.

Within the moderator a eomewhat less systematic line was taken, the flux being
measured in search tube positions along 8 diameter parallel to the lattice direotion
and along a half diameter inclined at 45 to this. The flux plotting device was,
used to f£ill in the gaps in these positions and the irradiations were planned so
ihat the flux plotiting device was not inserted close to a cluster in which foil
irradiations were occurring.

Outside the equilibrium gone measurements at the a, b, £ and g levels were not
made, but a very rough attempt was made to cover the flux varlations aoross positions
1 -5 at the o, d and e levels. Each recognisably different channel in the lattice
was investigated, though in the outer ring of ohannels the total number of foils
inserted per channel never exceeded ten.

2« Manganese luteoium folls

The scheme Jjust desoribed was adapted for the smaller number of manganese
lutecium foils by omitting the a, b, £ and g levels almost entirely and by restric-—
ting, even more heavily, the number of measurements in the non-equilibrium zone.
Within these limits, however, the same principles were applied, though necessarily
in a somewhat ad hoo fashion,

3. Rhodium foils

Rhodium foil measurements were restricted entirely to the equilibrium zone and
almost entirely to the fuel and search tube positions at the d level. Because of
the large thermal absorption cross section of rhodium, it was particularly important
to keep other foils well away from it,. .
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